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Abstract

The second order Raman signals around the G 0-band region of graphite and carbon nanotubes have been investigated at more

than 15 excitation laser lines. Two distinct Raman bands have been observed around 2700 cm�1; a prominent one is due to the so-

called G 0-band and the other is a weak band around 2450 cm�1. Both two bands can be from the double resonance process involving

two phonons around the K-point in the phonon dispersion of a two-dimensional graphite. The 2450 cm�1-band has exhibited little

power dependence, whereas the intensity of G 0-band has shown large photon energy dependence as already reported. The

2450 cm�1-band and the G 0-band correspond to non-dispersive q = 0 and fully-dispersive q = 2k, respectively. From the phonon dis-

persion and the corresponding phonon frequency, the 2450 cm�1-band can be assigned as an overtone mode of LO phonon (i.e.

2LO). This is revealed by calculated Raman spectra of graphite with proper electron–phonon matrix elements. The present study

is the first report on the origin and assignment of the 2450 cm�1-band, which is based on the double resonance Raman scattering.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The second order Raman spectra are relatively weak

and broad compared to the first order Raman spectra in

the solid state, since the scattering process is possible
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over the whole equi-energy surface for optical absorp-

tion. Many researchers, however, reported relatively

strong peaks in the second order frequency region (un-

der 3200 cm�1) in graphite [1–6] and carbon nanotubes

(CNTs) [7,8]. The double resonance Raman scattering

process is the most reliable explanation on the observed

strong peak beyond expectation [9–11].
Here, we have investigated the second order Raman

spectra of HOPG, an isolated single-wall carbon
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Fig. 1. A typical AFM image of isolated DWNT. In this image, the

thickest bundle (�3 nm in height) contains a few DWNTs estimated by

the height distribution from the AFM measurements.
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nanotube (SWNT) and an isolated double-wall carbon

nanotube (DWNT) around 2700 cm�1, which corre-

sponds to the phonons near the K-points. We have suc-

ceeded in assigning the Raman peak around 2450 cm�1

based on the double resonance scattering.

A strong peak around 2700 cm�1 is known as the G 0-
band in graphite [1–6] and CNTs [7,8], which corre-

sponds to the overtone mode of the D-band. The origin

of the G 0-band has been elucidated theoretically as a

double resonance, two-phonon Raman process which

is independent of the presence of defects in the crystal

[9–12]. The corresponding phonon is involved in an

inter-valley scattering process of in-plane optical pho-

non modes (LO or TO) around the K-points in the
two-dimensional (2D) Brillouine zone (BZ) [13]. Such

optical phonon modes have large dispersion near the

K-points [13], which is revealed by their dispersive

nature of phonon-frequency as a function of excitation

laser energy [8]. The phonon dispersion relation around

the K-points can be obtained from the G 0-band Raman

spectra.

Some of the weak features in the second order region
still have been inexplicable, although five bands have

been successfully assigned (M, iTOLA, G 0, 2iTO, and

2G) to date [14,15]. The presence of the 2450 cm�1-band

in graphite related materials have been pointed out

[3,7,16,17]. The present study reveals that the

2450 cm�1-band shows a characteristic excitation laser

energy (Elaser) dependence and that the Raman band

originates from the two-phonon double resonance
process with q = 0 [18]. Furthermore, the calculated

Raman spectra confirm such a non-dispersive nature

of the bands. This is the first assignment and identifica-

tion of the 2450 cm�1-band based on the double reso-

nance Raman measurements together with theoretical

calculations.
2. Experimental

2.1. Sample preparation

Single-wall CNTs (SWNTs) [19] and double-wall

CNTs (DWNTs) [20] were dispersed in 1,2-dichloroeth-

ane solvent and were ultrasonicated for 15 min. After

the ultrasonication, 25 ll of the solution was dropped
onto a silicon substrate with a thermally oxidized sur-

face (100 nm) which was originally patterned with

‘‘cross’’ marks. The substrate was rotated on a spin-

coater (Kyowariken, model K-359 S-1) at 500 rpm and

1500 rpm successively for 5 and 90 s, respectively. The

density of CNTs on the substrate was visualized by

using an atomic force microscope (AFM: Veeco,

Dimension 3100/Nanoscope IV). Typically, the density
of CNTs is 5–20 tubes per 5 lm2. Fig. 1 shows a typical

