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a b s t r a c t

Twisted bilayer graphene (tBLG) is a two-graphene layers system with a mismatch angle θ between the
two hexagonal structures. The interference between the two rotated layers generates a superlattice with
a θ-dependent wavevector that gives rise to van Hove singularities in the electronic density of states
and activates phonons in the interior of the graphene Brillouin zone. Here we review the use of Raman
spectroscopy to study tBLG, exploring the θ-dependent effects, corroborated by independent microscopy
analysis. The phonon frequencies give a Raman signature of the specific tBLG, while their linewidths
provide a straightforward test for tBLG structural homogeneity. Rich resonance effects, including single
and multiple-resonances, intra- and inter-valley scattering events make it possible to accurately measure
the energy of superlattice-induced van Hove singularities in the electronic joint density of states, as well
as the phonon dispersion relation in tBLG, including the layer breathing vibrational modes.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

When two identical periodic structures are superposed, a
mismatch rotation angle between the structures generates inter-
ferences that gives rise to a superlattice. This effect is commonly
observed in the surface of graphite, where the relative rotation of
the graphene top layer with respect to the underlying layer
generates a superlattice in scanning tunneling microscopy images,
generally identified as a type of Moiré pattern [1]. With the rise of
graphene [2], the prototype material for studying this phenom-
enon in a perfect two-dimensional solid state system is now
available. Two perfectly oriented graphene layers on top of each
other can form the so-called AA- or AB-stacking. By adding a twist
angle θ between the layers, the AA- or AB-staking is lost and a
superlattice structure is formed [3,4]. This system has been named
the twisted bilayer graphene [3–5], abbreviated here as tBLG. With
such ideal two-dimensional structure, high-resolution transmis-
sion electron microscopy (HRTEM) can now be used to directly
image the Moiré pattern that is formed, as shown in Fig. 1 for a
θ¼ 211 tBLG [6].

The twist angle θ adds a new degree of freedom to the
graphene system, generating several θ-dependent phenomena.
On the electronic structure, the interference superlattice can

generate seddle (M symmetry) points near the Fermi level
[4,7,8] [see Fig. 2(a–c)]. In two dimensions the density of states
(DOS) is logarithmic divergent at seddle points. Therefore, while
monolayer graphene has a DOS linearly increasing when departing
from the charge neutrality point [2], tBLG presents spiky van Hove
singularities (vHs's) in the DOS, above and below the Fermi level
[5]. The energy difference between these vHs's (EvHs) can be tuned
by changing θ, with important implications to the tBLG opto-
electronics properties. For example, this phenomenon makes tBLG
colored under an optical microscopy analysis, as already observed
experimentally, with the color varying with θ [9,10]. This effect is
explained theoretically considering the θ-dependence of the
optical absorption, as shown in Fig. 2(d) [7].

On the phonon structure, the bilayer graphene is also a
prototype system for studying the two-layers breathing mode,
usually named ZO′ mode. These modes have been observed
recently through non-linear combination modes in AB-stacked
bilayer graphene [11]. In the tBLG, the superlattice generates a
θ-dependent qðθÞ wavevector that activates phonons in the inter-
ior of the Brillouin zone, so that the ZO′ phonon branch can be
probed directly in a first-order light scattering process [12]. This
effect applies to the other phonon branches as well [12], so that
the phonon dispersion of tBLG can be probed by first-order Raman
scattering.

Raman spectroscopy is already established as a powerful tool to
characterize the different types of carbon nanostructures, includ-
ing graphene systems [13,14]. Relying on resonance effects, this
technique was used to determine the structural dependence of
the optical transition energies in carbon nanotubes, generating
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a signature for the chiral indices (n, m) [15–17]. Also due to reso-
nance effects, the inelastic scattering of light could be used to map
the phonon dispersion of graphene-related systems [18–20].
In general, Raman spectroscopy can always give a signature of
the graphene-related structure, including structural or electronic
deformations [13,14,21]. Here we review how this technique
has been used to explore the θ-dependent effects in tBLG. This
phenomenon has some similarities and differences with respect to
the broadly studied double-resonance Raman effects in graphite
and related materials, and these aspects will be explored here.

