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Probing the shear and layer breathing modes
in multilayer graphene by Raman spectroscopy
Miao-Ling Lin,a,b Jiang-Bin Wu,a,b Xue-Lu Liua,b and Ping-Heng Tana,b*

The measurements of interlayer vibrations in multilayer graphene (MLG) have triggered a huge effort to understand phonons,
electron–electron, electron–phonon, magneto–phonon interactions and the effect of layer number, stacking sequences, and
layer orientations on the Raman spectroscopy of MLG. Here, we provide a review on the optical probe of interlayer vibrations,
comprising the shear (C) and layer breathing (LB) modes. At first, we discuss different symmetries of MLGs in AB, ABC, and
twisted stacking with an example of trilayer graphene, which dramatically influence the observations of interlayer vibrations.
Then a brief description about the physical origins of the C and LB modes is introduced. Finally, two ways are elucidated to
probe the interlayer modes in detail. The C and LB modes can be directly probed in the ultralow-wavenumber Raman spec-
troscopy with special configurations, as depicted by the Raman spectra in MLG with diverse stacking orders. On the other hand,
the LB modes can also be derived from the two-phonon overtones in doubly resonant Raman spectra. These approaches can be
extended to the other two-dimensional layered materials, which pave the way to measure the interlayer coupling from experi-
ments and thus greatly benefit the future research studies on their fundamental physics and potential applications. Copyright
© 2017 John Wiley & Sons, Ltd.
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Introduction

The two-dimensional materials (2DMs), including graphene-
based materials, h-BN, transition metal chalcogenides (TMDs),
and some mixed phases, have attracted much attentions because
of their unique optical, electrical, and transport properties.[1] The
common feature for these 2DMs is the coexistence of strong
in-plane covalent bonding and weak interlayer van der Waals
(vdW) force interaction, which makes it easier for them to be
mechanically exfoliated from the bulk materials.[2,3] Besides, the
few-layer 2DMs can also be grown by chemical vapor deposi-
tion (CVD).[4,5] There exist different stacking orders for most 2DMs,
such as AB and ABC stacking of graphene-based materials,[6,7]

2H-structure, 3R-structure, and 1T-structure of TMDs,[8] and
even the twisted stacking with any twist angle between two
adjacent layers,[9–12] giving rise to a wealth of electronic and
optical properties.[13,14] In particular, the intriguing properties
of single-layer graphene (SLG), such as optical transparency,
high mobility (near-ballistic transport), anomalous quantum Hall
effect, and the high thermal conductivity, as well as flexibil-
ity, robustness, and environmental stability, render it interesting
for researchers since it was first discovered in 2004[1] and thus
promised as the most prominent candidate in nanoelectronics,[15]

optoelectronics,[16] and transparent conducting electrodes.[17,18]

These intriguing properties extend to multilayer graphene (MLG).
AB-stacked bilayer graphene (BLG) is a tunable band gap semi-
conductor while AB-stacked trilayer graphene (TLG) has a unique
electronic structure consisting, in the simplest approximation, of
massless SLG and massive BLG subbands. Few-layer graphene
with less than ten layers each shows a distinctive band structure.
There is thus an increasing interest in the physics of few-layer
graphenes, with or without Bernal stacking, and their applications
in useful devices. We use the notation NLG to indicate MLG with
N layers. Thus, 1LG = SLG, 2LG = BLG, 3LG = TLG, and, e.g. 11LG

means 11-layer graphene. For a given layer number (N > 2),
the MLG can exhibit with AB, ABC, and twisted stacking,[11,12,19–22]

as shown in Fig. 1, whose electronic and optical properties are
influenced by the symmetry breaking and the modified interlayer
coupling.[21,23–25] Further, the low-energy electronic properties of
MLG and correspondingly, the transport and infrared (IR) optical
properties are largely defined by the interactions between the
graphene layers. Therefore, the ability to investigate the interlayer
coupling and its effects on the electronic band structure or lat-
tice dynamics is at the center of an ever-expanding research area
and is critically needed to achieve a detailed understanding of
MLG and to expand the potential properties. Besides, vibrational
properties and phonon spectra of MLG, including the influence
of interlayer coupling on the lattice vibrations, are also of fun-
damental interest, from which many physical properties (such as
thermal conductivity, heat capacity, and shear modulus)[19,26] and
quasiparticle dynamics[27] can be derived.

Lattice vibrations, whose quanta are phonons, play an impor-
tant role in the intriguing properties and experimental phenom-
ena such as thermal conductivity and electrical conductivity in
2DMs. The quantum confinement in atomic scale and the pres-
ence of interlayer coupling in multilayer 2DMs result in that their
lattice vibrations and phonon spectra are significantly dependent
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Figure 1. (a)Schematic diagrams of the three-dimensional structure of AB-3LG from the side view (a1), top view (a2), and the corresponding Brillouin

zone (a3). a1 and a2 in (a2) are basic vectors of the lattice. b1 and b2 in (a3) are the basic vectors of the corresponding BZ. K and K 0 are the two inequivalent

Dirac point while � is the zone center. (b) Schematic diagrams of ABC-3LG. (c) Schematic diagrams of t(1+2)LG (c1) and the Moiré patterns (c2) formed

from the adjacent twisted graphene layers close to the twisted interface with twist angle � . r1 and r2 are the two lattice vectors of the Moiré superlattice.

