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The Raman spectra of single-walled carbon nanotu@&NT9 produced by the catalytic
decomposition of hydrocarbons have been measured in the range of 100— 7500 bmtangential

C-C stretching modes show an unusual resonant enhancement process that results from the
one-dimensional quantum confinement of the electrons in the SWNT, and its intensity of the
tangential C—C stretching mode is about 100 times as strong as that of highly oriented pyrolytic
graphite. Because of the resonant enhancement, high-order Raman bands up to fifth order have been
revealed and assigned to the corresponding fundamentald.999 American Institute of Physics.
[S0003-695(199)01937-3

Nanostructural material such as the single-walled carbod.1 to 2.0 nm, with a Gaussian mean diameter of 1.69
nanotube(SWNT)! has offered the prospect of new funda- +0.34nm. HOPG is a standard sample for achieving an
mental scienceand attracted the attention of many scientistsatomic image of the graphite layer in a scanning tunneling
because SWNTs offer the advantage that their electronimicroscope systeniPark Scientific Instrument, USARa-
properties can be easily studied theoreticdifySince the man scattering spectra were recorded by the Dilor Super La-
physical properties of carbon materials are strongly affecte@ram with a typical resolution of 1 cit. All the spectra
by their structure, Raman spectra have proven to provide Eeported here were measured in backscattering geometry us-
unique characterization tool for SWNJf_SQ, as well as for |ng 632.8, 514.5, and 488.0 nm laser excitation Wavelengths.
other carbon material¢-1*Many theoretical and experimen- Typically, a low laser power of 20 kw/ctnwas used to
tal studies of Raman spectra of SWNTs show a characteristigV0id sample heating, and a spatial resolution of less than 2
spectral feature at low frequencies associated with the radiam was achieved using a microscope with a x00bjective
breathing mode%82|t has been observed that the intensity lens. All Ra.man_ peak parameters were obtained using fits to
of the breathing mode at 186 cni? relative to that of the ~the Lorentzian line shapes.
tangential C—C stretchinG mode at~1592 cm* depends —
on the excitation wavelength and shows a resonant Rama| 632.8nm a
effect associated with the one-dimensional density of elec- il
tronic states. The resonant behavior of the tangential modes
has also been reported and discussed by various
authors>**1%|n this letter, compared with the Raman spectra
of highly oriented pyrolytic graphit¢HOPG), the intensity
enhancement of the tangential modes of SWNT relative to
that of HOPG has been observed, and provides additiona

3181,3228

[
S

direct strong evidence that the tangential modes also show | 5145mm . Ew
peculiar resonantly enhanced scattering process. Because S 230
the resonant enhancement process, high-order Raman ban|# § 5
up to fifth-order mode at about 7000 cfhave been ob- § 0
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served and assigned to the corresponding fundamental fre
guencies.

We prepare SWNTSs using the catalytic decomposition of X200 g
hydrogens. The detailed experimental procedures and schef.. N N E
matic diagram for the preparation of SWNTs have been de-bsmm o L L L L L
scribed elsewher¥. The diameter distribution of the isolated © 000 2000 S0 S000 000 6000 7000
SWNTs obtained from high resolution transmission electron Raman Shift (cm™)
microscopy(HRTEM) images is shown in the inset of Fig. 1.

More than 75% of the SWNTs have diameters ranging fronFIG. 1. Raman spectra of SWNTSs excited with 514.5 and 632.8 nm excita-
tion. The upper inset gives the C—C stretching modes addn®de of
SWNTs(solid lines and HOPGdotted line$, and the lower inset shows the
¥Electronic mail: phtan@red.semi.ac.cn, or pinghengtan@hotmail.com  diameter distribution of isolated SWNTs obtained from HRTEM images.
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Figure 1 shows Raman spectra of SWNTs excited with[™ " T "
632.8 and 514.5 nm excitations, in which the radial breathing| "oP¢ &
modes are located in the range of 130—210 triccording
to theoretical prediction$the observed nanotubes have their
diameters in the range of 1.1-1.7 nm. In the high-frequency
region of the first-order Raman spectra, the tangential C-C
stretching(G) modes located at 1572 and 1591 chare ob-
served. These multiply split peaks of SWNTSs originate from
the vibrational modes of the phonons in graphite that split| SWNT
into longitudinal opticalLO) components to higher energies
(G, mode and transverse opticdTO) ones to lower ener-
gies (G, moda.” This result is consistent with the theoretical
calculated Raman spectra after considering the diameter dis
persion and different types of SWN¥s.

