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RamanD-band spectra are reported for several different SWNTs using two different laser ené&gigs (
=1.58 and 2.41 e)/ At a fixedE 4, individual isolated SWNTSs exhibit different diameter-depend2itand
frequencieswp around an average value. For both semiconducting and metallic tupedecreases with
decreasing nanotube diameter, though for isolated metallic SWNTSs is higher than for isolated semicon-
ducting SWNTs. The averade-band frequency depends linearly By, @s previously observed for SWNT
bundles, suggesting that tiileband in SWNTSs is activated by defects or by the finite size of the SWNTSs.
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The disorder-induced Raman barid pand is a feature presence of defects and/or by the finite size of the nanotubes?
common to allsp? hybridized disordered carbon materials. Does theD-band frequency depend on the SWNT diameter?
This D band is associated with phonons close toKhgoint In order to address these questions, we have here per-
of the graphite Brillouin zon€BZ), and theD band becomes formed a Raman study of thB-band feature for over 35
Raman active for disordered carbon materials due to the logdifferent isolated SWNTSs, using two differenk, g, values
of translational symmetry.The D-band frequencywp, ap-  (1.58 and 2.41 e) The observation of Raman spectia-
pearing between 1250 and 1450 chmshows a strong linear cluding theD band of isolated SWNTSs is possible due to
dependence on the excitation laser eneiffyl). ThisE.r  resonance with the one-dimensional van Hove singularities
dependence of thB-band phonon frequency mp? carbons  in the density of electronic statés'?We here show that for
has been attributed to an electronic transition between bandsgivenE,,.,, the different isolated SWNTs actually exhibit
with a linear dispersion relation, which is in resonance withdifferentwp values. However, the mean value of theband
the incident photoA= In the case of single-wall carbon frequencywp, for isolated SWNTs depends @, Similar
nanotubes(SWNTS9, phonons within the interior of the to the general case ofp? carbon materials, and this mean
graphite Brillouin-zone become Raman-active due to thevalue of wp is consistent with the same dependence
folding of the 2D graphite Brillouin zone, thus giving rise t0 wp(E ,e) that is observed for SWNT bundles. The observed
phonons at the center of the 1D carbon nanotube Brillouirg,,... dependence ofp and 1 for isolated tubes suggests
zone® Therefore, several features are expected to appear ifat the associated phonons are not at the center of the 1D
the Raman spectra of SWNTs around 1300 énthe fre-  Brillouin zone of SWNTSs, and that these phonons are acti-
guencies and Raman cross-sections being strongly dependefatted by the presence of defects or by the finite size of the
on the nanotube diametdy and chiral angles. nanotubes. By comparing the Raman spectra ofiHeand

In laser energy E,,s.) dependent studies of tH band with that of the tangentialG band for different SWNTs
and of its overtone, th&’ band, it was showhthat the ~ probed with a giverE s, it is shown thatwp decreases

D-band frequency of bundles of SWN'E_rD exhibits a basic with decreasingd; for both semiconducting and metallic

linear E 5. dependence, somewhat similar to other carbontUbe.S' Moreover, we obs«_arved thag for metallic SWNTs
X . . . __Is higher thanwp for semiconducting SWNTs at the same
sp? materials, but also with some marked differences. First