on the layer number from monolayer to multilayer.[8,28–31] Indeed,
there exist two sets of lattice vibrations for multilayer 2DMs:
One is the intralayer vibration modes, whose counterparts are
also present in the corresponding monolayer and bulk, usually in
higher wavenumber region, while the other is the interlayer vibra-
tion modes, which originate from the relative motions of the rigid
monolayer planes themselves, either perpendicular or parallel to
their normal, denoted as the shear (C) modes and the layer breath-
ing (LB) modes, respectively.[12,19,32–34] The shear mode is referred
as the C mode in MLG because it provides a direct measurement
of the interlayer Coupling and was first observed in AB-MLG.[19]

There are also other denotations[30,33] from different groups for
the shear modes, such as S and SM in TMDs and other 2DMs. The
vibrational modes especially the interlayer vibrations are also sen-
sitive to the stacking order, interlayer coupling, external perturba-
tions, and the electronic properties.[8,29,30,35,36] MLG can be taken
as a typical case for 2DMs to study their N-dependent phonons
and Raman spectra. Indeed, Raman spectroscopy is one of the
most used, nondestructive, and high-resolution tools for charac-
terizing the structure and vibrational properties of carbon-based
systems.[28,35–37] A necessary but not sufficient condition for a
phonon to be observed is to satisfy the Raman selection rule, in
general, to be at the center of Brillouin zone (BZ),� , with wavevec-
tor q�0. Usually, two intense peaks at �1582 and �2700 cm�1

can be distinguished in the Raman spectrum of 1LG, which are
assigned as degenerate E2g at � (the so-called G mode) and over-
tone phonons in the vicinity of K point (the so-called 2D mode),
respectively. As respective to the Raman spectrum of MLG, D, G,
and 2D seen in the high-wavenumber (HW) region are due to
the in-plane vibrations[38] while the C and LB modes appearing
in ultralow-wavenumber (ULW) region are ascribed to the rela-

tive motions of the adjacent layers.[11,12,19,39] The C and LB modes
are governed by the weak vdW forces, and the correspond-
ing wavenumber (denoted as Pos(C) and Pos(LB), respectively) is
lower than 150 cm�1. Thus, it is crucial to take a detailed insight
into the C and LB modes before uncovering the interlayer cou-
pling. Furthermore, the observations of interlayer vibrations pave
a new way to determine N of MLG by the robust N dependency
of Pos(C) and Pos(LB).[19,31] On the other hand, the stacking orders
of MLG can also be accessible by the C and LB modes because
the interface interlayer interactions are strongly influenced by its
stacking sequences. Moreover, the probe of interlayer vibrations
makes it possible to measure the interlayer coupling strength
and interface coupling in twisted MLG (tMLG),[11,12] which plays
an important role in generating its novel electronic, optical, and
transporting properties.[7,40–43] Therefore, the experimental probe
of the C and LB modes is critically important to reach a fundamen-
tal knowledge of the interlayer coupling and thus to have a good
control of fancy features for potential applications modulated by
the interlayer interactions.

Here, we present a systematic review on the two main ways
to measure the C and LB modes of MLG. Firstly, we give a brief
introduction about the atomic structures and symmetries of TLG
with various stacking orders, which influence the Raman inten-
sities and activities of phonons. Secondly, the physical origins
of the C and LB modes are presented using linear chain model
(LCM), giving a robust relation between their wavenumber and
layer number. Furthermore, the corresponding layer displacement
can also be accessible for MLG from LCM. Then, we addressed
the Raman measurements of the fundamental C and LB modes in
AB-stacked, ABC-stacked, and twisted MLG (denoted as AB-MLG,
ABC-MLG, and tMLG, also denoted as AB-NLG, ABC-NLG, and tNLG
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for the corresponding N layer graphene, respectively). Finally, the
LB modes can also be derived from their overtones. This review
will be helpful to enable a comprehensive understanding of the
interlayer coupling in MLG and other two-dimensional layered
materials as well as their related heterostructures.

Symmetries of 3LG with various stacking
orders

The layer stacking is crucial in defining the symmetries and phys-
ical properties of MLG.[25,42,44–46] Here, we take 3LG as an example
to illustrate the stacking orders, space group, and the correspond-
ing irreducible representation for phonons at � . Schematics in
Fig. 1(a–c) show the crystal structures of AB-3LG, ABC-3LG, and
t3LG, respectively. The bottom two graphene layers are identi-
cal to each other for the three stacking orders. The difference
between AB-3LG (Fig. 1(a1)) and ABC-3LG (Fig. 1(b)) begins with
the third (top) layer. The ABC stacking is also denoted as rhom-
bohedral stacking with reflection symmetry breaking (Fig. 1(b)).
From the top view, the top and bottom layers undergo a super-
position in ABA stacking, as shown in Fig. 1(a2). a1 and a2 are the
basic vectors of the unit cell of 3LG. The corresponding BZ can
be defined (Fig. 1(a3)) by two basic vectors b1 and b2 in which
K and K0 are two inequivalent Dirac points at the zone bound-
ary. 1LG belongs to D6h symmetry, and the phonons at � can
be expressed by �1LG D A2u C B2g C E1u C E2g,[28] compris-
ing three acoustic phonons (A2u+E1u) and three optical phonons
(B2g+E2g). The high symmetry (D6h) of 1LG reduced to D3h for
AB-3LG while D3d for ABC-3LG, in which the phonons at � can be
represented by �AB –3LG D 2A01.R/C 4A002 .IR/C 4E0.R, IR/C 2E00.R/
and �ABC –3LG D 3.Eg.R/C Eu C A1g.R/C A2u.IR//, respectively.[47]

