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Diameter-selective resonant Raman scattering in double-wall carbon nanotubes
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Double-wall carbon nanotubé®BWNT's) have been studied by Raman scattering using different excitation
wavelengths and their spectra compared to those of single wall nand&Wa¢T's) and G-SWNT peapods.
Raman scattering from the radial and tangential vibrational modes of very small diaine@6—-0.9 nm
secondaryinterior) semiconducting tubes within the DWNT can be unambiguously identified with 647.1 and
1064 nm excitations. The frequency of the tangential displacement vibrational modes identified with these
secondary(interion) tubes is found to be downshifted by7 cm ! relative to that of the larger primary
(exterion tubes that exhibit a diametei~1.3—-1.6 nm. This downshift strongly suggests that at small tube
diameters(i.e., d~0.7 nm), the associated wall curvature of the nanotube may require an admixsipé of
character in the C-C interaction. Our results also show that the wgle€2.90 eV for the nearest C-C tight
binding integral is consistent with the resonant enhanced Raman scattering from DWNT’s.
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[. INTRODUCTION outer tubeg® However, to the best of our knowledge, there
has been no resonant Raman scattering study of DWNT's. In
Soon after the discovery of single-wall carbon nanotubeghis paper, we present Raman results on the double wall car-
(SWNT's),}~® Raman spectroscopy was shown to providebon nanotube$DWNT's) and compare them with those of
important information regarding both the vibrational and SWNT's and peapods used to prepare the DWNT samples.
electronic structure of these novel nanofilaméntShe reso- These DWNT's are a special case of multiwall tubes
nant nature of the Raman scattering in SWNT’s was demondtMWNT’s) consisting of only two, rather than many
strated and identified with the presence of sharp péaks  (~3-50), concentric seamless graphene cylindefhus,
Hove singularitiesin the one-dimensional electronic density DWNT’s provide an excellent new opportunity to study the
of states (DOS of small diameter §<2-3 nm) Raman scattering from very small tubes. Normally, an insig-
SWNT’s®’ With increasing tube diameted, these DOS nificant number of these small tubes can be found in most
peaks decrease in separation and become more numero§@VNT samples prepared by arc or pulsed laser vaporization
merging into a broad electronic continuum which approachesethods. We have been able to identify the Raman features
the shape of the DOS in graphene. Distinct, mirror-imageassociated with the smaller diameter inner tubes which are
pairs of these DOS peaks were later confirmed in small difound to be as small as-a(5,5) tube.
ameter SWNT by scanning tunneling spectroscbpgnd the
inverse relationship of t_he dgpendeqce of thg energy spacing Il EXPERIMENT
(E;;) between these mirror image singularities on nanotube
diameter (), predicted by energy band calculatidfi¢! was SWNT's for this study were grown at 1200 °C in an oven
also confirmed experimentally. by the pulsed laser vaporization of carbon target containing a
The resonance in the Raman scattering cross section 1% Fe-Ni. They were subsequently purified by refluxing
SWNT's occurs when the incoming laser photon energy apin HNO5 at 160 °C. SWNT's in the liquid were centrifugally
proximately matches a particuldg;; . Furthermore, the precipitated, and the liquid above the sediment was decanted.
Raman-active radial breathing mo@RBM) frequency (,) Neutral SWNT'’s were obtained by adding distilled water to
undergoing resonant excitement was proposed on theoretictiie sediment and repeating the centrifugal precipitation sev-
grounds to exhibit an inverse dependence on the tube dianeral times. After drying, the SWNT's were subjected to heat
eterd, i.e., w,~ 1/d, and this prediction was found consistent treatment in dry air (420°C, 20 minin order to remove
with the observed range ef, found in a given sample and residual amorphous carbon attached on the walls of the
correlated with that particular tube diameter distribution. SWNT's. It was also found that this process was essential for
Later, this simple inverse relation between RBM frequencyopening the tube ends.
and diameter was amended with the addition of a small con- DWNT’s were prepared from these purified and opened
stant term to take into account tube-tube interactions within &WNT's. As a first step, “peapod” structures were prepared
bundle of SWNT'st2~14 by introducing chains of closepackeg@nolecules inside
Recently, it has been possible to generate DWNT's bythe preexisting SWNT's that exhibited a most probable di-
breaking the g, molecules encapsulated in SWNT¥%Ear-  ameter in the range-1.3—1.4 nm. This was accomplished
lier Raman measurements on DWNT'’s was used to identifipy the diffusion of Gy molecules inside the tubes from the
the radial breathing modes associated with both inner an€g, vapor maintained at 400 °C in a sealed and evacuated
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glass ampould® The DWNT’s were subsequently derived It is clear from Fig. 1 that the Raman bands detected in
from the peapods by heating them at 1200°C in vacuunthe frequency range between250 and~400 cmi® for
(<10°® Torr). Such a high-temperature heat treatment wa®WNT’s must be associated with the radial breathing modes
found previously to induce the coalescence betwegm®I- of the secondaryor innep tubes!® Theoretical calculations
ecules, resulting in the growth of a secondary tube inside thBave been put forward for the diameter dependence of the
primary tube'® Typical high-resolution transmission electron radial breathing mode frequency() for an isolated single-
microscopy images of the peapod structures and th¥alled carbon nanotubes. Various methods have been used

