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Recent studies show that two low-energy van Hove singularities (VHSs) seen as two pronounced peaks

in the density of states could be induced in a twisted graphene bilayer. Here, we report angle-dependent

VHSs of a slightly twisted graphene bilayer studied by scanning tunneling microscopy and spectroscopy.

We show that energy difference of the two VHSs follows �Evhs � @�F�K between 1.0� and 3.0� [here

�F � 1:1� 106 m=s is the Fermi velocity of monolayer graphene, and �K ¼ 2K sinð�=2Þ is the shift

between the corresponding Dirac points of the twisted graphene bilayer]. This result indicates that the

rotation angle between graphene sheets does not result in a significant reduction of the Fermi velocity,

which quite differs from that predicted by band structure calculations. However, around a twisted angle

�� 1:3�, the observed �Evhs � 0:11 eV is much smaller than the expected value @�F�K � 0:28 eV at

1.3�. The origin of the reduction of �Evhs at 1.3
� is discussed.
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Graphene, a two-dimensional honeycomb lattice of car-
bon atoms, is considered a strong candidate for post-silicon
electronic devices [1–7]. Its topological features of the
electronic states can be changed by lattice deformations
[8–13]. This is of fundamental importance in providing
building blocks and device concepts for an all-graphene
circuit in the future. Compared with single-layer graphene,
graphene bilayer displays even more complex electronic
band structures and intriguing properties [14–30]. Recent
studies reveal that the low-energy band structure of a
graphene bilayer is extremely sensitive to the stacking
sequence [14,18]. Two low-energy van Hove singularities
(VHSs), which originate from the two saddle points in the
band structure, were observed in the twisted graphene
bilayer as two pronounced peaks in the density of states
(DOS) [25,30]. Li et al. studied the VHSs of a graphene
bilayer [a chemical vapor deposition (CVD)-grown gra-
phene monolayer deposited on a graphite surface] with
three different twisted angles by scanning tunneling mi-
croscopy and spectroscopy (STM and STS). They demon-
strated that the energy difference of the two VHSs shows a
strong angle dependence [25]. After this seminal observa-
tion, several authors addressed the physics of a twisted
graphene bilayer theoretically and obtained many interest-
ing results [31–40]. The most striking results are the sig-
nificant angle-dependent reduction of the Fermi velocity
and the appearance of almost dispersioneless bands (flat
bands) around 1� � 1:5� [32,33,35,37–39]. It suggests that
electrons in a graphene bilayer can be changed from bal-
listic to localized by simply varying the rotation angle.
However, a systematic experimental study of twisted

angle-dependent band structures in a graphene bilayer is
still scarce so far.
In this Letter, we address the twisted angle-dependent

VHSs in a graphene bilayer (with twisted angle <3:0�).
The morphology and local DOS of the graphene bilayer
with as many as eight different twisted angles were studied
by STM and STS, respectively. The energy difference of
the two VHSs increases linear with the sine of twisted
angle, i.e., �Evhs � @�F�K, between 1.0� and 3.0�. Here
�F � 1:1� 106 m=s, �K ¼ 2K sinð�=2Þ, the shift be-
tween the corresponding Dirac points of the twisted gra-
phene bilayer, and K ¼ 4�=3a (a� 0:246 nm is the
lattice constant of the hexagonal lattice). Our result indi-
cates that the rotation angle between graphene sheets do
not result in the reduction of the Fermi velocity. This
differs much from that predicted by previous theories.
The graphene bilayer was grown on a 25 �m thin poly-

crystalline Rh foil via a traditional ambient pressure CVD
method. The process is similar to the systhesis of graphene
on Pt and Cu foils, which were reported in previous papers
[41,42]. The details of the synthesis of the sample is
described in the Supplemental Material [43]. The thickness
of the as-grown graphene was characterized by Raman
spectra measurements (see Fig. S1 in the Supplemental
Material [43]), as reported in our previous papers [41,42].
The STM system was an ultrahigh vacuum four-probe
scanning probe microscope from UNISOKU. All STM
and STS measurements were performed at liquid-nitrogen
temperature and the images were taken in a constant-
current scanning mode. The STM tips were obtained by a
chemical etching from a wire of Pt(80%) Ir(20%) alloys.
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Lateral dimensions observed in the STM images were
calibrated using a standard graphene lattice. The STS
spectrum, i.e., the dI=dV-V curve, was carried out with a
standard lock-in technique using a 957 Hz alternating
current modulation of the bias voltage.

