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Resonance effects on the Raman spectra of graphene superlattices
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In this work, a study of resonance effects in the Raman spectra of twisted bilayer graphene (tBLG) is
presented. The analysis takes into account the effect of the mismatch angle θ between the two layers, and also
of the excitation laser energy on the frequency, linewidth, and intensity of the main Raman features, namely
the rotationally induced R band, the G band, and the second-order G′ (or 2D) band. The resonance effects are
explained based on the θ dependence of the tBLG electronic structure, as calculated by ab initio methodologies.
The twist angle θ also defines the observation of a “D-like” band which obeys the double-resonance process,
but relies on the superlattice along with long-range defects in order to fulfill momentum conservation. The study
was possible due to the development of a route to produce and identify rotationally stacked bilayer graphene by
means of atomic force microscopy (AFM).
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I. INTRODUCTION

Graphene is a honeycomb lattice made of carbon atoms
at the hexagon vertices, whose unit cell is composed of two
crystallographically inequivalent atoms, named A and B.1

When two graphene layers are placed on top of each other,
a superlattice structure (called Moiré pattern) generated by
the mismatch rotation angle θ between the top and bottom
layers is formed.2 This superlattice is an in-plane periodic
structure with lattice parameters (r1,r2) larger than graphene
lattice parameters (a1,a2). While the electronic structure for
monolayer graphene near the Fermi level shows a linear
dispersive behavior, with a density of states (DOS) linearly
increasing when departing from the neutrality point,3 bilayer
graphene with a twist angle θ presents two van Hove singular-
ities (vHs’s) in the DOS, one above and one below the Fermi
level.4 The energy difference between these vHs’s (EvHs) can
be tuned by controlling the relative angle θ between layers.
The presence of vHs’s near the Fermi energy can generate
electronic instabilities which are of great interest in materials
science,4–9 and the possibility to make and control these
singularities open new paths for optoelectronic engineering
of graphene-based devices.

Due to the peculiar electronic dispersion near the Fermi
level, optical absorption in graphene is always resonant, and
the Raman spectrum of graphene is remarkable for its strong
resonant character.10,11 Additionally, there are strong reso-
nance processes associated with electron-phonon scattering
involving vibrational modes with nonzero wave vectors q.
For example, besides the single-resonance first-order Raman
q ≈ 0 active G band (∼1584 cm−1), the two-phonon G′ (or
2D) band centered at ∼2700 cm−1 (for a 514.5 nm excitation
laser line) is originated from triple-resonance processes in
monolayer graphene.12,13 The G and G′ bands have been
largely used to study the electronic structure of graphene-based

systems10,11 including, more recently, the effects of graphene
superlattice formation in twisted bilayer graphene (tBLG).14–21

New Raman modes, named R (for rotation mismatch), emerge
in tBLG, their frequencies depending on the rotational angle θ

due to a special superlattice-activated Raman processes.15–18

This work presents several aspects related to resonance
effects in the Raman spectra of tBLG. The analysis takes into
account the effects of θ and excitation laser energy EL on the
frequency, linewidth, and intensity of the main Raman features,
namely the superlattice-activated R band, the G band, the
D band, and the second-order G′ (or 2D) band. The paper is
organized as follows. In Sec. II a route for production of tBLG
using an atomic force microscopy (AFM) tip is presented.
Section III shows that one can probe the phonon dispersion of
tBLG with Raman spectroscopy by changing the twist angle
θ . Section IV discusses the strong resonance enhancement
of the G band in tBLG for specific excitation laser energies,
as reported in Refs. 14 and 19–21. Our experimental data
reveals that the superlattice-activated R band presents the same
enhancement, and a theoretical model is proposed to explain
this resonance-based effect. The results are summarized in a
simple analytical equation which directly relates the transition
energy for maximum optical absorption to the twist angle
θ . Section V presents a discussion on the presence of a
“D-like” band, as first reported in Ref. 15. The comparison
between the D-like band obtained from a tBLG and the
disorder-induced D band obtained from a Ar+-bombarded
sample22,23 confirmed that, although the D-like band shows
the same frequency dispersion as the usual D band, the relative
intensity between the D-like band and the G band does not
follow the well-known proportionality with the inverse of the
fourth power of the excitation laser energy.24,25 These results
are explained by considering that momentum conservation in
the double-resonance process giving rise to the D-like band is
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mediated by the static potential of superlattices with large twist
angles (θ → 30◦) combined with long-range defects such as
Coulomb impurities, intercalants, or strain. Section VI presents
some resonance aspects related to the two-phonon G′ band
as follows: (i) the full width at half maximum (FWHM) of
the G′ band decreases by increasing θ ; (ii) for samples with
θ > 7◦, the G′ presents a considerably narrower profile than
that observed in the Raman spectrum of undoped pristine
monolayer graphene, the details being θ dependent, and
(iii) the G′ band in tBLG has approximately the same
dispersion as obtained for undoped monolayer graphene.
Section VII summarizes the main findings of the paper.

