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Electronic structure of 3◦-twisted bilayer graphene on 4H-SiC(0001)
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The electronic structure of 3◦-twisted bilayer graphene (TBG) is studied by angle-resolved photoelectron
spectroscopy (ARPES). Sub-mm-sized TBG prepared by direct bonding in a high vacuum enabled us to use
conventional ARPES band mapping with synchrotron light. The results indicate that strong interlayer coupling
makes a moiré potential for the Dirac electrons and significantly modifies the graphene bands around the K
points such as the band splitting and electron velocity reduction. The observed electronic structure is consistently
reproduced by tight-binding calculations combined with a band unfolding method.
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Moiré superlattices made by stacking two-dimensional
(2D) monolayers have been studied as systems with novel
electronic structures. In particular, twisted bilayer graphene
(TBG) has attracted much attention for more than a decade
because the interlayer interaction largely modifies the band
structure from that of single-layer graphene, depending on
the twisting angle θ [1–3]. Interesting electronic properties,
such as chirality [4], superconductivity [5], ferromagnetism
[6], and the quantum anomalous Hall effect [7] have been
discussed both theoretically and experimentally [8–10]. As an
experimental study of the electronic states, van Hove singu-
larity (vHs) in the density of states, which is associated with
the formation of flat bands and gaps, was investigated us-
ing scanning tunneling microscopy/spectroscopy [11–13] and
magnetotransport [14,15]. The renormalization of the band
velocity near the Dirac energy was found by Landau level
spectroscopy [16,17]. The observed energy positions of vHs
and the velocity reduction consistently depend on θ in some
experiments while they were absent in some other samples. It
was pointed out that the band renormalization appears only in
a sample with strong interlayer coupling [17].

The band structure of TBG has been directly measured
using angle-resolved photoelectron spectroscopy (ARPES).
The presence of vHs at the point of the crossing two Dirac
cones was clarified for samples with θ between 5◦ and 30◦
[18–20]. With decreasing θ , flat bands can partially evolve
at the energy of vHs, and the velocity at the Dirac point is
reduced. These will turn to wide flat bands in the TBG with θ

around 1◦ [5]. Recently, flat bands for samples with θ around
1◦ have been reported [21,22]. However, the modified band
structure including the velocity reduction for a few-degree
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rotated TBG has not been reported two-dimensionally except
in Refs. [21,22]. The substrate-graphene interaction was again
suggested as the origin of the absence of the velocity reduction
for 2.1◦ TBG [23].

In the present Letter, we show the detailed band structure of
a 3.2◦ TBG studied by ARPES with conventional hemispher-
ical spectrometers and synchrotron light. Here, we use the
sample made by direct bonding in a vacuum after in situ clean-
ing the graphene surface for minimizing the interface impurity
between the graphene layers [24]. The interlayer coupling in
the present sample is strong enough to renormalize the band
structure. Our two-dimensional band mapping demonstrates
the band modification in the wave-number space near the two
K points of the upper and lower graphene layers. The results
are well reproduced by the electronic structure calculated by
tight-binding and band unfolding methods [25].

The detailed method of our TBG fabrication was given in
Ref. [24]. We used single-layer graphene on a Si-terminated
surface of nitrogen-doped 4H-SiC(0001) substrates prepared
by chemical vapor deposition with oxygen. Here, there is an
interface layer with a 3 × 3 superstructure between graphene
and the substrate SiC(0001). The two substrates with single-
layer graphene were placed in a high vacuum chamber facing
each other, and the following fabrication process was done
in a vacuum of about 1 × 10−4 Pa. First, the relative crystal
orientations of the two sheets were adjusted using reflection
high-energy electron diffraction. Here, the angle alignment
error was about ±4◦. Then, they were annealed at 200 ◦C for
cleaning the surface. With keeping the same temperature, the
two substrates were once pressed together face to face up to
6 × 106 Pa, and finally parts of graphene on the one substrate
are peeled off onto graphene on the other substrate. Con-
sequently, three areas with TBG, with monolayer graphene,
and without graphene coexist in the present substrate. It is
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FIG. 1. (a) Schematic illustration of 3◦ TBG. (b) LEED image
of the 3.2◦ TBG sample at 58 eV electron energy. The spots from
both lower and upper graphene (Gr) layers are separately seen. The
light blue line connects the spots from the lower graphene and in-
terface 3 × 3 superstructure. (c) Magnified graphene LEED image
of the same TBG sample indicating satellite spots due to the moiré
superstructure. (d) Schematic structure model of the TBG (upper-
layer graphene Gru and lower Grl ). The purple part between Grl

and the 4H-SiC substrate represents the interface layer with a 3 × 3
superstructure.