DWNT's have been published previoush?° The unbroken and there is general agreement that the result does not de-
lengths of the inner tube are quite long, typically exceeding?€nd significantly on the chiralitionly the tube diamete).

several hundred nm. The samples used for the Raman studig¥rthérmore, the functional form is found to be=A/w,,
whereA is a constantw, the RBM frequency, and is the

were characterized using transmission electron microsco : -
9 Py, ube diameter. The following values Afhave been reported:

Raman scattering was excited in the visible using a mixe(% 1 . v)
er i - 23 cm ! nm (zone folding method, 218 cm * nm (force
gas Ar-Kr ion laser giving output at 488.0 nf@2.54 e\, constant mod&h. 234 cmrinm (local density

514.5 nm(2.41 eV}, 647.1 nm(1.92 eV}, and in infrared at approximatio?d, 236 cmrinm (pseudopotential densit
1064 nm(1.17 eV) with a Nd:YAG laser. The Raman spectra ppre ' o3 1 P P! SIty
Hmctlonal theory®> 227 cmnm (elastic deformation

with visible excitation energies reported here were measuremode?ll). It should be noted that the elastic deformation cal-

using a Jobin Yvon HR460 single-grating monochromator ; 4 . .
equipped with a liquid nitrogen cooled charge-coupled arra culation of Mahaf* determines an analytical formula for the

detecor and a holograptic nofch ftaiser Opical Sys- <o, "d4eny Iat depends only on he diameter and he
tems, Inc., Ann Arbor, MI, USA The sample was in the 9 P

form of a Ioosely compacted pellt. To avoid aser damage (£ 2 320NE. 0 v B8 FEREL VB STEay SRt 10
the sample, all the visible Raman data were taken at lo i

. P . o “I'he effect of tube-tube interactions on the breathing mode
laser power density2 W cm <) focusing the radiation to . o
. . o have also been considered, and for a tube with diameter close
a~0.1 mmXx1 mm stripe with a cylindrical lens. The la-

ser was incident at 45° to the substrate and scattered Iigﬁ? that of a(10,10 tube, the correction due to bundiings

collected in back scattering to minimize stray light. No o-N14 cm * or slightly highet® ~22  cm *. A series of ex-
o 9 y light. P Oeriments by Dresselhaus and co-workers on isolated tubes
larization analyzer was used, hence both perpendicular a