II. THE ROUTE TO PRODUCE FOLDED TWISTED
BILAYER GRAPHENE

Figure 1(a) shows a tapping mode atomic force microscopy
(AFM) image of a monolayer graphene obtained from the
micromechanical exfoliation process applied to graphite
flakes provided by Nacional de Grafite Ltda., and deposited
on top of a Si/SiO2 substrate.3 The method to produce folded
tBLG starts with the generation of defective lines along
a specific direction by scanning with the AFM tip several
times over the same line [white arrows in Fig. 1(a)], applying
a constant force. In sequence, the sample is scanned in
contact mode with the fast scanning direction parallel to the
graphene edge. This scanning process pushes the graphene
edge towards the layer, thus inducing the folding by cutting
the sheet preferentially where the defect lines were formerly
created. The AFM image shown in Fig. 1(b) reveals three
tBLGs with dimensions ranging from one to several microns
produced by using this method. Notice that all these folds
were intentionally made along the same direction in order to
produce three tBLGs with same twist angle θ .

As discussed in Ref. 16, three folds with the same θ

are expected to exhibit the same rotation-induced R band.
The Raman image presented in Fig. 1(c) renders the G

band intensity. This image identifies the positions of the
tBLGs since the G band intensity is twice larger than that
of monolayer graphene. Figure 1(d) shows the mapping of
the R band (∼1381 cm−1) intensity, observed only at the
tBLGs. Figure 1(e) shows the Raman spectra obtained from
the three tBLGs shown in Fig. 1(b). All three spectra exhibit
the same R band located at 1381 cm−1, thus indicating a
twist angle θ � 27◦.16 This angle is confirmed here with
lattice-resolution AFM measurement, as reported in Ref. 16.
It can be seen in Fig. 1(e) that the R band is unusually narrow
for a graphene-related Raman line (FWHM: �R ≈ 4 cm−1),
indicating that the wave vector of the created phonon is well
defined by the superlattice. The peak observed at ∼1350 cm−1

is assigned as a D-like band.15 We use the term “like” because,
although this band occurs at similar frequencies and is related
to the same TO phonons near the K point of graphene as the
well-known defect-induced D band,22,25 in the present case it
is not induced by the same type of lattice defects. Its origin
will be discussed further in Sec. V.

It should be mentioned that, besides the folding method
described above, tBLG samples can be produced by other
techniques. In fact, tBLG layers can occur naturally at the
surface of crystalline graphite,26 so that the mechanical

FIG. 1. (Color online) (a) AFM image of a monolayer graphene
sitting on a Si/SiO2 substrate. The white arrows indicate where defects
were generated using the AFM tip in contact mode. The scale bar
denotes 4 μm. (b) Three tBLGs obtained by AFM folding. The
scale bar denotes 4 μm. (c) Mapping of the G band (∼1580 cm−1)
intensity. The image was obtained from the boxed area in (b). The
scale bar denotes 1 μm. (d) R band intensity (∼1380 cm−1) obtained
simultaneously with the image shown in (c). The scale bar denotes
1 μm. (e) Raman spectra obtained from the three tBLGs shown in (b).

exfoliation method, broadly used to produce graphene systems,
can generate such structures naturally. Accidentally folding
graphene into itself during the exfoliation procedure is also
possible.15 It has also been observed to occur unintentionally
in graphene systems grown by CVD.27–29 Other techniques,
such as washing exfoliated graphene with a water flux, can
be applied to increase the yield of graphene structures folded
into themselves.30 For sample characterization, besides the
lattice-resolution AFM, high-resolution transmission electron
microscopy (HRTEM) has also been used to independently
assign the twist angle θ (e.g., Refs. 19, 20, and 31).