AFM image of such dispersed DWNTs.
2.2. Raman spectroscopy

An Ar–Kr laser (Elaser = 1.91–2.71 eV), a He–Ne
laser (Elaser = 1.96 eV), and a dye-laser (Elaser = 1.89–

1.97 eV) were employed as excitation for Raman mea-

surements. A triple-monochromator (DILOR XY,

f = 500 mm) equipped with a liquid-N2 cooled charged

coupled device (CCD) and a single-monochrometer

(Jobin Yvon, LabRam HR800, f = 800 mm) with an

air cooled CCD were used to acquire the Raman spec-

tra. Although CNTs on the substrate were not damaged
even at a high laser power, most spectra were taken with

a low power density (�0.2 mW/lm2). The ‘‘cross’’ marks

on the substrate enabled us to obtain signals from the

same position whenever the laser energy was varied.
3. Results and discussion

3.1. Raman spectra around 2700 cm�1

Fig. 2 shows Raman intensity profiles for HOPG,

SWNTs and DWNTs (an isolated rope and bundles) ob-

served at Elaser = 2.54 eV. The spectra of HOPG and

SWNTs are identical to those reported elsewhere. The

G 0-band principal frequency of CNTs is 50 cm�1 lower

than that of HOPG. Although at first glance the princi-
pal peak seems to be a single peak for CNTs, in fact

more than two peaks are present as revealed by a

Lorentzian fitting. In view of the line width of the G 0-

band (CG0 ) of CNTs, the spectral widths of the bundled

CNTs are broader than those of the isolated one, since

many (n,m) indices can be attributed to a different reso-

nant condition. CG0 values for DWNTs can be estimated

from those for SWNTs (cf. Fig. 2). CG0 values for both
CNTs are often comparable with each other (cf. Fig.

3(a) and Fig. 4(a)).
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Fig. 3. (a) The G 0-band spectra of isolated SWNT at 1.92, 2.18, 2.34,

2.47, 2.50, 2.54, and 2.62 eV laser energy. (b) Magnified spectra (30

times) of (a) around 2450 cm�1 obtained at 2.18, 2.47, 2.50, and

2.54 eV laser energy.
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Fig. 2. G 0-band spectra of isolated SWNT, bundles of SWNTs,

isolated DWNT, bundles of DWNTs, and HOPG at 488 nm (2.54 eV)

excitation. The line widths of the principal peaks for the G 0-band are

displayed in cm�1.
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3.2. Dispersion of second order Raman peaks

The G 0-band Raman spectra from an isolated SWNT

and an isolated DWNT are summarized in Figs. 3 and 4,

respectively. Fig. 3(a) shows the G 0-band Raman spectra

of an isolated SWNT for different Elaser. The large dis-
persion of the G 0-band, which originate from two-pho-

non scattering near the K-points, results in the upshift

of the band position as Elaser increases. The value of

CG0 for an isolated SWNT is estimated to be 50–

65 cm�1. Weak features can be recognized around

2450 cm�1 irrespective of Elaser. Fig. 3(b) shows enlarged

spectra (by 30 times) of the 2450 cm�1-band at

Elaser = 2.18, 2.47, 2.50, and 2.54 eV.
Fig. 4(a) and (b) show the G 0-band and magnified

spectra of the 2450 cm�1-band of an isolated DWNT,

respectively, at Elaser = 2.18, 2.47, 2.50, and 2.54 eV.

Both the 2450 cm�1- and the G 0-band show almost the

same Elaser dependence for SWNTs and DWNTs,

whereas peak features and the value of CG0 for the iso-

lated DWNT (33–68 cm�1) are somewhat different from

those of SWNT. At 1.97 eV excitation, the major peak
has a shoulder around 2600 cm�1 and at 2.50 eV the ma-

jor peak splits into more than two shoulders. We have

also obtained such a peak splitting at Elaser < 2.0 eV

(cf. Fig. 5). This is due to the fact that more than one

(n,m) indices of a DWNT (e.g. inner and outer) are res-

onant with Elaser at the same time. Even in an isolated

DWNT, there are many possible combinations of chiral

indices. Pfeiffer et al. pointed out that the G 0-band (the
D*-band noted in their report) of DWNT may show a

well separated double peak structure, where the low

and high frequency peaks originate from the inner and

outer tubes, respectively [21]. We also suggest that such
anomalous G 0-band peaks originate from trigonal warp-

ing effect, which was already reported for an isolated

SWNT in recent studies [13,22,23].