. . lying on a SiQ:Si substrate arrive at a value oA
parallel polarized light were collected. For accurate determi — 248 cntnm=2® this value forA includes a small, but un-

nation of Raman peak positions, lines from several atoml(fmown, contribution from the tube-substrate interaction. It

spectral lampgHg and Ap were used for spectral calibra- . ;
: i v hould be recognized that the present samples are in the form
tion. The Nd-YAG-excited Raman spectra were collected atc'f bundles of DWNT. Therefore, there are two tube-tube

room temperature in the true backscattering geometry usin teractions that can shift slightly the effective value of the

a FT-Raman spectromet@OMEM DA3+). radial breathing mode: outer tube-outer tube interactions and
outer tube-inner-tube interactions. The latter has not been
IIl. RESULTS calculated. To analyze the RBM data for our DWNT
A. Radial breathing mode region samples, we adopt a simple view. We neglect the small effect
of the tube-tube interactions and simply take the mean value
for A from all the work cited above, i.eA=234 cm* nm.
If, instead we were to have chosen the lowest and highest

The Raman scattering spectra in the low frequency regio
(80—400 cm?) taken with 488.0, 514.5, 647.1, and 1064

nhm excit:lsltior;]s are sh(_)wr|1 in the four panels of Fig}. 1. Inall g e of A, there would be only a+5% change imA and
the panels, the top, middie, and bottom spectra refer, respefiierefore a 5% uncertainty in diameter values calculated

tively, to DWNT's, peapods, and primary SWNT'S. A re- ., the observed DWNT RBM frequencies. The results for
markable difference in the spectra between 250 and 40§ \\ging this relation are summarized in Table I. From the

71 - .
cm - can be observed for all excitation wavelengths excepiypie the RBM frequencies imply that the diameters for pri-

488 nm. In this frequency range, only very weak, or no Ra’mary tubes are roughly in the range 6f1.3—1.6 nm, and

man features are observed for both SWNT's and peapodgy,gge for the innefsecondarytubes in DWNT's are consid-
yet the DWNT sample exhibits several new peaks. Below,

1 , erably smaller, as expected, and in the range of
250 cm ,_t?e line shape of the strongest band observed near g 5" o 9 nm, The difference in the mean diameter of the
~160 cni - shows some sensitivity to the excitation wave- . . - =
length. However, the shape of these lower frequency bands fX€™Mal (primary) and internal(secondary tube Ad=de
essentially independent of whether we consider the responsedin™=0.7 nm. This value forAd is consistent with the
of peapods, DWNT’s, or SWNT's. This indicates two main 7-€lectron cloud thicknesst{-0.34 nm), suggesting that
points: (1) The bands should be identified with the vibra- the inner tubes are tightly nested inside the primanter-
tional features of the primaryoute) tubes and(2) these nal) tube.
primary tube Raman features are not strongly influenced by
the presence of either the fullereng@peas”) or secondary
tubes inside these primary tubes. Of course, we can reach The Raman scattering from the tangential carbon atom
this conclusion only because the three samples are all deibrations (T band is normally detected at-1592 cm'?!
rived from the same SWNT material. for typical SWNT's withd~1.4 nm. The line shape of this

B. Tangential mode region
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FIG. 1. Radial breathing mode
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band depends on the excitation laser enérgyd has been 0— o

shown to exhibit a broad band when excited in the red 1+ T )

(~1.9 eV or 647.1 nm and narrower features for other BWF(w)=1; q > 2
typical excitation frequencies such as 488 (2165 eV} and 1+ w—w

514 nm(2.42 e\). The broadT-band excited at-1.9 eV r

has been identified with scattering from metallic tubes, and

the narrowerT bands with semiconducting tubgghe me-  \wherew, andT" are the peak position and half width at full
tallic tube Raman scattering resonates~a2 eV because maxima for the Lorentzian line shape function. The asymme-
this is the spacing between the first pair of van Hove SingUtry of the BWF function depends on a coupling parameter
larities in metallic tubes in this diameter range. The line(1/q) which is a measure of the strength of the interaction
broadening of the Raman band has been assigned to Fapetween the phonon and the conduction elect(@nsnetal-