Figure 1(a) shows a large-area STM image of the gra-
phene grown on polycrystalline Rh foil taken from a flat
terrace of the Rh surface (see Fig. S2 in the Supplemental
Material [43] for a larger STM image). Clear periodic
protuberances with a period of 4.9 nm are observed, as
shown in Fig. 1(b). The periodic protuberances are attrib-
uted to the moiré pattern arising from a stacking misor-
ientation between the top graphene layer and the
underlaying layer. The twisted angle � is related to the
period of the moiré pattern by D ¼ a=½2 sinð�=2Þ� and is
estimated as 2.9�. For monolayer graphene on a (111)
surface of single-crystal Rh, the lattice mismatch between
graphene (0.246 nm) and Rh(111) (0.269 nm) and the
strong C-Rh covalent bond also lead to hexagonal moiré
superstructures. However, the expected periodicity is only
about 2.9 nm resulting from a 12C=11Rh coincidence
lattice [44–46] (see Fig. S3 in the supplemental material
[43] for STM images of monolayer graphene on a (111)
surface of single-crystal Rh.). The smallest period of the
moiré pattern studied in this Letter is about 4.9 nm (corre-
sponding to the twisted angle 2.9�). This eliminates the
lattice mismatch of monolayer graphene and Rh(111)
as the origin of the observed periodic protuberances.
Additionally, for monolayer graphene grown on

polycrystalline Rh foil, the coupling between graphene
and the substrate is much weaker than that of monolayer
graphene on a single-crystal Rh and the coupling strength
varies on different monolayer graphene (see Fig. S4 in the
Supplemental Material [43] for two typical STS curves
recorded on two different monolayer graphene on poly-
crystalline Rh foil). Because of the weak coupling, no
periodic moiré superstructures can be seen in monolayer
graphene grown on polycrystalline Rh foil.
Figures 1(c) and 1(d) show the atomic-resolution STM

images of the graphene. In the twisted graphene bilayer,
there are local Bernal-stacked regions, where a triangular
lattice is expected to be seen [47]. However, only a honey-
comb lattice can be observed in the atomic-resolution STM
image of the sample both on and between the protuberances,
as shown in Fig. 1(d). In the literature [47,48], many groups
have reported both the triangular and the honeycomb lattice
in graphitewith a Bernal-stacked lattice. The exact origin of
this phenomenon is still not clear, as discussed in Ref. [47].
A graphene bilayer with different twisted angles can be

observed on the graphene samples grown on Rh foils.
Figure 2 shows six typical STM topographs of a graphene
bilayer with different stacking misorientation angles.
These systems provide an ideal platform to study the
twisted angle-dependent VHSs. For a twisted graphene
bilayer, the Dirac points of the two layers no longer coin-
cide and the zero-energy states occur at k ¼ ��K=2 in
layer 1 and k ¼ �K=2 in layer 2. The displaced Dirac
cones cross at energies �@�F�K=2 and two saddle points
are unavoidable along the intersection of the two cones
when there is a finite interlayer hopping [18].
Figures 3(a) and 3(b) show the STM image and STS

spectra of a graphene bilayer with a twisted angle �1:1�,
respectively. Although the peak heights and degree of

FIG. 1 (color online). (a) A 200� 200 nm2 STM image of
graphene on Rh foil (Vsample ¼ �600 mV and I ¼ 0:34 nA).

(b) Zoom-in topography of the white frame in (a) shows a moiré
pattern with a period of 4.9 nm (Vsample ¼ �280 mV and

I ¼ 0:06 nA). The inset shows Fourier transforms of the super-
structures. (c) Zoom-in image of white frame in panel
(b) (Vsample ¼ �351 mV and I ¼ 0:14 nA). (d) Atomic-

resolution image of the white frame in panel
(c) (Vsample ¼ �496 mV and I ¼ 0:17 nA). The twisted angle

of the graphene bilayer is estimated as about 2.9�.

