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This work reports Raman spectroscopy measurements from single wall carbon na8iWhEEy address-
ing the nature of th&-band resonance Raman spectra. Experimental results on different samples are presented,
i.e., aligned and misaligned SWNT samples, as well as isolated and bundled SWNTSs. It is shown that the
Raman spectra from nondefective SWNTSs, both isolated and bundled, are composed of strong first-order single
resonance Raman features. Defective materials, however, are found to exhibit lower intensity spectra with
contributions from both single resonance and defect-induced double resonance features.
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Raman spectroscopy is one of the most powerful techterize SWNTs. Answering these questions is the goal of this
niques for studying carbon nanotubed.The so-called paper that provides a consistent picture to explain present
G-band, appearing in the frequency range fromand previous experimental results concerning this debate.
1520 to 1630 cm (roughly centered at the 1582 Chn Micro-Raman spectra were recorded in a backscattering
graphite frequengy contains multiple components and gives configuration using both single and triple monochromators,
a clear spectroscopic signature of carbon nanotubes. The frequipped with cooled charge coupled devi¢ECDs), by
guencies of the variou&-band peaks exhibit a clear and using different excitation laser lines. The spectra were re-
well-established dependence on diamét), as well as a corded from different samplegi) a fiber of an aligned
dependence on whether the nanotube is metallic oBWNT bundlel with an overall diameter of~-1 mm size
semiconducting~* Even though theG-band Raman modes and the nanotubes in the sampiie=1.3+0.2 nm exhibiting
have been widely used for many years for the study anexceptionally good alignment along the fiber axisetter
characterization of carbon nanotube samples, the nature ¢fian +59;'? (ii) isolated nanotubes on a Si/Si®ubstrate
the scattering process for tH&-band in nanotubes is still with a random orientatio®® low tube density, and a diameter
under debate. range 1<d,<2 nm; (iii) isolated nanotubes on a sapphire

The debate concerns whether the Raman signal from thsubstrate prepared so that the SWNTs are all aligned, and
G-band in SWNTs originates from a single-resonance firstwith a diameter range 0Zd,<1.7 nm!* The Raman spec-
order Raman procesglight absorption, g=0 phonon tra are fit using a sum of Lorentzian peaks. For isolated
emission/absorption, light emissidn®® or from a defect- SWNT measurements, atomic force microsc@p#M) im-
induced double resonance Raman progéght absorption, aging of some samples was carried out to locate isolated
g+#0 phonon emission/absorption, scattering by a defectSWNTs that could be further measured with resonance Ra-
light emission.5-8 This simple and fundamental issue is of man spectroscopy. The AFM measurements were made with
major importance for the physics of carbon nanotubes. Thera Nanoscope IV MultiMode SPM from Veeco Instruments
are several SWNT Raman features that are well establishesperating in the intermittent conta¢tapping mode, using
as defect-induced double resonance features, e.g.Dthe standard Si probes.
band!-23 the acoustic modes and the* band (~1620 Figure 1 shows th&-band Raman spectra obtained from
cm1),? and these features can only be observed in the pres SWNT fiber at two different locations, as shown in the
ence of defects. The question then arises whether, by assigimset to the upper panel. The upper spectrum comes from
ing the origin of the Raman signal from th@-band in locationl, at the center of the fiber, and it has been acquired
SWNTs to a defect-induced double resonance effect, woultvith both incident and scattered light polarized along the
one then never observe a stro@gband Raman spectrum fiber axis, i.e., thgZZ) configuration. At this location, the
from a nondefective carbon nanotube? Would the radiatross-polarized XX) spectra are~120 times less intense
breathing modé¢RBM) feature, largely used for SWNT di- than the(ZZ) spectra, due to the antenna effeéctindicating
ameter characterizatidn® then also be connected to defect- an excellent degree of alignment for the SWNT bundles. The
induced double resonance proces&g®nswering these (ZZ) spectra can be fit using two sharp Lorentzighs cnit
questions is important, since their answers have a strong iFfWHM) located atwg-=1564 cm'! and wg+=1593 cm?,
fluence on how Raman spectroscopy can be used to charawehile the(XX) spectra, although less intense, clearly exhibit
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FIG. 1. (Color onling G-band resonance Raman spectrum from Frequency (cm‘1 )
a fiber of aligned SWNT bundld&,sc=2.71 eV). The inset to the
upper panel shows an optical image of the sample. The spectrum in FIG. 2. The left panels show th&-band Raman spectra in the
the upper panel was taken from locatibiisee upper insgtvith the (Z2) polarization geometry at locatioh [see inset in Fig. @],
(Z2) polarization scattering geometry, and the spectrum in theusing four different laser energies, as displayed in the figure. The
lower panel was acquired from locati@ The inset to the lower right panels show the spectra measured with the same laser energies
panel shows thd,,., dependence of the two peaks indicated by in location2 of the sample. The peak frequencies are displayed in
arrows. The solid curves in this inset are predictions forBhg,,  cm™.