2. Structure—real and reciprocal space

Fig. 3(a) shows the schematics of a tBLG, with the red layer
sitting on top of the blue layer. The top and bottom layers are
rotated from each other by a generic angle θ, generating a periodic
Moiré pattern. Fig. 3(b) shows this structure in the reciprocal

space. b1 and b2 are the reciprocal lattice vectors of the bottom
layer [blue layer in Fig. 3(a)]. These two reciprocal lattice
vectors are given as b1 ¼ ð2π=aÞ½ð

ffiffiffi
3

p
=3Þk̂xþ k̂y�, and b2 ¼ ð2π=aÞ

½�ð
ffiffiffi
3

p
=3Þk̂xþ k̂y�, where a¼2.46 Å is the lattice parameter of

graphene, and k̂x and k̂y are the unit wavevectors [defined in
Fig. 3(b)]. b′

1 and b′
2 [see Fig. 3(b)] are the reciprocal lattice vectors

relative to the top layer [red layer in Fig. 3(a)], and they can be
obtained by rotating the wavevectors b1 and b2, respectively, by an
angle θ, giving

b′1ðθÞ ¼
2πffiffiffi
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Fig. 1. (Color online) (a) Transmission electron microscopy (TEM) image of a tBLG in a TEM grid. (b) Electron diffraction pattern of the tBLG shown in (a). Two sets of
hexagonal diffraction patterns are observed, rotated by 211 from each other. (c) High resolution TEM image of the same tBLG, showing the generated Moiré pattern. The inset
shows a fast Fourier transform (FFT) of the image. From Ref. [6].

Fig. 2. (Color online) (a–c) Calculated electronic structure for three distinct tBLG. The rotation angles θ are indicated. (d) Calculated optical absorption spectra for six different
values of θ, which are displayed near each respective absorption peak. From Ref. [7].
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As shown in Fig. 3(a), the mismatch between the two layers gives
rise to a periodic superlattice, whose reciprocal rotational vectors
q1 and q2 can be evaluated by taking the difference between the
reciprocal vectors of the two lattices [22,23]. In terms of the unit
vectors k̂x and k̂y, these two reciprocal lattice vectors are given by
q1 ¼ b′

1�b1 and q2 ¼ b′
2�b2, and the result is

q1ðθÞ ¼
2πffiffiffi
3

p
a
f½�ð1� cosθÞ�

ffiffiffi
3

p
sinθ�k̂x

þ½�
ffiffiffi
3

p
ð1� cosθÞþ sin θ�k̂yg; ð3Þ

q2ðθÞ ¼
2πffiffiffi
3

p
a
f½ð1� cosθÞ�

ffiffiffi
3

p
sinθ�k̂x

þ½�
ffiffiffi
3

p
ð1� cosθÞ� sin θ�k̂yg: ð4Þ

The graphene lattice has a 601 periodicity and is symmetrical
around 301, thus restricting our analysis for 0rθr301. For
this reason, in the following discussion we drop the subscript
indices 1 and 2, and we just use qðθÞ.

The direct lattice vectors r1 and r2 defining the supercell can be
obtained from the dot product ri � qj ¼ 2πδij, where fi; jg ¼ f1;2g,
and δij is a Kronecker delta. The result is

r1ðθÞ ¼ � a
4
½

ffiffiffi
3

p
þcotðθ=2Þ�x̂

� a
4
½1�

ffiffiffi
3

p
cotðθ=2Þ�ŷ ; ð5Þ

and

r2ðθÞ ¼
a
4
½
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3

p
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� a
4
½1þ

ffiffiffi
3

p
cotðθ=2Þ�ŷ ; ð6Þ

where x̂ and ŷ are the unit vectors in real space, as defined in
Fig. 3(a). The vectors r1 and r2, calculated for that specific rotation
angle θ, are also shown in Fig. 3(a). The modulus of the direct
lattice vectors, r1 ¼ r2 ¼ a=½2 sin ðθ=2Þ�, determines the periodicity
of the supercell [1,22,23].

Besides the Raman signature that will be discussed below,
microscopy has been used to directly characterize the tBLG struc-
tures. TEM and electron diffraction have been used to assign the
twist angle θ in different contributions in the literature [6,24,25], as
illustrated in Fig. 1. Fig. 1(c) shows HRTEM image of a folded tBLG,
while the inset shows a fast Fourier transform (FFT) analysis of the
image. Both FFT analysis and electron diffraction [Fig. 1(b)] indicate
a rotational angle of 211 between the two hexagonal structures [6].
In other works [7,22], lattice resolution atomic force microscopy
(AFM) [26] has been used to assign the angle θ.

