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Fig. Raman spectra of AB-3LG and t(1+3) LG in the region of C, LB, G peak.
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The interlayer coupling in multilayer graphenes (MLGs) can be tuned by various stacking configurations, such as
common AB-stacking, ABC-stacking and even the twisted multilayer graphene (tMLG). The interlayer shear and
breathing coupling can be probed by the interlayer shear (C) modes and layer breathing (LB) modes. Here we
first revealed the interlayer shear coupling in MLG by the C modes. In tMLG, the C and LB modes are detected
by resonant Raman spectroscopy. The shear interlayer coupling at the interface are 20% of the coupling in the
AB-stacked layers, whereas the LB coupling at the interface is similar to that between the AB-stacked layers.
This is because that the periodicity mismatch between two twisted layers mostly affects shear interactions. The
different couplings for C and LB modes at the interface of tMLG provides a way to identify the layer number
of the constituents and the total layer number of tMLG, respectively, which open the doors to identifying the
stacking configurations of MLG grown by chemical vapor depositions. © Anita Publications. All rights reserved.
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1 Introduction

The quest for materials capable of realizing next-generation nanoscale electronic and photonic
devices has continued to fuel researches on the electronic [1,2], optical [3] and vibrational properties [4,5]
of monolayer graphene (1LG) since the 1LG were firstly extracted from the graphite by micro-mechanical
cleavage in 2004 [6]. The near-ballistic transport and high mobility [7], optical transparency [&], quantum
hall effect [ 1], flexibility and environment stability [3.9] of ILG have intrigued much interests. These fancy
properties can also extend to multilayer graphenes (MLGs) [10], which are formed by “combining” 1LG
together with defined stacking configurations, such as the common AB-stacking and ABC-stacking. The
AB-stacked MLGs (AB-MLGs) exhibit tunable physical properties by varying the layer number [11-16]. For
example, bilayer graphene (2LG) is a tunable band gap semiconductors while the trilayer graphene (3LG)
has a unique electronic structure consisting of massless 1LG and massive 2LG subband [17]. Besides, by
assembling two 1LGs or AB-MLGs with a relative orientation, various homojunction and heterostructures
can be formed, which are known as twisted MLG (tMLG). This has raised the possibilities to design the
heterostructures and the related devices with demand properties by the interlayer coupling in terms of layer
thickness, constituent choices and relative angles [ 18-23]. In all these graphene-based materials, the graphene
layers are stacked with the weak van der Waals coupling since the interlayer distance is much larger than
the distance between two adjacent atoms in plane. The ability to probe the interlayer coupling in graphene-
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based materials and its impact on the electronic band structure and lattice dynamics is essential to reach a
fundamental understanding of these systems. Raman spectroscopy is one of the most used characterization
techniques in carbon science and technology [4.5]. There are two fundamental sets of Raman peaks in MLG
[15]. The Raman peaks at high wavenumber, such as D, G and 2D, originate from the in-plane vibrations and
are also emerged in 1LG. Others at low wavenumber (5~150 cm™ '), known as the shear (C) modes and layer
breathing (LB) modes, are due to the relative motions of the planes themselves, which are perpendicular or
parallel to their normal, respectively [15,21,22]. The detection of the C and LB modes allows one to directly
probe the interlayer interactions in AB-MLGs and tMLGs. Here, we firstly uncover the C modes in AB-MLG
ranging from 2LG to bulk graphite and gained the interlayer coupling in AB-MLG by the linear chain model
[15]. The C and LB modes in tMLG can be directly probed by the resonant Raman spectroscopy since they
can be significantly enhanced in resonance with the new optically allowed electronic transitions determined
by the relative orientation of the two adjacent layers at the interface. The interlayer coupling at the interface
for C modes is revealed to be 20% of the coupling in the AB-MLG while the coupling between layers next
to the interface decreases by 9% of that in AB-MLG, due to the periodicity mismatch between the two layers
at interface. However, the LB modes are slightly affected by the twisting [22]. Thus, the peak positions of
C and LB modes are dependent on the layer number of the constituents and total layer number of tMLG,
respectively. This provides way to identify the stacking configuration of CVD-grown MLGs.

