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The electrical and optical properties of single-walled carbon nanotubes (SWNTs) have been shown to be
sensitive to their environment. Therefore it is very important to understand and exploit the environmental
effect on the properties of nanotubes, especially for individual SWNTs. We report herein a systematic
investigation of the Raman spectra variation of 15 individual SWNTSs partially suspended on trench-contained
substrates. Our experiments are conducted with low laser power to exclude possible heating effects. Most
SWNTs show enhanced Raman signals for their suspended segment compared with their segment sitting on
the SiQ substrate, with several exceptions exhibiting either similar Raman intensity or a reverse result. Apart
from this distinct intensity contrast, moderate radial breathing mode (RBM) frequency variations are observed
for some nanotubes, which can be attributed to nanetshbstrate interactions. By analyzing the behaviors

of the RBM full width at half-maximum (fwhm) and the intensity ratio between the anti-Stokes and Stokes
spectralps/ls), we can infer the shift of the nanotube transition endggjor the segment of nanotube sitting

on the substrate relative to the freely suspended segment. These Raman spectra variations can be attributed
to the van der Waals interactions between the nanotube and the substrate, which give rise to both a structural
modification (as a radial deformation) and an electronic modification (as a change in the electronic density
of states) for the nanotubes on substrate.

Introduction tions within a bundle will cause &6—20 cnm ! upshiftin RBM

frequencies compared with isolated tubes due to the space

Resonance Raman spectroscopy has been demonstrated tQqyictions imposed by the presence of neighboring teibs.
provide a powerful tool for characterizing the structure of carbon ;< a1so inferred from experiments that the resonant energy

nanotubes (CNTSs). In particular, a strong Raman signal can beEii of a SWNT in a bundle will be higher than when the

osbserved fr(])r an |n(i|c|y|duia1l smgle-wallgq carbon n.an.otube nanotube is isolatet’. However, more recent studies show an
(SWNT), when one of its electronic transition enerdigss in unchangedwrew frequency but lowerE; for nanotubes in

resonance with the laser ener@ases By comparing the  phqjes” compared with isolated tubes wrapped by sodium
experimental resonantgner&yand the radial breathing mode dodecyl sulfate (SDS) in aqueous solutfoihese previous
(RBM) frequencywrem with the theoretically calculated Kataura. i,y atigations were all carried out with SWNT samples in bulk
plot, it is possible to determine the diameter and the chiral .. Gither as a solid or dispersed in solution. A direct
P | , :
indicies f,m) of the SWNT: investigation on specific individual SWNTs will be highly
The Raman spectra of SWNTs have been shown fo be gesjrable to uncover and clarify further details regarding
sensitive to the nanotube’s environmérttincluding whether  enyironmental effects. Such studies are lacking at present.
the tube is in a bundle or is an isolated SWNT, or whether it is In our recent communicatiot,ultralong individual SWNTs
in a solution or sitting on gsubstrate or_freely suspended. For ere successfully prepared on trench-containing substrates,
nanotube sgmples n s.olutlon, the wrapping agents and SOIVem%/vhich provide nanotubes with both suspended and nonsuspended
represent dlffe.rent enwronments as vyeII, since they can be. IOOIarsegments. These samples serve as ideal systems for investigating
ohr nonpolar. Since therew 'S}Of grseve\llt’\llr_}lpgrtance for dedu;mg environmental effects (in this case, substrate interactions) on
the geometric s;rgct_ure or a Sw | f y r%sonan_cg a?an individual SWNTSs. In the present work, we report on the Raman
sFectroslcopyd and; ']5 an essentlaf a;]ctogWT,\'lu_arrmlnllng the signal variation (in terms of the intensity, frequency, line width,
electrical and optical properties of the & » IS very  ong intensity ratio between Stokes and anti-Stokes signals) by
important to understand and exploit these environmental effefcts. comparing the corresponding Raman features between the
Theoretical calculations have predicted that tuh#e interac- suspended and nonsuspended segments along the same SWNT
Our experiments are carried out with low enough laser excitation