noted that the interface layer with the 3 × 3 superstructure is
more weakly bonded to the surface graphene than the usual
(6

√
3 × 6

√
3)R30◦ carbon interface layer [26] of the ther-

mally decomposed graphene on SiC(0001). Thus, the present
graphene is easily peeled off from the substrate.

The formation of TBG areas was confirmed by μ-Raman
spectroscopy and low-energy electron diffraction (LEED).
Figures 1(b) and 1(c) show the LEED patterns of a TBG
sample. The spots from the two graphene sheets, the interface
3 × 3 superstructure, and SiC substrate are seen with satellite
spots due to the TBG moiré structure. By analyzing the inter-
val of the satellite spots [24], the twist angle θ is estimated to
be 3.2 ± 0.3◦. In the present Letter, we focus on this sample.

The electronic structure was studied using ARPES with
linearly polarized synchrotron light at room temperature (RT)
in BL-13B [27] and at 30 K in BL-2A of the Photon Factory,
KEK. The beam sizes at the sample and photon energy were
50 × 300 μm2 and 52 eV in BL-13B, and 100 × 500 μm2

and 42 eV in BL-2A. Before the LEED observations and
ARPES measurements, the graphene surface was cleaned by
annealing at 700 K for 30 min in a vacuum better than 5 ×
10−10 Torr. The graphene and interface 3 × 3 superstructure
were confirmed by LEED before the ARPES measurements.
In the measurements, we selected the area of the sample with
high ARPES intensity from the upper-layer graphene.

A tight-binding method with a periodicity-free unfolding
approach [25] was used for the band calculation of TBG. We
made a free-standing and commensurate periodic model of
the twist angle 3.14◦ with 1324 carbon atoms for the present
sample. The spectral weight is calculated as a function of the
wave vector in this method, and compared with the results of
ARPES band mapping [28].

In Fig. 2(a), we show the constant-energy band mapping at
a Fermi energy EF around the two K points, the upper-layer Ku

and lower-layer Kl [see Figs. 2(d) and 2(e) for the graphene
Brillouin zone (BZ) and for moiré BZ], and the ARPES band
image along the line through Ku and Kl [28]. The data were
obtained at RT, and the origin of the binding energy is EF. In
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FIG. 2. (a) ARPES constant-energy band image at EF (upper)
and (lower) ARPES band dispersion image along the line through
the two K points, Ku (upper layer) and Kl (lower layer). The data
were taken at RT. The logarithmic ARPES intensity is displayed in
the upper figure for showing replica bands clearly, and the linear
intensity in the lower. Replica Kl points are shown as kl1 and kl2.
(b) ARPES band dispersion image without the division by the Fermi-
Dirac distribution curve along the same line as in (a). (c) Calculated
band structure of TBG with θ = 3.14◦ (upper). The energy difference
between the upper and lower graphene layers is set to be 0.05 eV.
The band intensity indicates the calculated spectral weight, and the
logarithmic intensity is displayed. Calculated constant-energy band
image of TBG with θ = 3.14◦ at 0.08 eV below EF (lower). The
logarithmic intensity is displayed. The left and right red dots indicate
Ku and Kl , respectively. (d) Graphene BZ and (e) moiré BZ for TBG.
kl1 and kl2 are K points of the replica lower graphene Dirac bands
adjacent to the original upper graphene Dirac band. Definition of the
angle α around Ku is given in (e).

the upper image, the replica Kl bands, kl1 and kl2, are seen
around the Ku point. In the band image, the ARPES intensity
was divided by the Fermi-Dirac distribution curve for making
the band structure above EF clear. The band image without
the division by the Fermi-Dirac distribution curve is shown in
Fig. 2(b). It is noted that the ARPES intensity from the region
without the upper-layer graphene overlaps with that from the
lower layer of TBG in the images.