2 Shear vibrations in AB-MLG

In order to take insight into the interlayer vibrations in AB-MLG, we firstly consider the Raman
modes of 1LG and bulk graphite. There are two atoms in the unit cell of 1LG, resulting in six normal modes
at the Brillouin center I': A5, +B,,+E |, E,,. There are two degenerate and Raman-active in-plane optical
modes, £, and one Raman-inactive out-of-plane optical mode, B,,. For the unit cell of bulk graphite, there
are four atoms, in which the two atoms in each layer are inequivalent. Thus, all optical modes in 1LG become
Davydov doublets, £,, generates an infrared-active £, mode and a Raman-active £, , whereas the B, mode
divides into an infrared-active 4,, mode and a silent B,, mode. The zone boundary acoustic Raman modes
are folded on to the zone center and become optical modes: a Raman active £,, and a Raman-inactive mode
By,. Both these two modes are at low wavenumbers due to the relative motions of the rigid plane, either
perpendicular or parallel to their normal, which are usually named as C mode and LB mode. When focusing
on these two interlayer vibration modes, the graphene layer can be considered as a single ball, and their
frequencies are directly dependent on the layer number, interlayer shear and breathing coupling. This is also
the case in AB-MLG with layer number N (AB-NLG). Thus, the linear chain model (LCM) can be applied to
reproduce the frequencies of C and LB modes in AB-NLG [5,15]

o(Cyn-i) = % [ ad | sin(im/2N ) 0
@(LBy y_)) :% [ o [u sin(in/2N) @)
1

where a‘(‘), a;y are the interlayer shear and breathing couplings, respectively, u is the monolayer mass per unit
. 1 . 1

area, i =1,2,...,N-1. For bulk graphite, N — 00, &(Cp,y) = = | a‘(‘)/ﬂ sin(in/2N ) and &(LBg,) = 7z af)'/,u

, which are /2 times as much as w(C,;) and w(LB,)), respectively. As measured in experiment, w(Cp,y) is

at 43.5 cm™! [15], while w(LBp,;) was estimated as ~125.3 cm™'. So the force constant for layer shear and
breathing coupling are a|(|):12.8 x10' Nm and aé =110.8x10" Nm, respectively. Therefore, Eqs (1, and
2) can be simplified as follows:

(Cyy - ) = &(Cpyy) sin(im/2N) A3)
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(LBy - ) = O(LBp,y) sin(in/2N) “4)
With these two equations and the frequencies of C and LB modes in graphite, the frequencies of all the C
and LB modes for each AB-NLG can be gained. In addition, the normal mode displacements corresponding

to each C and LB modes can be also given by solving the NxN dynamical matrix and thus the symmetry and
Raman activity of the C and LB modes can be deduced [5,15].

To explore the C modes in AB-NLG, we firstly check the C mode in AB-2LG. Since both the C and
LB modes are at the low wavenumber, a special configuration with three Brag Grate notch filters should be
utilized. Here, all the Raman spectra were measured in back scattering geometry using a Jobin-Yvon HR800
Raman system equipped with a liquid nitrogen cooled charge-coupled detector (CCD). The laser excitation
is 633 nm from a He—Ne laser with power lower than 0.5 mW in order to prevent the laser heating. The laser
plasma lines are removed using a Brag Grate bandpass filter (BPFs) from Opti Grate Corp. and the Rayleigh
line is suppressed using three Brag Grate notch filters (BNFs, Opti Grate Corp.) with an optical density 3
(OD = 3) and a spectral bandwidth ~5-10 cm™' [15]. Ax100 objective with NA = 0.90 and an 1800 lines per
mm grating were used, enabling 0.35 cm ™! per pixel of CCD. With this configuration, the signal down to ~5
cm ! can be gained. Recently, the ultralow-frequency Raman measurements at 488 nm excitation down to 2
cm ! approaching the Brillouin scattering regions were accessible by using the BNFs with narrow spectral
bandwidth and high optical density (OD > 4) [27]. In the meanwhile, the AB-NLG flakes used in this work
were exfoliated from the bulkgraphite onto the SiO,/Si substrate and the layer number of these samples were
characterized by the optical contrast and Raman spectroscopy [16,28].
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Fig 1. (a) Stokes Raman spectra of the C peak (left) and G peak (right) for AB-stacked 2-8LG and bulk
graphite. (b) The position of the G peak (filled black circles) and C peak (open blue circles) as a function of
inverse number of layers. The red dashed-dotted line was calculated by LCM. The insets show the atomic
displacements of the C and G modes. The vertical dashed lines in (a) and the horizontal line in (b) are eye
guides. Reproduced with permission from ref. 15. Copyright 2012, Nature Publishing Group.

