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Observation of low-wavenumber out-of-plane
optical phonon in few-layer graphene
Jingzhi Shang,a Chunxiao Cong,a Jun Zhang,a Qihua Xiong,a,b

Gagik G. Gurzadyana* and Ting Yua,c,d*
Few-layer graphene grown by chemical vapor deposition has been studied by Raman and ultrafast laser spectroscopy. A
low-wavenumber Raman peak of ~120 cm�1 and a phonon-induced oscillation in the kinetic curve of electron–phonon

relaxation process have been observed, respectively. The Raman peak is assigned to the low-wavenumber out-of-plane
optical mode in the few-layer graphene. The phonon band shows an asymmetric shape, a consequence of so-called
Breit-Wigner-Fano resonance, resulting from the coupling between the low-wavenumber phonon and electron transitions.
The obtained oscillation wavenumber from the kinetic curve is consistent with the detected low-wavenumber phonon by
Raman scattering. The origin of this oscillation is attributed to the generation of coherent phonons and their interactions
with photoinduced electrons. Copyright © 2012 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Electronic and vibrational properties of bulk graphite have been
investigated for more than 50 years. In the past few years,
graphene, i.e. two-dimensional carbon, has attracted extensive
efforts in both fields of fundamental physics and applications.[1]

Recently, few-layer graphene, a transitional material structure,
has started to become a hot topic as a candidate for discovering
the evolution of structures and properties from graphene to
graphite.[2,3] Previously, Raman spectroscopy plays an important
role in determination and characterization of the phonon modes
in graphene and graphite,[4–8] where considerable Raman scattering
features have been clarified.[4,5] Studies of various phonon
modes are critical to understand the basic electron–phonon
scattering processes in graphene films such as hot
phonon decay.[9] According to the group theory, graphene
and graphite have six and twelve normal phonon modes at
the Brillouin zone center (Γ point), A2u + B2g + E1u + E2g and
2A2u + 2B2g + 2E1u + 2E2g, respectively.

[4] Therein, only one E2g
mode (~1580 cm�1) is Raman active in graphene while two
E2g modes (~1580 and 42 cm�1) are Raman active in graph-
ite.[10] Recently, theoretical studies predict that the Raman
inactive low-wavenumber B2g mode in graphite and graphene
could become Raman-active optical phonon modes in
the few-layer graphene films, and those modes are sensitive to
the number of layers.[10–12] Jiang et al. predicted that a low-
wavenumber interlayer optical mode is Raman or infrared active
in even or odd multilayer graphene films, respectively.[12] Saha
et al. anticipated a ~112 cm�1 optical phonon mode in ultrathin
graphene films by the first-principles study.[10] Malard et al.
found that some small wavenumber out-of-plane modes were
Raman active by the group-theory analysis.[11]

Experimentally, the low-wavenumber Raman spectroscopy
was not used to investigate the Dirac point physics in graphene
because of the absence of Raman-active phonon modes in this
range. Nevertheless, it could become a promising tool to provide
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wealth information on electrons, phonons and their interactions
around the intrinsic Fermi level in few-layer graphene. A recent
report has successfully uncovered a low-wavenumber shear
mode (31 to 43 cm�1) by Raman spectroscopy in the multilayer
graphene.[13] On the other side, the ultrafast laser pump-probe
spectroscopy has also presented a unique ability to generate
and detect the low-wavenumber vibration mode in carbon
materials.[14] These works inspirit us to determine the interlayer
modes by low-wavenumber Raman scattering and ultrafast
laser pump-probe technique.

It is noted that early neutron scattering measurements
confirmed the existence of the low-wavenumber B2g mode in
graphite;[15] however, the direct experimental observation of the
corresponding vibration mode in few-layer graphene films has
not been reported in detail. In this work, we focus on the
low-wavenumber out-of-plane optical phonon in few-layer
graphene films grown by chemical vapor deposition (CVD). This
Copyright © 2012 John Wiley & Sons, Ltd.



