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ABSTRACT:

When two identical two-dimensional periodic structures are superposed, amismatch rotation angle between the structures generates
a superlattice. This effect is commonly observed in graphite, where the rotation between graphene layers generatesMoir�e patterns in
scanning tunneling microscopy images. Here, a study of intravalley and intervalley double-resonance Raman processes mediated by
static potentials in rotationally stacked bilayer graphene is presented. The peak properties depend on the mismatch rotation angle
and can be used as an optical signature for superlattices in bilayer graphene. An atomic force microscopy system is used to produce
and identify specific rotationally stacked bilayer graphenes that demonstrate the validity of our model.
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Graphene is a honeycomb lattice made of carbon atoms at the
hexagon vertices, with the unit cell composed of two unequi-

valent carbons, usually named A and B.1 When two graphenes are
placed on top of each other, they can form the Moir�e pattern, a
superlattice structure generated by a mismatch angle between the
top and bottom layer2 that can be observed in scanning tunneling
microscopy images.3,4Twisted graphene layers occur naturally at the
surface of crystalline graphite5 and in graphene systems grown by
CVD.6Themechanical exfoliationmethod, broadly used to produce
graphene systems, can also generate such structures accidentally,7

and other techniques, such as washing exfoliated graphene with a
water flux, can been applied8 to increase the yield of graphene
structures folded into themselves. Interestingly, under special con-
ditions these superlattices can generate electronic flat bands close to
the Fermi energy,9,10 and low energy van Hove singularities in the
density of electronic states.11

The superlattice generated by a rotationally stacked bilayer
graphene is expected tobedecoratedwith a static potential originated
from the interactionbetween the two layers.This potential carries the
periodicity of the superlattice and might be able to transfer momen-
tum to photoexcited electrons. In a recent paper, Gupta et al.7

proposed that this mechanism is responsible for the achievement of
momentum conservation in double-resonance Raman processes

involving phonons with non-null wavevectors, giving rise to sharp
and nondispersive peaks observed around 1400 cm�1. Raman
spectroscopy is indeed a very powerful tool broadly used for studying
and characterizing sp2 carbons.12 The G band near 1584 cm�1 is the
single first-order Raman allowed peak in graphene, fulfilling mo-
mentum conservation, which dictates the scattered phonon
should carry no momentum. The Raman spectra of graphene
lattices with defects that break the translational symmetry present
two disorder-induced features called D and D0 bands.13�16 The
frequency of these two bands depend on the excitation laser
energy (EL), occurring at ∼1350 and ∼1620 cm�1, respectively,
for EL = 2.41 eV. The D and D0 bands are originated from
intervalley and intravalley double-resonance Raman scattering
mechanisms, respectively.17,18

Here we develop a model for the double-resonance Raman
processes mediated by the static potentials in rotationally stacked
bilayer graphene and predict the presence of Raman bands
originated from intravalley and intervalley processes. The reso-
nant excitation laser energy, the frequency, and the strength of
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these bands depend on the rotation angle θ, and the predicted
effect can be used to identify the formation of graphene super-
lattices. To prove ourmodel, a method to produce such structures
by means of atomic force microscopy (AFM) is introduced. The
Raman spectra of the fabricated superlattices present nondisper-
sive new peaks whose frequency values (Raman shift) and
resonance energies are consistent with our model.

Figure 1a shows a rotationally stacked bilayer graphene, 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, generat-
ing a periodicMoir�e pattern. Figure 1b shows this structure in the
reciprocal space. b1 and b2 are the reciprocal vectors of the
bottom layer (blue layer in Figure 1a). These two reciprocal
vectors are given as b1 = (2π/a)[(

√
3/3)k̂x + k̂y], and b2 =

(2π/a)[ �(
√
3/3)k̂x + k̂y], where a = 2.46 nm is the lattice

parameter of graphene, and k̂x and k̂y are the unit wavevectors
(defined in Figure 1b). b10 and b20 (see Figure 1b) are the
reciprocal vectors relative to the top layer (red layer in Figure 1a),
which can be obtained from the direct product between the
rotation matrix R̂(θ) and the wavevectors b1 and b2, respectively,
giving
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As shown in Figure 1a, 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.19 In terms of the unit vectors
k̂x and k̂y, these two reciprocal vectors are given by q1 = b01� b1
and q2 = b02 � b2, and the result is
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The absolute value of the rotational wavevectors given in eqs 3
and 4 is:
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It should be noticed that the hexagonal symmetry of the
graphene lattice restricts our analysis for 0 e θ e 30�.