3. Production of tBLG

Twisted graphene layers occur naturally at the surface of crystal-
line graphite [1], so that the mechanical exfoliation method, broadly
used to produce graphene samples, can generate such structures
naturally. Accidental folding graphene into itself during the exfoliation
procedure is also possible [27]. It has also been observed to occur in
non-controlled way in graphene systems grown by chemical vapor
deposition (CVD) [9,10,28]. Other techniques, such as washing
exfoliated graphene with a water flux, can be applied to increase
the yield of graphene structures folded into themselves [29].

A more sophisticated way to produce tBLG is by intentionally
folding graphene using an AFM tip [7,22]. Fig. 4(a) shows a tapping
mode AFM image of a monolayer graphene obtained from the
micro-mechanical exfoliation process applied to graphite flakes,
and deposited on top of a Si/SiO2 substrate [7]. Defective lines
were generated along a specific direction by scanning with the
AFM tip several times over the same line [white arrows in
Fig. 4(a)], applying a constant force. In sequence, the sample is
scanned in the contact mode with the fast scanning direction
parallel to the graphene edge. This process induces the folding of
the graphene by cutting the sheet preferentially where the defect
lines were induced, and then pushing it towards itself. The AFM
image shown in Fig. 4(b) reveals three tBLGs produced by this
method. The three folds were intentionally made along the same
direction in order to produce three tBLGs with same twist angle θ.
Lattice resolution AFM indicates a twist angle θC261 [7]. Fig. 4
(c) shows the Raman spectra obtained from the three tBLGs shown
in panel (b). All three spectra exhibit the same new peak located at
1381 cm�1, here named rotation-induced R band, which is the
Raman signature of the θC261 tBLG, as discussed in the next
section.

Fig. 3. (Color online) (a) Schematics of a rotationally stacked bilayer graphene, with
the red layer sitting on the top of the blue layer. The top and bottom layers are
rotated from each other by a generic angle θ starting from the AA-stacking,
generating a periodic Moiré pattern. r1 and r2 are the direct lattice vectors defining
the supercell, and x̂ and ŷ are the unit vectors in real space. (b) The 1st Brillouin
zones of the stacked layers shown in panel (a). b1 and b2 are the reciprocal lattice
vectors of the bottom layer [blue layer in part (a)]. b’1 and b’2 are the reciprocal
lattice vectors of the top layer [red layer in part (a)]. k̂x and k̂y are the unit
wavevectors. From Ref. [22].
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4. The θ dependence of the Raman frequencies

Raman measurements performed on different tBLGs (different
θ) are shown in Fig. 5 [12]. Besides the well-known Si features
(at 225, 303, � 450 and 521 cm�1) and the strong G band (at
� 1584 cm�1) from graphene, several new peaks are originated
from the superlattice effect in tBLG, and these peaks are marked

with n in the spectra. The frequencies of these new rotation-
induced R peaks change from sample to sample, and this change is
indeed governed by θ.

Before explaining the θ dependence of the new R peaks in tBLG,
Raman spectroscopy imaging has been used to prove that the R
peaks come from tBLG. Fig. 6 shows two Raman images obtained
from a tBLG produced by folding graphene into itself with an AFM
tip [22]. In Fig. 6(a), the color scale renders the G band intensity.
The G band signal can be detected from the whole graphene piece,
and its intensity is twice in the folded region. This is expected,
since the G band intensity is almost linearly proportional to the
number of layers in few-layers graphene [30]. Fig. 6(b) shows the
Raman intensity image of one of these new R peaks in tBLG, here
the one centered at ωR ¼ 1625 cm�1. The image shows that this
peak can only be detected when the laser spot is focused on the
folded region, i.e. on top of the tBLG.

The observation of these new R peaks in the Raman spectra of
tBLG is due to the superlattice modulation that activates phonons
in the interior of the Brillouin zone. The angle θ dictates the
wavevector qðθÞ for this modulation, as defined in Eq. (3) [or
Eq. (4)], so that the R peaks, marked with n in Fig. 5, can be all
mapped into the bilayer graphene phonon dispersion, by using the
phonon wavevector qðθÞ.