III. PROBING THE HIGH-FREQUENCY OPTICAL
PHONON BRANCHES WITH THE R AND R′ BANDS

The methodology described in Sec. II has been
systematically performed to produce different well-defined
Moiré patterns. Figure 2 shows the plot of the R′ and R
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FIG. 2. (Color online) R′ and R bands frequencies (ωR′ and ωR ,
respectively) as a function of the twist angle θ . The solid circles with
error bars present the data obtained from the overall set of samples
produced in the current work. Other symbols are experimental data
taken from Refs. 19, 20, and 31, as displayed in the legend.

bands frequencies (ωR′ and ωR , respectively) as a function
of the twist angle θ . The solid circles with error bars present
the data obtained from the overall set of samples produced in
the present work, with θ determined by means of lattice reso-
lution AFM.32 All other symbols are experimental data taken
from literature (see legend in Fig. 2), with θ values determined
by HRTEM. The upper (dashed) and lower (solid) curves are
the theoretical dependencies of ωR′ and ωR on θ , respectively,
following the same procedures described in Ref. 16. Because
they come from the LO and TO phonon branches, respectively,
the R′ and R bands have been named as RLO and RTO

in Ref. 18.

IV. THE EXCITATION LASER ENERGY DEPENDENCE
FOR THE G AND R BAND INTENSITIES

Recent theoretical and experimental works have reported
the presence of van Hove singularities in the density of π

electron states in tBLG.4,8,33,34 References 14 and 19–21 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 (Emax

L ) defined
by the twist angle θ , as shown in Fig. 3. Figure 3(a)
depicts two Raman spectra obtained from the same graphene
sample. Lattice-resolution AFM measurements revealed that
this sample has a folded area with a twist angle θ = 13 ± 3◦.
The upper spectrum was obtained from the folded area,
while the bottom spectrum was obtained from the monolayer

area. Although both spectra were measured under the same
conditions (acquisition time, laser power density, and EL =
2.71 eV), the G band obtained from the folded area is about
60 times more intense than the G band obtained from the
single layer graphene area (GSLG). Notice the presence of
the R band centered at ∼1464 cm−1 in the Raman spectrum
obtained from the folded area. Figures 3(b) and 3(c) show,
respectively, the G and R bands obtained from the same
tBLG as in Fig. 3(a), for six different values of EL (1.96,
2.33, 2.41, 2.54, 2.71, and 3.81 eV). These two plots clearly
show that not only the G, but also the R band intensity
presents strong dependence on EL, the maximum enhancement
occurring at the same laser energy. Figures 3(d) and 3(e) show
the normalized G and R bands intensities [I (R)/I (GSLG) and
I (G)/I (GSLG), respectively] as a function of EL. Data denoted
by � and � were obtained from tBLGs with θ = 12 ± 2◦
and θ = 13 ± 3◦, respectively. The R band frequencies ob-
served for these two tBLGs were ωR = 1464 cm−1 (θ = 12◦)
and ωR = 1478 cm−1 (θ = 13◦).

The G band enhancement in tBLG has been described by
second order time-dependent perturbation in Ref. 21. The
major contribution for the intensity comes from resonance
matching between EL and the separation of vHS’s in the DOS
of tBLG, that is, for EL = EvHs. Therefore, the EL dependence
of the normalized G band resonance profile shown in Fig. 3(d)
can be evaluated as10

I (G)

I (GSLG)
=

∣∣∣∣ M

(EL − EvHs − iγ )(EL − EvHs − h̄ωG − iγ )

∣∣∣∣
2

,

(1)

where h̄ωG is the energy of the G phonon, and M is a
constant that encompasses the product of the matrix elements
for electron-photon and electron-phonon interactions. γ is the
resonance window width, that is, the energy uncertainty related
to the lifetime of the excited state. The solid and dashed
lines in Fig. 3(d) are reconstructions according to Eq. (1),
where the parameters EvHs, M , and γ are obtained using a
least-squares method. We found EvHs = 2.68 and 2.79 eV, and
M = 0.105 and 0.18, for the samples with twist angle θ = 12◦
and θ = 13◦, respectively. Within the experimental accuracy
we found γ = 0.12 eV. In principle, the γ factors appearing
at the denominator of Eq. (1) can be different to each other,10

but we consider them to be the same here since we do not have
experimental accuracy to differentiate them.

The R band intensity is described by third-order time-
dependent perturbation since this process involves an ad-
ditional interaction between the photoexcited electron (with
wave vector k) and the periodic potential of the superlattice
(associated with a wave vector q).21 In this case, the normalized
R band intensity is given as

I (R)

I (GSLG)
=

∣∣∣∣ M ′

(EL − EvHs − iγ )[EL − Eeh(k + q) − iγ ](EL − EvHs − h̄ωR − iγ )