FIG. 2 (color online). (a)–(f) The 22� 22 nm STM topo-
graphs of graphene bilayer with six different twisted angles. The
period of the moiré pattern changes as a function of the twisted
angle �. (a) � ¼ 1:0�, D ¼ 14:1 nm, Vsample ¼ 317 mV,

I ¼ 0:47 nA. (b) � ¼ 1:3�, D ¼ 10:8 nm, Vsample ¼ 560 mV,

I ¼ 0:33 nA. (c) � ¼ 1:6�, D ¼ 8:8 nm, Vsample ¼ 246 mV,

I ¼ 0:88 nA. (d) � ¼ 1:9�, D ¼ 7:4 nm, Vsample ¼ �375 mV,

I ¼ 0:11 nA. (e) � ¼ 2:4�, D ¼ 5:8 nm, Vsample ¼ �304 mV,

I ¼ 0:34 nA. (f) � ¼ 2:9�, D ¼ 4:9 nm, Vsample ¼ �600 mV,

I ¼ 0:17 nA.
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asymmetry of the spectra depend on their positions in the
moiré pattern (bright or dark regions in Fig. 3(a)], all STS
spectra show two peaks flanking zero-bias, as shown in
Fig. 3(b). Similar position dependent spectra were also
observed in the moiré pattern of the CVD-grown graphene
deposited on a graphite surface [25]. The tunneling spec-
trum gives direct access to the local DOS of the surface at
the position of the STM tip. The two peaks in the tunneling
spectra are attributed to the two van Hove peaks in DOS,
which originate from the two saddle points of the band
structure, as shown in Fig. 3(c) (see Fig. S5 and the
Supplemental Material [43] for details of the analysis).

Figure 4 shows eight typical tunneling curves taken on a
graphene bilayer with different twisted angles. In order to
ascertain the reproducibility of the results, several tens of
tunneling spectra on different positions of the graphene
bilayer with different twisted angles are recorded.
Although the peak heights and peak positions of the spectra
vary slightly, the main features of these dI=dV-V curves
are almost completely reproducible (for example, see
Fig. S6 of the Supplemental Material [43] for more STS
spectra). Obviously, the two VHSs of these samples show a
strong angle-dependent energy difference. At a twisted
angle �� 1:3�, the two tunneling peaks show the least
energy difference, which will be discussed subsequently.
Additionally, the positions of the two VHSs are not always
symmetric around the Fermi level, suggesting charge trans-
fer between the graphene and the substrate. The magnitude
of the charge transfer should mainly depend on the cou-
pling strength between the sublayer graphene and the sub-
strate, which varies in different samples (see Fig. S4 in the
Supplemental Material [43]).

Figure 5 summarizes the energy difference of the two
VHSs�Evhs as a function of the twisted angles (see Fig. S7
of the Supplemental Material [43] for methods to choose
the positions of VHSs). Except at 1.3�, �Evhs increase

linearly with the sine of the twisted angle (or the twisted
angle for small angles). Theoretically, it is predicted that
the position of the two VHSs can be simply estimated by
�Evhs ¼ @�F

0�K � 2t� [25,33,37]. Here, t� is the inter-
layer hopping parameter and �F

0 is the renormalized Fermi
velocity of the graphene bilayer. While assuming t� is a
constant that is independent of the twisted angle, the value
of �Evhs is expected to increase linearly with the twisted
angle. Li et al. studied the VHSs of the CVD-grown
graphene monolayer deposited on graphite with three dif-
ferent twisted angles and reported this linear dependence
(in their experiment, 2t� � 0:216 eV is obtained) [25].
Their result is also plotted along with our experimental
data in Fig. 5. An obvious deviation between our experi-
mental result and their data is observed.
Our experimental result reveals that the energy difference

of the two VHSs follows �Evhs � @�F�K between 1.0�
and 3.0� except at 1.3�, where �F � 1:1� 106 m=s. It
suggests that the displaced Dirac cones of a slightly twisted
graphene bilayer cross and two saddle points are formed
along the intersection of the two cones at energies about
�@�F�K=2. This indicates that the rotation angle between
graphene sheets does not result in a significant reduction
of the Fermi velocity. In the literature, Landau-level

FIG. 3 (color online). (a) A typical STM image of a graphene
bilayer with the twisted angle �1:1� (Vsample ¼ �317 mV and

I ¼ 0:47 nA). The period of the moiré pattern is about 12.8 nm.
(b) Tunneling spectra recorded on bright and dark regions of the
moiré pattern at positions indicated in panel (a). The spectra
show two peaks attributed to two van Hove singularities.
(c) Electronic band structure of the twisted graphene bilayer
with a finite interlayer coupling. Two saddle points (VHSs) form
at k ¼ 0 between the two Dirac cones, K and K�, with a
separation of �K ¼ 2K sinð�=2Þ. The low-energy VHSs con-
tribute to two pronounced peaks flanking a zero bias in the
tunneling spectra.