- i i laser-

wp for SWNT bundles for a givel s iS always smaller by Isolated SWNTs were prepared by a chemical vapor
about 20 cm*, as compared to othexp” carbon materials.  deposition method on a Si/Sj@ubstrate containing nanom-
Moreover, a plateau or oscillation was observed inEiger  gter size iron catalyst particlédThe samples exhibit a con-
dependence obp , in the Ej,s range where the optical in- centration of 3 SWNTs perum?, and a broad diameter
terband transition fometallic SWNTs occur$:® The inten-  distribution (1=d,<3 nm)!? Resonant Raman spectra from
sity of the D-band feature was also found to be especially100 cmi' ! to 3000 cmi'! were obtained from individual iso-
large in this “plateau” range oE,s.,. TWO major questions lated SWNTs on this substrate, using a Kaiser Optical Sys-
remain concerning the nature of tileband in SWNTs: Is tems, Hololab 5000R: Modular Research Micro-Raman
this band active in a perfect SWNT or is it activated by theSpectrograph (lum laser spotwith 25 mW power. Spectra
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FIG. 1. Raman spectra taken on two different spots excited by G, 2. Raman spectra of four differerisolated SWNTs
Ej.se= 1.58 eV. The features marked with asterisks are attributed t?Elaser: 1.58 eV). The frequencies for th2 band and for the two
the Si substrate. The insets show and,G-band andG’-band most intenseG-band peaks are displayed in T
resonant Raman spectra for two isolated SWNTs excited Ry,

=2.41eV. As we discuss below, the differeniy values obtained with

) ) _one unique energ,.erare related to avp dependence on
were taken out on more than 30 different isolated SWNTSs i

several samples using 785 58 eVj and 514.5 nn{2.41
eV) laser excitation lines.

Figure 1 shows Raman spectra coming from two differen
light spots, in the spectral range 100—2800 ¢tnobtained
with Ej,se= 1.58 V. The most intense Raman features ass
ciated with the SWNTs are the radial breathing m@geBM)
band at~160 cni!, the D band at~1300 cm?, its over-
tone (the G’ band at ~2600 cmi'?, and the tangentia
band between 1500 and 1600 ¢hwith the upperlower)

.
It is well known that the SWNT diametetl, can be esti-
mated by the RBM frequencyggy (Ref. 6 and, according
% a recent Raman study of isolated nanotuesggy is
related tod; by wrgy=248 cnm' ! nm/d,. However, in the
0;:')resent casapggy cannot be used to assign the diameter of
the nanotube associated with tieband, since different
SWNTs may be associated with the RBM abeband fea-
tures in a given Raman spectrum coming from a light spot
) ) . f - containing about 6 SWNTSs. This is due to the fact that the
spectrum 3°f Fig. 1 typical of a semiconductiigietallic)  o5onant Raman windows associated with the RBM and the
nanotube® Although the sameEae; Was used, thd-band ' pands have different widths, since the energy difference

frequencies for these two isolated SWNTs are diﬁere”behmeen the scattered photons for the RBM andDHeand
(1286 and 1300 cm'), as are theG'-band frequencies s anout 0.16 eV. Such a case occurs in Fig. 1, where both

(2573 and 2598.cr‘nl), corr.esponding to their respective spectra show RBM peaks centered around 160 ‘crand,
2wp values. The insets to Fig. 1 show Raman spectra of tWenerefore, the associated SWNTs both have diameters of
different isolated SWNTs obtained Witk ,se=2.41 €V,  ghout 1.55 nm. The SWNTs associated with theggy are
where  now _“p and wg are at 1343/1347 and pgcessarily metallic, since only metallic nanotubes with di-
2685/2693 cm*, respectively. _ ameters around 1.55 nm can be in resonance in a Raman
For SWNT bundles, it was foufdthat wp (in cm™!)  experiment forE .= 1.58 eV (see inset to Fig. 3 How-
depends OffE 55, (in €V) aswp=1210+ 53 Ejns¢, according — ever, theG band shown in the upper spectrum is typical of a
to which, wp for SWNT bundles, investigated Witl ce _sem|conduct|ng nanotgbe, whgreas th_e broad tangennal band
=1.58 and 2.41 eV, is expected to be 1294 and 1338%cm in the lower spectrum is assouateq with a metallic SWRIT.
On the other hand, the energy difference of the scattered
photons associated with theé band and the tangentiab
band is only 0.036 eV. Therefore, the same SWNT is likely
%o be associated with both ti2 band and the tangenti&
band in the Raman spectrum of isolated SWNTSs.
It is well known that, relative to the graphiEazgz mode at
= o : 1582 cmi'!, the G band of SWNTSs is split into six different
:E:t rt::aglrjergg:tf:"ngg 106294 f(;gnm flozrstéu?:li;(;fsc r?}ftv;'gfn components, the smaller tle, the larger the splitting of the
D ' G-band components. Therefore, the SWNT diameter related

isolated nanotubes, suggesting that for a giEgge, wp for 1 an observed band can be estimated by tfeband pro-
SWNT bundles corresponds to an average valuegffor  fjle in the same spectruf.