The exact assignment has to take into account that the direc-
tion of qðθÞ depends on θ. In Fig. 7, the arrows show the evolution
of the wavevector qðθÞ [as defined in Eq. (3)], by varying θ
between 01 and 301. As an approximation, the assignment can
be simplified by using the phonon dispersion curves in the high
symmetry Γ–K direction. As shown in Fig. 7, the exact qðθÞ vector
only departs significantly from the Γ–K direction when approach-
ing the K point. Taking into account the isotropy of the phonon
dispersion curves around and close to the K point, the R band
frequency obtained from a sample with a twist angle θ can be
approximated to the frequency of a phonon with wavenumber
qΓ–K along the Γ–K direction. The qΓ–K component is indicated in
Fig. 7 by the crossing (red diamonds) of the Γ–K line (dashed line)
with the K�qðθÞ equi-wavenumber contours (green arcs). The
relation between qΓ–K and the twist angle θ can be obtained with
simple trigonometry, and it is given by

qΓ–K ¼
4π
3a

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7�2

ffiffiffi
3

p
sin θ�6 cos θ

q� �
: ð7Þ

The solid lines in Fig. 8(a) are the plots of the phonon
frequencies of monolayer graphene as a function of qΓ–K, taken
from Ref. [31]. In Fig. 8(b), the solid lines show the same phonon
dispersion curves, but with qΓ–K translated into θ, according to

Fig. 4. (Color online) (a) AFM image of a monolayer graphene sitting on a Si/SiO2

substrate. The white arrows indicate where defects were generated using AFM tip
in contact mode. (b) Three tBLGs obtained by AFM folding. The scale bars in (a) and
(b) denote 4 μm. (c) Raman spectra obtained from the three tBLGs shown in panel
(b). The G band ð � 1584 cm�1Þ, the rotation-induced R band ð � 1381 cm�1Þ and
the “D-like” band are indicated. From Ref. [7].

Fig. 5. (Color online) Raman spectra of tBLGs with different rotational angles sitting on a Si/SiO2 substrate [12]. The tBLG samples were grown by chemical vapor deposition
(CVD) at low pressures using methane as carbon source and copper foil as catalyst. The n symbols point to the superlattice-induced Raman peaks (so-called R peaks)
originated from tBLG. Curve coloring corresponds to the excitation laser energy used to acquire the spectra; red: EL¼1.96 eV, green: EL¼2.41 eV and blue: EL¼2.54 eV;
exception for the bottom (black) spectra (EL¼2.41 eV), which is the Si substrate reference signal.
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Eq. (7). In both graphics, the ◊ and □ symbols correspond to the
frequencies of the rotationally induced R peaks marked with n in
Fig. 5, demonstrating that all these features are indeed related to
the phonon branches in tBLG [22]. The higher frequency peaks
from tBLG have been named R and R′ peaks, in correlation to
double-resonance defect-induced D and D′ bands [22]. Here we
propose all these new peaks observed in tBLG to be named R
peaks, with a subscript index giving the actual phonon branch that
originates the specific band. For example, the previously named R

and R′ peaks [22] will be named RTO and RLO peaks, respectively.
A low frequency family highlighted by different symbols ð□Þ in
Fig. 8(a, b) will be named RZO′, since these peaks come from the

Fig. 6. (Color online) (a) G band intensity image obtained from a tBLG produced by
folding graphene into itself with an AFM tip. (b) Raman intensity image of an R
peak observed at � 1625 cm�1. From Ref. [22].

