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Intensity and profile manifestation of resonant Raman behavior
of carbon nanotubes
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Since the discovery of multiple-walled carbon nanotubes exhibit different intensities and asymmetric profiles be-
(MWNTs) and single-walled carbon nanotubes (SWNTs) tween their Stokes and anti-Stokes scattering components.
[1,2], much attention has been paid to both fundamental We conclude that these results are originated from the
and applied research on carbon nanotubes [3]. Raman different resonant behaviors of the observed SWNTs with
scattering is a simple but powerful technique to analyze different diameters by analyzing the resonant behavior of
MWNT and SWNT products [4–6]. The C–C stretching the radial breathing modes (RBMs) of SWNTs.
mode (G) of MWNTs is very similar to that of graphite The SWNT sample was prepared by the catalytic
[5], while that of SWNTs shows multiply splitting peaks hydrocarbon decomposition method [13]. The experimen-
because of the size-dependent zone-folding effect of tal parameters used in the preparation of MWNTs were
SWNTs [4,7]. However, the disorder slightly influences different but the processes were very similar to each other.
the frequency of G mode in graphite materials, and the Raman-scattering spectra were recorded by the Dilor

21frequency of G mode in the ion-implanted graphite can SuperLabram with a typical spectral resolution of 1.0 cm
21shift to higher values up to 1595 cm [8]. The G mode of in the measured frequency region. Samples are excited

MWNT made by the catalytic method with high degree of using the 632.8 nm line of a He–Ne laser with a spatial
21disorder also shifts to 1600 cm [5], which is close to the resolution of less than 2 mm. The sample is kept at room

frequency of C–C stretching mode in SWNT. Therefore, in temperature by using the low laser power of 40 mW.
some cases, it is difficult to distinguish SWNT from Fig. 1 shows Raman spectra of pyrolytic graphite,
MWNT by peak positions of their C–C stretching modes. MWNTs and SWNTs in the region between 1200 and

21Here, we report a way to distinguish SWNT from MWNT 1800 cm under the same experimental conditions. The
by studying Raman intensities of C–C stretching modes spectra of SWNTs at two different sample spots are given.
under the same experimental condition. Raman spectra of For MWNT, there are three main peaks located at 1332,

21SWNTs are strongly dependent on the laser excitation 1585 and 1620 cm , which are designated as disorder-
[6,9] as well as on the sample spot [10] because of induced (D) mode, C–C stretching (G) mode and disorder-
diameter-selective resonant Raman effect of SWNTs. induced (D9) mode, respectively, similar to those of
Different resonant behaviors of Raman spectra are found pyrolytic graphite. The detailed Raman modes of SWNT
between Stokes and anti-Stokes regions of C–C stretching are shown in Fig. 2.
modes by comparing the profiles of C–C stretching modes As shown in Fig. 1, the Raman intensity of C–C
between Stokes and anti-Stokes sides [11,12]. In this stretching modes of SWNTs is found to be much stronger
paper, we find that the Raman intensity and profile of C–C than that of MWNTs. For graphite materials, the C–C
stretching modes of SWNTs are strongly dependent on stretching modes are determined by very local properties
sample spot. Raman spectra of C–C stretching modes also with minor perturbation from the geometry and their

intensities are determined by the number of carbon atoms
*Corresponding author. per unit volume [14]. For a MWNT, its outer diameter
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Fig. 1. Raman bands associated with the disorder-induced modes
and C–C stretching modes of pyrolytic graphite, MWNTs and
SWNTs (measured at two sample positions (a) and (b)) obtained
under the same experimental conditions.

usually lies in the range of 10 to 20 nm, and an inner space
of |3 nm in diameter exists in a tubule. The inter-wall
spacing of a MWNT is very close to the interlayer spacing
of a graphite lattice. Thus, the number of carbon atoms per
unit volume in MWNT sample is close to that in graphite.
However, considering that the SWNT sample usually

Fig. 2. Stokes (bottom) and corrected anti-Stokes (up) Ramancontains many bundles of SWNT arranged in a triangular
spectra of SWNTs at the low- and high-frequency regions at twolattice (with lattice constant a ), the ratio of carbon atomstri
sample spots. The dashed lines represent the individual Lorentzianbetween SWNT and graphite lattice in the same volume

