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a b s t r a c t

The extraordinary thermal and elastic properties of graphene, mainly originating from its unique acoustic
phonon branches near G point in Brillouin zone, have attracted great attention in its fundamental re-
searches and practical applications. Here, we introduce an optical technique to accurately probe longi-
tudinal acoustic (LA) and transverse acoustic (TA) phonon branches of graphene near G point by double
resonant Raman scattering of the combination phonon modes in the range of 1650� 2150 cm�1 along
with the overtone 2D0 mode at �3200 cm�1. The corresponding sound velocities (nTA ¼ 12:9 km=s,nLA ¼
19:9 km=s) of graphene have been accessed, which are about 10% smaller than those of graphite. Based
on nTA and nLA , the two-dimensional (2d) elastic stiffness (tension) coefficients c11 and c66, Young0s
modulus Y2d and Poisson0s ratio s2d can be estimated. The results demonstrate again that double
resonant Raman spectroscopy is a powerful tool to probe the fundamental properties of graphene.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The thermal and mechanical properties of graphene play a vital
role in various graphene-based electronic, optoelectronic and
nanoelectromechanical devices, such as field-effect transistors,
flexible photodetectors, transparent strain sensor, ultrasensitive
mass sensors and ultrahigh-frequency resonators [1]. In principle,
thermal [2,3] and mechanical [4,5] properties of graphene have an
inseparable relationship with acoustic phonons and their disper-
sion relations. The phonon dispersions of the longitudinal acoustic
(LA) and transverse acoustic (TA) phonon branches of a material
determine its longitudinal and transverse sound velocities (nLA and
nTA), respectively, and further determine the Young0s modulus. The
acoustic phonon branches of some graphene-based materials, such
as multilayer graphene flakes, carbon nanotubes and graphite have
been investigated by Brillouin scattering (multilayer graphene) [6],
inelastic X-ray scattering (graphite) [7], inelastic neutron scattering
uperlattices and Microstruc-
of Sciences, Beijing 100083,
(graphite) [8] and electron energy-loss spectroscopy (graphite)
[9e11]. However, due to the limitations of measurement tech-
niques, acoustic phonon branches of intrinsic graphene is difficult
to be achieved by the above methods, and there are only a few
theoretical reports on these properties of graphene [4,12,13].
Therefore, a convenient and direct technique to probe LA and TA
phonon branches of graphene is necessary and pivotal for its both
fundamental researches and practical applications.

Raman spectroscopy is a versatile tool for studying electronic,
optical and phonon properties of graphene and graphene-based
heterostructures and devices [14e16]. In general, due to the mo-
mentum conservation rule, the phonon at G (q � 0) point of Bril-
louin zone (BZ) can be probed by the first-order Raman scattering.
The acoustic phonon is hard to be detected due to its ultralow
energy at G. Fortunately, phonons with wavevector qs0 in
grahene-based materials can be activated by the double resonance
(DR) or triple resonance (TR) Raman scattering [17,18]. For example,
the frequency of the 2D mode, u2D, has been used to probe the
transverse optical (TO) phonons near the K point of graphene-
based materials via intervalley DR Raman scattering [14e18]. The
DR Raman scattering related with acoustic phonons can provide a
possible access to the LA and TA phonons in graphene-based
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Fig. 1. Raman spectrum of graphene in the spectral range of 1450�3400 cm�1 excited
by Ei ¼ 1.96 eV. (A colour version of this figure can be viewed online.)
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materials. Indeed, LA phonons of graphene near the K point have
been probed via an intervalley DR Raman process of the D þ D00 (�
2450 cm�1) and 2D modes [19]. LA and TA phonons of graphite
whisker [20], multiwalled carbon nanotubes [21], graphene [22]
and bilayer graphene [23e26] near the G point have also been
probed by DR Raman scattering and qualitatively agree with the
corresponding theoretical calculation [18,27]. However, almost all
the works can not provide the numerical values of the sound ve-
locities of LA and TA phonons due to the limited experimental data
points. In this case, it is difficult to compare the differences of
acoustic phonon dispersions between graphene, graphite and other
different graphene-based materials. Therefore, it is necessary to
systematically probe the LA and TA phonons by DR Raman scat-
tering technique with various excitation lasers as many as possible.

