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ABSTRACT: Stacking disorder will significantly modify the
optical properties and interlayer coupling stretch of few-layer
graphene. Here, we report the observation of the Raman
breathing modes in the low-frequency range of 100−200 cm−1

in misoriented few-layer graphene on a SiO2/Si substrate. Two
dominant Raman modes are identified. The one at ∼120 cm−1

is assigned as the Eg + ZO′ combination mode of the in-plane
shear and the out-of-plane interlayer optical phonon breathing
modes. Another peak at ∼182 cm−1 is identified as the overtone mode 2ZO′. The appearance of these Raman modes for different
twist angles indicates that stacking disorder in few-layer graphene significantly alters the Raman feature, especially for those
combination modes containing the interlayer breathing mode. Further investigation shows that the two Raman vibrational modes
(∼120 and ∼182 cm−1) are strongly coupled to the excitation laser energy, but their frequencies are independent of the number
of graphene layers before folding. The present work provides a sensitive way to study the phonon dispersion, electron−phonon
interaction, and electronic band structure of misoriented graphene layers.

■ INTRODUCTION
Graphene has an ideal two-dimensional (2D) structure with a
monolayer of carbon atoms arranged on a honeycomb crystal
plane.1−4 The novel physical properties of graphene arise from
its unique electronic structure, in which the conduction and
valence bands touch each other at two points (the K and K′
points) in the Brillouin zone.5,6 In the vicinity of these points,
the charge carriers behave like massless Dirac fermions.
The unit cell of monolayer graphene contains two

inequivalent carbon atoms. In AB stacked bilayer graphene
(BLG), a carbon atom of the top layer is located right over the
center of the hexagon of the bottom layer. A moire ́ pattern is
formed for a twisted bilayer graphene when the two layers are
stacked with a lattice mismatch.7,8 In twisted bilayer graphene
(tBLG), the electronic band structure around the K point can
be represented by two Dirac cones separated from each other
by an angle corresponding to the twist angle.9−11 Theoretical
study suggested that the linear electron dispersion relationship
is maintained at the K point in the tBLG with twist angle above
10°, similar to that in single-layer graphene, and van Hove

singularities are generated due to the interlayer interac-
tion.3,7,8,12,13 Electronic flat bands at the K point can be
generated when the twist angle is smaller than 1.5°.3

Raman spectroscopy provides a nondestructive and sensitive
tool to investigate the electronic band structure, the phonon
energy dispersion, and the electron−phonon interaction in
carbon nanotubes and graphene systems.14−18 It is well-known
that the G′ band located at ∼2670 cm−1 can be fitted by four
Lorentzian peaks for the AB stacked bilayer graphene, and the
line shape and intensity of the G′ band can be used to estimate
the number of layers.17,19,20 For the misoriented bilayer
graphene samples, the G band intensity shows a strong
resonance at the critical twist angle, and the peak frequency and
width show nearly no angle dependence.10 However, the G′
band behaves as a single Lorentzian peak, similar to the single
layer graphene, only at the large twist angles.21,22 Furthermore,
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the G′ band intensity and line width were reported showing
obvious twist angle dependence.9,10,23 In particular, a series of
extra peaks, in the range of 1000−1620 cm−1, can be observed
in the tBLG when the wavevector of the phonon is equal to the
reciprocal lattice vectors of the moire ́ pattern due to the
intravalley and intervalley umklapp double-resonance scattering
process involving the transverse optical (TO), longitudinal
optical (LO), and longitudinal acoustic (LA) phonon
branches.24,25 In addition, detailed studies have been carried
out on the second-order combination modes in single-walled
carbon nanotubes26,27 and monolayer graphene.28 Typically, it
is not very easy to assign the high-frequency phonon
combination modes in graphene. However, Mafra et al.
assigned the phonon combination modes in the frequency
range of 1700−2300 cm−1 in monolayer graphene using gate-
modulated Raman scattering together with varying the laser
excitation energy and with careful analysis of the electron−
phonon interaction.29 For high-frequency combination modes,
one has to select the correct pair of phonon modes from many
candidates.28,30−32