∣∣∣∣
2

, (2)

where Eeh(k + q) is the electron-hole pair state energy at
k + q. For EL in the visible range, the term between brackets in
the denominator of Eq. (2) plays a minor role in the resonance

profile because (i) EL is far from Eeh(k + q), so this is not a
diverging term and (ii) it is a smooth function of EL in the
measured range. As discussed in Ref. 16, for θ > 8◦ this term
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FIG. 3. (Color online) (a) Raman spectra obtained from a graphene with a folded area with θ = 13 ± 3◦, according to lattice-resolution
AFM measurements. The upper (lower) spectrum was obtained from the folded (unfolded) area. (b) and (c) G and R band spectra of the
same tBLG showed in (a) for six different values of EL. (d) and (e) Normalized G and R bands intensities [I (G)/I (GSLG) and I (R)/I (GSLG),
respectively] as a function of EL. Data denoted by � and � were obtained from tBLGs with θ = 12 ± 2◦ and θ = 13 ± 3◦, respectively. The
lines are plots according to Eqs. (1) and (2) (see detailed discussion in the text).

will become important for excitation laser energies in the UV
range, for which a possible match between EL and Eeh(k + q)
can give rise to a double-resonance condition. Since the
R band resonance profiles measured here were obtained for
EL in the visible range, this term can be disregarded in the
fitting. This procedure was carried out for the data depicted
in Fig. 3(e) (solid and dashed lines), and we found that the
R band resonance profile is well described by the same values
of EvHs and γ obtained for the respective G band data shown
in Fig. 3(d). We found M = 0.016 and 0.019 for the samples
with twist angle θ = 12◦ and θ = 13◦, respectively.

Figure 4 presents a summary of the literature experimental
data (open symbols) and theoretical results for the G band
enhancement in tBLG. The graphics shows the plot of the
incident laser energy for maximum enhancement (Emax

L ) as
a function of the twist angle θ . The solid circles with
error bars are our experimental data obtained from the fit-
parameter EvHs in Fig. 3(d) (notice that EvHs = Emax

L ). The
dot-dashed and dashed lines in Fig. 4 are the theoretical models
proposed in Refs. 19 and 20, respectively. Solid triangles are
theoretical results from Ref. 21. While Ref. 14 proposed a
double-resonance mechanism involving intralayer and parallel
transitions, Ref. 20 proposed that the G band enhancement
is originated from intralayer electronic transitions connecting
vHs’s in the electronic DOS. The model presented in Ref. 19 is
based on electronic transitions between parallel bands giving
rise to a large joint DOS. According to the authors, the
Raman process originated from these parallel band transitions
add coherently for the total resonance Raman intensity.

Reference 21 evaluated the resonance G band intensity in
tBLG considering the electron-photon and electron-phonon
matrix elements, and the authors observed the occurrence of

FIG. 4. (Color online) Summary of the literature experimental
data (open symbols) for the G band enhancement in tBLG. The
graphic shows the plot of the excitation laser energy that activates the
maximum enhancement process (Emax

L = EvHs) as a function of θ .
The dot-dashed and dashed lines are the theoretical models proposed
in Refs. 19 and 20, respectively. Solid triangles are theoretical
calculations from Ref. 21. The solid line is our theoretical result.
The solid circles with error bars are our experimental data obtained
from the fit parameters in Fig. 3(d).
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FIG. 5. (Color online) Calculated electronic and optical properties of tBLG. (a)–(c) Electronic structure for three distinct rotation angles θ

(namely 9.4◦, 13.2◦, and 21.8◦, respectively). (d) Calculated optical absorption spectra for six different values of θ which are displayed near
each respective absorption peak. (e) θ dependence for the optical absorption peaks at Emax

L , according to the results shown in (d), and others
not shown. � are calculated data, © are values replicated by symmetry, and the solid line is given by Eq. (3).

peaks in the JDOS due to electronic vHs coming from band
structure features in the vicinity of the M point of the Brillouin
zone, giving rise to strong optical absorption.

In order to check the influence of the optical absorption
on the G and R bands intensities, we performed ab initio
calculations for the electronic structure of tBLG (see Fig. 5).
All calculations were performed within LDA-DFT formalism
using the computational package SIESTA.35 We used a 30/T ×
30/T × 1 k-points grid in the self-consistent calculation,
where T = √

n2 + nm + m2 is the magnitude of the (n,m)
supercell vectors with respect to the graphene lattice parameter
a = 2.465 Å. The separation c between two graphene layers
varies with θ in the range 0◦ < θ < 60◦, and has a different
value from the AA (θ = 60◦ and cAA = 3.456 Å) and AB
(θ = 0◦ and cAB = 3.178 Å) stacking. Therefore, for all tBLGs
different from the AA and AB stacking, we used a fixed
value for ctwist = 3.29 Å obtained from the average value
given by energy minimization. The results are depicted in
Figs. 5(a)–5(c), which show the electronic band structures of
tBLGs with three distinct rotation angles θ (namely 9.4◦, 13.2◦,
and 21.8◦, respectively).