In this work, we investigated the two asymmetrical Raman
peaks in the range from 1650 to 2150 cm�1 with several excitation
energies (Ei) from1.59 eV to 2.81 eV. The twomodes are assigned as
the combination modes of the in-plane longitudinal optical (LO)
phonons and LA (TA) phonons, whose frequencies are significantly
dependent on Ei. The frequencies of LA (uLAðqÞ) and TA (uTAðqÞ)
phonons as a function of wavevector (q) are probed via their
intravalley DR Raman processes along with that of the 2D0 mode.
The sound velocities and Young's modulus of graphene are deduced
from the wavevector-dependent LA and TA phonon frequencies.
This study has identified that the TA and LA sound velocities of
graphene are about 10% smaller than those of graphite due to the
presence of interlayer coupling in graphite.

2. Experiments and methods

The graphene sample was prepared by micromechanical cleav-
age of bulk graphite crystal and transferred to Si wafers with a
90 nm SiO2 capping layer. The monolayer graphene flake is
confirmed by its optical contrast and the lineshape of the 2D mode
[28]. Raman measurements were performed at room temperature
using a Jobin-Yvon HR800 system, equipped with several lasers and
a liquid nitrogen-cooled charge-coupled detector (CCD). The
Raman spectra are obtained by using a � 100 objective (numerical
aperture of 0.90) and a 600 lines/mm grating under the backscat-
tering configuration. The spectral resolution is 1.2 cm�1 per CCD
pixel at Ei ¼ 1.96 eV. The excitation energies of the lasers are 1.59 eV
from a Ti:Saphire laser, 1.96 eV from a He-Ne laser, 2.18, 2.52 and
2.67 eV from a Krþ laser, 1.85 and 2.33 eV from a solid state laser,
and 2.81 eV from a He-Cd laser.

Phonon frequencies have been calculated using ab-initio density
functional theory (DFT) as implemented in the QUANTUM
ESPRESSO code [29,30]. Single-particle wave-functions were
expanded using an energy cutoff of 70 R y and the Brillouin zone of
graphene was sampled by 64� 64� 1 k-points in a Monkhorst-
Pack grid. The ion-electrons interactions were described using the
Projector Augmented-Wave method [31,32], local-density (LDA)
and generalized-gradient (GGA) approximations. The small differ-
ence (a few meV) between phonon frequencies calculated using
LDA and GGA are expected since LDA (GGA) overestimates (un-
derestimates) binding energies.

3. Results and discussions

Fig. 1 depicts the Raman spectrum of graphene in the spectral
region from 1450 to 3400 cm�1 excited by Ei ¼ 1.96 eV, including
the G (� 1582 cm�1), 2D (� 2630 cm�1), D þ D00 (� 2460 cm�1) and
2D0 (� 3230 cm�1) bands [14e16]. The G band corresponds to the
doubly degenerate in-plane TO and LO phonons at G point of BZ.
Both the 2D and 2D0 bands, corresponding to the overtones of the D
and D0 bands, originate from the intervalley and intravalley TR
Raman processes, respectively. They show symmetric profile and
can be fitted by a single Lorentzian peak. In contrast, the band at �
2450 cm�1, a combination mode of the D and D00 modes, exhibits
asymmetric profile, which results from the intervalley DR Raman
process [27]. Meanwhile, two weak peaks with asymmetric line-
shapes are also observed in the spectral range from 1650 to
2150 cm�1. Because their frequencies are larger than uG, the two
peaks should be either overtones or combination modes of the LA,
TA, LO and TO phonon branches near G or K points, which are
activated in the Raman spectra by intravalley or intervalley DR
Raman processes [16,27], respectively. Please note that, the TA
branch [33] is also denoted as the shear horizontal (SH) branch [27],
and the LO mode near G point and the TO mode near K point are
denoted as the so-called D0 and D modes, respectively.