Besides the D, G, and G′ bands observed in single-layer
graphene, the shear mode and the interlayer breathing mode
(ILBM), which are rigid-plane Raman modes in few layer
graphene located at 31 and 94 cm−1, are also sensitive to and
provide information on the layer number and stacking order of
such materials.33,34 They involve the relative motions of
individual graphene layer either parallel or perpendicular to
the layer plane and directly related to the van der Waals (vdW)
interaction between the graphene layers. The shear mode has
been measured in graphite and multilayer graphene,33 and the
ILBMs have been studied in multiwalled carbon nanotubes,
graphite, as well as in few-layer and scrolled graphene.30,32,34−38

Although many theoretical studies have focused on the low-
energy shear modes and ILBMs of 2D layered materials, such as
graphene and hexagonal boron nitride (h-BN),39−43 the
combination modes involving these phonon modes have not
yet been comprehensively investigated in few-layer graphene.
In this paper, we have systematically studied the low-

frequency combination and overtone modes in the range of
100−200 cm−1 for few-layer graphene with different numbers

of layers and different stacking orders, and we identified these
two types of Raman modes based on double-resonance theory.
The Eg + ZO′ combination mode of the shear mode and ILBM
and the overtone mode 2ZO′ occur around 120 and 180 cm−1,
respectively. For a given laser excitation energy, these two types
of Raman modes can only be detected for some special twist
angle values, where the restriction on the twist angle comes
from the need to satisfy the momentum conservation in the
double-resonance process. These special Raman modes are
absent for other angles. To further understand the origin of
these special Raman modes, we investigated the excitation
wavelength dependence of these combination and overtone
Raman modes. The results suggested that the intensities of
these two Raman modes are heavily influenced by the incident
laser energy. The stacking disorder between the two graphene
layers will result in the form of the moire ́ pattern, and the
reciprocal lattice vector (G) of the moire ́ superlattice can only
equal to some discrete values. The momentum conservation
has to be satisfied in the double-resonance Raman scattering
process, which demands that the phonon scattering will be
allowed only for those phonons with wave vectors G.
Moreover, both vibrational modes are determined by interlayer
interaction; thus, the presented results provide a wealth of
information on the interlayer interaction of twisted bilayer
graphene, much more than the studies on shear mode and
ILBM of FLG separately.

■ EXPERIMENTAL SECTION
Graphene samples were prepared by the micromechanical
cleavage of Kish graphite (Covalent Materials Corp.) using
Scotch tape and transferred to a SiO2/Si (300 nm thick oxide)
substrate. The few-layer graphene was distinguished by both
optical microscopy (OM) and Raman spectroscopy. Some
graphene sheets were occasionally found to be folded after
exfoliation. Raman spectra were collected on both a JY Horiba
HR800 Raman system with 632.8, 514.5, and 457.9 nm laser
lines and a WITEC RSA300+ Raman system with the 532 nm
laser line. The gratings for both of the Raman systems had 600
lines/mm, and the spectral resolutions were about 1 and 4
cm−1, respectively. A 100× objective with a numerical aperture

Figure 1. Determination of the twist angle and edge chirality. (a) Optical and (b) AFM images for a single-layer graphene sheet with a folded region.
The angle between the two edges of the graphene sheet is labeled by β = 90.4° with a pink and blue line in (b). (c) Diffraction pattern of the
graphene sample taken in the folded region. (d) Raman spectra taken on the edges corresponding to the labels in (e−g), where spectra a and b are
taken with vertical laser polarization and spectra c and d are taken with horizontal laser polarization. (e) Raman image of the G-band intensity. (f, g)
Raman images of the D-band intensity with the (f) vertical and (g) horizontal laser polarizations, respectively. The excitation laser wavelength is
514.5 nm.
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NA = 0.95 was used to focus the incident laser beam. The
diameter of the laser spot was about 1 μm, and the power on
the samples was kept below 0.5 mW to avoid laser-induced
heating. An XYZ microscope stage with micrometer resolution
was used to move the sample during the Raman mapping
experiment. The intensity and Raman shift of the peaks were
determined by fitting them with a Lorentzian function. The
peak position was calibrated by the 520 cm−1 peak from the
silicon substrate. Transmission electron microscopy (TEM)
characterization of the misoriented graphene was carried out
through transferring the exfoliated graphene sample with a
folded region onto a Si3N4 TEM grid with an array of holes of 2
μm in diameter. The twist angle was determined by the
diffraction pattern.