Correspondingly, taking AB-2LG and ABC-3LG as a basic unit,
AB-NLG and ABC-NLG can be generated, respectively. The odd and
even AB-NLG with N > 1 (ONLG and ENLG) belongs to D3h and
D3d symmetry, and the phonons at BZ center can be expressed
by �ONLG D .N � 1/A01.R/ C .N C 1/A002 .IR/ C .N C 1/E0.R, IR/ C
.N � 1/E00 and �ENLG=N(Eg(R)+Eu+A1g(R)+A2u(IR)), respectively. In
contrast, ABC-NLG always exhibits D3d symmetry.[21] The differ-
ent point symmetries give various Raman-active modes and thus
generate distinguishing Raman spectroscopy.

Particularly, by assembling a mLG (AB-mLG if m > 1) and a
nLG (AB-nLG if n > 1) flakes with a twist angle of �t between
them, a twisted (mCn)LG (t(mCn)LG) can be formed. tMLG can
be produced by randomly folding an mLG onto an nLG dur-
ing the mechanically exfoliation or alternatively by transferring
an mLG onto an nLG on the SiO2/Si substrate. It has also been
observed to occur in a controlled way of graphene systems grown
by CVD[48–50] or other techniques. The choices of the stacking
sequences and twist angle �t of the interface between two consti-
tutes can result in a great family of twisted systems.[11,12] Consid-
ering t3LG, there are three typical stacking sequences: t(1+2)LG
(Fig. 1(c1)), t(2+1)LG, and t(1+1+1)LG with specific �t . Also, the
high symmetries in AB-2LG reduce to D6 or D3 of t(1+1)LG accord-
ing to its �t . The high symmetries in AB-NLG and ABC-NLG (N > 2)
also reduce to D3 of t(nCn)LG (n > 1) while C3 for t(mCn)LG
(m ¤ n),[11] which induces more Raman-active modes, par-
ticularly more C and LB modes. Indeed, e.g. in t(1+2)LG, all
the in-plane vibrations belong to Raman-active E, and the
out-of-plane phonons belong to Raman-active A according to
its symmetry. Furthermore, the twist angle between two con-
stitutes of t.mCn/LG will generate Moiré patterns, as shown in

Fig. 1(c2). The patterns can introduce periodic potential to the
crystal lattices and form a superlattice, which profoundly affects
the electronic and quantum transport properties of t.mCn/LG
by engineering their symmetry and interlayer coupling, such as
van Hove singularities (VHSs), renormalized Fermi velocity, mini
Dirac points, modified interlayer coupling, and novel vibrational
properties.[11–13,45,51–58]

LCM for the C and LB modes in MLG

Before probing the C and LB modes in MLG, it is crucial to figure
out their physical origins. In order to illustrate this more clearly,
here, we just consider the most stable stacking order, AB stack-
ing in MLG. The two atoms in a unit cell of 1LG lead to six phonon
branches, comprising three acoustic (E1u and B2g at �) and three
optical branches (E2g and B2g at �),[59] as discussed previously.
In the case of graphite consisting of four atoms in a unit cell,
the optical phonons will become Davydov doublets: E2g gener-
ates E1u(IR) and E2g(R) whereas B2g goes into an A2u(IR) and a
B2g. Furthermore, the acoustic modes at the BZ boundary fold
back to the zone center as rigid layer modes: a silent B2g and a
Raman-active E2g. The degenerate E1u and the A2u remain as the
three acoustic modes. Thus, for graphite, the phonons at � are
�bulk=2(E1u+A2u+E2g+B2g). All these modes and the corresponding
vibrational displacements are summarized in Fig. 2, in which the
green and purple circles represent the two inequivalent atoms.
The HW E2g is the well-known G peak at 1582 cm�1 due to the rel-
ative motions between the two adjacent atoms in the graphene
plane. On the other hand, the Raman-inactive B2g originates from
the out-of-plane intralayer vibrations, which is solely measured by
the inelastic X-ray scattering[60] or its overtone from the Raman
spectroscopy.[61]

Here, we focus on the ULW interlayer modes resulting from
the relative vibrations between atoms in the adjacent layers
(Fig. 2(c,d)), either parallel or perpendicular to the plane, which
has been denoted as C and LB modes, respectively. Considering
that the C and LB modes are rigid-layer lattice vibrations, Pos(C)
and Pos(LB) can be figured out by regarding each graphene layer
in AB-MLG as a single ball so that AB-NLG can be simplified as a
linear chain with N balls in which only nearest-neighbor interlayer
interaction can be considered, as shown in Fig. 3(a) for 2-4LG. This
is known as LCM. There are N-1 degenerated pairs of C modes
and N-1 LB modes for AB-NLG, which are denoted as CNN�i and
LBNN�i (i = 1, 2, . . . , N-1), respectively, where the CN1 (LBN1) (i.e. i =
N�1) is the one with highest wavenumber and CNN�1 (LBNN�1) (i.e.
i = 1) is the one with lowest wavenumber. By assuming that the
graphene layers only interact strongly with the nearest adjacent
layers and the strength of this coupling per unit area is ˛k0 .˛