There are two possible resonance Raman processes for a com-
bination mode, in which the two fundamental phonons are sepa-
rately resonantly scattered [16]. To clearly distinguish the two
components of the combination mode, in the denotation, the
resonantly-scattered fundamental phonon is placed ahead, fol-
lowed by the another fundamental phonon. For example, for the
combination LO þ LA mode, the wavevector of the fundamental LO
and LA phonons is determined by thewavevector of the resonantly-
scattered LO fundamental phonons, which is determined by the
energy and momentum conservation rules in the Raman scattering
process [16]. The two components of the combination mode can be
generally denoted as the LOLA mode if it does not lead to
misleading information. This denotation can be extended to other
combination modes. According to the theoretical Raman spectra
excited by the visible lasers [27], only the LOLA and LOTA modes
locate in the spectral range of 1700 � 2100 cm�1. Therefore, the
peaks at � 1805 cm�1 and�1905 cm�1 can be assigned to the LOTA
and LOLA modes, respectively. Indeed, similar LOLA and LOTA
modes have been observed in graphite whiskers in this spectral
range [20].

Fig. 2 shows Raman spectra of graphene excited by multiple
lasers with Ei ¼ 2.81, 2.67, 2.52, 2.33, 2.18, 1.96, 1.85 and 1.59 eV. It is
noted that the abnormally low intensity of 2D0 peak with
Ei ¼ 1.59 eV results from the low quantum efficiency of CCD near
corresponding detection wavelength. The intensity ratio of the
LOTA and LOLA modes decreases with increasing Ei. The frequency
difference between the two bands becomes smaller with
decreasing Ei. Compared to the LOTA and LOLA modes, the 2D0

mode displays a smaller shift with decreasing Ei because it involves
the LO phonon branch with more flat dispersion near G point
[14,34]. An additional weak mode is also observed between uLOþLA



Fig. 2. Evolution of the Raman spectra of graphene with Ei in the spectral ranges of
1650�2300 cm�1 and 3150�3300 cm�1. (A colour version of this figure can be viewed
online.)

X. Cong et al. / Carbon 149 (2019) 19e24 21
and 2300 cm�1, whose frequency exhibits redshift with increasing
Ei, showing an opposite dispersion relative to the LOTA and LOLA
modes. According to the frequency match and theoretical result
[27], it is assigned as the TOTA mode, a combination of TO and TA
phonons near the K point, which is associated with intervalley DR
Raman process. The expected overtone (2D00 or 2LA) [27] of the LA
phonon near the K point is not observed in this work.