Observation of optical phonon in few-layer graphene
mode is clearly observed by both low-wavenumber Raman and
ultrafast laser pump-probe spectroscopy. The Raman peak exhibits
an asymmetric feature which is due to the coupling between
the electronic transitions and Raman scattering. The oscillation
of the electron–phonon relaxation process is related to the
generation of coherent phonons. By Fourier transformation,
the obtained wavenumber from the kinetic curve agrees well
with the Raman peak of low-wavenumber out-of-plane phonon
in the few-layer graphene.
Experimental

Few-layer graphene was grown on the copper foil by using
low-pressure thermal CVD. The growth mechanism is a surface-
catalyzed process, and the low solubility of carbon in copper is
important for controlling the thickness of graphene film.[16,17]

At first, the high temperature annealing at 1000 �C for 15 min
was carried out under H2 (10 sccm) and Ar (20 sccm) mixed
atmosphere to remove surface oxide layers. Later on, instead
of supplying Ar gas above, 50-sccm methane was used as the
carbon source. After 2 h, few-layer graphene on copper foil
was formed under a growth pressure of 4.6 Torr. The obtained
few-layer graphene together with the copper substrate was
put in the aqueous solution of iron nitride (FeNO3)3 for etching
the copper foil. At last, the floating few-layer graphene was
transferred onto a silicon substrate with see-through holes. The
suspended few-layer graphene over the hole was used in the
following measurements. Number of layers in the CVD-grown
graphene sample has been characterized by three independent
methods: atomic force microscopy, Raman and UV-visible absorp-
tion spectroscopic techniques. The used CVD grown graphene film
consists of three to four layers. The details have been provided in
Supporting Information (Fig. S1, S2 and S3). More information of
the similar suspended graphene samples can be found in our
recent work.[18]

A WITec Raman system (CRM 200) with a diode-pumped
frequency-doubled Nd:YAG laser (532 nm) was employed tomeasure
Raman spectra in the high-wavenumber regions. The weak Raman
signals between 1650 and 1850 cm�1 were measured by a
532-nm Renishaw Raman system with a 2400 lines/mm grating.
A Horiba-JY Raman system (T 64000) was used to detect the
low-wavenumber Raman signals at an excitation wavelength
of 632.8 nm. For ultrafast pump-probe measurements, the
800-nm output of titanium–sapphire (Legend Elite, Coherent)
Figure 1. (a) Raman G and G0 (2D) bands of CVD-grown 1L, 2L and few-la
graphene films and the CVD-grown few-layer graphene. (c,d) The statistic d
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regenerative amplifier seeded by an oscillator (Micra, Coherent)
was used as a pulse laser source: pulse width 80 fs, pulse repetition
rate 1 kHz and average power 2.6 W. The 90% of the radiation was
converted into 680-nm excitation pulses by passing an optical
parametric oscillator which was used as the pump beam. The
rest 10% was used to obtain the probe radiation in the range
of 350–850 nm through with-light-continuum generation in
CaF2 plate; it was further divided into two beams for producing
sample and reference signals, respectively. A mechanical delay
stage of optical path was used to vary the time interval between
the pump and the probe pulses. By focusing pump and probe
pulses on the same region of sample, the transient transmission
changes were induced. Two spectrographs with attached diode
arrays (Model 77400, Oriel) were arranged to detect sample and
reference signals. Thus, transient transmission data were
obtained both as spectra and kinetics. Here, the pronounce
signal was detected with the excitation beam of 680 nm and
the probe wavelength of 778 nm. The full width at half maximum
(FWHM) of the instrument response function was 90 �10 fs. The
details of the pump-probe system are described in previous
studies.[19,20]
Results and discussion

Figure 1 shows the Raman spectra of the CVD-grown graphene
films in the high-wavenumber range. G and G0 (also called 2D)
bands were observed in 1L, 2L and few-layer graphene films
grown by CVD as shown in Fig. 1a, which came from two in-plane
optical phonons related to the first-order Raman scattering and
the two-phonon double resonance process, respectively.[5] With
the increase in the number of layers, the G0 band shifts to
the high wavenumber and becomes broader. Meanwhile, the
integrated peak intensity ratio of G to G0 increases. Particularly,
in the range from 1650 to 1850 cm�1, the weak M band was
detected in the CVD-grown few-layer graphene, and the Raman
spectra of the mechanically exfoliated AB stacked 1-3L graphene
samples were also presented for comparison as shown in Fig. 1b.
The recent studies assign the M band to the second-order
overtone out-of-plane transverse mode which is absent in
monolayer graphene and non-AB stacked bilayer graphene.[21,22]