dependence of th&-band double resonance featu(&efs. 6 and
7). For example, the dark gray peak does not change frequency

whenE,.is changed, while the light gray peak down-shifts

contributions from theE, symmetry features, as previously with increasingEser The E xcer dependence for these two
discussed-315The well-known disorder-induceB-band is  gray colored peaks is shown in the lower inset to Fig. 1
almost absent, the integrat&@tband area being-35 times  (pointy together with predictions from the double resonance
smaller than the integrated area of tGeband Lorentzian model(lines).®’
peaks. Based on the experimental results in Figs. 1 and 2, the

The lower panel of Fig. 1 shows th&-band spectrum assignment of the scattering nature for Gévand peaks can
from location2, which is at the edge of the same fiber, wherebe discussed. Th&Z) spectrum obtained in locatiah the
misalignment and defec{structural and impuritigsare ex-  region of aligned defect-free SWNTs in the SWNT filisee
pected. TheG-band intensity is much lower in locatio?, Fig. 1), exhibits two sharp peaks. This result is in agreement
about 35 times less intense than in locationMany peaks with group theory predictions for first-order Raman scatter-
are observed in the spectrum at locat®ynclearly different  ing using this scattering configuration, where only t#o
from the spectrum at locatioh Eight Lorentzian peaks are symmetry modes are expected to be Raman a&tiACon-
used for fitting the spectra at locatich Four lower fre-  sidering the average tube diameteidpf 1.3 nm, theG-band
quencyG™ peaks can be clearly distinguished in the specdorentzian frequencie$1565 and 1593 ciit) are also in
trum. Four upper frequencigs* peaks were used, since it is agreement with the expected results for fenodes in car-
expected that the same number@f andG™ peaks will be  bon nanotube’:®® Furthermore, these features are Egt,,
related independently to the LO and to the TO branches oflispersive(see left panels of Fig.)2 Therefore, they are
2D graphite, respectively, on the basis of the ma@#ther  assigned as first-order single resonance Raman features.
single or double resonancesed to explain the multipeak The spectra obtained in locati@where defects and mis-
feature’=3" The integrated area for tH2-band in locatior2  alignment are expected, clearly show results that cannot be
is only 3 times smaller than in locatioh, the D-band in  explained by only considering first-order Raman-allowed
location 2 being relatively much more intense than in loca- modes, even considering that tlieband is composed of 6
tion 1 when compared with th& band intensity. The Lorent- peaks and contribution from different SWNTs within the
zian peaks used to fit tHe andG bands in locatior2 exhibit ~ bundles. Eight peaks are observed, some of the peaks are
similar integrated areas. dispersive, while some of the peaks are not dispersive, as