The observation of the LOTA, LOLA and 2D0 modes makes it
possible to extract the wavevector and frequency of the LA and TA
phonons from the LOTA and LOLA modes with asymmetrical line-
shapes. We first consider the intravalley DR Raman processes of the
LOTA and 2LO (i.e., 2D0) modes in graphene. Fig. 3(a) and (b)
demonstrate two possible DR processes of the LOTA mode. For the
Raman process of the TA þ LO component in Fig. 3(a), an incoming
photonwith energy Ei can resonantly excite an electron from a state
a in the valence band to a state b in the conduction band. The
excited electron is scattered to the state c, by emitting a TA phonon
Fig. 3. (a) and (b) Two possible DR Raman processes of the LOTA mode.(c) DR Raman proces
the 2D0 mode (e) excited by Ei¼ 1.96 eV. (f) Peak positions of the 2D0 (circles) and TOTA (d
function of Ei . Gray curves are the fitting lines to each peak position. (A colour version of t
with momentum qTA and energy uTAðqTAÞ. The electron is further
scattered back to a virtual state d by emitting a LO phonon with
momentum �qTA and energy uLOð � qTAÞ, and finally recombines
with the hole at the state a. The energy and momentum conser-
vation rules in this process are Eb � Ec ¼ uTAðqTAÞ and kcðTAÞ� kb ¼
qTA. In combination with the linear electronic bands of graphene
with Fermi velocity of nF , we can obtain qTA ¼ ðEi � uTAðqTAÞÞ=nF
and the combinationmode frequency of uTAþLO ¼ uTAðqTAÞþ uLOð�
qTA). nF ¼ 5:52eVÅ ð� 1:33� 106m s�1Þ is widely taken in the
theoretical and experimental works [35,36], which was also taken
to calculate the frequency difference of the Stokes and anti-Stokes
components of the D and 2D modes in graphene [37]. There is a
similar DR Raman process for the LO þ TA component as shown in
Fig. 3(b). The corresponding combination mode frequency is
uLOþTA ¼ uLOðqLOÞþ uTAð� qLOÞ, in which qLO ¼ ðEi � uLOðqLOÞÞ=nF .
The energy difference DðEphÞ between uTA and uLO results in
different qTA and qLO in the intravalley DR Raman processes in
Fig. 3(a) and (b), respectively, and further results in different fre-
quencies of the TA þ LO and LO þ TA components, i.e.,
uTAþLOsuLOþTA. Because uTA <uLO, we can obtain qTA > qLO, and it is
expected that uTAþLO >uLOþTA.

The above analysis on the DR Raman process of the LOTA mode
can be applied to the LOLA mode and other combination modes in
graphene. Similarly, uLAþLO >uLOþLA. Therefore, both the LOTA and
LOLAmodes of graphene exhibit a two-peak behavior, which can be
fitted by two Lorentzian subpeaks, as demonstrated in Fig. 3(d). The
intensities of the LO þ TA and LO þ LA components are much
stronger than those of the TA þ LO and LA þ LO components,
respectively, indicating that electron-phonon coupling for optical
phonon branches is much stronger than that of acoustic phonon
branches, in line with the previous reports [38,39]. Thus, the LOTA
and LOLA bands are dominated by the LO þ TA and LO þ LA com-
ponents, whose frequencies can be obtained by fitting the LOTA and
LOLA bands, respectively. The DR Raman process of the 2D0 band is
depicted in Fig. 3(c). Because the photon-excited electron is firstly
scattered by the LO phonon in the LO þ TA, LO þ LA components
and 2D0 mode, the wave vectors of these phonons involved in the
DR processes are definitely equal to jqLOj along G-M direction for a
fixed Ei, so that uLOðqLOÞ ¼ u2D0=2, which can be directly obtained
s of the 2D0 mode. The fitting to Raman spectra of the LOTA and LOLA modes (d) and of
iamonds) modes and the LO þ LA (triangles) and LO þ TA (squares) components as a
his figure can be viewed online.)



Table 1
The experimental sound velocities (nTA and nLA) of graphene (presentwork), MLG [6],
graphite [7] obtained from different experimental methods (Raman scattering,
Brillouin scattering and inelastic X-ray scattering), and the theoretical (Theo.) ones
for graphene [40], graphite [41] and A-CNT [40].

Sound velocities Graphene MLG Graphite A-CNT

Method Raman (Theo.) Brillouin Inelastic X-ray (Theo.) Theo.
nTA (km/s) 12.9 (15.0) 13.9 14.7 (12.3) 9.43
nLA (km/s) 19.9 (21.0) 21.5 22.2 (21.0) 20.35
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by a single Lorentzian peak fitting to the 2D0 mode, as shown in
Fig. 3(e). Therefore, the frequencies of TA and LA phonons with
qLO ¼ ðEi � u2D0=2Þ=nF involved in the DR Raman processes of the
LO þ TA and LO þ LA components can be experimentally deter-
mined as uTAðqLOÞ ¼ uLOþTA � u2D0=2 and uLAðqLOÞ ¼ uLOþLA �
u2D0=2, respectively.