Fig. 7. (Color online) First Brillouin zone of graphene. The arrows show the
evolution of the wavevector qðθÞ [as defined in Eq. (3)], by varying θ between
01 and 301 [12]. The circular arcs around the K point indicate equi-wavenumber
contours measured from K, associated with specific values of θ indicated in
the picture. Vectors pointing from Γ to the red diamonds would indicate the
components qΓ–K along the Γ–K direction.
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Fig. 8. (Color online) (a) Solid lines stand for the phonon frequencies (branch
assignment near each curve) as a function of qΓ–K, taken from Ref. [31]. ◊ and □
symbols correspond to the frequencies of the rotationally induced n peaks shown
in Fig. 5 [12]. The � symbols are experimental data obtained from Ref. [11], where
each data point was obtained using a different value of excitation laser energy. The
⋆ and ■ symbols are experimental data obtained for intravalley and intervalley
double-resonance Raman processes in monolayer graphene, respectively [20].
(b) Similar plot as in (a), but with qΓ–K translated to θ according to Eq. (7). The ◯,
�, � , and ▿ symbols in (a) and (b) are experimental data obtained from Refs.
[22,6,24,25], respectively, where θ was independently determined by microscopy
methods (high-resolution transmission electron microscopy [6,24,25], scanning
tunneling microscopy [25] and lattice resolution atomic force microscopy [22]).
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layer-breathing mode vibrations (namely ZO′ mode) occurring in
bi-layer graphene, multi-layer graphene, and graphite.

The ◯, �, � , and ▿ symbols in Fig. 8(a, b) are experimental
data obtained from Refs. [22,6,24,25], respectively, where θ was
independently determined by microscopy methods (high-resolu-
tion transmission electron microscopy [6,24,25], scanning tunnel-
ing microscopy [25] and lattice resolution AFM [22]). The qΓ–K to θ
relation has been, therefore, confirmed by independent microscopy
analysis.

For the second-order Raman scattering, the 2D band (also
named G′ band in the literature) is a Raman allowed overtone of
the so-called D band, the later being activated only in the presence
of defects in the crystalline structure of graphene-related systems
[13,14,18,19,32]. The 2D band frequency in graphene-based sys-
tems depends on the excitation laser energy, being very sensitive
to small changes in the electronic and phonon band-structure,
all due to multiple internal resonances in the electron–phonon
scattering processes. Souza Filho et al. [33,34] demonstrated how
this second-order Raman peak could be used to provide informa-
tion about changes in the electronic structure of different (n, m)
single-wall carbon nanotubes, and Ferrari et al. [35] used the
same concept to show that Raman spectroscopy could be applied
to determine the number of layers in an AB-stacked graphene
sample.

For tBLG, Kim et al. [6] studied the 2D band Raman spectra
dependence on θ [see Fig. 9(a)]. They fitted the spectra with a
single Lorentzian curve for simplicity and showed that the
Lorentzian full width at half maximum (FWHM) [Fig. 9(b)], central
frequency [Fig. 9(c)] and integrated area [Fig. 9(d)] change dra-
matically with changing θ. The complex 2D band behavior was
successfully modeled [red circles in Fig. 9(b–d)] by considering the
θ dependent changes in the tBLG electronic structure, making use

of the multiple-resonance model previously applied to carbon
nanotubes [33,34] and AB-stacked N-layers graphene [35]. The
non-monotonic behavior observed for the 2D peak happens when
θ achieves a critical angle for which the tBLG θ-dependent van
Hove singularity matches the excitation laser energy ðEvHs � ELÞ.
Analogously, a non-monotonic behavior can be observed for a
given θ by changing EL, as shown in Ref. [7] for tBLG, or previously
for carbon nanotubes [33]. The EL dependence of the Raman
intensities will be discussed in Section 6.

5. Comparison with the double-resonance Raman processes in
graphitic materials

The ⋆ and ■ symbols in Fig. 8(a) are experimental Raman data
obtained from graphene [20], and located in the phonon disper-
sion using the broadly studied intravalley (near Γ point) and
intervalley (near K point) double-resonance (DR) Raman processes
in graphitic materials [13,14,18,19,32]. This DR Raman process has
been used to map the phonon dispersion of graphitic materials,
but it differs from the process in tBLG in many ways: (1) The
intravalley DR Raman processes probe phonons near the Γ point;
the intervalley DR Raman processes probe phonons near the K
point. The new R bands [see Fig. 8(a)] cover the lack of experi-
mental data left by the usual DR Raman processes, and these two
techniques complement each other for probing the vibrational
spectrum of graphene systems. (2) In tBLG qðθÞ is a θ-defined
wavevector, including its direction, while in DR Raman, averages of
q values around the high symmetry Γ and K points apply. (3) In
the DR Raman, the different phonon wavevectors q are probed by
changing the excitation laser energy, thus changing the double
resonance condition. In tBLG, the phonon wavevectors qðθÞ in the