resonance arising due to electron-phonon cougling. lic tubes. In the limit 14— 0 the BWF function becomes a
The Lorentzian(L) and Breit Wigner FanéBWF) Raman | orentzian. In this context, we expect a Lorentzian line
line shape functions are given by shape when the electron-phonon coupling is sifs&micon-
ducting SWNT’S and a BWF line shape whendlis large
()= lol’ (1) (metalic tubes _ _
(w—wo)2+ T’ In Fig. 2, we show the Raman spectra in the high-
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TABLE I. Tube diameters estimated from radial breathing m@IBM) frequencies. The tube diameters
were calculated frond= 234/, (as explained in the te)twhered is the tube diameteinm) and w, , the
RBM frequency (cm?). The data with * and 1 are for peapods and SWNT's, respectively. The data for
DWNT'’s are indicated without mark. The diameters for primary tubes are in the rang&.8~1.6 nm, and
for secondary tubes in DWNT'’s 0f£0.6—0.9 nm.

Excitation Primary tubes Secondary tubes Excitation Primary tubes Secondary tubes

; d o, d ; d , d
488 nm 162 1.44 304 0.77 514 nm 150 1.56 267 0.88
182 1.29 384 0.61 166 1.41 321 0.73
172 1.36 385 0.61
185 1.26
162¢  1.44 151*  1.58
180  1.30 167  1.40
176© 1.3%
185  1.26
1620 144 149" 157
1790 131 1660  1.41
1760 1.33
186"  1.26'
647 nm 169 1.38 283 0.83 1064 nm 161 1.45 314 0.75
174 1.34 286 0.82 176 1.33 335 0.70
290 0.81 185 1.26 342 0.68
298 0.78
303 0.77
325 0.72
368 0.64
144 162 1.62  1.4%&
179 1.31 179 1.31
165 142 160"  1.46
176 133 1777 1.32

frequency region 1450—1650 crhthat contain the SWNT  respectively. The details of the analysis of these components
bands. The four panels refer to the excitation wavelengthdre described in the next section.

(488, 514.5, 647.1, and 1064 nnin each panel the DWNT
peapod and primary SWNT spectra appear on top, middle,
and bottom, respectively. Our experimental results for

SWNT (Fig. 2 are also in agreement with the previously  pye to the one-dimensional nature of the SWNT, the elec-
reported res.ults, as evidenceq b)_/ the broad tangential b?”@r%nic density of state¢DOS) exhibits pairs of van Hove
observed with 647.1 nm excitation and narrow tangentiakjngularities located approximately equidistant above and be-
bands detected with 488, 514.5, and 1064 nm excitation. lfy\yw the Fermi energ®® In a tight binding energy band
the latter (semiconducting case, theT-band line shape is mgdel, the energy separation of these DOS singularities can
well represented by the superposition of Lorentzian compope connected with tube diametévia the nearest-neighbor
nents of sem|conduc_t|ng tu.be modes. On the cher hand, tf@_c tight binding integraly,. The pioneering work for cal-
Raman spectra acquired with 647.1 nm excitation are well f'EuIating the energy separations between mirror-image DOS
by the superposition of two different line shapes: Severakingularities E:) as a function ofd was carried out by Ka-
symmetric Lorentzian components and an asymmetric Breitey,;raet al1° and is shown in Fig. 3 as a plot &; vs 14. It
Wigner-Fano componefif. The fits of Lorentzian and BWF 5 eyident that this inverse relationship betwdgnandd is

line shapes to the data are shown in Fig. 2 as the sum of thgm st linear. Each point in the Kataura plot represents the
contributions(dotted ling and the individual contributions 5 culation for a particular symmetryn(m) tube. The dark
(dash-dotted ling It should be recalled that the BWF peak 4nq open symbols respectively, represent metallic and semi-
position is close to the renormalized phonon frequensy ( conducting tubes. The lowest three sets of data are particu-
(renormalized via the coupling of the phonon to the elecHarly useful because they are well separated from the other
tronic states and not the discreteincoupled phonon mode  higherE;; data.E3;, E5,, andE}] refer to the spacing be-
(w). In Fig. 2, the renormalized and uncoupled phonontween singularities in a semiconductifg and metallic(m)
frequencies are indicated inside and without parenthesestubes; the subscrift (i =1,2) refer to the lowesti& 1) and