Using the technology addressed above, we observed a weak peak at 31 cm™' in 2LG, which is
exactly 1//2 of that (43.5 cm™) in bulk graphite [15]. This is in good agreement with the results from LCM.
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We also measured the C peak for other AB-NLG with N ranging from 3 to bulk, as shown in Fig. 1. All
the observed C peaks are assigned as Cy;. The peak positions of the G modes are almost independent with
the layer number. However, the C mode decreases from 43.5 cm™! of bulk graphite to 31 cm ™! of bilayer
graphene. The frequencies of all Cy; modes in AB-NLG can be fitted with the same force constant in the
equation of LCM, indicating that the interlayer coupling between two graphene layers remain a constant in
AB-NLG.

It should be noted here that the layer-number dependent LB modes are not emerged in the Raman
spectra, which are attributed to the Raman-inactivity or weak electron-phonon coupling. However, the LB
modes can be detected by laser heating [29] or combination modes [30,31].

3 Shear and layer breathing vibrations in twisted MLG

Besides the AB stacking for MLG, there also exist other stacking ways, such as ABC and AA
stackings. Furthermore, we can assemble the mLG and nLG with a relative orientation to obtain twisted
(m+n+...)LG. Here, each “+” means one twist interface and the mLG, nLG are in AB stacking if m, n >1.
Indeed, the #(m+n) LGs (m # n), exhibit C; symmetry and all the C and LB modes are Raman-active. However,
the #(n+n) (n >1) has D; symmetry where the 4, mode is Raman-inactive and other modes are Raman-active
[22]. For example, in #2 + 2)LG, only LBy, is Raman-active.

A #(1+1)LG and #(1+3)LG are selected to be the prototype to reveal the C and LB modes and thus
the interlayer coupling in tMLG, in which the 1LG are randomly folded onto the 1LG and 3LG. Since the top
graphene layer of #1+1)LG and #1+3)LG is the same layer and the bottom layer is also the same, the twist
angle is the same for these two samples. Indeed, the R and R’ modes originated from the TO and LO phonons
selected by the twisted wave vector are almost the same. The twist angle for these two samples is determined
as 10.6° by the frequencies of R and R’ modes. Furthermore, their optical contrast is quite different from the
AB-2LG and AB-4LG, indicating that the band structure of tMLG with layer number N (¢#NLG) is modified
from those of corresponding AB-NLG because of the change of interlayer coupling at the interface.

We measured the Raman spectra in the C peak region for 1LG, 3LG, #(1+1)LG and #1+3)LG. There
is no C peak in 1LG but one C mode in 3LG, in good agreement with the shear modes in AB-NLG addressed
above [15]. However, there are no modes at low wavenumber region in #(1+1)LG but two modes in #(1+3)
LG. Their intensity is dependent on the laser wavelength which will discuss below. Since the #1+3)LG is a
four-layer graphene, three shear modes are expected. However, the observed frequencies are smaller than the
ones of 4LG, but close to those of 3LG [ 15]. It means that the observed C modes originate from the C modes
of three-layer graphene in twisted four layered graphene. Besides, we observed one LB mode in #1+1)LG
whose frequency is close to the LB,; mode. For #1+3)LG, we observed two modes with frequencies close
to the LB4; and LB,, modes in 4LG. This implies that the frequencies of LB modes are dependent on the
total layer number of tMLG. The various tMLG with different constituents are also measured to reveal the C
and LB modes and also the interlayer coupling in the twisted systems. The observed C modes in #(m+n)LG
with total number of N always follow those of the AB-mLG and AB-nLG (if m,n >1) constituents, whereas
the LB modes always follow those of AB-NLG, as shown in Fig 2. To understand the interlayer shear and
breathing coupling in #(m+n)LG, we use the LCM as addressed above. Since all the C modes are localized
in the constituents of #(m+n)LG, the force constant at the twisted interfaces (a! ) and that between the layers
adjacent to the interface (a‘(‘)t) are considered different from that in AB stacking. Based on the frequencies of
C modes in #2+2)LG, #(1+3)LG and #2+3)LG, «,, ay, are estimated as 20% and 91% of that between AB-
stacked graphene layers [21]. Similar to the C modes, we fitted the LB modes in #(m+n)LG by LCM with
modified interface coupling (atl) and it is estimated to be close to that between AB-stacked graphene layers.
However, the large deviation of the frequencies of LBy, in #(m+n)LG suggests that the interlayer breathing
force constant between the second-nearset neighbor layers ( ﬁlf‘) is necessary to reproduce the frequencies of
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all the LB modes in #(m+n)LG. The new model is denoted as 2LCM and ﬂ,l is ~9% of that in AB stacking
[22].
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Fig 2. Raman spectra of AB-3LG and t(1+3) LG in the region of C, LB, G peak.