Both graphene layers are positively (p) doped, i.e., each
Dirac energy ED is higher than EF, and the doping level is
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Exp., EB= 0.35 eV
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FIG. 3. (a)–(c) The calculated band structure of the 3.14◦ TBG. In each panel, the upper figure indicates the constant-energy map at
E = EF − 0.6 eV, and the lower one the dispersion along the line though Ku and Kl . Here, both graphene layers have the same ED, which is
equal to EF. The interlayer spacing δ is 4.5, 3.9, and 3.6 Å. The logarithmic intensity is displayed. Yellow and red dotted ovals indicate the
positions of the band splitting, and red dots the positions of Ku and Kl . (d) Constant-energy maps for δ = 4.5 Å (upper) and 3.6 Å (lower)
with the two original Dirac bands (red curves) and replica band (light blue curve). Red dots indicate the positions of Ku and Kl , and the
light-blue dot the position of the replica Kl point. The black hexagon in the upper panel is the moiré BZ, and the black dotted curves in the
lower panel indicate the split bands. (e) Observed constant-energy ARPES intensity map at 0.35 eV below EF. The data were taken at 30 K,
and the logarithmic intensity is displayed. The intensity marked as a, b, h, and j originates from the corresponding bands shown in Fig. 2(b).
The red arrow indicates the intensity due to a replica band.

higher in the lower layer than in the upper one. Single-layer
graphene on the present 3 × 3 interface layer is p doped
in contrast to negatively doped graphene on the thermally
decomposed (6

√
3 × 6

√
3)R30◦ carbon interface layer. The

doping level of graphene on substrates depends on the inter-
face electronic structure. However, the atomic and electronic
structures of the 3 × 3 interface have not been clarified yet.
Thus, the origin of the p doping is unknown at present.

The calculated band structure of the 3.14◦ TBG is shown
in the upper panel of Fig. 2(c). Here, Dirac energies of the
upper and lower graphene are set to be 0 and 0.05 eV above
EF by considering the observed difference shown in Fig. 2(a),
and the interlayer distance to be 3.44 Å for reproducing the
experimental results (see the discussion below). This value is
a little larger than the experimentally determined interlayer
distance of the normal bilayer graphene on SiC(0001), 3.35 Å
[29].

Ten bands are recognized in the figure as a– j. By com-
paring the ARPES band image shown in Fig. 2(a) with the
calculated band structure, the bands a, b, c, g, h, and j cor-
respond to the observed bands as marked in Fig. 2(a). In
particular, the observed bands a, b, g and h, which originate
from the upper TBG band, exhibit a significant difference

from the original Dirac linear bands. The bands a and b (i
and j) are split from the original upper-layer (lower-layer)
graphene band owing to the band crossing to the adjacent
replica Dirac band. The observed linear bands c and j in
Fig. 2(a) are attributed to the dominant ARPES intensity from
the coexisting single-layer graphene, i.e., without the upper
layer, in the measurement area. In other words, the ARPES
intensity from the lower TBG bands in the sample was weaker
than that from the single-layer graphene, and they overlap
with each other.

In the lower panel of Fig. 2(c), we show the calculated
constant-energy band image at 0.08 eV below EF. This im-
age corresponds to the experimental data shown in the upper
panel of Fig. 2(a). Replica bands are well reproduced in the
calculation.

We demonstrate the band change due to the interlayer
coupling of TBG theoretically in Figs. 3(a)–3(c). Here, the
doping difference is not considered for simplicity. For weakly
coupled TBG, two overlapping Dirac cones just appear as in
the upper panels of Figs. 3(a) and 3(d). With the decrease
of the interlayer distance δ, i.e., the increase of the inter-
layer coupling, the band b splits from the band a as the area
marked by yellow dotted ovals in Figs. 3(b) and 3(c), and the

L051001-3



TAKUSHI IIMORI et al. PHYSICAL REVIEW MATERIALS 5, L051001 (2021)

FIG. 4. Observed (upper) and calculated (lower) band images in the five planes rotated around Ku. The rotation angle α is defined as
an angle from the Ku-Kl line as given in Fig. 2(d). The spectra were taken at RT and the ARPES intensity was divided by the Fermi-Dirac
distribution curve. The data without division by the Fermi-Dirac distribution curve are given in Ref. [28]. Red arrows indicate the positions of
the energy gap (a) between Ku and kl1 and (d) between Ku and kl2, and blue arrows in (b) and (c) the partial flat bands.

dispersion of the band a deviates from the linear one for
δ = 3.6 Å. This is due to band repulsion between the original
and replica cones. The band splits in the other areas in the
wave-number space as in the area marked by red dotted ovals
in Figs. 3(b) and 3(c), and the black dotted curves in the lower
panel of Fig. 3(d).