IV. DISCUSSION
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(b)

DWNTs DWNTs

FIG. 2. Raman scattering spec-
tra for the tangential mode region.
The excitation energies are indi-
cated in each panel. Lorentzian
components associated with the
primary semiconducting tubes are
indicated by the thin dotted lines,
and those with the secondary
tubes in DWNT'’s are indicated by
. A the thick dotted lines iric) and(d)
| i , | 7 (see text The asymmetric Breit-
1450 1500 1550 1600 1650 1450 1500 1550 1600 1650 Wigner-Fano (BWF) component
is also represented by the thick
dotted line in(c) and (d), where
the coupling parametefl/q) be-
tween the discrete phonon mode
and continuum modes, determin-
ing the asymmetry of the line
shape, was fixed at-0.35 [from
Raoet al. (Ref. 27]. The numeri-
cal values in the parentheses are
the renormalized phonon frequen-
cies of the BWF lineqsee text
The thin solid line in(c) is a sum

Peapods Peapods

SWNTs SWNTs

(¢) 647.1nm

Peapods of thin dotted Lorentzian compo-
nents and the BWF component,
which is similar to the spectra
taken for SWNT's and peapods.

SWNTs

1450 1500 1550 1600 1650 1450 1500 1550 1600 1650

Raman Shift (cm'l)

next highest {(=2) separation between filled valence bandsto estimate the range af values for our samplesee Table
and empty conduction bands. The results of these calculd). There must be two ranges when we consider DWNT's.
tions are very helpful to explain the experimental results ofThe ranges for the primaryoutep and secondaryinnen
resonant Raman scattering in SWNT’s. The resonance occutsbes are indicated by the region between thick vertical
for a particular diameter tube when the laser energy matchdsars of Fig. 3. Horizontal lines in Fig. 3 indicate the laser
the separation between a particular pair of mirror image DO$hoton energies which we have used to excite the resonant
singularities. Figure 3 shows the diameter dependenésg; of scattering.

using the value foryy=2.90 eV (based on Ref. 10 where As can be seen from Fig. 3, 488 and 514.5 nm excitation
E;; for the metallic tubes are indicated by the solid circles,energies match well with the third larges} spacing of the
and E;; for the semiconducting tubes by the open circles.primary semiconducting tubd§§3 (open circles located just
From the pattern of symbols in the figure, it is easy to seabove the solid circlgs Therefore, for these excitations,
that a simple M relationship exists between the tube diam-resonant Raman scattering from primary semiconducting
eter andg;; for the three lowest pairs of mirror image DOS tubes should occur. On the other hand, for secondary tubes,
spikes. As the energy spacii; increases with decreasing 488 and 514.5 nm excitations are seen to be unsuitable for
d, the chirality (n,m) of the tubes spreads the resultsigf  resonant enhancement; only the smaller secondary tubes (
vs 1M into bands of results. Eventually these bands merge-0.7 nm) inside the DWNT'’s are likely to exhibit resonant
into a continuum(Fig. 3). We can use the RBM frequencies Raman scattering for 514.5 nm excitation via the sedgpd-
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d (nm) frequencies are identified by the zone folding of the phonon
2 16 14 12 10 09 08 0.7 dispersion of a graphene sheet due to the cyclic boundary
E;, condition of the SWNTF?
In the case of 647.1 nm excitation, the Raman scattering
from the primary(larger diametgrmetallic tubes should be