isolated SWNTSs. Therefore, we find that an ensemble of iso- Figure 2 shows four Spectra Coming from different iso-
lated SWNTs also exhibits ap frequency dependence on lated SWNTs on the Si/SiQOsubstrate. From the splittings
E|aser Similar to the dispersion observed for SWNT bundles.between the two main features in tBebands shown in Fig.

respectively. The predicted value atEs~=2.41 eV is
close to(but somewhat smallgithan wp measured for the
isolated SWNTs shown in the insets to Fig. 1. We hav
measured Raman spectraBis.~ 2.41 eV for 12 other iso-
lated SWNTs and we obtained values fop, ranging be-
tween 1337 and 1354 cm. For E e~ 1.58 eV, we find
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1340 oo teamev value for disorderedp? carbons afE,,e=1.58 eV? How-
C T ever, from Fig. 3 we see that &,,.=1.58 eV, metallic
-~ - SWNTSs with the sameé, values as semiconducting SWNTs
'e z 10 have wp values higher by (183) cm %, suggesting a dif-
% 1320 §“ . ferent slope for thewy vs d; dependence between metallic
o . = and semiconducting SWNTs. The mechanism for the upshift
8 0.0 of wp for metallic nanotubes relative to semiconducting
g 04 (;'[";,m] 24 tubes is not yet clear.
"-é 1300 | ._T\i_. y ' ] Comparing the behavior of th2 band for isolated semi-
g jr E,, conducting and metallic SWNTs, we find, as described
A E S s above, thatwy depends om, in both cases. Thig; depen-
3 E22 dence, superimposed on the gen@sgkE wg+ 53E ¢ linear
1280 . dependence, Eight explain the plateau reported foEiQg,
0.5 1 dependence abp of SWNT bundled® in the range 0 ,qer
1/d, (nm™") spanning th& )} band(see inset to Fig.)3 Figure 3 indicates

that an increase iR 4, would bring SWNTs with a decreas-

FIG. 3. wp for |s_olatedS_WNTs as a funct|o_n of inverse diam- ing diameter in resonance with a given electronic transition
eter (14;). The horizontal lines between the diamond symbols de- Th = th h h band of electroni
fine the range in diameter where isolated SWNTs can be resonar":n” L US, 8SEjaser PASSES through each band of electronic

With E,,eo=1.58 eV. The dispersion i, observed for the differ- transitions(such asE})), there is arincreasein wp due to
ent SWNTs is indicated by the arrows. The dashed line defines the generalw dispersive behavioralso found insp?
linear extrapolation ofvy, going to theD-band frequency fosp? carbons) and also a superimposetkcreasein wp, since
carbon(square mark, from Ref.)Jor d,—. The inset shows the smaller SWNTs become resonant within each of g

d; dependence of the optic8;; transitions for SWNTs from 0.4 bands asE, increases. Thus, the averag_fb over all
<d;<2.5 nm. The horizontal dashed lines show the resonant "mi%WNTS Witﬁenr the diameter distribution that are resonant

for the Stokes process betwepse~ 1.58 eV antE e Epn. The . M . .
vertical lines in the inset mark the SWNT diameter ranges that cal)f\”th'n the Ey; band shows a much smaller dispersion than

be resonant WithE ge;. for sp? carbons over thEQ"1 energy width(see inset to Fig.