?
0 /

for the C (LB) modes, the wavenumber !i (in cm�1) and the dis-
placement patterns of N-1 interlayer modes can be calculated by
solving the corresponding N�N (tridiagonal) dynamical matrix as
follows[19,62]:

!2
i ui D

1

2�2c2�
Dui (1)

where ui is the phonon eigenvector with the mode i with
wavenumber !i , �=7.6�10�27kgÅ�2 is the monolayer mass
per unit area, c=3.0�1010cm�s�1 is the speed of light, and D
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Figure 2. The �-point phonons for graphene and graphite: (a) in-plane and (b) out-of-plane HW vibrations, (c) in-plane and (d) out-of-plane acoustic

phonons or interlayer vibrations. Green and purple circles represent inequivalent carbon atoms. Red arrows show atom displacements. Black arrows

show how each phonon mode in graphene gives rise to two phonon modes of graphite. Their labeling shows Raman-active (R), infrared-active (IR), and

inactive (unlabeled) modes.

Figure 3. Symmetries, wavenumber, Raman activities, and normal mode displacements for each C modes of AB-stacked 2-4LG (a) and N-dependent

Pos(C) based on LCM (b). Symmetries, wavenumber, Raman activities, and normal mode displacements for each LB modes of AB-stacked 2-4LG (c)

and N-dependent Pos(LB) based on 2LCM (d). The rectangles and triangles indicate the Raman (R)-active or infrared (IR)-active modes, respectively.

Reproduced with permission from X. Zhang et al.[21] Copyright 2016, Elsevier.2
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the corresponding force constant matrix. Thus, Pos(CNN�i) can be
given by

Pos.CNN�i/ D
1

�c

q
˛k0 =� sin.i�=2N/ (2)

where i=1,2,. . . , N-1. Accordingly, the ith displacement eigenvector
�.i/j is

�.i/j D cosŒi.2j � 1/�=2N� (3)

where j labels the layers. Moreover, Pos(CN1) can be obtained as
follows:

Pos.CN1/ D
1

�c

q
˛k0 =� cos.�=2N/ (4)

Therefore, the N-dependent Pos(C) and the corresponding
atomic displacements can be gained Eqns (2) and (3), as depicted
in Fig. 3(a,b). The Raman activity or IR activity of the C modes
depends on the symmetry and layer number: N-1 C modes
in even and odd layer number MLG can be represented by
N
2 Eg(R)+ N�2

2 Eu(IR) and N�1
2 E
00

(R)+ N�1
2 E0(R,IR), respectively. The

observed C modes of AB-NLG from experiment at room tem-
perature usually correspond to the i=N-1 branch, which will be
discussed later in detail.[19]

It should be noted that, if take N=2, Pos(C21)= 1p
2�c

q
˛k0 =�.

In the case of graphite, N ! 1, Pos(Cbulk)= 1
�c

q
˛k0 =�, that is,

p
2

times as much as Pos(C21). Furthermore, Eqns (2) and (4) can be
simplified as follows:

Pos.CNN�i/ D Pos.Cbulk/ sin.i�=2N/ (5)

Pos.CN1/ D Pos.Cbulk/ cos.�=2N/ (6)

Similarly, based on Eqns (2) and (4), we can obtain Pos(LB)
in AB-NLG just displacing the coupling strength ˛k0 with ˛?0 ,
which describes the interlayer coupling strength in the perpen-
dicular direction. However, it has been experimentally revealed
that some LB modes (LBNN�i with i=1,2,. . . , N-2) of tMLG undergo
lower wavenumber than the LCM results,[12] implying that
only nearest-neighbor interlayer interaction is not sufficient to
reproduce all the experimental Pos(LB). Wu et al. took the
second-nearest layer-breathing interactions (ˇ?0 ) into account
and then solve the corresponding N�N dynamic matrix; the corre-
sponding wavenumber and atomic displacements for AB-MLG are
represented in Fig. 3(c,d). This improved LCM is denoted as 2LCM.
Until now, because of the weak electron–phonon coupling (EPC),
the LB modes in AB-MLG were solely reported at high temperature
by laser heating,[63] which corresponds to i=1 phonon branch. It
should be noted that the C and LB modes occur at the ULW region
(usually<150 cm�1) because of the weak vdW interaction, which
makes it difficult to be probed with the traditional Raman system.

Experimental measurement of the
fundamental C and LB modes

The C and LB modes in AB-MLG

With the developments of Raman technologies, now, it is pos-
sible to detect the ULW C and LB modes in graphene-based
systems. The traditional approach to measure the ULW Raman

modes is to use a subtractive mode of double or three cas-
caded high-resolution monochromators, which provides flexible
operations down to 5–10 cm�1 at different wavelengths.[64,65]

However, this greatly reduces the signal intensity compared with
the combination of a single monochromator and a commer-
cial notch or edge filter. Recently, the technical development of
the volume-Bragg-grating-based BragGrate notch filter (BNF) has
enabled the detection of ULW Raman signals down to 5 cm�1 with
low excitation power and short accumulation time even just using
a single spectrometer.[19] Since then, the new setup is efficient in
investigating the ULW interlayer vibrations in 2DMs[11,12,22,32,66–68]

as well as the acoustic phonons in nanostructures.[69,70] Recently,
the ULW Raman measurements at 488 nm excitation down to 2
cm�1 approaching to the Brillouin scattering regions are accessi-
ble by using the BNFs with narrow bandwidth and high optical
density (OD>4).[71] In particular, the BNFs can also displaced by a
special edge filter, with which the modes down to 10 cm�1 can be
accessible.[72]