The direct vectors r1 and r2 defining the supercell can be
obtained from the dot product ri 3 qj = 2πδij, where {i,j} = {1,2},
and δij is a Kronecker delta. The result is
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where x̂ and ŷ are the direct unit vectors. Figure 1a shows the
vectors r1 and r2 calculated for that specific rotation angle θ. The
modulus of the direct vectors, r1 = r2 = a/[2sin(θ/2)], deter-
mines the periodicity of the supercell.5,19

Figure 2a shows the Brillouin zones of the top and bottom
graphene layers rotated from each other by a small angle θ.
Figure 2b shows the schematics of an intravalley double-reso-
nance process involving elastic electron scattering by the static
potential. The process starts with the absorption of a photon with
energy EL and wavevector k0, generating an electron�hole pair
with wavevector kintra measured from the K point. The static
potential is able to transfer momentum with the rotational wave-
vector q [see eqs 3 to 5], and the electron is elastically scattered to

Figure 1. (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, generating a
periodic Moir�e pattern. r1 and r2 are the direct vectors defining the
supercell, and x̂ and ŷ are the direct unit vectors. (b) The 1st Brillouin
zones of the stacked layers shown in panel (a). b1 and b2 are the
reciprocal vectors of the bottom layer [blue layer in part (a)]. b01 and b02
are the reciprocal vectors relative to the top layer [red layer in part (a)].
k̂x and k̂y are the unit wavevectors.
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another point with wavevector k0intra = � kintra belonging to the
same equienergy circle with radius kintra. A phonon with wave-
vector Qintra is then created in the lattice, and the electron is
inelastically scattered back to kintra (or the hole is inelastically
scattered to � kintra). These two events are classified as intraval-
ley processes, since they connect two electronic states belonging
to the same Dirac cone. Finally, the electron recombines with the
hole and a photon with energy pωS = EL � pω (ω being the
phonon frequency) and wavevector kS is emitted. This process
will give rise to a Raman feature, called here the R0 peak (R stands
for “rotation”, and the ’ superscript is used to keep consistency
with the nomenclature used for D and D0 bands). Notice that
momentum conservation is only achieved if k0 + kS = q(θ) �
Qintra(θ) is satisfied. Since k0 and kS are small when compared to
the size of the 1st Brillouin zone, this momentum conservation
condition can be reduced toQintra(θ)= q(θ). Visual inspection
of Figure 2b clearly show the validity of the latest expression.
According to eq 5, the modulus of Qintra is given by

QintraðθÞ ¼ 8πffiffiffi
3

p
a
sin

θ

2

� �
ð8Þ

Figure 2c shows the high energy in-plane transversal (TO)
and longitudinal (LO) optical phonon branches along high
symmetry directions in the 1st Brillouin zone of graphene. The
phonon dispersion curves were obtained from ref 20. According

to Figure 2a, for small angles (θj 10�) the wavevectorQintra lies
near the Γ point in the 1st Brillouin zone of graphene, close to the
ΓKdirection. Since the electron phonon-coupling is specially strong
for the LO phonon branch close to theΓ point,21 the frequencyωR0

can be assigned to that branch. Notice that for larger angles (larger
values of Qintra), the R0 band is unlikely to be observed, since the
strength of the electron�phonon matrix element is drastically
reduced for the LO phonon branch. Figure 3a shows the plot of
the R0 band frequency [ωR0(θ)] as a function of θ. The conversion
ω0

R(Qintra) f ω0
R(θ) was obtained by application of eq 8 on the

LO phonon dispersion curve shown in Figure 2c along the ΓK
direction (the dispersion is isotropic close to the Γ point).

As depicted in Figure 2b, the wavevector kintra is half of q(θ),
and the resonance matching between the incident photon energy
and the π*h π transition occurs for EL

intra = 2kintrapvF, where vF
is the Fermi velocity in graphene (∼106 m/s).22 Therefore, we
can use eq 5 to evaluate the value EL

intra for a resonance R0
scattering process, which gives

EintraL ðθÞ ¼ pvF
8πffiffiffi
3

p
a
sin
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Figure 3b shows the plot of EL
intra as a function of θ, according to