■ RESULTS AND DISCUSSION
1. Edge Chirality and Twist Angle Determinations.

The moire ́ patterns in high-resolution STM images,7 DF-TEM
images,9 and diffraction patterns10 were often used to
determinate the twist angle between adjacent graphene layers.
The crystal orientation (either zigzag or armchair directions) of
a graphene sheet can also be determined from its smooth edge.
Therefore, the twist angle between adjacent layers could be
obtained from their relative geometry.21,22,44 Figure 1a,b shows
the optical and AFM images of a single layer graphene with a
folded region. The pink and green lines in Figure 1b indicate
the crystal axis of the bottom layer of this graphene sample and
of the folded edge, respectively. The yellow line in Figure 1b
indicates the crystal orientation of the top layer, so that the
twist angle θ can be calculated using the following relationship:
θ = 2α (2α < 90°) or θ = 180°−2α (2α > 90°).44 It is worth
pointing out that the twist angle is confined to of the range 0−
30°, if the obtained angle is larger than 30°. For example, θ′ =
60°−θ for 30° < θ < 60°, while θ′ = θ−60° if θ > 60°. For the
graphene layer in Figure 1b, α = 32.2°, so the twist angle is
∼4.4°. Figure 1c shows the diffraction pattern of the graphene
sample taken from the folded region, showing two sets of the
hexagonal diffraction spots, which are rotated by 4.9° with

respect to one another. Good agreement between the two
experimental results demonstrates the validity of the method to
estimate the twist angle using an AFM image. The Raman
spectra recorded in the folded and unfolded regions under
514.5 and 632.8 nm laser excitation are shown in the
Supporting Information (Figure S1). The G′ band exhibits a
single Lorentzian feature in the folded region, and it is blue-
shifted relative to that recorded in the unfolded region,
illustrating the misoriented stacking nature between the two
graphene layers in the folded region.45,46 A peak at ∼1620 cm−1

(LO phonon mode near the Γ point) appears in the folded
region, which is consistent with the fact that it is only active at a
low twist angle (3° < θ < 8°).11,47 The twist angles of other
folded graphene samples were obtained using a similar method.
According to double-resonance theory, a symmetry-breaking

defect will be necessary for the appearance of the D band in
graphene.48 The D band that appears at the armchair edge will
be much stronger than that at the zigzag edge for the ideal
edges in graphene because the double-resonance process will be
satisfied at the armchair edge, while this process will be
symmetry forbidden for the zigzag edge (D band is a intervalley
scattering process).49−52 Raman spectra collected from the
edges under different laser polarizations are shown in Figure 1d.
All the spectra are collected under the same conditions and are
normalized with the G band intensity. With vertical and
horizontal laser polarization, spectra a and c in Figure 1d are
recorded at the edge labeled with a pink circle in Figure 1e, and
spectra b and d are collected from the edge labeled with the
blue circle. The D band intensity is much stronger for spectrum
c than for spectra a, b, and d. Since these difference are not only
due to the polarization effect, but also to the edge chirality
effect, we can now point out that the majority of carbon atoms
along the edge marked with the blue circle in Figure 1e are
arranged with zigzag chirality and another edge arranged with
an armchair chirality that will show a strong D band when
located parallel to the laser polarization. The Raman images of
the G and D band are shown in Figure 1e−g. The G band
signal is distributed homogeneously over the whole unfolded

Figure 2. (a) Optical and (b) AFM images of a graphene sheet with six folded regions, labeled with 1−6 in (b). The unfolded region is the rest of the
pieces of this graphene sample. (c) Raman spectra of the graphene sheet in the six folded and unfolded regions in the frequency range of 100−220
cm−1. The labels on the spectra correspond to those in (b). (d−g) Mapping images of the Raman intensity of the graphene sample for (d) the G
band, peak intensities at (e) 115, (f) 123, and (g) 182 cm−1. The excitation laser wavelength is 632.8 nm in (c−g).
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region, demonstrating the uniformity of the graphene sample.
The G band intensity in the folded region is roughly twice of
the intensity collected in the unfolded region because of twice
the number of graphene layers in the folded region and out of
the resonance range for the twist angle of this sample. As shown
in Figure 1f,g, weak D band intensity was collected from the
two edges with vertical polarization, while a much stronger D
band appears at the horizontal edge in Figure 1g under the
horizontal laser polarization. This further confirms that the two
edges are armchair and zigzag edges, respectively, and the
smooth edge of the exfoliated graphene can be identified as the
crystal axis. More information about the edge chirality analysis
for the other samples is shown in the Supporting Information
(Figures S2 and S3).
2. Observation of the Overtone and Combination