Using the Raman setup in combination with BNFs, the C modes
of AB-MLG were observed in 2012.[19] Besides, low-doped Si sub-
strate and suspended MLG are also used in this work because
the C modes are so weak and likely to be emerged in the high
background of Si. Figure 4(a) plots the C mode as well as the G
modes of AB-NLG with N ranging from 2 to 8 and of graphite
while Fig. 4(b) shows Pos(C) and Pos(G) as a function of 1/N.
In contrast to the G peak that remains constant at 1582 cm�1,
Pos(C) decreases monotonously with N decreasing. Pos(C21)�31
cm�1 of 2LG is 1/

p
2 of Pos(Cbulk)�43.5 cm�1, in line with the

LCM. It is found that Eqn (4) well describes all the experimental
data of Pos(CN1), further validating the LCM. By fitting the exper-
imental data, the shear interlayer coupling strength ˛k0 can be
estimated as � 12.8 � 1018 Nm�3, from which the shear modu-
lus (�4.3 GPa) can be deduced.[19,26] The other C modes in AB-NLG
seem to have weaker intensity as a result of weak EPC. Further-
more, all the data are in excellent agreement with the calculations
by density functional theory or the previous reports based on
force-constant model.[47] In addition, the C modes can be well fit-
ted by Breit–Wigner–Fano lineshape but not by Lorentzian profile,
e.g. as shown in Fig. 4(c) in the case of 3LG and bulk graphite.
The unusual Breit–Wigner–Fano lineshape can be attributed to
the quantum interference between the C mode and a continuum
of electronic transitions near the K point.[19]

Although the C modes of AB-MLG have been investigated in
detail, the LB modes are seldom reported because of the much
weaker EPC or Raman inactivity. It is revealed that by laser heat-
ing, the LB modes can be detected because the adsorbates can
be removed away at high temperature.[63] However, it is still a
challenge to directly probe the LB modes of AB-MLG at room tem-
perature although they have been predicted from the theoretical
calculations.[47,73–75]

The C mode in ABC-MLG

Apart from the AB stacking, ABC (rhombohedral) stacking is also
common in MLG obtained by mechanical exfoliation from the bulk
materials.[20,21] It is found that �85% of the sample area corre-
sponds to AB stacking and�15% corresponds to ABC stacking,[20]

which is consistent with the results from the X-ray diffraction
study of graphite.[76] The different symmetry of ABC-NLG (D3d)
from AB-NLG leads to its distinct symmetry and Raman activity
for C modes. Zhang et al. measured ULW Raman spectra of both
AB and ABC-stacked MLG at room temperature and found that
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Figure 4. (a) Stokes and anti-Stokes Raman spectra in the region of C (left) and G mode (right) for suspended AB-NLG (2� N �8) and graphite. The

vertical gray dashed line is guide to eyes. (b) Pos(C) (open symbols) and Pos(G) (solid circles) as a function of 1=N. The dashed lines are calculated by LCM,

and the open diamonds are the results form density functional theory while the open circles are from experiments. The horizon gray dashed lines are

guides to eyes. The insets show the atomic displacements for C and G modes. (c) The C modes of 3LG and graphite fitted by BWF lineshape for 633 nm

excitation. The solid, dashed, and dash-dotted lines are fitted curve, background, and BWF component, respectively. Reproduced with permission from

P.-H. Tan et al.[19] Copyright 2012, Nature Publishing Group.

weak CN1 can only be observed in AB-MLG but not ABC-MLG, as
shown in Fig. 5(a). N-1 C modes in AB-NLG for even and odd N are
represented by N

2 Eg(R)+ N�2
2 Eu(IR) and N�1

2 (E00(R)+E0(R,IR)), respec-
tively. According to their Raman tensors, only Eg and E0 can be
observed under backscattering configuration. Based on the vibra-
tion displacements obtained from LCM (Eqn (3)), the symmetry of
each C mode can be assigned. The Raman-activity and IR-activity
of each C mode and the corresponding wavenumber in AB-MLG
are shown in Fig. 5(b). CN1 in AB-NLG(Eg) for even N, AB-NLG(E0) for
odd N and graphite (E2g) are all Raman-active, which can be exper-
imentally observed.[19,21] However, in ABC-NLG, the C modes can
be represented by N�1

2 (Eg(R)+Eu(IR)) in ABC-NLG for odd N while
N
2 Eg(R)+ N�2

2 Eu(IR) in ABC-NLG for even N. As shown in Fig. 5(c),
CN1 in ABC-NLG (Eg) for even N is Raman-active but IR-active in
ABC-NLG for odd N. This implies that in ONLG, the stacking order
is expected to be distinguished by the C modes but it is not acces-
sible in ENLG. However, as shown in Fig. 5(a), the CN1 mode cannot
be observed in both ABC-3LG and 4LG. The possible reason comes
from its small EPC, which is similar to the absence of the other C
modes. Thus, the absence of C modes in ABC-MLG can be utilized
as a new method to distinguish the AB-stacked and ABC-stacked
MLG, bring much convenience to characterize the various stack-
ing order in MLG obtained by mechanical exfoliation from the
bulk materials.