eq 9.
We now turn our attention to the intervalley process depicted

in Figure 4a, which is dominant for θ f 30�. In this case, the

Figure 2. (a) Brillouin zones of the top and bottom graphene layers rotated from each other by a small angle θ. (b) Schematics of an intravalley double-
resonance process involving elastic electron scattering by the static potential. (c) High energy in-plane transversal (TO) and longitudinal (LO) optical
phonon branches along high symmetry directions in the 1st Brillouin zone of graphene (taken from ref 20). The electron�phonon coupling is stronger
for the LO and TO phonon branches near the Γ and K points, respectively,20 where we assign Qintra and Qinter.
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rotation wavevector q(θ) connects an electronic state with wave-
vector kinter (measured from theK point) to an electronic state with
wavevector k0inter (measured from the K0 point), as shown in
Figure 4b. From the momentum conservation selection rule, the
wavevector of the phonon involved in the Raman process can be
related to the rotational wavevector byQ inter(θ)≈q(θ). As depicted
in Figure 4a, this wavevector lies near the K (or K0) point in the first
Brillouin zone, an it is more convenient to work with the phonon
wavevector Q0

inter (measured from the K point), which can be
evaluated asQ0

inter(θ) = q(θ)� ΓK (see Figure 4b), with modulus

Q
0
interðθÞ ¼ 4π

3a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7� 2
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3

p
sin θ� 6 cos θ

q
ð10Þ

Since the electron�phonon coupling near the K point is very
strong for the transversal optical (TO) phonon branch, we expect
this branch to dominate the intervalley process and to give rise to a
Raman feature (called here as R band, without the superscript 0 for
consistency with the D andD0 notation). Figure 5a shows the plot
ofωR as a function of θ. The conversionωR(Qinter)fωR(θ) was
obtained by applying eq 10 on the TO phonon dispersion curve
shown in Figure 2c, along the ΓK direction.

From Figure 4b, it can be seen that the wavevectors kinter and
k0inter can be obtained as

� k0interðθÞ ¼ kinterðθÞ ¼ 1
2

� �
½qðθÞ � KK0� ð11Þ

Considering a linear electronic dispersion near the K and K0
points,22 we have the resonance condition EL

inter = 2pvFkinter.
Application of this resonance condition to eq 11 gives
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Figure 5b shows the plot of EL
inter as a function of θ.

It is important to stress that Qinter and Q0
inter are uniquely

determined by θ [see eqs 8 and 10, respectively]. Therefore, the
frequencies of the R0 and R peaks are fixed for a given rotational
angle θ, no matter which excitation laser energy is being used in
the experiment. This is in contrast with the disorder-induced
D0 and D bands, which are dispersive (their frequencies increase
with EL).

13,14 The reason behind this difference is the elastic
scattering of the electrons in the double-resonance processes. In
the case of the disorder-induced bands, the electron is scattered
by potential barriers generated by defects that are usually localized
in the real space (e.g., zero-dimensional vacancies15,16 or one-
dimensional edges23�26). Zero-dimensional defects are comple-
tely delocalized in the reciprocal space, being able to transfer
momenta of any magnitude, along any direction. One-dimen-
sional defects (edges) are able to transfer momenta with any
magnitude along the direction perpendicular to the edge.23,25,26 In
any case, due to the symmetry of the graphene electronic dispersion
in the optical range, the resonance condition for disorder-induced
bands will be reached for any excitation laser energy used in the

Figure 3. (a) Plot of the frequency of ωR0(θ) as a function of θ. θ = 0
corresponds to the LO phonon frequency at the Γ point. (b) Plot of
EL
intra as a function of θ. The green circles in panels (a) and (b) are the

plot of the experimental data ωR0 = 1625 cm�1 and EL
intra = 2.41,

respectively, obtained from the Raman spectra of a twisted graphene
bilayer with θ = 6� [shown in Figure 6]. The error bar indicates the
maximum uncertainty in the determination of θ.

Figure 4. (a) Brillouin zones of the top and bottom graphene layers
rotated from each other by a large angle θ. (b) Schematics of an intervalley
double-resonance process involving elastic electron scattering by the static
potential.
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experiment, since the magnitude of the phonon wavevector can
assume whatever value necessary to connect electronic states
whose wavevectors are determined by EL .

27 Since the LO and
TO phonon branches are dispersive near the Γ and K points,21

respectively, the frequencies of the D0 and D bands will also be
EL-dependent.

13,14,17,18 However, this is not the case for the R0
and R bands, whose phonon wavevectors Q intra and Q inter are
uniquely determined by the rotation wavevector q, which in turn
is determined by θ. Finally, the model presented here is based on
a double-resonance picture within the extended Brillouin zone.
The same results can be obtained with a zone folding procedure.