A previous articlé reported a shift of the intensity of the
breathing mode relative to that of the tangentialmode whenl__ 4 & o o000t ti1y
the sample is excited with different laser wavelengths, whereo 1000 2000 3000 4000 5000 6000 7000
the observed relative intensity of the breathing_mode_ was Raman Shift (cm™)
changed by a factor of about 40. However, the intensity of
the tangential modes we observed in the SWNT is about 108IG. 2. Raman spectra of SWNTs and HOPG excited by 488.0 nm excita-
times as strong as that of HORGee the inset of Fig.)lln tion. All the Raman lines of HOPG have been enlarged about 95 times to

. S . have the same scale as that of SWNTSs.
contrast to the breathing mode which is a macroscopic mode,
the tangential stretching modes are determined by very local
properties with minor perturbation from the geométiheir  the 2D mode in HOPG, its first-order doublet structube
intensities are determined by the number of carbon atoms péfode at~1350 (D) and ~1370 (D,) cm ! has been ob-
unit volume under the same experimental conditions. We cagerved apparently in the ion-implanted HOBGVIoreover,
estimate that the ratio of the carbon atoms between SWNihe higher-order Raman spectra of HOPG up to fourth-order
and HOPG in the same volume déa.. ., Whered is the  modes have been observed obviously in this letter. Accord-
diameter of the SWNTSs and,_.s iS the interlayer spacing ing to the assignments of the corresponding modes in the
of graphite. When the diameter of SWNTs is 1.6 nm, thispyrolytic graphité! and the frequency match, these high-
ratio is almost equal to 1.3. Thus, the intensity of the C—Corder Raman modes at 4056, 4320, 5408, and 5898 can
stretching mode of SWNT should be almost equal to that obe designed a®,+2D,, 2D,+G, 4D,, and D,+2G
HOPG except for other critical reasons. This strong enhancenodes, respectively.
ment effect can be attributed to the resonant Raman scatter- A single-walled carbon nanotube may be regarded as a
ing process. According to recent calculation and experimengraphene sheet rolled up to form a thtead the interlayer
observation§;'” there are many one-dimensional density ofinteraction in the three-dimensional crystalline graphite is
states(DOS) singularities in the valence and conduction very weak!® therefore SWNTs may have many properties
bands of SWNTs because of the one-dimensional quantumferived from the lattice dynamics of graphtt& From Fig.
confinement of the electrons in the SWNT. For small diam-2, one can see that the Raman characteristics of SWNTs are
eter nanotubes, their one-dimensional spikes in the electronigery similar to those of HOPG except for the low-frequency
DOS are well separated. Because of the diameter dispersioregion below 1200 cmt. Therefore, the assignment of many
the energy difference between spikes for the DOS of particuRaman bands of SWNTSs in the high-frequency region can
lar diameters of SWNTs can easily match the laser photomefer to that of the corresponding modes in HOPG. For ex-
energy(or additional Stokes shift of the tangential moges ample, a very weak mode at 1345 chran be assigned as
the resonant scattering for those particular diametric SWNTghe D mode. Its weak intensity relative to the C—C stretching
will dominate the Raman spectra. Therefore, the intensitynode indicates that our sample contains a very small amount
enhancement of the tangential modes of SWNT relative t®f disordered graphite. Unlike the doublet structures ofdhe
that of HOPG provides further direct strong evidence that thenode and its overtone® mode in HOPG, those modes of
tangential modes show the peculiar resonantly enhance8WNTs show singlet structures as well as those modes in the
scattering process that is a direct consequence of the onpyrolytic  graphité® and  multiple-walled  carbon
dimensional electronic DOS. nanotubes$®?° This effect may result from the non-Bernal