Lui et al. displaced the Raman spectra of the suspended AB-3LG
and ABC-3LG at high temperature of about 800 K by laser heat-
ing and found a pronounced peak at 19 cm�1 for ABC-3LG, in
contrast to the sharp peak at 33 cm�1 for AB-3LG.[20] Both peaks
are assigned as the C modes, in which the higher-wavenumber
C mode is C31 and the other is C32. The absence of C32 mode in
AB-3LG is attributed to the zero intensity under backscattering
configuration whereas the disappearance of C31 (Eu) in ABC-3LG
is owing to the Raman inactivity. In addition, the C and LB modes
in MLG with different stacking orders have been also calculated
and compared, which suggests that the Raman activities differ

from each other for the corresponding mode but the wavenum-
ber is quite the same.[74,75] This is also in line with the experimental
results.

The C and LB modes in tMLG

Besides AB and ABC stackings, twisted stacking also com-
monly occurs in graphene-based systems, in particular, for the
CVD-grown MLG.[22,77,78] t(mCn)LGs undergo much lower sym-
metry and interlayer coupling modification, which leads to var-
ious vibrational properties, especially for the C and LB modes
dependent on the interlayer interactions.[11,12,22,79] �t of the
t(mCn)LGs can be expressed with the twist vector (p, q), which
is defined as the coordinates with respect to the basis vectors
of the substitute.[11,41,61] The so-called R and R0 can be used to
determine �t .[9,11,80] The change of �t in tMLG results in novel
optical properties.[11,12] Indeed, t(1+1)LG has parallel electronic
bands across the Fermi level, and the energies of the corre-
sponding VHSs depends on �t .[11,43,45,55,57,81] The electronic struc-
ture of t(m+n)LG is also closely related with �t and those of
substituents.[11,66] The Raman intensity of the C, LB, and G modes
is significantly enhanced in t(mCn)LGs for specific excitation
energies.[11,12,22] Fig. 6(a) plots the Raman spectra in the region
of C and G modes of four t(mCn)LGs resonantly excited by spe-
cific energies (Eex), which are normalized by the corresponding G
mode intensity, I(G). Closer inspection shows that the G band con-
sists of two sub-bands if m or n > 1, which we call G� and GC,
using a similar terminology to that used in strained graphene. It
shows that I(C), I(G�), and I(GC) are very sensitive to Eex , exhibit-
ing a significant resonant behavior. This behavior is assigned to
the resonance between VHSs in the joint density of states of all
optically allowed transitions (JDOSOAT ) in t(mCn)LGs and the laser
excitation energy.[11,82–84] The resonant profiles of I(C), I(G�) and
I(GC) can be as wide as several hundreds of meV, dependent on
the profile of JDOSOAT . Figure 6(b) shows the band structure of
t(1+3)LG with �t=10.6° . The resonant profiles of I(C31) and I(C32)
of the t(1+3)LG depicted in Fig. 6(c) are closely related with the
corresponding JDOSOAT .
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Figure 5. (a) Raman spectra of AB-3LG and ABC-3LG, and 4LG in the region of C, G, and 2D modes. The positions and Raman-activities or

infrared-activities of C modes for AB-MLG (b) and ABC-MLG (c) as a function of N. Reproduced with permission from X. Zhang et al.[21] Copyright 2016,

Elsevier.

Figure 6. (a) Stokes/anti-Stokes Raman spectra in the region of C modes and Stokes spectra in the G spectral region for four t(m+n)LG. The excitation

energy for each sample is indicated. The spectra are scaled and offset for clarity. The scaling factors of the individual spectra are also shown. (b) The band

structure of t(1+3)LG with �t=10.6° . Some typical transitions are highlighted by vertical dashed lines. (c) The experimental areas A(C31) and A(C32) as a

function of Eex . The symbols (open and filled) show the experimental data while the solid lines are from simulations. The gray dashed line shows JDOSOAT

in t(1+3)LG, in which the VHSs are indicated by arrows. Reproduced with permission from J.-B. Wu et al.[11] Copyright 2014, Nature Publishing Group.

J. Raman Spectrosc. 2018, 49, 19–30 Copyright © 2017 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 6(a) clearly demonstrates that the observed C modes in
t(mCn)LG are related to the shear vibrations of the constituent
AB-mLG and AB-nLG, but not to the (m+n)LG. If m ¤ n, e.g., in the
t(2+3)LG, C31 and C32 of the 3LG constituent and C21 of the 2LG
constituent are observed. If m D n, e.g. in the t(2+2)LG, a broad
and asymmetrical C21 peak had been observed,[11] which can be
fitted using two Lorentzians C�21 and CC21 . This splitting is known
as Davydov splitting,[85] which results from the Davydov splitting
between two equivalent 2LG constituents.[11] The Davydov split-
ting is also expected in all t(nC n)LG as well as the HW Raman
modes of other multilayer 2DMs.[86–91] All these fancy features
indicates that the interface coupling (˛kt ) between two constitutes
is much smaller than that in AB-MLG (˛k0 ) or the perturbed force
constant adjacent to the interface (˛k0t), as shown in the insets
of Fig. 6(a). The averages of ˛kt and ˛k0t are estimated 2.4�1018

Nm�3 and 11.8�1018 Nm�3, which are decreased by � 9% and
�80% with respect to ˛k0 , respectively, but both are insensitive

to the twist angle �t . Accordingly, the mode displacements are
mainly localized within the AB-nLG or AB-mLG constitutes and
only weakly affected by the coupling across the twisted interface,
as shown in the insets of Fig. 6(a). The softening of the C modes
and the reduction of the restore forces in tMLG are revealed to be
due to the periodicity mismatch at the twisted interface.[12]