Figure 2 shows similar spectra to those shown in Fig. 1shown in the lower inset to Fig. 1 and in Fig. 2. These spec-
but taken with differentE ¢, lines. The left panels come tra can be explained as composed of both first-order single
from location 1 and exhibit no significant dependence onresonance Raman peaksd defect-induced double reso-
Easer The right panels come from locatid)) and interest- nance features.
ingly, some of the peaks are dispersive, while some are not. Considering electronic transitions occurring &,ge,
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=2.41 eV, the difference between the single and double reso-
nance frequencies are estimated to be about & d¢ar E;
symmetry phonons, and 4 ¢hifor E, symmetry phonon®
Therefore, theG™ peaks observed in the spectra from loca-
tion 2, and shown in Figs. 1 and 2, are assigned as follows:
the peak at 1569 cm is assigned to &, single resonance 1340
process; the peak at1562 cm* to a double resonance pro- §
cess; these peaks are separated by 7 cfor Ege a o
=2.41 eV, in agreement with the estimated 8 &nThe peak
at ~1546 cm? is assigned to unresolved double and single /
resonancé, symmetry modes. Finally, using the zone fold- 1320 b’
ing picture, the~20 ¢! splitting between the 1548 crh , . , ,
and the 1525 cnt features agrees with the frequency split- 200 225 250 200 225 250 275
ting expected for thee, and E; symmetry modes. In this E_ (eV) E_.(eV)
case, the 1525 cth feature can be assigned to Bg sym-
metry disorder-induced pedR. FIG. 3. TheD (a), G” andG* (b) band frequencies observed for
With increasing laser energy, the splitting between thedifferent isolated nanotubes on a sapphire substgien symbols
single and double resonance features is expected to indreasand on a Si/SiQ substratefilled symbolg using several different
This behavior is clearly observed for the tvi@ features laser lines. The stars symbol data points come from Ref. 8. The dark
shown in Fig. 2 by gray colored Lorentzians. The upper fre-solid line in (a) shows the prediction from the double resonance
guency first-order single resonance feature always appears rapdel for theD-bandwp. The solid line was downshifted to fit the
1569 cm?, in agreement with previous experimefitaind  experimental results according to Ref. 18.
theoretical’ results for theE; symmetry mode. The light
gray peak(assigned as a double resonance featdoevn- It is important also to discuss results on isolated SWNT
shifts from 1565 to 1558 cm whenE,is increased from samples. Figure 3 shows data fog (a), wg+ andwg- (b) as
2.34 eV up to 2.71 eV. The frequency behavior of the lighta function of E ¢, for 11 different spot positions, i.e., 11
gray peak exhibits the dispersive behavior expected for different isolated SWNTs, six isolated SWNTs on top of a
double resonance feature, considering the results to be aapphire substrai®pen symbols and 5 SWNTs on top of a
average over contributions from many different nanotubessi/SiO, substratefilled symbol9, plus one set of dat@targ
within the bundle®’ from Ref. 8. Each set of points connected by lines comes
A small dispersive behavior has also been observed foirom one individual different SWNT.
the E, and E; peaks. These small dispersive behaviors could The solid line in Fig. 8) represents the prediction from
be consistently fit by using one nondispersive peak, and onthe double resonance model for theband®’ In general, the
dispersive peak obeying the double resonance predictiomxperimentally observedy follows the prediction from the
However, as discussed above, the two features are too clos@uble resonance model very well. TBeband spectra from
in frequency and they cannot be clearly distinguished in thehe same SWNT are sometimes observed to change slightly
experimental spectra. from oneE s t0 the other. Effects of local temperature and
A fitting analysis for the high frequency upp@éf feature  selection rules related to tuning through different resonance
is hard to make, since the peaks all overlap with each otheconditions should be considered. For example, wikgn
This overlap of several features can be understood for both-E, or E,—E,., electronic transitions are excited, differ-
single and double resonance features based on a zone foldiegt phonons are selecteduch an effect can give rise to
picture, since close to thE point the dispersion of the LO different first-order single resonance Raman spectra when
phonon branch in 2D graphite is small when compared withmaking measurements with differeB,., lines, since for
the dispersion of the TO phonon branch. T&efeature was eachEs, phonons with different symmetries could be acti-
fit using four Lorentzians for consistency witd™. These vated. These small changes could also be due to contribu-
data show a tendency to upshiftBg.,is increased, consis- tions from both single and double resonance features, as dis-
tent with a contribution to th&* feature from double reso- cussed for defective SWNT bundles, while the various
nance features. However, the dispersion of these data cannatlividual SWNTs exhibit different defects or no defect, dif-
be described by that predicted by the double resonancierent resonance and extrinsic environmental states. The
model, because th&* feature has unresolved contributions dashed line in Fig. &) however shows a linear fit consider-
from both single and double resonance processes. ing all the G~ peaks (excluding the stars for a metallic
From the arguments developed here, the analysis of thEWNT from Ref. 8, and a straight line gives the best aver-
Easer dependence of th&-band feature from defective ma- age behavior. Once th®™ frequency is predicted by double
terials requires both single and double resonance contribuesonance to decrease with increaskg., (exception for
tions to achieve a consistent fit. This result explains whythe special case of the metallic SWNT discussed in Rgf. 8
previously published work did not show the correct disper-the resonance signal from isolated SWNTs measured here
sion for the double resonance featdrBy considering the shows no clear evidence for a defect-induced double reso-
G-band spectra from defective SWNTs to originate onlynance mechanism.
from double resonance processes, no detailed analysis could In conclusion, a consistent picture that explains present
be carried out. and previously reported results for the scattering nature of
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the G-band of SWNTs is presented. Basically, Beband in Finally, it is important to comment that for the RBM fea-
defect-free aligned SWNTs originates from single resonanceure, no significanE,,.., dependence or differences between
processes, thus implying that the knowledge developed frorRBM spectra from locations and2 at the SWNT fiber have
the first-order single resonan€band Raman spectra can peen observed. Up to now there is no evidence for a double
be used for the characterization of high quality samples. Theasonance behavior for the RBM feature in the literature,
ccjsi;ft:eigﬁtlr;)gaelzgcwﬁga\;\{m; ?%mmplgzihh%\?@;:r’aﬁzn d%tht')?é%either from bundles nor from isolated SWNTs. The ques-
y t%ps raised at the beginning of this text can be answered: A

resonance processes, and they have been assigned here . .
SWNT bundles. Both single resonance and double resonan&?rfea carbon nanotube should exhibit strong first-order

features are found to exhibit contributions of similar inten-Single resonanc&-band and RBM features.
sity to the spectra of defective materials, the extra resonance
in the double resonance process allowing observation of a|
effect one order higher in perturbation theory. Therefore, :
complete analysis involving both single and double resoX: - Winey and R. Haggenmueller for SWNT/
nance features must be developed to understand@ieand ~ Pely(methylmethacrylagecomposite fibers. The authors also
spectra. Interestingly, it turns out that the averaged resultdcknowledge Professor A. G. Rinzler for kindly providing
from SWNT bundles deliver illuminating messages leadinghis SWNT samples. Work supported by the CNPg/NSF pro-
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must be taken in the analysis, since different single resounder NSF DMR 01-16042. R.S. acknowledges a Grant-in-
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