3.5

[

3'0:_ * * enhanced due to resonant scattering involviEl)j (solid
r **  4g8nm S circles, see Fig. )3 In addition, the Iarge;t_secondary semi-
251 . Ep conducting tubes in DWNT's should exhibit resonant Raman
C 514’:2 P scattering usinges,. This is the origin of the new intense
% 20k o ©o0° ] RBM band at~290 cm ! in Fig. 1(c) that is identified with
= Ro . the secondaryinnen tubes in the DWNT's corresponding to
- 15:_ ] d~0.8 nm(see Table)l Also for 647.1 nm excitation, the
“t 1. s Raman-active tangential mode band for SWNT's and pea-
- sg—> ;E“ pods can be well represented by the superposition of two
Lo~ 1064 nm .o o 00 ] Lorentzian linegthin dotted lines in Fig. @)] and one BWF
[ @svw ] line (thick dotted ling. The latter BWF line should be asso-
05 ] ciated with the primary metallic tubes. The renormalized
[ ] Outer tubes Inner tubes ] phonon f_rtlaquencies of the BWF IinE]i54l cmt (peapod_}a
00 L L T LY. 1547 cm = (DWNT'’s), and 1546 cm* (SWNT’s)] are sig-

0.6 0.8 10 ) 4 16 nificantly downshifted relative to the most intense Lorentzian
Yo=290eV 1/d (am’™) T band associated with the primary semiconducting tubes
(~1593 cmY). It is interesting that this renormalized fre-

FIG. 3. Tube diametefd) dependence of the energy separation quUency is significantly lower 5 cm ') for the peapod
[EX, x=s (semiconductdr or x=m (meta)] between mirror- Sample. Perhaps, this signals a weak charge transfer between
image spikes of van Hove singularities. The solid circles are forthe G molecules and the nanotube. Using 647.1 nm excita-
metallic tubes and the open circles are for semiconducting tubegion, there is significant intensity in a Lorentzian line at
All data points are based on the work of Kataetaal. (Ref. 10, ~1593 cm'! for all three samples. Thus, it should be asso-
but here we set the tight binding integraly = 2.90 eV. The pri- ciated with the primary tubes. However, according to Fig. 3
mary (external and secondaryinterna) tube diameters existing in  only very large primary semiconducting tubes can fit the
the samples occupy the region between the thick vertical lines.  scheme of Fig. 3 vidE3,.

For DWNT's with 647.1 nm excitation, a new Lorentzian
branch for semiconducting tubeEi). Therefore, the Ra- Ccomponent can be observed as indicated by the thick dotted
man scattering spectra recorded for the RBM bajfelgs.  line centered at 1587 cnt in Fig. 2(c), together with the
1(a) (488 nm and 1b) (514.5 nm] and tangential mode contribution from the primary tubehin solid line; sum of
[Figs. 2a) (488 nm and 2b) (514.5 nm] vibrations are two Lorentzians and one BWF line From Fig. 3, a
expected to be quite similar. The new features in the range-0.8 nm diameter secondary semiconducting tube should
250-400 cm? are therefore identified with new RBM bands exhibit resonant Raman scattering \E3,. Therefore, the
associated with the smaller diameter secondary tubes pr&»ew T-band peak detected for DWNT'’s might be associated
duced by the peapod coalescence. with small secondary semiconducting tubes witth