] components, and the solid curves show the fit to the experimental2Œcan be roughly estimated to be 2pa d / [ 3a ], wherec-axis t tri results (solid circles). The Stokes and corrected anti-Stokes spectra
a and d are, respectively, the interlayer spacingc-axis t are plotted with the same x-scale for convenience.
(|0.34 nm) of a graphite lattice and the diameter of a
SWNT. This ratio is almost equal to 0.48 for d 51.7 nmt

and a 52.1 nm. The actual ratio is much smaller than this the energy separation between spikes for the 1D electronictri

value because of the existence of free space between density of states (DOS) of SWNTs covers a very wide
SWNT bundles. Therefore, the intensity of the C–C range [6]. Therefore, when electronic energy separation of
stretching mode of SWNT should be lower than that of SWNTs is close to the energies of incident or scattered
MWNT except for other critical reasons. The diameter of (Stokes or anti-Stokes) photons, the resonant scattering
graphene tubes of a MWNT usually varies from 3 nm to process for those particular diametric SWNTs dominates
more than 20 nm and is much larger than that of SWNT, the Raman spectra of SWNTs. Thus, the strongly enhanced
and the energy separations between spikes in the 1D intensity of C–C stretching mode of SWNT results from
electronic states are much smaller than the incident photon the resonantly enhanced Raman scattering process of
energy. As most of our SWNT sample covers the range of SWNTs with some special diameter whereas such resonant
diameter from 1.0 to 2.0 nm, the quantum confined effect enhancement is very weak for MWNTs because of their
on the electron states of SWNTs is very remarkable and large diameters of graphene tubes.
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Fig. 1 also shows that Raman spectra of SWNTs are transition energy of the first pair of DOS singularities in
21strongly dependent on the sample spot. The intensity of metallic tubes with 210 cm RBM is about 2100 meV.

C–C stretching modes taken at spot (b) is 15 times as These electronic transition energies of some semiconduct-
strong as that taken at spot (a). Fig. 2a and b, respectively, ing or metallic SWNTs with special diameters are close to
show Stokes and anti-Stokes Raman spectra of SWNTs in those (about 2150 meV) of anti-Stokes photons of C–C
the low- and high-frequency regions taken at the two stretching modes. As a result, C–C stretching modes are
different sample spots (a) and (b). The anti-Stokes Raman resonantly enhanced at the anti-Stokes side. This stronger
components in the figures have been multiplied by the resonant Raman scattering process of RBMs in Fig. 2b
correction factor a at room temperature which was also causes the intensity of C–C stretching modes in Fig.s / as

defined in Eq. (1) of Ref. [10]. The Raman spectra 2b to be much stronger than that in Fig. 2a, as shown in
associated with the C–C stretching modes in Fig. 2a show Fig. 1, because most observed SWNTs in Fig. 2b show a
almost equal intensity between Stokes and anti-Stokes stronger resonant process.
sides, whereas the corrected intensity of C–C stretching In contrast to the symmetric profile between Stokes and
modes at anti-Stokes side in Fig. 2b is about four times as anti-Stokes sides of the C–C stretching modes in Fig. 2a,
strong as that of the corresponding modes at Stokes side. the Stokes and anti-Stokes spectra of the C–C stretching
All the results show that the observed SWNTs at spot (b) modes in Fig. 2b show asymmetric profiles, similar to the
are much more strongly in resonance with the incident or results reported by Brown and co-workers [11,12]. Accord-
scattered photons than those at spot (a). This suggests that ing to the structural shapes of Stokes and anti-Stokes
the SWNT sample is very inhomogenous [10]. Due to components, at least seven different peaks, located at 1544,

21sample inhomogeneity, different sample spots exhibit 1558, 1568, 1579, 1586, 1592 and 1602 cm , are
different diameter distributions of SWNTs, and thus necessary to give a good fit to the experimental data at
Raman spectra at different sample spots exhibit different both Stokes and anti-Stokes sides. These modes exhibit

21resonantly enhanced scattering. different intensity relative to 1592 cm between Stokes
The frequency of RBM is only sensitive to inverse tube and anti-Stokes sides. Raman bands (1298, 1314, 1331 and

21diameter [15] and the resonant behavior of RBMs can be 1351 cm ) associated with disorder-induced modes in the
21used to study the resonant behavior of the observed region 1260–1400 cm also exhibit asymmetric profiles

SWNTs with some special diameters [10]. In Fig. 2a, the between the Stokes and anti-Stokes components. The
21RBMs at 162 and 219 cm exhibit different intensities asymmetric profiles of spectra of SWNTs between Stokes

between Stokes and anti-Stokes sides whereas the 141 and anti-Stokes sides can be attributed to the diameter-
21cm mode has almost the same intensity at Stokes and dependent resonant Raman effect [11,12]. RBMs in Fig. 2b