Raman Modes in Misoriented Graphene. Figure 2a,b
shows respectively the optical and AFM images of a bilayer
graphene sheet with six folded regions labeled with 1−6 in
Figure 2b. Shown in Figure 2c are the corresponding Raman
spectra of the graphene sheet collected in the unfolded region

(black line) and folded regions 1−6 in the frequency range of
100−220 cm−1 with 632.8 nm laser wavelength. We observe
two weak Raman peaks around 115 and 182 cm−1 and a
stronger one near 123 cm−1 in the folded region 6 (red line),
and only one peak lying at about 182 cm−1 in the regions 3−5,
while these modes are not observed in the folded regions 1, 2
and in the unfolded region. Those Raman signals in this range
are about 2 orders of magnitude weaker than that of the G
band. As discussed below, we assign the peaks at 115 and 123
cm−1 to the Eg + ZO′ combination Raman mode and another
peak at 182 cm−1 to the 2ZO′ overtone mode. As shown in
Figure 4a,b, the Eg and ZO′ modes originate from the in-plane
shear and out-of-plane breathing modes near the Γ point in the
Brillouin zone,30,41 respectively. The Raman shifts of the
combination and overtone modes should equal to the sum of
the frequency of the two component phonon modes.30

Figure 2d shows the Raman image of the G band intensity of
the graphene sheet corresponding to the Figure 2b. The G
band signal is obtained over the whole graphene layers, and the
intensity in the folded regions is stronger than that obtained in

Figure 3. (a−c) Laser excitation energy and (d−f) layer number dependence of the combination and overtone Raman modes. (a−c) Raman spectra
for the sample in Figure 2 under the (a) 632.8, (b) 532, and (c) 514.5 nm laser excitation energy. The spectra in red, blue, and black are
corresponding to the region 6, 3, and the unfolded region, respectively. The Raman signals marked by an asterisk are the G and G′ bands of
graphene. For clarity, the intensity of the spectra in the range of 50−250 cm−1 is magnified by a factor labeled on the upper right corner. (d−f)
Raman spectra collected in the folded (red line) and unfolded (black line) regions for other graphene sheets. The frequency of the combination or
overtone Raman modes are labeled. The insets show the OM images of the graphene sheets with a twist region. The twist angles are marked on the
OM images. The laser excitation wavelength is 632.8 nm for (d−e) and 514.5 nm for (f).
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the unfolded region. Figure 2e−g shows the Raman intensity
images of the peaks at 115, 123, and 182 cm−1, respectively.
The Raman signals centered at 115 and 123 cm−1 can only be
collected in the folded region 6, and another peak at 182 cm−1

can be detected when the laser spot is focused on the folded
regions 3−6. Therefore, we consider that the appearance of the
new Raman modes is likely to be due to the stacking disorder,
and it is closely related to the twist angle between the two
graphene layers. What is more, the new Raman modes can only
be detected for some special twist angles, while they are
invisible for other angles maybe due to the strong spectral
background or the dissatisfaction of the resonance condi-
tion.33,53

Another single layer graphene sample with a folded region is
shown in the Supporting Information (Figure S4). A weak
Raman peak centered at 850 cm−1, which is an out-of-plane
transverse optical phonon mode (oTO), and a relatively strong
peak at 121 cm−1, which is assigned to the combination mode
Eg + ZO′, appear in the folded region. The G band intensity is
surprisingly high (∼58 times) in the folded region relative to
that measured in the unfolded region, which is due to the fact
that the excitation laser energy (Elaser = 1.96 eV for 632.8 nm) is
close to the energy difference between the valence and
conduction of the Van Hove singularities.10 The twist angle
for this graphene sample is about 12°, and this value is defined
from the AFM analysis in Figure S6o. This result is also
consistent with the critical twist angle where the G band is
greatly enhanced.10 The above experimental results further
demonstrate that the new Raman modes recorded in the folded
region should be caused by the stacking disorder associated
with the folding procedure.
To further analyze the combination and overtone Raman