TheT bands in DWNT are found to be slightly broadened ~0.8 nm. The vibrational frequency of this smaller diam-
relative to the SWNTT bands. It is worth noting here that the eter tube is~7 cm ! less than that of the larger diameter
RBM features associated with the primary tubes are nosemiconducting tubes. This observation is consistent with the
modified significantly by the presence of fullerengma- results of the spectral analysis of the 1064 nm excitated Ra-
pods and internal tubeDWNT’s), indicating a small inter- man spectrum, as described next. It is important to note that
action between the host tubes and these “dopants.” This furthe diameter dependence of tidand is expected on theo-
ther indicates that only a very small charge transfer couldetical grounds to be very weak fep? bonded SWNT’s. An
take place with the primary tube and thg,@r interior tube.  experimental observation of this weak dependence has not
Alkali metal or bromine doping of the SWNT'’s significantly been reported to date. We propose that at these small diam-
modifies the vibration features of SWNT’s due to the elec-eters, the admixture afp® character into the C-C interac-
tron charge transfer from dopants to SWNTfsr K and Rb  tions might explain this 7 cmt shift.
and vice versafor Br,).?” Apparently, the charge transfer From the RBM band detected at around 335 ¢nfor
between tubes in a MWNT, or in this case, the DWNT is notDWNT’s with 1064 nm excitatiofsee Fig. 1d) and Fig. 3
strong enough to be easily observed by Raman scatterinfpr y,=2.90 eV], we can say that the resonant Raman scat-
Intense tangential bands observed with 488 nm, 514.5 nrtering from~0.7 nm diameter secondary tub@ee Table
and 1064 nm excitation are all detected with peak positions) is taking place. A new Lorentzian component at 1584
near 1593 cm! with satellite peaks located at lower fre- cm™!, as shown in Fig. @) by the thick dotted line is ob-
guencies. They are most probably associated with the priserved. Since the resonant enhancement of the Raman scat-
mary semiconducting tubes, and the satellite peaks at loweaering at 1064 nm excitation is identified with secondary
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semiconducting tubes, the peak at 1584 ¢moan be attrib- about the tube diameters present in the samples and about the
uted to the secondary semiconducting tubes with resonant enhancement of the Raman scattering from_ the se-
~0.7 nm. The peak position of this transverse phonon peal€cted tubes. From the analysis of Raman spectra using Fig.
from the secondary tubes is also downshifted-by cm ! 3 and tu_be diameters mfer_red from the_RBM frequ_enmes, '_[he
as compared with that from the primary tubes. This is furtheffangential mode frequencies of the primary semiconducting
evidence that th& bands for smaller diameter tubes exhibit tubes ¢-1.3-1.6 nm diametgrand the secondary semicon-
a tendency to downshift slightl{perhaps due to wall curva- ducting tubes in DWNT's {-0.6-0.9 nm diametgrcan be
ture). separated, respectively, into~1590-1594 cm! and
Finally, we discuss about the appropriateness of the value 1584—1587 cm'. In addition, the primary metallic tubes
¥0=2.90 eV used in the present analysis. According to thevith d~1.3-1.6 nm gave asymmetric BWF type Raman
analysis of previous optical absorption spe¢tr&the value  scattering lines with 647.1 nm excitation. The renormalized
¥0=2.75 eV was obtained after consideration of a possibl@honon frequencies of these BWF lines are in the range
exciton effect which upshifts the lowest optical interbandof 1541-1547 cm?, which are considerably smaller
transition energy(first-E,;) of semiconducting tubes due to than the phonon frequencies of semiconducting tubes
the additional transition to the excitonic band. However, this(~1590—-1594 cm*). This downshift has been explained by
exciton effect should be absent in the metallic tubes. As &he effect of screening the C-C interaction due to the conduc-
consequence, the exciton transition only modifigy, and ~ tion electrons of metallic tube._The nearest C-C tight b_|nd|ng
increases the optical absorption peak by onl§.08 eV for  integralyo=2.90 eV was applied to explain the experimen-
d~1.3 nm tubed? If we take into account the proposed tal results.
exciton effect, the values foEf1 is perhaps upshifted by
~10%. Even after correcting for this effect, the modification
of the resonant condition appears only a small effect in the This work is supported, in part, by the Japanese Ministry
secondary tubes studied with 1064 nm excitation. Thereforesf Education, Science, Sports and Cult¢@rant-in-Aid for
it does not have much impact on the results presented her8cientific Research on the Priority Areas Fullerenes and
In addition, it should be noted that it is necessary to 4ge Nanotubes and by Meijo University(S.B). We also grate-
=2.90 eV in order to explain the resonant enhancement ofully acknowledge the Japan Society for the Promotion Sci-
Raman scattering from metallic tubes by 647.1 nm excitaence (S.B) and the National Science Foundati¢f.C.B,
tion. Grant No. INT-9815744, for travel funds to exchange re-
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