21corrected anti-Stokes sides. This indicates that the ob- cover a wider diameter distribution from 150 to 230 cm
21served SWNTs with the 141 cm RBM are under and show different resonantly enhanced process between

nonresonant conditions whereas those with the 162 and Stokes and anti-Stokes sides. This suggests that the
21219 cm RBMs are in resonance with the incident or electronic transition energies of the different diametric

scattered photons. Note that the intensity of non-resonant nanotubes have different energy shifts relative to the
21bands located at about 141 cm is comparable to that of scattered photons. The closer the electronic transition of

other resonant RBMs. This implies that most of the SWNTs with special diameter to the energy of anti-Stokes
observed nanotubes have diameters with RBM at about scattered photon is, the stronger the intensity of C–C

21141 cm . Thus, the Stokes and anti-Stokes spectra of stretching modes associated with nanotubes at anti-Stokes
C–C stretching modes exhibit a nonresonant spectral side. The different enhanced process of SWNTs causes the
feature that Stokes and anti-Stokes C–C stretching modes intensity redistribution of those unresolved-multiple-split-
show almost equal intensity. ting stretching modes between Stokes and anti-Stokes sides

21In Fig. 2b, the intensity of many RBMs at anti-Stokes relative to 1592 cm mode, and further, the asymmetric
side is different from that of the corresponding modes at profiles of C–C stretching modes between Stokes and
Stokes side, especially for the RBM group located at about anti-Stokes signals.

21152 and 210 cm . The TEM image shows that the In conclusion, resonant Raman behaviors of SWNTs and
nanotubes in this study are self-assembled into bundles. MWNTs are studied by analyzing the intensities and

21Thus, we used the expression of v (cm )5254/d (nm) to profiles of their C–C stretching modes. The spectra of the
calculate the diameter of SWNTs. With the above expres- C–C stretching modes exhibit different intensities and
sion, the diameter of the nanotube related to the 152- and asymmetric profiles between their Stokes and corrected

21210-cm RBM is 1.68 and 1.21 nm, respectively. When anti-Stokes scattering components. Spectra taken at some
taking the nearest-neighbor overlap integral g as 2950 other sample spots show almost equal intensities ande

meV [9], the theoretical calculation [16] shows that the symmetric profiles. By analyzing the resonant behavior of
energy separation of the third pair of DOS singularities in radial breathing modes, we show that the different inten-
the valence and conduction bands for semiconducting sities and profiles of C–C stretching modes between

21SWNTs with 152 cm RBM is about 2020 meV, and the different sample spots and between Stokes and anti-Stokes
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Flexible graphite is a flexible sheet made by compres- its microstructure involving graphite layers that are pref-
sing a collection of exfoliated graphite flakes (called erentially parallel to the surface of the sheet, flexible
worms) without a binder [1]. During exfoliation, an graphite has high electrical and thermal conductivities in
intercalated graphite (graphite compound with foreign the plane of the sheet. Because graphite layers are some-
species called the intercalate between some of the graphite what connected perpendicular to the sheet (i.e. the hon-
layers) flake expands typically by over 100 times along the eycomb microstructure of exfoliated graphite), flexible
c-axis. Compression of the resulting worms (like accord- graphite is electrically and thermally conductive in the
ions) causes the worms to be mechanically interlocked to direction perpendicular to the sheet (although not as
one another, so that a sheet is formed without a binder. conductive as the plane of the sheet). These in-plane and

Due to the process of exfoliation, flexible graphite has a out-of-plane microstructures result in resilience and im-
2relatively large specific surface area (e.g. 15 m /g [2]). As permeability to fluids perpendicular to the sheet. The

a result, flexible graphite is used as an adsorption substrate. combination of resilience, impermeability and chemical
Because of the absence of a binder, flexible graphite is and thermal resistance makes flexible graphite attractive
essentially entirely graphite (other than the residual amount for use as a gasket material for high temperature or
of intercalate in the exfoliated graphite). As a result, chemically harsh environments.
flexible graphite is chemically and thermally resistant, and Gasketing (i.e. packaging, sealing) [3–7] is by far the
has a low coefficient of thermal expansion (CTE). Due to main application of flexible graphite, which can replace

asbestos. Other than gasketing, a number of applications
have emerged recently, including adsorption, electromag-*Corresponding author. Tel.: 11-716-645-2593, ext. 2243;
netic interference (EMI) shielding, vibration damping,fax: 11-716-645-3875.

E-mail address: ddlchung@acsu.buffalo.edu (D.D.L. Chung). electrochemical applications and stress sensing [1,2,8–10].
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