To prove our model experimentally, we built first a graphene
superlattice where the intravalley (R0) process would be likely
observed, that is, a rotationally stacked bilayer graphene with a small
θ (see Figure 4). Graphene samples were prepared via microme-
chanical exfoliation of natural graphite (from Nacional de Grafite)
onto a substrate composed by n+-doped Si with a SiO2 layer
(300 nm) on top. Monolayer graphenes were primarily identified
using an optical microscope, based on contrast between the flake

and the substrate, and then by Raman spectroscopy, based on
the shape of theG0 band (∼2700 cm�1).28 Graphene folding was
produced by line scanning the sample with a silicon nitride
atomic force microscopy (AFM) tip on the contact mode, with
resonant frequency of 3.0 kHz and a set point of 1 V. The forces
employed by the tip on the sample are capable of cutting and
folding the sheet. Atomic force images were obtained in se-
quence, using an AFM (JPK NanoWizard AFM) operated in air
(see Figure 6a). The topography AFM images were acquired in
tapping mode using a silicon nitride tip. The measurements of
the crystallographic orientation of graphene edge (see inset to
Figure 6a) were performed by means of lattice resolution atomic
force microscopy in lateral force mode (MultiMode model
by Veeco, Santa Barbara, CA). All lateral force images were
acquired using a silicon nitride V-shape cantilever with calibrated
normal and torsional spring constants of 0.075 ( 0.001 and
68.5 ( 2.57 N/m, respectively. The AFM measurements were
carried out in contact mode operated in ambient air. A piezo-
electric scanner with 1 μm2 of maximum scan range was used and
the microscope gains were set close to zero. The scanning was
performed at 40 Hz in constant height mode.29

Raman scattering experiments were performedwith two different
systems. (i) A Horiba Jobin-Yvon T64000 triple-monochromator
equipped with aN2 cooled charge-coupled-device (CCD) detector
in the backscattering configuration with 1800 lines/mm grating,
using a 100� objective at room temperature, for the laser energies
(wavelengths): He�Ne 1.96 eV (633 nm); argon 2.41 eV
(514 nm), 2.54 eV (488 nm) (see Figure 6c). The laser power
was always less than 1mW.The spot sizewas about 1μm. (ii) Raman
mappingWITECalpha300 systemequippedwith an x�ypiezostage,
using backscattering configuration and a 600 lines/mm grating (see
Figure 6d,e). The detected intensity was obtained by means of a
CCD. The excitation source is a 2.33 eV diode laser (532 nm) with a
laser power below 0.1 mW, and the laser spot size is estimated to be
∼350 nm. A 100� objective lens with a 0.95 NA was used. The
analysis uses the WITEC Project software.

Figure 6a shows the AFM image of the folded graphene. The
crystallographic orientation of the bottom layer was obtained
using high-resolution AFM (see inset to Figure 6a). The rota-
tional angle θ = (6( 2)� was determined from the relative angle
between the zigzag orientation and the folding line. Figure 6b
shows the schematics of the folding procedure. Notice that a
Moir�e pattern is generated at the folded region due to the θ∼ 6�
rotation between the layers.

Figure 6c shows the Raman spectra of the rotationally stacked
graphene shown in panel a, using four different excitation laser
energies: EL = 1.96, 2.33, 2.41, and 2.54 eV. Besides the first-order
allowed G band (∼1584 cm�1), a peak centered at∼1625 cm�1 is
observed. The peak is nondispersive and presents a higher intensity
for the spectrum obtained using EL = 2.41 eV (the spectra are
normalized to the G band). Figure 6d shows a Raman image
obtained from the same region shown in panel a. The color scale
renders the G band intensity. Notice that the G band signal can
be detected from the whole graphene piece, and its intensity in the
folded region is roughly twice the intensity obtained from the
rest of the piece. This is expected, since the G band intensity is
almost linearly proportional to the number of layers in few-layer
graphene.30 Figure 6e shows the Raman intensity image of the peak
centered at∼1625 cm�1. The image shows that this peak can only
be detected when the laser spot is focused on the folded region.