Indeed, for all the tMLG, the C and LB modes can only be observed in a small excitation energy
window. When the excitation energy is out of this window, the C and LB modes are absent. The enhancements
of C and LB modes in the resonant window originate from the new optically-allowed transition in tMLG,
which are strongly dependent on the twist angle. Thus, using the resonant Raman spectroscopy, the observed
C modes can be used to identify the layer number of the AB-stacked constituents while the LB modes can be
used to distinguish the total layer number in tMLG.

4 The Characterisation of Stacking Configurations of CVD-Grown MLG

Based on the different shear and breathing couplings in MLG, the interlayer vibrations can be
utilized to characterize the stacking configurations of MLG, especially for those grown by CVD [32].The
CVD-grown 2LG tends to produce twisted 2LG (t2LG), in which one monolayer sheet rotates by a certain
angle (U) relative to the other. Similarly, the NLG can exhibit AB stacking or twisted stacking. For the
MLG with a given total layer number N (with N = n+m-+...), there may exist up to N — 1 twisted interfaces.
Therefore, the stacking configurations of NLG become more and more complicated with increasing NLG.
Once an additional layer is added to the NLG, AB-stacked or twisted interface is alternatively formed relative
to the adjacent layer. With this tendency, there should be (2N-1) kinds of stacking configurations in NLG. For
example, the number of stacking configurations for 3LG is four: AB-3LG, #(1+2)LG, #(2+1)LG and #(1+1+1)
LG. In this case, the stacking configurations of tNLG can be figured out once the total number of tVLG, the
layer number of the AB-stacked constituents of tNLG and the twist angle at the interface are determined.
Here we measured the Raman spectra in the region of C, LB and G peak layer by layer. As addressed above,
the LB modes are helpful to distinguish the total layer number of NLG while the layer number of AB-stacked
constituents are accessible by the C modes. With this method, the stacking sequences of each flakes can be
figured out by the interlayer vibrations. In addition, the ¢ at the interface can be determined by the so-called
R and R’ modes originating from the TO and LO phonons selected by the twisted wave vector. This paves the
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way to characterizing the stacking configurations of CVD-MLG for fundamental research and for optimizing
experimental conditions to grow CVD-MLG with specific stacking configurations.

5 Conclusions

To sum up, we uncover the C modes in AB-stacked MLG and determine the interlayer coupling by
fitting the frequencies of C modes by the LCM. Furthermore, the C and LB modes of tMLG are ascertained
using the resonant Raman spectroscopy since they can be significantly enhanced when the excitation energy
approaches the new twist-angle dependent optical-allowed transitions. The C modes are revealed to locate
in the AB-stacked constituents of tMLG while the LB modes are from the collective motions of all the
stacked layers. With the modified LCM, the interlayer shear coupling at the interface is only about 20% of
that in AB stacking while the coupling for LB modes change slightly. According to the behavior of C and
LB modes in tMLG, they can be utilized to characterize the stacking configurations of CVD-MLG. This
provides the way to use Raman spectroscopy to uncover the interface coupling of two-dimensional hybrids
and heterostructures.
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