Since the weak 2450 cm�1-bands have no or very

small dispersion irrespective of Elaser we can assign the

band as ‘‘q = 0’’ branch of double resonance Raman

scattering as discussed in graphite [18]. Fig. 5 shows

Elaser dependence on the Raman frequency for the
2450 cm�1- and the G 0-bands of HOPG, SWNT, and

DWNT. The 2450 cm�1-bands show almost no disper-

sion, whereas the salient G 0-bands show a highly disper-

sive behavior. The dispersion of the 2450 cm�1-bands



2400 2500 2600 2700 2800 2900

1.97 eV

2.18 eV

2.47 eV

2.50 eV

2.54 eV

2.62 eV

2400 2500

2.18 eV

2.47 eV

2.50 eV

2.54 eV

In
te

ns
ity

 / 
a.

u.

In
te

ns
ity

 / 
a.

u.

Raman Shift / cm-1

Raman Shift / cm-1

(a)

(b)

Fig. 4. (a) The G 0-band spectra of isolated DWNT obtained at 1.97,

2.18, 2.47, 2.50, 2.54, and 2.62 eV excitation. (b) Magnified spectra (30

times) of (a) around 2450 cm�1 at 2.18, 2.47, 2.50, and 2.54 eV laser

energy.
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Fig. 5. G 0 Raman shifts dependence on the excitation laser energy for

an isolated SWNT (open circle), an isolated DWNT (solid up triangle)

and HOPG (cross) together with the other experimental results on

SWNT (tiny dot) taken from Ref. [8].
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are �5, �3, and ��5 cm�1eV�1 for SWNT, DWNT

and HOPG, respectively.

Kawashima and Katagiri assigned the 2446 cm�1-

band as combination of the 1083 cm�1- and the

1357 cm�1-bands because of the dispersion ‘‘0.19
cm�1nm�1’’ based on the measurement by using three

laser lines [24]. Tan et al. also assigned the 2450 cm�1-

band as D (1350 cm�1) + D00 (1090 cm�1) [25–27] in ref-

erence to the study by Kawashima and Katagiri [24]. We

think, however, that the 2450 cm�1-band cannot be due

to a combination of two types of phonon modes. If the

2450 cm�1-band originates from overtone of a single

phonon mode, the corresponding frequency should exist
near K-points in phonon dispersion of graphite. How-
ever, a phonon at the K-points can choose momentum

arbitrary, and such phonons have singularity at q = 0
and 2k. In the two-phonon double scattering process,

the dispersion nature should be emphasized by phonon

momentum [14,15,18]. For example, the 2900 cm�1-

band comes from an overtone mode of iTO mode with

q = 0 (i.e. 2iTO) [14,15], whereas the G 0-band can be

explained by q = 2k, which results in fully dispersive

behavior.

3.3. Theoretical considerations on the Raman spectra

To identify and characterize the 2450 cm�1-band, we

have calculated resonance Raman intensity of two-

dimensional graphite within tight-binding method. The

electron–phonon matrix element is calculated as an in-

ner product of phonon eigenvectors for each phonon

mode and the deformation potential vector [28]. The
Raman intensity of two-phonon, second-order process

[15], is calculated for possible combinations of two-pho-

non modes around the K-point in the two-dimensional

Brillouine zone. For evaluating the resonance Raman

intensity, both electron–photon and electron–phonon

matrix elements are taken into account. The detail calcu-

lated method is reported elsewhere [28].

Fig. 6 shows a comparison between the experimental
Raman spectra of HOPG and calculated spectra for

two-dimensional graphite. The maximum intensity in

the calculation is normalized to the experimental peak

height. The dispersive behavior of the G 0-band peak

around 2700 cm�1 and non-dispersive behavior of the

peak around 2450 cm�1 in the experiment are clearly

reproduced by the present theoretical calculation. At
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2.54 eV, the calculated peak feature and position agree

well with the experimental results, especially for the

G 0-band frequency. The shape and position of the

2450 cm�1 peaks, however, do not fully agree between

experiment and calculation. The calculated Raman shift
gives 100 cm�1 smaller for the 2450 cm�1 mode than the

observed one. This is due to the fact that the used force

constant set is not suitable for reproducing this phonon

frequency at K-point. Phonon dispersion around K-

point is not well established yet, though there are many

important progress for phonon dispersion of graphite

[29,30]. So far we use the force constant set which

reasonably reproduces the one-phonon second order
Raman signals [10].