The presence of M band approves that there are AB-stacked layers
in the CVD-grown graphene films. Moreover, the data from 19
random regions on the CVD-grown few-layer graphene films
have been shown in Fig. 1c and 1d, where the FWHM of G0, the
yer graphene films. (b) Raman M bands of 1-3L mechanically exfoliated
ata of G and G0 bands for the CVD-grown few-layer graphene.
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Figure 3. The kinetic curve of transmission change of the CVD-grown
few-layer graphene with pump and probe wavelengths at 680 and 778 nm,
respectively. The inset is Fourier transform amplitude versus wavenumber.
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positions of G and G0 bands are 54� 4, 1581� 1 and 2701� 2
cm�1, respectively. Those features of Raman bands are consis-
tent with the characteristics of the few-layer graphene grown
by CVD in previous studies.[16,17]

Figure 2 presents the low-wavenumber Raman spectrum
collected from the CVD-grown few-layer graphene film. Remarkably,
an asymmetric Raman peak was found to be around 120 cm�1.
The origin of this peak in the few-layer graphene is assigned to
the low-wavenumber out-of-plane optical phonon at Γ point in
the Brillouin zone, as shown in Fig. 2b. Previously, it is known that
the Raman activity of this phonon mode is silent in graphite, and it
is nonexistent in graphene.[4] Nevertheless, for the few-layer
graphene, this out-of-plane vibration mode can be Raman-active
according to the calculations[10–12] based on the group theory.
The asymmetric feature of this phonon peak indicates the Breit-
Wigner-Fano (BWF) resonance between the phonon and electron
transitions around the touching region of conduction and valence
bands.[23] This Fano-type interference has also been observed for
the tangential G band of the metallic carbon nanotube[24] and
the low-wavenumber shear modes of multilayer graphene.[13]

The obtained peak was fitted by a BWF function[23] with a linear
baseline as below:

I oð Þ ¼ I0 þ I1oþ I2
1þ l2 þ 2 o-omaxð Þl=Γ� �2

1þ 4 o-omax þ lΓ=2ð Þ2=Γ2
h i (1)

where omax, Γ and l are the BWF peak position at the maximum
intensity, the pristine FWHM of the phonon band without the
BWF resonance and the Fano-type interference constant,
respectively.[13,23,24] In our case, omax, Γ and l are 120� 1 cm�1,
10� 3 cm�1 and �0.4� 0.03, respectively. Furthermore, omax is
equal to o0+ lΓ/2[13], where o0 (~122 cm�1) is the pristine peak
position of this phonon when the intensity is I0 + I1o0 + I2. The pos-
itive or the negative sign of l indicates the maximum intensity
is located in the higher or the lower wavenumber in respect
to o0. After the baseline correction, the FWHM of this peak is
equal to Γ(1+ l2)/|1- l2|, where the factor (1+ l2)/|1- l2| = 1.4
can be used to evaluate the broadening of the phonon band.
Figure 2. (a) The low-wavenumber Raman spectrum from the CVD-grown fe
for the low-wavenumber out-of-plane optical phonon.
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In other words, the observed FWHM is 1.4 times of the pristine
FWHM of this mode. The low-wavenumber Raman spectrum of
the suspended few-layer graphene samples prepared from
graphite flakes by one-step heating[25] also shows the similar
asymmetric Raman peak (see supporting information: Fig. S4),
which further confirms the existence of the Raman-active
out-of-plane phonon in the few-layer graphene.