To quantitatively analyze Ei dependence of the LOTA, LOLA and
2D0 modes in Fig. 2(a), these modes are fitted by the Lorentzian
lineshape and the results are summarized in Fig. 3(f). The 2D0 mode
always can be fitted by a single Lorentzian peak. In contrast to linear
Ei-dependent u2D, quadratic fitting is better for the Ei-dependent
u2D0 as shown by the dashed line in Fig. 3(f), indicating nonlinear
phonon dispersion of the LO phonon branch near G point. The Ei
dependences of the LO þ LA and LO þ TA components are fitted to
be 198 and 130 cm�1/eV, respectively.

Based on the above analysis, uTAðqLOÞ, uLAðqLOÞ and qLO for a
specific Ei can be directly determined by the Fermi velocity nF and
experimental data of uLOþTA, uLOþLA and u2D0 excited by Ei. Fig. 4(a)
shows the extracted uTA and uLA (open triangles and squares) of
graphene as a function of Ei and the directly measured uTA and uLA
(solid triangles and squares) of graphite whisker [20,21]. For a
specific Ei, uTA and uLA of graphite whisker are slightly higher than
those of graphene, indicating the different TA and LA phonon
dispersion between them. Fig. 4(b) shows the extracted uTAðqLOÞ
and uLAðqLOÞ from the experimental uLOþTA, uLOþLA and u2D0 as a
function of qLO. Because the phonon wave vector with main

contribution to Raman intensity is along G�M direction (
�
�
�kGM

�
�
� ¼

2p=
ffiffiffi

3
p

a, a ¼ 2:46�A is the lattice constant of graphene) [27], the TA
and LA phonon dispersion in Fig. 4(b) is along G�Mdirection. Both
the uTA and uLA exhibit linear dependence on the wave vector q
even though uLA and uTA can be as large as �450 cm�1 and
�300 cm�1, respectively.

The speed of propagation of an acoustic phonon, which is also
the sound velocity (nAP) in the lattice, is given by the slope (aAP , in
cm�1=2pa ) of the acoustic dispersion relation by the relation of nAP ¼
aAP � 2p

a � 2:998� 10�3ðkm=sÞ. Based on the linear phonon
dispersion of the TA and LA modes in Fig. 4(b), the in-plane TA and
LA sound velocities in graphene can be deduced to be
nTA ¼ 12.9 km/s and nLA ¼ 19.9 km/s. The theoretical calculations
with LDA and GGA are also performed to calculate the TA and LA
phonon dispersions of graphene, with similar calculation
Fig. 4. (a) Extracted frequencies (open triangles and squares) of the TA and LA phonons o
frequencies (solid triangles and squares) of the TA and LA phonons of graphite whisker. (b) E
wave vector. a ¼ 2:46�A is the lattice constant of graphene. The fitted lines start from the orig
the selected region of wave vector. The theoretical calculations are performed with LDA (sol
parameters to previous work [27]. Fig. 4(c) presents the comparison
between experimental and theoretical results in the selected range,
which reveals the limitation of ab initio calculations using LDA and
GGA due to the small phonon energy of the TA and LA phonons in
comparison with the LO phonon.