3). Note that the expected range for bundles wheB, e,
2, we can identify spectrurta) as coming from a semicon- passes through tHEQ"l resonance conditiofiss ~10 cm %,
ducting SWNT with a larger diameter than the semiconductwhich is about the same magnitude as the changes we ob-
ing SWNT in(b), and spectruntc) as coming from a metal- served due to the diameter dependencevgfat constant
lic SWNT with a larger diameter than the metallic SWNT in E . and to thewp, difference between metallic vs semicon-
(d). Comparing thewp values in Fig. 2 for spectrég) and  ducting SWNTs of the same, (see Fig. 3 Therefore, this
(b), and spectrdc) and (d), we see that, for both semicon- kind of the linear oscillatory behavior observed in the

ducting and metallic SWNTsy;, depends ord;, i.e., the ZD(Eme) dependence for SWNT bundles is expected to oc-
smaller thed,, the smaller the"D.' ¢ cur for all resonances with interband transitidgs, as ob-
The observation of thB band in the Raman spectra of an served recently by Grueness al1° Notice that a similar type

isolated SWNT is limited by the resonance conditions on ¢ oqeijiatory behavior has been previously reported by Mil-
SWNTS. In our resonant Raman Stokes experiment With o ot 5114 3150 for the radial breathing mode resonance
Ej.se= 1.58 eV, resonance occurs with optical transitiéns Raman phenomena.

falling close to the energies l_.58 eV and 1.42 eV, si_nce_ the |+ was also previously reported that, for SWNT bundles,
energy of theD-band phonons is about 0.16 eV. Consideringine p_pand intensity is larger for metallic SWNTs than for
the diameter distribution of our sample, resonance will Occugemiconducting SWNT&? We have measured tha-band

with optical trapsitionfgz, E11. and E§3 (see inset to Fig.  feature on more than 30 different isolated SWNTS, and for
3), corresponding to SWNTs witkl, in the interval 0.95 hese tubes, thB-band intensity appears to be random from
<d;<1.20 nm for E3,, 1.45<d,<1.85 nm for E}}, and  one nanotube to another. We also measured isolated SWNT
2.00<d;<2.50 nm forE3;. The wp values we observed for spectra for which the intensitieiggy, g, andlg, were

14 different semiconducting SWNTs range from 1280 toquite strong, but wheré, was extremely weak or absent.
1299 cmi !, but the distribution is not random, and exhibits a Therefore, our measurements on isolated SWNTs do not ac-
tendency to be dispersed in two blocksugf values centered count for the highD-band intensity observed for metallic

at 1285 and 1295 ciit. In Fig. 3 we tentatively plotop Vs~ SWNTSs in bundle§® Our results suggest that th2-band

1/d;. The vertical lines in the inset to Fig. 3 define the di- intensity depends on random characteristics, such as defects
ameter ranges where isolated SWNTs can be resonant wiih the nanotube lattice or the finite size of the nanotubes, and
Ease— 1.58 €V, and the observed dispersiondg for the  that the large intensity observed for bundles is due to a better
different SWNTSs is indicated in the main figure by the ar-resonance condition for metallic SWNTSs, considering the la-
rows. We can define an average linear extrapolatiom®f ser energies that were used and the SWNT diameter distri-
going to ~1313 cm'* for d,—o, corresponding to the,  bution of the sample%® However, for isolated SWNTd,5
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obtained WithE,..~=2.41 eV is generally weaker than that the finite size of the SWNTSs or to the presence of defects,

at Ej,e= 1.58 €V, as is also observed for SWNT bundles. which break the translational symmetry along the nanotube
In summary, the observation of tHe-band feature for axis, explaining the fact that tHe-band intensityl , appears

isolated single-wall carbon nanotubes implies resonancdo be random from one nanotube to another. Finally, we

with the one-dimensional van Hove singularities in the dengrgue that the anomalousy(Ese) plateau behavior ob-
sity of electronic states. We show here that, using the samgeryed for SWNT bundles might be explained by considering
Elasen different isolated SWNTs exhibit differentp values,  he diameter dependence @f, for isolated SWNTs and the
around the averagep for SWNT bundles. This result is resonant nature of the Raman process.

interpreted in terms of &; dependence ob in isolated
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