Figure 3 shows the kinetic curve of transmission change
(normalized to the initial transmission) of the CVD-grown few-layer
graphene recorded by ultrafast laser pump-probe spectroscopy.
The signal presents an optical bleaching feature, and it decays in
the subsequent 2 ps, which is consistent with the previous
reports.[19,26] In detail, the positive ΔT/T indicates the induced
transmission by the pump pulse, and the intensity of ΔT/T
reflects the information of carrier population in the probed
electronic state. Decay of ΔT/T with the pump-probe delay time
represents the carrier relaxation mainly due to carrier-optical
w-layer graphene and (b) the schematic pattern of atomic displacements
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phonon and optical phonon-acoustic phonon scattering. Strikingly,
the amplitude of ΔT/T behaves an unambiguous oscillation with
the delay time. The estimated time interval is 270� 30 fs, which
corresponds to a wavenumber of 124� 15 cm�1. The
corresponding Fourier transform amplitude versus wavenumber
further confirms this result as shown in the inset, where a peak
around 120 cm�1 is indicated by the red arrow. This wavenumber
is essentially coincident with the observed low-wavenumber out-
of-plane optical phonon in the Raman spectrum above. The
modulation of decay dynamics originates from the coherent
coupling between excited electrons and lattice vibrations. Those
coherent out-of-plane optical phonons were produced only
during the laser excitation by pump pulses, different from the
incoherent phonons created during hot electron cooling
processes.[27] Moreover, the maximum amplitude of ΔT/T turns
up at the delay time of 0 ps and the oscillation of ΔT/T follows
a cosine function relationship of time. Note that the current finding
is complementary to the recent observation[28] of high-wavenumber
coherent phonons (1580 and 1350 cm�1) in epitaxial graphene
layers induced by ultrafast laser excitation. The high-wavenumber
coherent phonons (1580 and 1350 cm�1) were not observed here
because the oscillation periods (21 fs and 25 fs) are smaller than the
instrument-limited minimum scan step (~30 fs) of the delay time.

By use of ultrafast laser pulses, the coherent phonons were
observed in a number of materials such as Bi, Sb, GaAs, graph-
ite.[29–31] The possible generation mechanisms of coherent pho-
nons have been proposed and discussed in the literatures.[29,32–38]

Among these studies, two theories received extensive attention:
impulsive stimulated Raman scattering (ISRS)[32] and displacive
excitation of coherent phonons (DECP).[29] For the transparent
materials to laser pulses, the former ISRS can be used to explain
the origin of coherent phonons.[34] The latter DECP was developed
for the opaque materials to laser pulses which showed the oscilla-
tions only caused by coherent A1 (fully symmetric) modes.[29] In
other words, DECP required the materials had real absorption
in the excitation regions. Moreover, the significant controversy
between ISRS and DECP is about the essence of excitation
mechanisms: impulsive or displacive. The corresponding driving
forces of excitations can be represented by the d function- or the
step function-like expression, respectively.[27] Later on, due to
the findings of oscillation behaviors caused by coherent Eg, E2g
and T2g in opaque materials,[31,35,38] the extended models based
on both mechanisms have been developed.[34,35,37] In our case,
first of all, the few-layer graphene films are opaque to the excitation
wavelength. Moreover, according to the theoretical analysis in Ref.
10 and 11, it is found that the Raman-active low-wavenumber out-
of-plane modes are A1g and A0

1 modes for the few-layer graphene
films with even and odd layers, respectively, and both modes are
fully symmetric. Another feather is that the oscillation ofΔT/T inten-
sity with time obeys the cosine function dependence. Thus, the
observed oscillation in kinetic curve can be interpreted in terms of
DECP.[29] Identically, in the single-walled carbon nanotubes, the DECP
model was also suggested to explain the modulated kinetic curve
caused by the low-wavenumber radial breathing phonons.[14]
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Conclusion

To sum up, the low-wavenumber out-of-plane optical phonon
has been studied in the CVD-grown few-layer graphene by
Raman and ultrafast laser spectroscopy. The asymmetric (BWF
lineshape) Raman peak of this mode was ascribed to the
J. Raman Spectrosc. 2013, 44, 70–74 Copyright © 2012 John
coupling between the phonon and electronic transitions, where
the pristine phonon wavenumber, the Fano-type interference
constant and the band broaden parameter are estimated to be
~122 cm�1, �0.4 and 1.4, respectively. Ultrafast pump-probe
measurements present a periodically modulated kinetic curve,
which is due to the generation of coherent optical phonons
and their coupling to the excited electrons. The obtained time
interval is 270� 30 fs which corresponds to a wavenumber of
124 cm�1, consistent with the Raman results. At last, the genera-
tion mechanism of coherent phonons in few-layer graphene was
discussed by comparing existed theoretical models.
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