Fig. 9. (Color online) (a) 2D (or G′) band spectra for tBLG with different θ, as displayed next to the respective spectrum. The vertical dashed line represents the 2D frequency
for single-layer graphene (bottom spectrum). (b) FWHM, (c) frequency blue-shift with respect to the value from single-layer graphene, and (d) integrated area for the
Lorentzian peak used to fit the 2D peak. The black squares and red circles are the experimental and theoretical calculation values. The blue line in (b) indicates the single-
layer graphene value. The gray (experiment) and red (calculation) areas are guides to the eye. In (d), experimental and calculation values were normalized to the single-layer
value. From Ref. [6].
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interior of the Brillouin zone are spanned without changing
the excitation laser energy, but changing the twisting angle θ.
(4) The first-order R band scattering is activated in tBLG by
the superlattice modulation, without requiring defects to break
the q� 0 Raman selection rule. In the usual DR Raman, defects
are needed to activate the first-order Raman scattering. Alterna-
tively, the DR enhances Raman allowed phonon combinations and
overtones.

Fig. 10 [27] illustrates some of the differences listed above.
While the D band (labeled Ienvelop in Fig. 10) is dispersive
(frequency changes with changing excitation laser energy), the R
peak is not (labeled Ifixed in Fig. 10). The D and R bands also exhibit
different intensity behaviors (see Section 6 for more informa-
tion about the intensity behavior). Interestingly, the superlattice
potential in tBLG was shown to be able to activate the D band
generated by long-range defects, such as Coulomb impurities,
intercalants, or strain [7]. Therefore, the presence of a superlattice
allows the use of Raman spectroscopy to investigate a class of
defects in graphene-type samples that are hardly accessible
otherwise [36].

As another example, the overtone 2ZO′ has been recently
observed for few-layer graphenes (from two to six layers) and
graphite by the DR Raman technique [11]. The � symbols in
Fig. 8(a) are the experimental data obtained from Ref. [11], where
each data point was obtained using a different value of excitation
laser energy. In tBLG the ZO′ phonons (□ symbols in Fig. 8) are
observed in a first-order scattering process, and its observation
through the RZO′ peak reveals the interaction between the two
rotationally stacked planes. Deeper explorations can provide accu-
rate experimental information for the development of theoretical
models for the phonon dispersion in tBLG, including the coupling
between layers in this system which has no AA nor AB stacking.

6. The EL dependence of the Raman intensities—resonances
and van Hove singularities

Because graphene is a zero gap semiconductor, Raman scatter-
ing in graphene is always a resonant process. Due to the smooth
and (quasi)linear dispersion of the π bands from the Fermi level
up to the visible light energy range, resonance effects are not
evidenced like in carbon nanotubes or other semiconductor
systems. However, in the case of tBLG, the presence of vHS's
change this picture, and Raman spectroscopy with different
excitation laser lines can be used to probe EvHs. These resonances,
together with theoretical calculations of the optical property of
tBLG, have been used to monitor the θ-dependence of EvHs,
providing the result [7]

EvHs ¼ E0j sin ð3θÞj; ð8Þ
with E0¼3.9 eV. The maximum energy absorption occurs exactly
at θ¼ 301, for which the largest possible separation between Dirac
points occurs. The EvHs is expected to be symmetrical around
θ¼ 301 and periodic at 601.

Recent theoretical and experimental works have reported the
presence of such van Hove singularities in the density of π electron
states in tBLG [5,37–39]. Refs. [6,7,24,40,41] have demonstrated
that these vHs's induce very strong enhancement in the G band
intensity, and that the maximum enhancement occurs for specific
incident laser energies (EL) defined by the twist angle θ. Fig. 11(a, b)
shows, respectively, the G and RTO bands obtained from the same
tBLG, for six different values of EL (1.96, 2.33, 2.41, 2.54, 2.71, and
3.84 eV). These two plots clearly show that not only the G, but also
the RTO band intensity presents strong dependence on EL, the
maximum enhancement occurring at the same laser energy [7].