We then analyze the optical absorption spectrum con-
structed using dipole transition matrix elements between
valence and conduction Kohn-Sham states. In this calculation,
we used a grid with 400/T × 400/T × 1 k points for energies
up to 4 eV using an in-plane electric field polarization. The
absorption spectrum was then smoothed by Gaussian functions

with width of 0.05 eV, and the optical transition energies
were enhanced by 18% to account for quasiparticle effects,
as suggested in Ref. 20. Figure 5(d) shows the calculated
absorption spectra for six values of θ . Notice that for a
given value of θ , one very well-defined absorption peak is
observed. The values for the resonance transition energy Emax

L
as a function of θ calculated by DFT (increased by 18%) are
plotted as open squares in Fig. 5(e). The open circles represent
values replicated by symmetry since Emax

L is expected to be
symmetrical around θ = 30◦ and periodic at 60◦. Our results
can be fitted as

Emax
L = E0|sin(3θ )|, (3)

with E0 = 3.9 eV. The maximum energy absorption occurs
exactly at θ = 30◦, for which the largest possible separation
between Dirac points occurs. The full θ dependence shown
in Fig. 5(e) has been translated into the solid line in Fig. 4.
Again, it is important to emphasize that the enhancement
of the R band at laser energies given by Eq. (3) is solely
driven by the electron-photon matrix element and therefore it
occurs independently and in addition to the double-resonance
condition discussed in Ref. 16, which gives rise to R-band
enhancement for yet other values of laser energy.

It should be noticed that Eqs. (1) and (2) are approximations
since the complete calculation should include the summation
over all intermediate states, rather than a single level state at
the van Hove singularity. However, the effect of considering all

085401-5



V. CAROZO et al. PHYSICAL REVIEW B 88, 085401 (2013)

FIG. 6. From the bottom: Raman spectra of three tBLGs with
θ = 8◦, 20◦, and 27◦, respectively. The upper spectrum was obtained
from an Ar+-bombarded monolayer graphene. All data were obtained
with EL = 2.41 eV.

intermediated states would be a broadening in the resonance
profile, which was not observed in the fitting procedure, thus
showing that the simplified Eqs. (1) and (2) can be used to a
first approximation.

V. THE “D-LIKE” BAND IN tBLG

Figure 6 shows the Raman spectra of three tBLGs (θ = 8◦,
20◦, and 27◦; bottom spectra), obtained using EL = 2.41 eV.
The upper spectrum was obtained from an Ar+-bombarded
monolayer graphene.22 The ion-bombardment procedure gen-
erates pointlike defects that activate the disorder-induced D

band centered at ∼1350 cm−1 for EL = 2.41 eV. The value of
the ratio between the D and G bands intensities [I (D)/I (G) =
0.5] indicates a defect density of nD � 1.2 × 1011 cm−2.22,25

The D band is also present in the Raman spectrum of the tBLG
with θ = 27◦ [see Figs. 1(e) and 6], although this sample does
not present a considerable amount of structural defects, as
indicated by the Raman spectrum obtained from the unfolded
area (not shown here). Therefore, the observation of the D-like
band is associated with the static potential, as proposed by
Gupta et al.15 Notice from Fig. 6 that the Raman spectrum
of the tBLG with θ = 20◦ has a considerably weaker D-like
band, and for the tBLG with θ = 8◦ the D-like band is almost
undetectable. The D′ band (present in the Raman spectrum
obtained from the Ar+-bombarded monolayer graphene) was
not observed in the Raman spectrum of the tBLG with θ = 27◦.

To prove that the D-like band comes from the tBLG, we
performed Raman imaging experiments. Figure 7(a) shows
the topographic image of a tBLG obtained by the folding
method described in Sec. II. Figures 7(b) and 7(c) show the
G and D band intensity maps, respectively, obtained from
the tBLG shown in Fig. 7(a). As shown in Fig. 7(b), the
G band intensity is twice larger in the folded area, as expected.
For the D band [Fig. 7(c)], its intensity is stronger at the
edges of the tBLG, and non-null at the inner area. Inside the
tBLG area, the D-like band presents homogeneous intensity
distribution. This is clearly observed in the intensity profile
shown in Fig. 7(d), obtained along the dashed line depicted