modes, we investigated those Raman modes using different
laser excitation energies. Figure 3a−c shows the Raman spectra
obtained in the different regions under excitation of 632.8, 532,
and 514.5 nm laser lines. Here, we only show the spectra
collected in the folded regions 3 and 6 and in the unfolded
region. The differences of the feature for these three regions in
the frequency range of 50−250 cm−1 can be clearly seen in the
Raman spectra. Only one Raman mode at 118 cm−1 can be
observed in the folded region 6, while no any Raman mode
appears over the rest of the sample when using 532 nm laser
excitation. However, when excited by the 514.5 nm laser line,
two Raman modes lying around 113 and 121 cm−1 can be
observed in the folded region 6, and only one band at 121 cm−1

appears in the region 3. The peak at about 95 cm−1 near the
combination Raman modes in Figure 3a,c is possibly from the
IBLM in the twist graphene.34 Moreover, for the single-layer
graphene showing in Figure S4, the dependence of these
Raman modes on the excitation laser energy is shown in Figure
S5. The Raman mode at 121 cm−1 can be observed under 632.8
nm excitation (Figure S5a), while this combination Raman
mode cannot be collected when the laser wavelengths are 457.9
and 514.5 nm (Figure S5b,c). These results illustrate that the
observation of these new Raman modes are closely related to
the incident laser energy. For a given twist angle θ, the Raman
mode in the frequency range of 100−200 cm−1 can only be
observed under specific laser excitation energies and are not
observed at other laser excitation energies, which indicates that
the origin of these new peaks come from a double resonance
process, the same type of process as the D and G′ bands in
graphene. We consider that there exists a resonance condition
between the twist angle and the laser excitation energy that is

necessary for observing the combination and overtone modes
in this frequency range. Further work should be carried out to
investigate the details of this resonance condition and twist
angle dependence in more detail.
In this study, 50 folded graphene samples were investigated.

However, only a few of them showed the combination and
overtone Raman modes under the excitation laser wavelength
that we mentioned before. Figure 3d−f shows the Raman
spectra of other samples, from which the combination or
overtone Raman modes can be observed. It should be
mentioned that, under specific incident laser excitation
energies, the combination or overtone Raman modes can be
collected on either the twist bilayer (Figure 3d) or a twist few
layer graphene sample (Figure 3e) or a disordered stacking
sheet with a few-layer graphene on a graphene monolayer
(Figure 3f). This further implies that the observation of those
new Raman modes should be strongly related to the twist angle
between the two graphene layers but independent of the layer
number of graphene sheets before being folded.

3. Assignments of the Raman Modes. For the low-
frequency phonon modes below 200 cm−1, it is not a hard task
to reveal the origin of the observed combination and overtone
modes. Here, we assign the two types of low-wavenumber
Raman modes as Eg + ZO′ combination and 2ZO′ overtone
Raman modes, respectively. The atomic displacements of the
two phonon modes are shown in Figure 4a,b. The Eg mode is a

rigid-plane shear mode where the two adjacent layers move to
the opposite directions parallel to the layer planes.39 However,
the layer-breathing (ZO′) phonon mode originates from the
two carbon atoms in a unit cell of the same graphene layer
moving in phase, while the phase of their movements in the
adjacent layer are in opposition.32 These rigid-plane modes in
few layer graphene are important because they are directly
related to the van der Waals (vdW) interaction between the
graphene layers. Considering the phonon dispersion around the
Γ point of the Brillouin zone,32,33 the two phonon modes (Eg
and ZO′) can couple with each other as a combination mode,
which induces the observation of the modes at about 120 and
180 cm−1. Physically, the coupling of two modes implies that