FIG. 4 (color online). Eight dI=dV-V curves taken on a
graphene bilayer with different twisted angles. The center of
the two peaks flanking a zero bias, which originate from the two
van Hove peaks of local density of states, are indicated by red
solid dots.
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spectroscopy of a twisted graphene bilayer demonstrated
a negligible renormalization of the Fermi velocity [49].
Hicks et al.measured the band structure of a slightly twisted
graphene bilayer with �� 1:7�, 2.4�, and 4.2� by using
angle-resolved photoemission and also did not detect any
significant change of the Fermi velocity [27]. Very recently,
the problem regarding the Fermi velocity of the slightly
twisted graphene bilayer is discussed theoretically and
two distinct electronic states of this coupled system are
predicted to account for the two distinct results [50]. In
Refs. [25,26], the experiment was carried out on a
CVD-grown graphene monolayer deposited on graphite
and the top layer of graphite was considered as an isolated
monolayer graphene. In fact, there is strong coupling
between the top layer and the deeper layers below the
graphite surface. The electronic band structure of graphite
differs quite a bit from that of monolayer graphene. This
may be the origin of the observed reduction of Fermi
velocity in [25,26].

The large deviation of �Evhs between our experimental
result and the data in Ref. [25] mainly arises from the
magnitude of the interlayer hopping parameter. In their
experiment, 2t� � 0:216 eV is obtained to account for
the experimental result. In our experiment, the two saddle
points appear at energies about �@�F�K=2, which
suggests that the magnitude of t� is negligible compared
with @�F�K (it is interesting to note that although the
magnitude of t� is negligible in our system, it still results
in two saddle points that lead to two VHSs in DOS).
The effect of the substrate may be the possible origin of
the different interlayer hopping. Further experiments car-
ried out on a graphene bilayer grown on different substrates
are expected to uncover the exact nature of this difference.

Additionally, the abrupt reduction of �Evhs at �� 1:3�
observed in our experiment is very interesting. The
observed �Evhs � 0:11 eV is much less than the expected
value @�F�K � 0:28 eV at 1.3�. There are two possible
origins for this observation. The first one is that some
unknown effects enhance the interlayer coupling strength
at �� 1:3�, resulting in a small �Evhs. The second
nontrivial one is that there are flat bands in twisted the
graphene bilayer with a twisted angle around 1.3� and the
reduction of Fermi velocity around 1.3� leads to the small
�Evhs. If this is the case, then the abrupt reduction of
�Evhs at �� 1:3� is beyond the description of any con-
tinuum model [32,33,35,37–39]. A resolution of this issue
requires further theoretical analysis and experiments. Very
recently, two theoretical studies suggest that superconduc-
tivity could be induced in graphene by involving repulsive
electron-electron interactions [51,52]. One possible ap-
proach is to raise the Fermi level up to the vicinity of a
saddle point in graphene’s electronic structure [52].
This is very difficult to achieve in monolayer graphene,
but to some extent easy to realize in a twisted graphene
bilayer, in which the saddle point is located not far
from the Fermi level, as shown in Fig. 4. For the twisted
graphene bilayer with �� 1:3�, one saddle point is natu-
rally placed at the Fermi energy, as shown in Figure 4
and Fig. S6 [43]. Further experiments will be carried
out to explore the novel superconductivity in a graphene
bilayer.
In summary, we address the twisted angle-dependent

VHSs in a graphene bilayer grown on Rh foil. The energy
difference of the two VHSs follows �Evhs � @�F�K, be-
tween 1.0� and 3.0�. Our result indicates that the rotation
angle between graphene sheets does not result in a significant
reduction of the Fermi velocity. The experimental results
reported here suggest that the graphene bilayer grown on
Rh foil provides an ideal platform for VHSs engineering of
electronic properties and exploring many attractive phases.
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