The sound velocities of multilayer graphene (MLG) [6] and
graphite [7] have been obtained by different techniques, such as
Brillouin scattering, inelastic X-ray scattering and measured
Young's modulus. And meanwhile, various theoretical methods
have been applied to calculate the sound velocities of graphene
[40], graphite [41] and (10,10) armchair carbon nanotube (A-CNT)
[40]. All the experimental and theoretical sound velocities of gra-
phene, MLG, graphite and A-CNT are summarized in Table 1. Since
the TA mode of A-CNT has both an 00in-cylindrical-plane00 and an
00out-of-cylindrical-plane00 component [40], nTA of A-CNT is much
smaller than nTA and nLA of graphene. On the other hand, the LA
mode of A-CNT has only an in-plane component mode [40], so that
its nLA is comparable to that of graphene. Since MLG and graphite
are stacked by graphene layers in certain ways, their sound veloc-
ities are close to each other even though the measured techniques
are different. From theoretical calculation, the TA and LA branches
of graphene and bilayer graphene (2LG) are almost the same [42],
which indicates interlayer coupling have little influence on LA and
TA branches. However, the experimental nTA and nLA of graphene are
about 10% smaller than those of MLG and graphite. Indeed, this can
be confirmed by the lower extracted uTA and uLA of graphene than
the directlymeasured ones of graphitewhisker for a specific Ei. This
indicates that the interlayer coupling in MLG and graphite has in-
fluence on their nTA and nLA, in contrast to the previous theoretical
result [42].

According to the dynamical theory of crystal lattices [43], elastic
stiffness (tension) coefficients can be given by in-plane LA and TA
f graphene from the TALO and LALO combination modes and the directly measured
xperimentally obtained frequencies of TA and LA phonons of graphene as a function of
inal point. (c) The experimental and theoretical results of TA and LA phonon branches in
id lines) and GGA (dashed lines). (A colour version of this figure can be viewed online.)
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mode velocities. The two-dimensional (2d) elastic stiffness (ten-
sion) coefficients have the values of c11¼ r2d,n

2
LA and c66¼ r2d,n

2
TA,

where r2d ¼ 7.61� 10�8 g/cm2 is the surface mass density. There-
fore, we can get c11¼30.13� 104 dyn/cm and c66¼12.66�
104 dyn/cm. These values are close to the theoretical result [4]
c11¼40.5� 104 dyn/cm and c66¼15.7� 104 dyn/cm. Because
graphene is 2d isotropic solid, the expressions of 2d Young's
modulus and Poisson's ratio are [44].

Y2d ¼ 4B2dm2d
B2d þ m2d

s2d ¼ B2d � m2d
B2d þ m2d

where bulk modulus B2d ¼ c11 � c66 ¼ 17.47� 104 dyn/cm and
shear modulus m2d ¼ c66 ¼ 12.66� 104 dyn/cm [44]. Therefore, we
get 2d Young's modulus Y2d¼ 29.36� 104 dyn/cm, Poisson's ratio
s2d ¼ 0.159. Considering the thickness (hg) of graphene as the Van
derWaals diameter of carbon atom (0.335 nm), Young0s modulus of
graphene is obtained as Y2d/hg¼0.88 TPa, which is close to the
theoretical result (1.03 TPa) [45] and experimental one (1.0 ±
0.1 TPa) measured by atomic force microscope [46].

4. Conclusion

In summary, the two dominant Raman peaks of graphene in the
range between 1700 and 2100 cm�1 have been investigated by
multiple wavelength excitations, which are assigned as the com-
bination modes of LO phonons with TA and LA phonons by double
resonance Raman scattering, respectively. By virtue of the experi-
mental frequency of the 2D0 mode, the phonon dispersions of TA
and LA phonon branches have been determined. The TA and LA
phonon velocities (nTA¼12.9 km/s and nLA ¼ 19.9 km/s) can be ob-
tained from a linear fit to the corresponding experimental data. The
experimental nTA and nLA of graphene are about �10% smaller than
those of MLG and graphite, indicating that the interlayer coupling
in MLG and graphite does have an influence on their sound ve-
locities. Further theoretical calculations and experimental works
are necessary to confirm this results. The Young0s modulus of gra-
phene is obtained as 0.88 TPa, which is close to the experimental
result by atomic forcemicroscopemeasurement and the theoretical
prediction. The Poisson's ratio (0.156) of graphene has been also
deduced from its sound velocities.
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