The band modifications from the original trigonally warped
Dirac bands in Fig. 3(c) were consistently observed in the
upper graphene bands as in the marked areas in the constant-
energy ARPES map shown in Fig. 3(e). Here, the result at
30 K is shown. The modified upper bands, a, b, and h have
almost the same shapes in the constant-energy map as in the
calculation. The ARPES intensity from the modified lower
graphene band j is weak in Fig. 3(e) compared with the
intensity from the single-layer graphene, which coexists with
TBG on the substrate. Parts of the modified replica bands were
also observed consistently with the results of the calculation
[28]. The red arrow in Fig. 3(e) indicates an example of the
intensity from the replica band.

In the experiment, the hybridization energy gap between
Ku and Kl was observed for the band h at ky = 0.0 Å−1 and
E = 0.1 eV below EF in Fig. 2(a). The gap in the band c was
not observed at ky = 0.0 Å−1 because of the strong ARPES
intensity from the single-layer graphene. The same band gap
was clearly observed in the band image along the line between
Ku and the replica K point, kl1, as shown in Fig. 4(a). The
replica band is not concealed by the ARPES intensity from the
area of the single-layer graphene. The same gap can be seen
in the band image along the line between Ku and the other
replica K point, kl2, as in Fig. 4(d). The size of the energy gap
of the band h is 0.24 ± 0.03 eV, which was estimated by the
energy distribution curve [28], and is the same as that of the 4◦
TBG made by the same method [24] within the experimental
accuracy.

The band structures in the other three directions around Ku

for α = −30◦, 30◦, and 90◦ are also shown in Fig. 4 with
the calculated band structure. Here, the angle α around Ku

is defined from the Ku-Kl line as in Fig. 2(e). The qualitative
features of the observed TBG band map are well reproduced
by the tight-binding calculation, such as the flat-band features
near EF for α = ±30◦ and the various energy gaps [28]. The
partial flat band appears around the position of vHs, that is, the
point of the two crossing Dirac cones. It will develop further
with decreasing the twisted angle, and eventually turn into a
wide flat band at the magic angle [5,21,22]. The evolution of
the flat-band feature is demonstrated in the present study while
the saddle-point features of vHs were reported in previous
reports for θ � 5◦ [18–20].

There are quantitative discrepancies in the details of the
band shapes between the results of the experiments and cal-
culations. For example, the dispersion of the calculated band
a in Fig. 2(b) deviates more strongly from the linear one
than in the experimental result. Quantitative discrepancies can
be attributed to our simple structural model of TBG. It was
theoretically pointed out that the honeycomb carbon lattice of
a few-degree rotated TBG distorts for making the AB stacking
area wider with three-dimensional local lattice distortion than
that in the simple stacking [30–33]. The interlayer coupling
largely depends on the local stacking and interlayer lattice
distance, and the lattice distortion would cause modifications
of the band structure in TBG differently from those expected
from the simple moiré structure as given in these references.
Further band calculations for the optimized lattice structure
are necessary for a quantitative discussion.

In the present sample, TBG is p doped, and the flat-band
features appear near EF by chance. When we change the
rotation angle, the position of the flat band will be apart from
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EF. However, it is possible to tune the flat-band energy by
doping with adsorbates and/or by using single-layer graphene
on the other substrate as the lower layer. It would be even
possible to fabricate a device of the present TBG with gates
for continuous tuning of the EF position. These will open the
way to study and tune the electron correlation in the flat bands,
such as the band-gap opening.

In summary, we have studied the electronic structure of
a wide 3.2◦ TBG made by exfoliation in a vacuum with
a clean interface using the ARPES band mapping, and
demonstrated the modification of the band structure in two-
dimensional wave-number space. The experimental results
indicate anisotropic band dispersion around the Dirac energy,
and the formation of local flat bands in the wave-number
space. All these features are consistent with the results of
the tight-binding calculations using the unfolding method. A
combination of a wide sample with a clean interface and a

quantitative evaluation by ARPES provides a useful way for
understanding the electronic states of artificially stacked 2D
materials.
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