Figure 4. (a, b) Schematic diagrams of the lattice vibrations of the (a)
shear mode and (b) ILBM for bilayer graphene at the Γ point of the
Brillouin zone. (c) The first Brillouin zone of a misoriented bilayer
graphene sample with a twist angle θ between the two layers. (d) A set
of a double-resonance processes for the combination Raman mode in
misoriented bilayer graphene.
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one phonon mode can excite the other phonon mode, which is
meaningful in the studies of the phonon modified electric
conductance of the bilayer graphene.
Figure 4c shows the structure of two misoriented graphene

layers with a twist angle θ between the two graphene layers in
reciprocal space. The larger the twist angle, the more separation
the two Dirac cones of the two layers are. Stacking disorder
between the two layers will form the moire ́ superlattice
structures. The periodic perturbation generated from the moire ́
pattern will only allow the scattering in which the phonon wave
vector (q) matches the reciprocal vectors (G) of the moire ́
superlattice so that the momentum conservation will be
satisfied in the double-resonance Raman process.24 Figure 4d
shows a schematic diagram of the transitions occurring in the
double-resonance process for the combination mode, and the
overtone mode has a similar process. According to the double-
resonance process, there are four virtual transitions that are
involved in the Raman scattering processes: (i) the incident
photon creates an electron−hole pair (v2 → c2 transition); (ii)
the electron is inelastically scattered by a phonon of wave
vector q (c2 → c1); (iii) electron−hole recombination (c1 →
v1); (iv) electron−phonon scattering (v1 → v2). When the twist
angle is close to the critical value, the scattering between the
phonon and electron which are excited by the incident photon
is allowed because the momentum conservation is satisfied in
this scattering process, and the shear mode and IBLM will be
activated so that the combination mode can be detected from
the twist graphene samples.
The shear mode and ILBM are two important rigid plane

modes in bilayer graphene. In bulk graphite, the corresponding
modes are the E2g

1 and B2g
1 modes,54 respectively. We consider a

linear chain model and assume that interlayer interaction
between the adjacent layers is much stronger than that of the
nonadjacent layers. Obviously, the restoring force for the rigid
plane vibration in bilayer graphene is only present for the
interlayer interaction between the two layers, and therefore it is
a half of that in graphite, which implies that

ω ω ω ωΓ = Γ =′( )
1
2

, ( )
1
2E E ZO Bg 2g

1
2g
1

(1)

Since ωE2g
1 and ωB2g

1 at the Γ point in bulk graphite are reported

as 42 and 127 cm−1, respectively, the corresponding frequency
of ωEg

and ωZO′ in bilayer graphene are 30 and 90 cm−1.33,42,55

This estimation for the Raman frequency of the phonon modes
is consistent with the frequencies of the shear and breathing
modes in few-layer graphene obtained by experimental
observation.30,33

A theoretical study on the ILBM in a twisted bilayer
graphene sample pointed out that the dependence of the ILBM
on the twist angle and wave vector is weak,56 which simplifies
our work in assigning the observed new modes. The frequency
of the ILBMs will shift (relative to corresponding modes for AB
stacked graphene) by less than 10 cm−1 when the twist angle is
close to the critical value.34,57 According to double-resonance
theory, we determine that the observed peak around 120 cm−1

is a combination mode of the shear mode and the ILBM, and
the peak around 180 cm−1 is the overtone of the ZO′ mode. It
is interesting that the combination mode of Eg + ZO′ has a
frequency ω ≈ 120 cm−1, which is similar to the frequency of
the B2g

1 mode (∼127 cm−1) in bulk graphite or few-layer
graphene. However, this 120 cm−1 mode should not be

assigned as the B2g
1 mode of few-layer graphene, as defined for

bilayer graphene sample.

■ CONCLUSION
In summary, two new Raman modes in the range of 100−200
cm−1 are observed in a misoriented few-layer graphene sample
with a certain twist angle. The dominant modes in this range
are assigned based on the double-resonance Raman process.
The Raman mode lying around 120 cm−1 is assigned to the
combination mode of the rigid in-plane shear mode (Eg) and
the ILBM (ZO′) mode. Another mode at ∼180 cm−1 is
assigned as the overtone mode 2ZO′. The results show that,
only for a specific stacking order of graphene layers, will the
two Raman modes be greatly enhanced, which allows us to
observe them clearly in the Raman spectra. The laser excitation
energy dependence of the two Raman modes have been studied
in the visible range, suggesting that the second-order Raman
modes in this frequency range are closely related to the incident
laser energy. Furthermore, the appearance of the Raman modes
is independent of the thickness of graphene layers before they
are folded. The results demonstrate that stacking disorder will
significantly influence these Raman modes and the interlayer
interaction in few-layer graphene, which further expands the
already powerful ability of Raman spectroscopy to investigate
the phonon modes, electron−phonon interaction, and
electronic structure in few-layer graphene.
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