FIG. 7. (Color online) (a) Topographic image of a SLG sample.
The dashed line highlights a tBLG obtained by the folding method
described in Sec. II. The scale bar denotes 5 μm. (b) and (c) G and
D band intensity maps, respectively, obtained from the tBLG shown
in (a). In both cases, the images lateral size is 7 μm. (d) D band
intensity profile obtained along the dashed line in (c). (e) Raman
spectra taken from the marked regions in (c) (� from the tBLG
edge, © from the tBLG inner area, and ∗ from the SLG near it). The
R band centered at ∼1380 cm−1 observed in the spectra obtained from
the tBLG indicates a twist angle θ � 27◦. All Raman data displayed
in this figure were acquired with the electric field of the incident laser
polarized along the horizontal direction as defined in (a)–(c), that is,
roughly parallel to the tBLG edges.

in Fig. 7(c). In Fig. 7(e) we have three spectra taken from the
marked regions in Fig. 7(c) (� from the tBLG edge, © from
the tBLG inner area, and ∗ from the SLG near it). The R band
centered at ∼1380 cm−1 observed in the spectra obtained from
the tBLG indicates a twist angle θ � 27◦. The data displayed
in Figs. 7(c) and 7(e) show that the D-like band undoubtedly
arises from the tBLG area, and cannot be attributed to edge
defects.

Figure 8(a) shows four Raman spectra of a tBLG with
θ = 27◦ (the same shown in Fig. 7), each one obtained with
a distinct excitation laser energy (EL = 1.92, 2.41, 2.71, and
3.81 eV). We also performed similar measurements (spectra
not shown here) on the Ar+-bombarded SLG sample with
nD � 1.2 × 1011 cm−2, for comparison. Figure 8(b) shows
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FIG. 8. (Color online) (a) Raman spectra of a tBLG with
θ = 27◦ (the same shown in Fig. 7), obtained with four distinct
excitation laser energies (EL = 1.92, 2.41, 2.71, and 3.81 eV).
All spectra were normalized by the intensity of the G band
obtained from the unfolded area (GSLG). (b) Frequency (Ra-
man shift) of the D-like (stars), and R (diamonds) bands for
EL = 1.92, 1.96, 2.33, 2.41, 2.71, and 3.81 eV. The solid line
is a linear fit yielding ω(D-like) = 1230 cm−1 + 50 cm−1/eV,
where ω(D-like) is the frequency of the D-like band. The down-
open triangles show the frequency of the D band obtained from
a Ar+-bombarded SLG sample with nD � 1.2 × 1011 cm−2, for
EL = 1.92, 2.41, 2.54, 2.8, and 3.81 eV. (c) Normalized intensity [the
intensity divided by I (GSLG)] of the D-like (stars) and R (diamonds)
bands for EL = 1.92, 1.96, 2.33, 2.41, 2.71, and 3.81 eV. The
open-down triangles show the I (D)/I (G) ratio (divided by 10 for
better visualization) of the Ar+-bombarded SLG sample with nD �
1.2 × 1011 cm−2 for EL = 1.92, 1.96, 2.33, 2.41, 2.71, and 3.81 eV.
The dashed line is the plot of I (D)/I (G) = nD/[(7.3 × 109)E4

L].25

the frequency (Raman shift) of the D (obtained from the Ar+-
bombarded SLG), D-like, and R bands (both obtained from
the tBLG with θ = 27◦) as a function of EL. As depicted in
the plots, the D and D-like bands present a similar dispersion
of ∼50 cm−1/eV, which is the typical value for the D band
double-resonance dispersion.36 This data shows that the D-like
band is associated with TO phonons near the K point, as for
the D band, and obey double-resonance frequency behavior.
On the other hand, the R band does not show a detectable
dispersion. As explained in Ref. 16, the R band is not dispersive
because the wave vector (qR) of the TO phonon created in
the Raman process (considering Stokes processes) is uniquely
determined by the superlattice wave vector q, being qR = −q.

Figure 8(c) shows the normalized intensity [the intensity
divided by I (GSLG)] of the D (obtained from the ion-
bombarded sample), D-like, and R bands as a function of
EL. As shown in the figure, the relative intensity of the R

band [I (R)/I (GSLG)] increases by increasing EL, reaching a
maximum value for EL = 3.81 eV, consistent with the theory
proposed in Ref. 16 and the resonance model displayed in
Eq. (2). The ratio between the D and G bands obtained from
the ion-bombarded sample follows the well-known relation

FIG. 9. (Color online) (a) The first Brillouin zone of graphene
with the schematics of the scattering process giving rise to the D-like
band. (b) Modulus of �q [evaluated from Eq. (6)] as a function of
the excitation laser energy EL for θ = 27◦.

I (D)/I (G) ∝ E−4
L [dashed line in Fig. 8(c)].24,25 On the other

hand, the I (D-like)/I (GSLG) ratio follows a different trend,
being maximum at approximately 2.4 eV and undetectable at
3.81 eV. These results drive us to a model that can explain the
D-like band behavior, which is based on both superlattice and
double-resonance effects.