The G band resonance effect in tBLG is described by third
order time-dependent perturbation [41]. The major contribution
for the intensity comes from resonance matching, that is, for
EL¼EvHs and EL ¼ EvHs7ℏωG, where ℏωG is the energy of the G
phonon, and the þ and the � signs stand for the Stokes and
anti-Stokes processes, respectively. Therefore, the EL dependence
of the normalized G band Stokes resonance profile shown in
Fig. 11(a) can be evaluated as [7,13]

IðGÞ
IðGSLGÞ

¼ M
ðEL�EvHs� iγÞðEL�EvHs�ℏωG� iγÞ

����
����
2

; ð9Þ

where M is a constant that encompasses the product of the matrix
elements for electron–photon and electron–phonon interactions
and γ is the resonance window width, that is, the energy
uncertainty related to the lifetime of the excited states. The G
band intensities extracted from the data depicted in Fig. 11(a) were
fitted according to Eq. (9), and the parameters EvHs¼2.79 eV and
γ ¼ 0:12 eV were found [7].

A similar procedure can be used to fit the RTO resonance profile
shown in Fig. 11(b), and the same values for EvHs and γ were
obtained [7]. However, the complete analysis of the R peak
resonances is more complex. The R band intensity can be
described by fourth-order time-dependent perturbation process
in graphene, involving an additional interaction between the
photo-excited electron (with wavevector k) and the periodic
potential of the superlattice (with associated wavevector q) [41].
In this case, the normalized R band intensity is given as [7]

IðRÞ
IðGSLGÞ

¼ M′
ðEL�EvHs� iγÞ½EL�EehðkþqÞ� iγ�ðEL�EvHs�ℏωR� iγÞ

����
����
2

:

ð10Þ
The major difference between Eqs. (9) and (10) is the new term
inside the square brackets in Eq. (10), where EehðkþqÞ is the
electron–hole pair state energy at (kþq). For the RTO resonance
shown in Fig. 11(b), within the measured excitation energy range,

Fig. 10. (Color online) Raman spectra of tBLG in the range of 1300–1400 cm�1,
measured with different excitation lasers, with wavelengths 363, 457, 488, 514, and
647 nm, as displayed near the respective spectrum. The inset at the top shows an
optical image of the sample. From Ref. [27].
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the term between brackets in the denominator of Eq. (10) plays a
minor role, because it is a smooth function of EL, EL being far from
EehðkþqÞ. This is why this term can be disregarded in the fitting.

However, when EL reaches Eeh(kþq), intravalley or intervalley
double-resonance processes can take place in the Raman scatter-
ing of tBLG as well, giving rise to extra enhancement in the R peak
intensities. The EL dependence for these two double-resonance
conditions, considering for illustration a linear electronic disper-
sion E(k), is given by [22]

EintraL ¼ ℏvF
8πffiffiffi
3

p
a

sin
θ
2

� �
; ð11Þ

and

EinterL ¼ ℏvF
4π
3a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12 sin 2 θ

2

� �
�2

ffiffiffi
3

p
sinθþ1

s
; ð12Þ

where vF is the Fermi velocity in graphene ð � 106 m=sÞ. Fig. 12(a, b)
shows the plot of ELintra and EL

inter as a function of θ. Notice that
the condition for intervalley double-resonance Raman process
[Fig. 12(b)] would only be achieved for excitation laser energies
in the UV range. However, intravalley double-resonance Raman
processes [Fig. 12(a)] can be achieved for excitation laser energies
in the infrared and visible range. Corrections are needed due to the
departure from the linear E(k) relation for energies near 3eV and
higher.

This phenomenon is shown in Fig. 11(c), where the Raman
spectra from another tBLG were measured using four different
excitation laser energies: EL¼1.96, 2.33, 2.41, and 2.54 eV. The RLO

peak centered at � 1625 cm�1 presents a higher intensity for the
spectrum obtained using EL¼2.41 eV. Here the spectra are normal-
ized to the G band in tBLG itself, thus showing an extra resonance
phenomenon for the RLO band. This sample was inspected by
lattice-resolution AFM, and the measurements revealed a θC61.
The green bullet in Fig. 12(a) indicates that this experimental data
is in good agreement with the theoretical predictions.

Finally, Sato et al. [41] performed extensive zone folding
calculations based on a definition of the tBLG unit cell with indices
(n, m) [see Fig. 13(a)]. They predict the observation of a more
complex picture of possible transitions, including more than one
van Hove singularity in the joint density of states (JDOS) for a
given tBLG [see Fig. 13(b)] and a rich dependence of the JDOS
peaks on modðn�m;3Þ [see Fig. 13(c)]. The EvHs dependence on
tBLG structure can be consistently reorganized when plotting the
JDOS peaks as a function of the lattice constant T [see Fig. 13(d)],
although more than one optical transition is still predicted.