In contrast, the LB modes are revealed to be dependent on
the total layer number (N) of tNLG, but not on its constituents,
as depicted in Fig. 7(a). It should be noted here that the LB
modes shown in Fig. 7(a) are significantly resonant because the
excitation laser energies are matching with the VHSs in the
JDOSOAT . In contrast to the C modes appearing at both XX and
XY configurations,[92] the LB modes vanish in the XY config-
uration. Follow this tendency, it is easy to distinguish the LB
modes from the C modes. A pronounced LB peak exits at 116
cm�1 for t(1+3)LG, close to LB41. The resemble behaviors are
observed in all the t(mCn)LG; e.g., the t(2+2)LG sample shows a

Figure 7. (a) Stokes/anti-Stokes Raman spectra in the region of C and LB modes and Stokes spectra in the G spectral region for four t(m+n)LG. Polarized

spectra of t(1+3)LG are also shown. The excitation energy for each sample is indicated. All the spectra are scaled and offset for clarity. The scaling factors

of the individual spectra are also shown. (b) Normal mode displacements and wavenumber for t(1+3)LG and t(2+3)LG from 2LCM. The schematic of 2LCM

is also shown. (c) The theoretical wavenumber of the LB modes as a function of N calculated from LCM and 2LCM. The gray dashed-dotted and dashed

lines are guides to the eyes for LCM and 2LCM, respectively. Blue crosses show the experimental (exp) data. Reproduced with permission from J.-B. Wu

et al.[12] Copyright 2015, American Chemical Socitey.
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LB41 mode at �115.5 cm�1, whose position is almost identical
to that of t(1+3)LG. This means that the LB modes in tMLG are
not localized inside its constituents but are a collective motion
involving all layers. This is ascribed to the similar charge den-
sity at the twisted and Bernal stacked interfaces, which gov-
erns the interlayer layer-breathing interactions.[12] Based on LCM
and experimental Pos(LBN1), ˛?0 in tMLG can be estimated as
106�1018 Nm�3, quite close to the theoretical value of Bernal
stacked interfaces.[12] The corresponding layer displacements are
also shown in Fig. 7(b). However, the simulated Pos(LB42) and
Pos(LB52) based on LCM (Fig. 7(c)) are 4.3 and 2.9 cm�1 lower than
those observed in t(1+3)LG and t(2+3)LG (Fig. 7(a)), respectively.
It suggests that the �t-independent second-nearest-neighbor
layer-breathing interactions (ˇ?0 ) is necessary to be considered to
fit the experimental values of Pos(LB42) and Pos(LB52). The new
model is denoted as 2LCM and ˇ?0 � 9.3 � 1018 Nm�3 well
fits all the experimental data (crosses in Fig. 7(c)). Figure 7(c)
demonstrates the different Pos(LB) estimated by LCM and 2LCM
along with the experimental data. Because the relative motions
of the second-nearest-neighbor layers are always out-of-phase
for LBN2, so ˛?0 with additional ˇ?0 is crucial to reproduce their
wavenumber. However, the second-nearest-neighbor layers are
always in-phase for LBN1; therefore, Pos(LBN1) is insensitive to ˇ?0 ,
and it can be estimated by LCM. Besides, all the fitting data and
observed wavenumber for the C and LB modes in tMLG can also

be confirmed by the calculations from density functional theory,
as indicated by Wu et al.

Different behaviors of Pos(C) and Pos(LB) in tMLG make it easy
to characterize the layer number and stacking sequences of tMLG
with interlayer vibrations. Lin et al.[93] have developed a system-
atical method to distinguish the stacking orders of tMLGs grown
by CVD. The LB modes are helpful to identify the total layer num-
ber of tMLG, while the C modes provide one convenient method
to determine the stacking sequence of the constituents in tMLG.
Furthermore, the twist angle of the twisted interfaces in tMLG can
also be ascertained by the wavenumber of R modes, which orig-
inates from TO phonons with finite wavevector selected by the
twist wave vector. The reliable way to identify the stacking orders
advances an important step for the characterization of tMLGs, in
particular, for CVD-grown MLGs, and thus paving way of tailoring
the properties of tMLGs with specific stacking order on demand.

Probing the LB modes via their overtones

Other than the direct way to measure interlayer vibrations, the
LB modes can also be accessible through the two-phonon over-
tone (2ZO0) spectra in double-resonant Raman spectroscopy.[94]

ZO0 phonon branches are usually used to describe the relative
displacements of the individual graphene plane in the perpen-
dicular direction. Thus, LB modes can be considered as the ZO0

phonon at the BZ center. ZO0 phonon branches are observable

Figure 8. (a) The Raman spectra in the region of 2ZO0 modes for (2-20)LG and graphite with 2.33 eV excitation. The peaks indicated by the symbols

with the same color are the subpeaks from the same ZO0.n/N branch. (b) Normalized 2ZO0 spectra of 2LG with 1.58, 1.96, and 2.33 eV excitations. The

high-wavenumber and low-wavenumber components of the 2ZO0 band are denoted as 2ZO0C and 2ZO0� , respectively. (c) The main electronic scattering

processes in the two-phonon double-resonance Raman mechanism of the 2ZO0 mode in 2LG. The 2ZO0C and 2ZO0� peaks are ascribed to the P11

and P22 processes, respectively. (d) The wavenumber of ZO0 obtained from the overtone Raman peaks in (a), as a function of N, whose frequencies are

half of the 2ZO� and 2ZOC reported in (a). The experimental results (symbols) are compared with the LCM results (lines). The dashed line denotes the

wavenumber of ZO0 in graphite. Reproduced with permission from C.-H. Lui et al.[94] Copyright 2013, American Physical Society.