Figure 9(a) shows the first Brillouin zone of graphene
with the schematics of the scattering process giving rise to the
D-like band, which starts with a photon of energy EL being
absorbed to generate an electron-hole pair. Considering that
(i) the incident photon has been resonantly absorbed, (ii) the
π electrons in tBLG have a linear energy dispersion in the
range of optical transitions, and (iii) the π electron energy is
isotropic around the K point, the photoexcited electron with
wave vector k0 will belong to an equienergy circle around the
K point with radius kL = EL/2h̄vF [see Fig. 9(a)], where vF is
the Fermi velocity in graphene (∼106 m/s). The photoexcited
electron is then inelastically scattered from the excited π∗
state with energy ε(k0) = EL/2 to another π∗ state (near
the K ′ point) with energy ε(k0 + qTO) = EL/2 − h̄ωD, by a
phonon with wave vector −qTO and frequency ωD. As depicted
in Fig. 9(a), we are considering inner scattering processes
(connecting two π∗ electron states along the K-K ′ line) that,
according to recent theoretical calculations, dominates the
double-resonance process.13 Taking into account that h̄ωD is
two orders of magnitude lower than EL (for processes using
laser lines in the visible range), the wave vector qTO that
provides the resonance condition for the transition between
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these two intermediate states can be approximated by

qTO �
(

2π√
3a

−
√

3
EL

2h̄vF

)
k̂x +

(
EL

2h̄vF
− 2π

3a

)
k̂y, (4)

where a = 2.46 Å is the lattice parameter of graphene, and
k̂x and k̂y are unit wave vectors as defined in Fig. 9(a). In
the sequence, the electron must recombine with the hole to
end the scattering process with the emission of a photon with
energy EL − h̄ωD. However, momentum conservation is only
achieved if the electron is backscattered to its initial wave
vector k0 near the K point. In the case of the double-resonance
process giving rise to the usual disorder-induced D band, the
electron is elastically scattered by a lattice defect that provides
the necessary “extra” momentum. For the D-like band in
tBLG, the additional momentum is partially provided by the
periodic potential of the superlattice with Fourier component
at the wave vector q, which is related to the rotational
angle θ by

q(θ ) = 2π√
3a

{[−(1 − cosθ ) −
√

3sinθ ]k̂x

+ [−
√

3(1 − cosθ ) + sinθ ]k̂y}. (5)

However, as depicted in Fig. 9(a), the q wave vector is still
not able to completely fulfill the momentum conservation
condition for any specific value of EL in the inner double-
resonance process, since the electron is not backscattered to
k0. In other words, at any angle θ , the periodical potential does
not have a Fourier component with wave vector q = −qTO,
able to scatter the electron back to k0. Instead, the electron is
scattered by the periodical potential to a state with wave vector
k′

0. Therefore, the achievement of an inner double-resonance
process giving rise to the D-like band in tBLG requires the
presence of defects able to transfer a momentum h̄�q that
satisfy the condition �q + q = −qTO [see Fig. 9(a)].

It has been recently shown that the D band intensity
strongly depends on the nature of the defects that provide
momentum conservation in the double-resonance process.13,37

Because the D band originates from intervalley scattering
processes [the electron is scattered from a state near the K

(or K ′) point to another state near the K ′ (or K) point],
momentum conservation is mediated by localized defects (in
the real space) such as armchair edges or vacancies, for which
the short-range defect potentials are able to provide large
momentum transfer, associated with wave vectors lying at
the frontiers of the first Brillouin zone. As shown by the
absence of D band in the unfolded region of our samples
(see Fig. 7), such defects are not present in them. On the other
hand, delocalized defects such as Coulomb impurities, inter-
calants, or strain have Fourier components only at relatively
small wave vectors in the reciprocal space, close to the �

point.13,37 As depicted in Fig. 9(a), by taking into account the
superlattice wave vector q, the D-like band scattering only
requires the presence of these defects, which can provide
relatively small momentum transfer. Therefore, the D-like
band is generated by the unavoidable presence of long-range
defects such as charged impurities absorbed at the tBLG’s
surface,38–40 intercalants,41,42 or by strain induced during the
superlattice formation.43,44 Assuming a broad distribution of
defect potential range, as short as �q takes, more and more

FIG. 10. (Color online) G′ band in the Raman spectra of
tBLGs with different values of θ . All spectra were obtained using
EL = 2.41 eV.

of those delocalized defects are able to deliver the necessary
momentum for the activation of the D-like double-resonance
process, so the intensity of the D-like band should increase as
|�q| decreases. By taking qTO and q from Eqs. (4) and (5),
this wave vector �q can be evaluated as