Figure 2 shows Raman spectra of SWNT and HOPCcrystal structure because of the curvature of the graphene
excited with 488.0 nm excitation. For the Raman spectra ofheet and the existence of small amount of disordered graph-
HOPG, except for the C-C stretching Raman-act@e ite. In the region of high-order Raman spectra of SWNTSs,
modes at 1581 citt, a very weak disorder-inducddd mode  Raman bands at about 3561, 4048, 4273, 4800, 5330, 5848,
at 1369 cm! is observed. The overtone of ti2 mode ap- and 6885 cm® are revealed. Based on the assignment of the
pears at about 2736crh(2D,) with a shoulder of corresponding modes in other carbon matetti$and their
2698 cm (2D,), even though th® peak is normally un- frequency matches and intensities, we also designate the
observable for single crystal graphite because of the selectioB661, 4048, 4273, 4800, 5330, 5848, and 6885tands
rule atk= 0.8 Corresponding to the doublet structure of as 2009 cm'+ G, 3D, 2D+G, 3234cm*+G, 2D +2G,
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TABLE I. Peak positiongs (cm™1) and the assignments of main fundamen- Besides the tangential stretching modes, other higher-
tal and higher-order modes of SWNTs excited by 488.0 nm excitation. order Raman modes also exhibit the resonant enhancement
w(cm™) Assignment w(cm ™Y Assignment b_ehavior; the intensity of the- 2635 cm! (2D) mode ex-
; cited by the 632.8 nm laser also is about 30 times greater
1352 D 3234 D than that of HOPG. Similar results are obtained when
1572 G, (TO) 3561 2009 G, ) o
1591 G, (LO) 2048 D 42D SWNTs are e?<C|t_ed by other excitations such as 488.0 and
2009 _ 4273 D+G, 514.4 nm excitation wavelengths. For example, all the Ra-
2197 - 4800 D'+G, man lines of HOPG in Fig. 2 have been enlarged about 95
2449 - 5330 D times to the same scale as those of SWNTs. The primary
2696 D 5848 D+26, reason to easily observe the higher-order modes of SWNTs
2946 D+G, 6885 D+G, .
3184 5, is that SWNTs show the remarkable resonant enhancement

process in the Raman scattering which makes the intensity of
many modes of SWNTs much larger than that of the corre-
) , sponding modes in HOPG. This also allows higher-order Ra-
and 4D+ G modes, respetztllvely. The frequen_cly d|ﬁerenceman bands up to the fifth-order mode to be obtained whose
_bet_vveerD +D (2x1352cm ) and 2D (2696 cm ) m_odes energy shifts are about 0.85 eV relative to the excitations.
indicates that SWNTs have strong phonon dispersion. After In summary, we carefully discussed the Raman spectra
considering the splitting of the tangential stretching modesOf SWNTSs synthesized by the catalytic decomposition of hy-

the frequency matches of many higher-order modes can b(?rocarbons. The spectra are very similar to those of HOPG.
met satisfactorily. The reason that the frequency of tbe 4

A ; It has been found that the tangential C—C stretcléngodes
mode (5330 anl) IS not twice as much as that of thd2 g5, 5 girect significant resonantly enhanced Raman scatter-
mode (269§lcm )i not clear up to now. The frequency of ing process due to the one-dimensional quantum confinement
the 3234 cm .mode is almost the same as that of thg,z of the electrons in the SWNT. Because of this enhancement,
mode in multiple-walled carbon nanotuB®snd pyrolytic

hitel2 deri he f hat th ¢ oh second- and higher-order Raman bands up to fifth order at
graphite.” Considering the fact that the DOS of phonon 5+ 7000 crt have been revealed and have been assigned

should almost remain unchanged from the zone-folding Iatz? their corresponding fundamentals.
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