The experimental observations described above are all con-
sistent with a rotational-induced intervalley double-resonance

Figure 5. (a) Plot ofωR as a function of θ. The θ = 30� corresponds to
the TO frequency at the K point. The conversion ωR(Qinter)f ωR(θ)
was obtained by applying eq10 on the TO phonon dispersion curve
shown in Figure 2c, along the ΓK direction. (b) Plot of EL

inter as a
function of θ. The green circle in panel (a) is the experimental data
related to a very weak R feature with unclear resonance behavior
obtained from a rotationally stacked bilayer graphene with θ = 15�
(see Figure 7). Notice that the nonresonant character of this feature
shown in Figure 7 is due to the relatively high laser energy (∼7 eV)
necessary for achieving of full resonance condition for θ = 15�.
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mechanism, as predicted in Figure 3. FromωR0 = 1625 cm�1, we
can conclude that this is an intravalley R0 peak (see Figure 3a)
and the results are in excellent agreement with the predictions of
Figure 3a,b (see the agreement between theory lines and the
green circles for experimental data). It is important to stress that
this peak cannot be assigned as the disorder-induced D0 band.
The D0 band has a ∼10 cm�1/eV dispersion rate in the visible
range13,14 and it is always much weaker than the D band.15,16 The
absence of the disorder induced D band presents strong evidence
that this region has a low defect density.

In sequence, we built a graphene supperlattice with a larger
θ, where we expected to observe an R peak originated from
intervalley scattering process with frequency below the G
band frequency. In this case, from high-resolution AFM we
identify θ = (15( 2)� (see inset to Figure 7a), and observed a
new Raman peak at ωR = 1435 cm�1 (see Figure 7b), which
can be observed only in the folded region (see Figure 7d). The
frequency of this R feature is in good agreement with the
theoretical prediction shown in Figure 5a (see agreement be-
tween theory line and experimental green circle). The R feature is
very weak (about 100 times weaker than the G band) for all laser
lines used in the experiment (2.33, 2.41, and 2.54 eV), suggesting

that the resonance condition is far away. This is also in
agreement with the theoretical curve plotted in Figure 5b that
predicts a much higher laser energy (∼7 eV) necessary for
achieving full resonance condition for θ = 15�.

In addition, we measured the Raman spectra of six other
AFM generated folded structures that presented R or R0 peaks
(not shown). Although we were not able to measure high-
resolution AFM in all these cases, the observed ωR and ωR0 are
always within the expected frequency range shown in Figures 3
and 5, and therefore their rotational angles θ can be assigned
using our theory. We also compared the theory developed
here for intervalley processes with the experimental data
presented in ref 7. In this work, the authors reported the
Raman spectra of rotationally stacked bilayer graphenes, and
observed several nondispersive peaks centered at ∼1370,
∼1385, and ∼1395 cm�1. From these frequencies values, we
can conclude that all these peaks are originated from inter-
valley processes (see Figure 5a). The authors also showed
Raman spectra of a specific sample obtained using different
excitation laser energies, namely EL = 1.92, 2.41, 2.54, 2.71,
and 3.42 eV. The data show a nondispersive peak centered
at ∼1385 cm�1, whose intensity is strongly enhanced for

Figure 6. (a) AFM image of a folded graphene. The inset shows a high-resolution AFM image which determines the zigzag crystallographic orientation
of the bottom layer. The rotational angle θ = (6 ( 2)� was determined as twice the angle between the zigzag orientation and the folding line.
(b) Schematics of the folding procedure. Notice that a Moir�e pattern is generated at the folded region. (c) Raman spectra of the rotationally stacked
graphene shown in panel a, using four different excitation laser energies: EL = 1.96, 2.33, 2.41, and 2.54 eV. Besides the first-order allowed G band
(∼ 1584 cm�1), a peak centered at∼1625 cm�1 is observed. The absence of the disorder induced D band (∼ 1350 cm�1) presents evidence that this region
has a low defect density. (d) Raman image obtained from the same region shown in panel a. The color scale renders the G band intensity. (e) Raman intensity
image of the peak centered at ∼1625 cm�1. The image shows that this peak can only be detected when the laser spot is focused on the folded region.
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EL = 3.42 eV. This result is in good agreement with our
calculations shown in Figure 5, where the values EL∼ 3.30 eV
and ωR ∼ 1370 cm�1 are expected for the R band scattering
occurring for θ ∼ 30�.

In summary, one can build a graphene superlattice by folding a
single layer graphene with an atomic force microscopy (AFM)
tip. Identifying the structural formation of superlattices had
being, up to now, limited to scanning tunneling microscopy
(STM) or scanning tunneling spectroscopy (STS) experiments.
Here we showed that Raman spectroscopy can be used as a
simpler procedure for identifying the formation of such lattices.
Our results prove that a rotationally stacked bilayer graphene is
decorated with a static potential, originated from the interaction
between the two layers, and this potential is able to transfer
momentum to photoexcited electrons, generating a symmetry
selective double-resonance Raman scattering process, as first
proposed byGupta et al.7 The details for the determination of the
symmetry of the graphene superlattices via Raman spectroscopy
are introduced.
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