J. Raman Spectrosc. 2018, 49, 19–30 Copyright © 2017 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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because of the intravalley double resonance process. Similar to
the LO˙ZO0 combination modes, 2ZO0s are also sensitive to N.
For suspended AB-NLG with N ranging from 2 to 20, 2ZO0 are
seen over the spectral range of 80–300 cm�1, as depicted in
Fig. 8(a), whose features arise from each of the different LB vibra-
tions with finite wave vectors. With increasing N, the number of
2ZO0 Raman peaks grows systematically, and the spectral shape of
the whole band gradually approaches that of the graphite spec-
trum, highlighting the remarkable sensitivity of the LB modes to
layer number. In principle, there should be a single LB mode for
2LG. However, two peaks can be distinguished in a wavenum-
ber range of �180 cm�1 (Fig. 8(b)) although their intensity is 100
times weaker than that of the G mode. Furthermore, the peaks
blueshift and the two components separating more widely from
one another as the laser excitation energy increases from 1.58
to 2.33 eV. The strong dispersive Raman response further con-
firms a intravalley double resonant Raman process. The ZO modes
with specific wavevector can be activated by a given laser energy.
The two Raman peaks, 2ZO0� for the low-wavenumber peak
while 2ZO0C for HW peak can be elucidated with two intraval-
ley double-resonant Raman scattering processes, as shown in
Fig. 8(c). Pos(ZO0) at � corresponding to LB modes in 2LG can be
extrapolated to be �90 cm�1, which is comparable with the the-
oretical predictions and other experiments.[79] Accordingly, the
discussion can be extended to AB-NLG. The interlayer coupling
will create N-1 distinct ZO0 branches with finite wavenumbers at
� for AB-NLG, which can be denoted as ZO0.n/N with n=1,2,. . . ,N-1
and ZO0.1/N represent the highest-frequency branch. The Raman
spectra of suspended MLG with layer number from 2 to 20 are
examined, and a panoply of Raman peaks is observed in the range
of 80–300 cm�1. All the ZO0 branches for each layer from LCM
are depicted with the solid lines while the symbols represent the
Pos(ZO0.n/N ) from experiment. The theoretical results provide an
excellent overall fit to the experimental data for all N (Fig. 8(d)).

All the data demonstrated that the interlayer vibrations and
coupling in MLG can be probed via two-phonon overtone Raman
features. The N-dependent behavior of interlayer vibrations can
be well expressed within LCM. In addition, the LB modes can be
derived from the combination modes (LO˙ZO0).[39,95] Lui et al. also
addressed the N-dependent LO+ZO0 using the nearest-neighbor
hamonic couplings,[39] which are well fitted with the experimen-
tal data. Furthermore, LO+ZO0 exhibits stacking-order-dependent
behavior; e.g. for AB-stacked samples, there are several peaks in
the region of LO+ZO0 (�1750 cm�1), and the peak at the highest
wavenumber is significantly stronger than the other subpeaks; on
the other hand, ABC-stacked MLG exhibits with greater number
of peaks with narrower line widths and more evenly distributed
spectral weight than the spectra AB-MLG. This suggests that
LO+ZO0 can also used to distinguish the different stacking orders.
However, in the way of studying LB modes through LO˙ZO0 com-
bination modes, it is a little difficult to precisely extract Pos(LB).
Compared with the direct way to measure the fundamental C
and LB modes, the deduced ZO0 modes here through the com-
binations or overtones (2ZO0) are not the LB modes at � but
with a finite wave vector away from the LB modes selected by
double-resonant Raman scattering process. Thus, a minor error (�
2 cm�1) is expected from the in-plane phonon dispersion of the
phonon branch related the LB modes at � .

Conclusion

The MLG as well as the related heterostructures are coupled with
the weak vdW interactions, resulting in novel optical and elec-
tronic properties governed by the interlayer coupling. The C and
layer LB modes are due to relative motions of the planes, either
perpendicular or parallel to their normal, allowing one to directly
probe the interlayer interactions in MLG. Here, we reviewed the
way to probe the C and LB modes in MLG via Raman spec-
troscopy, which is highly sensitive to N and stacking order. Only
the highest-wavenumber C modes in AB-MLG can be measured at
room temperature whereas the LB modes is reported to be acti-
vated by laser heating. However, neither the C nor LB modes can
be detected at room temperature for ABC-stacked MLG. Further-
more, the VHSs of tMLG provide a new way to probing more C
and LB modes by resonant Raman spectroscopy. For tNLG (with
N D mCn), the observed C modes follow those of AB-stacked
m(n)LG while the LB modes follow those of AB-stacked NLG. On
the other hand, in contrast to the direct way to measure the C and
LB modes, the LB modes can be also distinguished through the
two-phonon overtones (2ZO0). Raman spectroscopy is expected
to be an effective tool to characterize the interlayer coupling,
layer number, stacking order as well as other physical proper-
ties for graphene-related systems and vdW heterostructures. This
review will uncover the interlayer vibrations of MLG and their
hybrids or heterostructures, thus shedding light on their potential
applications.
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