Moreover, the origin of the 2450 cm�1 feature can be

assigned to (1) q = 0, 2LO phonon, or (2) q = 0, a com-

bination of LO and TA, (3) q = k, combination mode

TO and LA [9,10,13,15]. These phonon modes have

non-zero matrix element for these q values. Case (2)

can be removed since we did not find one-phonon sec-

ond order signal of TA phonon modes. We expect some
dispersion behavior for case (3) and thus case (3) does

not fit to the experimental values. Thus 2450 cm�1-band

can be tentatively assigned to case (1) characterized as

overtone modes of LO phonon near the K-points. We

are now investigating the origin of G 0-band more sys-

tematically, which will be reported in the near future.

The G 0-band spectra of a SWNT should be similar to

that of graphite. A different point is that the resonance
condition at van Hove singular (vHS) k-point gives a

sharp and strong Raman peak which strongly depends

on the laser energy. Thus the calculated relative intensity

at 2450 cm�1 would not be well compared with the

experiment if we do not know (n,m) value and resonance
energy. Nevertheless, the present experimental data for

SWNT and DWNT often show the 2450 cm�1 feature.

This means that we can get Raman signals even at

not-strict resonance condition if we simply take a suffi-

ciently long duration time (typically 180 s, more than

three times accumulation). The resonance condition is
obtained at general k-points at equi-energy contour sur-

face, which are not always close to a single vHS. In fact,

the number of observed Raman peaks for an isolated

CNT is much smaller than that for the bundled CNTs

because we did not obtain the good resonance condi-

tions for the limited number of SWNTs. Since the scat-

tering process in a SWNT is the same as that in graphite,

the observed 2450 cm�1 peaks in SWNT are assigned as
q = 0, 2LO phonon second order scattering based on the

discussion for the graphite. In the future, for known

(n,m) SWNTs, resonance Raman spectra will be ob-

served by changing the laser energy, which will give a

definite answer for the assignment.
4. Conclusion

We have investigated the G 0 Raman spectra of

HOPG, an isolated SWNT and an isolated DWNT.

High quality CNT samples enable us to observe fine

structure of both the G 0-band and the 2450 cm�1-band.

The 2450 cm�1-band does not show any dispersion,

whereas the peak position of the G 0-band is highly

dependent on Elaser even though the corresponding pho-
nons of both Raman bands are related with each other

at steep slopes near the K-point. The observed difference

can be explained consistently by the phonon dispersion

occurring in the double resonance process, where non-

dispersive and full-dispersive characteristics stem from

q = 0 and q = 2k, respectively. The calculated energy

positions of the G 0-band and the 2450 cm�1-band are

consistent with the present observation. Further investi-
gations on chilarity dependent double resonance studies

will be needed for a more precise assignment of the Ra-

man peaks observed in SWNTs and DWNTs.
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Grüeneis A, et al. Stokes- and anti-Stokes double resonance

Raman scattering in two-dimensional graphite. Phys Rev B 2002;

66(3):035415-1–5.

[19] Shimada T, Ohno Y, Okazaki T, Sugai T, Suenaga K, Iwatsuki S,

et al. Transport properties of C78, C90 and Dy@C82 fullerenes-

nanopeapods by field effect tramsistors. Physica E 2004;21(2–4):

1089–92.

[20] Sugai T, Yoshida H, Shimada T, Okazaki T, Shinohara H,

Bandow S. New synthesis of high-quality double-walled carbon

nanotubes by high temperature pulsed arc discharge. Nano Lett

2003;3(6):769–73.

[21] Pfeiffer R, Simon F, Hulman M, Kramberger Ch, Lolzweber

M, Kuzmany H, et al. The inside of SWCNTS: a clean room

reactor for nano phases. Abstract of XVII Int�l. Winterschool/

Euroconference on Electronic Properties of Novel Materials,

2004.

[22] Souza Filho AG, Jorio A, Samsonidze GG, Dresselhaus G,

Dresselhaus MS, et al. Probing the electronic trigonal warping

effect in individual single-wall carbon nanotubes using phonon

spectra. Chem Phys Lett 2002;354(1-2):62–8.

[23] Souza Filho AG, Jorio A, Swan AK, Ünlü MS, Goldberg BB,
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