7. Final remarks

In this paper we briefly discussed the structure and production
of twisted bi-layer graphene (tBLG). This system represents a
prototype material for a two-dimensional Moiré type superstruc-
ture, where interesting effects caused by the presence of a periodic
superlattice modulation can be probed using microscopy and
spectroscopy. Here we focused mostly on the use of resonance
Raman spectroscopy to study and characterize the tBLG electronic
and vibrational properties.

Fig. 11. (Color online) (a) and (b) show the Raman spectra obtained from a tBLG with θ¼ 13731, according to lattice-resolution AFM measurements. The (a) G and (b) RTO

bands exhibit similar resonance behavior. The data were normalized with respect to the G band Raman spectra of a nearby single layer graphene [7]. (c) Raman spectra of
another tBLG with θC61, using four different excitation laser energies: EL¼1.96, 2.33, 2.41, and 2.54 eV. The spectra here are normalized to the G band in the tBLG itself, and
the RLO Raman peak centered at 1625 cm�1 exhibits an extra intensity enhancement near 2.41 eV [22], due to the DR Raman effect. From Refs. [7,22].
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The resonance Raman effects are especially rich in this system,
where both resonances with van Hove singularities, as previously
observed in carbon nanotubes, as well as multiple-resonance
processes, as largely studied in graphitic structures, take place.
We here put all these effects together, in a fully consistent picture.

Besides the application of the knowledge presented here as a
characterization tool for the development of tBLG-based science
and technology, several aspects still remain to be studied using
Raman spectroscopy. Two aspects that urge work are (1) the

observation of the predictions by Sato et al. [41] with respect to
the rich dependence of the optical transition energies on the tBLG
structure, and (2) the possibility of studying long-range defects,
such as Coulomb impurities, intercalants, or strain [7].

The tBLG is also a prototype for studying the interlayer
interactions. The Raman spectroscopy results presented here show
that this system exhibits the inter-layer breathing modes (named
ZO′ phonon branch), that can now be studied accurately, even in
the absence of the usual AB stacking.

Fig. 12. (Color online) (a) Plot of ELintra as a function of θ, according to Eq. (11). (b) Plot of ELinter as a function of θ, according to Eq. (12). The green circle in panel (a) is the plot
of the experimental data depicted in Fig. 11(c) (ωRLO ¼ 1625 cm�1 and EintraL ¼2.41 eV), obtained from the Raman spectra of a tBLG with θC61. The error bar indicates the
uncertainty in the determination of θ. From Ref. [22].

Fig. 13. (Color online) (a) The unit cell for a tBLG, defined by the indices ðn;mÞ ¼ ð3;2Þ, as introduced by Sato et al. [41]. The second graphene layer (red) is rotated by
θ¼ 13:171 relative to the AB stacking (notice that the authors use θTW in their paper). (b) The energy bands (left) and the joint density of states (JDOS) (right) for the (7,5),
showing three van Hove singularities EvHs. (c) EvHs as a function of the twisted angle θ (or θTW ) of the tBLG. The data points for each family n �m ¼ const are connected by a
line. The black, blue, and red symbols are modðn�m;3Þ ¼ 0, modðn�m;3Þ ¼ 1, and modðn�m;3Þ ¼ 2, respectively. The circle and plus symbols denote EvHs¼E11 and E22,
respectively. (d) EvHs as a function of the lattice constant T of tBLG on a log–log scale. Each family n�m ¼ constant is connected by a line. Colors and symbols are the same as
in (c). From Ref. [41].
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One last important aspect is the sharp linewidth for the
superlattice induced peaks, unusual in graphene. The R peaks
can exhibit full width at half maximum (FWHM) as narrow as
ΓR 	 4 cm�1, indicating when the qðθÞ wavevector is very well
defined. Coupled to the strong θ-dependence of the R frequencies,
it turns out that measuring ΓR 	 4 cm�1 provides a straight-
forward test for tBLG structural homogeneity, which might be
important for researchers exploring the science and application of
these structures.
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