�q =
(√

3
EL

2h̄vF
− 2π√

3a
cosθ + 2π

a
sinθ

)
k̂x

+
(

8π

3a
− EL

2h̄vF
− 2π

a
cosθ − 2π√

3a
sinθ

)
k̂y. (6)

Figure 9(b) shows the modulus of �q [evaluated from Eq. (6)]
as a function of the excitation laser energy EL for θ = 27◦.
Notice that |�q| has a minimum value at Emax

L � 2.4 eV.
According to the experimental data depicted in Fig. 7(b), the
normalized D-like band intensity shows a maximum for EL =
2.41 eV, indicating that, indeed, the D-like band exhibits a
maximum relative intensity for minimum |�q|.

VI. THE TWO-PHONON G′ BAND IN tBLG

Figure 10 shows the G′ band in the Raman spectra of tBLGs
with different values of θ , measured by lattice-resolution AFM.
All spectra were obtained using EL = 2.41 eV. For small
rotation angles (θ � 7◦), the G′ band exhibits a complex line
shape, which is asymmetric or composed by multiple peaks.
For θ > 7◦, the G′ band changes to a single Lorentzian peak
with FWHM around 23 cm−1. This value is smaller than the
usual FWHM of the G′ band observed in the Raman spectrum
of undoped pristine monolayer graphene (∼28–30 cm−1).38

In order to check for the resonance properties of the
G′ band, we have measured the Raman spectra of tBLGs
with θ = 5◦, 13◦, 20◦, and 27◦, using different excitation
laser lines (EL = 1.92, 2.41, 2.54, 2.71, 2.8, and 3.81 eV).
Figure 11(a) shows the FWHM of the G′ band (�G′) as
a function of EL for tBLGs with the different values of θ .
As shown in the graphics, �G′ increases as EL increases for
all tBLGs. However, except for EL = 3.81 eV, �G′ obtained
from the tBLG with θ = 5◦ is considerably larger than for the
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FIG. 11. (Color online) (a) FWHM of the G′ band (�G′ ) as a
function of EL for tBLGs with different values of θ . (b) Frequency
(Raman shift) of the G′ band (ωG′ ) as a function of EL for different
values of θ (see legend).

tBLGs with larger values of θ . This effect has been studied in
Ref. 20, where the authors performed theoretical calculations
showing that the dependence of the G′ band profile on θ

is related to the influence of interplane interactions on the
electronic structure of tBLGs. Interestingly, the TO phonon
dispersion is not considerably affected by this interplane
interaction. This conclusion comes from Fig. 11(b), which
shows the frequency (Raman shift) of the G′ band (ωG′) as
a function of EL for θ = 5◦, 13◦, 20◦, and 27◦. All tBLGs
measured here presented approximately the same dispersion of
∼94 cm−1/eV, which is similar to the dispersion obtained for
undoped pristine monolayer graphene.10 The influence of the
interplane interactions are minor and located around 2.8 eV.

The details might depend on θ , as discussed in Ref 20, and
similar effect has been seen in single-wall carbon nanotubes,
as discussed in Ref. 45.

VII. CONCLUSIONS

This work explores the resonance effects in the Raman
spectrum of twisted bilayer graphene (tBLG), taking into
account the influence of the incident laser energy (EL) on
the frequency, linewidth, and intensity of its main Raman
features. The tBLGs used in this work were produced by
folding a monolayer graphene over itself using an atomic force
microscopy (AFM) tip.

The rotationally induced R band presents the same
resonance enhancement previously observed for the
G band in Refs. 14, 19, and 20, along with the double-
resonance discussed in Ref. 16. Our results are explained by
first-principles DFT calculations of optical absorption spectra
of tBLG, and are summarized by a simple relation that gives
the transition energy for maximum optical absorption as a
function of the twist angle θ (Emax

L (eV) = 3.9|sin(3θ )|).
We studied a D-like band in the Raman spectra of tBLGs.

Raman imaging of a tBLG with θ = 27◦ shows that the
D-like band cannot be attributed neither to edges nor to
vacancies. We propose that the D-like band is not activated
by the same type of short-range lattice defects as the D

band, but by a combination between the periodical potential
of the superlattice in tBLGs with large θ angles (close to
30◦) and long-range defects such as Coulomb impurities,
intercalants, or strain. Therefore, the presence of a superlattice
allows us to use Raman spectroscopy to investigate a class
of defects in graphene-type samples which would not be
accessible otherwise. Resonance aspects related to the two-
phonon G′ band were also discussed, and the dependencies of
its frequency and linewidth on EL and θ were explored.
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