P — €
Peking University. . . . power so that the effect of laser heating on the suspended
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Massachusetts Institute of Technology. segments can be excluded. We collected RBM and G-mode
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TABLE 1: Summary of Data for 15 SWNTs That Were
Investigated in This Study, among Which Three SWNTs

(Nos. 6, 13, and 14) are on a Type B Substrate (10m Deep
Trench) and the Others are on a Type A (300 nm Deep
Trench) Substrate

wrem (M) fwhm (cn?) Iaslls RBM intensity
(e) no. SUS Awrsm SUS SOS SUS SOS SU) (aulsudlsos
= =
s Trench 1 2825 0 2.4 2.8 0.12 0.09 0.038 2.3
2 2437 +13 56 3.8 1.23 0.88 0.0088 0.53
3 2017 0 7.0 7.0 010 0.16 0.11 2.4
4 2004 -0.1 36 48 0.13 0.14 0.0078 0.087
5 1937 +0.6 4.4 53 0.14 0.16 1.0 18
S00um 0.5um 6 1874 +09 29 27 0.13 0.18 0.061 0.94
(e 7 1698 —-0.3 238 2.8 040 0.27 0.39 4.1
8 167.6 0 3.1 3.3 0.80 0.80 0.0095 2.5
9 1599 0 4.0 6.4 10 0.70 0.0050 11
. : 10 1575 -0.8 82 13 0.96 0.39 0.0067 2.2
100um| § 11 1484 -03 3.6 45 1.1 0.60 0.038 2.6
: — 12 1440 +0.6 4.1 40 0.82 0.84 0.0063 5.4
Figure 1. (a) A schematic illustration of the trench-containing substrate 13 ﬁ?g 8 ig’ 11 0 é; ggg 88(1);3 12'2
(type A) with the catalyst being deposited at one edge of the substrate 1158 -03 46 71 155 125 0048 30

and used for the subsequent CVD preparation of SWNTs. (b) A 15
schematic illustration of an individual SWNT suspended over trenches.  aEach row corresponds to data taken from the same SWNT. SUS
(c) An SEM image showing oriented long SWNTSs on a trench (300 indicates the data of a suspended segment and SOS means that from a
nm deep)-containing substrate. (d) An SEM image of an individual segment sitting on a substratgs/ls is the intensity ratio of the anti-

SWNT crossing trenches (10 nm deep, 1 tqub®wide). (e) A zoom-
in SEM image at one edge of a trench (&t deep, 6um wide)

Stokes to Stokes of the RBM features and fwhm (&mis the full
width at half-maximum of the RBM Raman peak. The units of the

showing that the nanotube is well suspended over the trench. (In theintensity are arbitrary and in this table we use the highest intensity as

SEM image, the lighter color indicates the trench.)

a normalization factolsudlsosis the intensity ratio of the SUS segment

to the SOS segment of the same SWNT.
observed variations in detail, and the environment effects on
the same nanotube have been systematically studied. size is about km?, using a 5& objective lens. The excitation
laser power ranges from 0.04 to 1.07 mW at the sample. With
the help of the SEM image and using the trench structures on
the substrate as markers, a micro-Raman spectroscopy study
gonan individual nanotube can be readily carried out. Generally,

we first scan the laser spot along a trench (which is perpendicular

Experimental Section

A. SWNT Preparation and Characterization. An illustra-
tion of the sample preparation is shown in Figure 1, parts a an
b. The substrates used in this study are silicon pieces with a 8
300 nm thick SiQ@ film. Photolithography and dry etching were to thg SWNTQ to find resopant nanotubes. We ngxt locate the
used to pattern-180 um wide trenches on the surface. Two precise po_smon of a particular SWNT by Iook_lng_ for the
types of substrates with trench depths of 300 nm (type A) and strongest signal to make sure that the laser spot is right on top
10 um (type B) were used in this study. of the nanotube, and then we collect Raman spectra at that

SWNTSs were grown by the catalytic chemical vapor decom- location. All spectra are taken with the light polarized parallel
position (CVD) of ethanot* A 0.01 M FeC} ethanol solution along the nanotube axis. Raman spectra of the 15 SWNTs (12
was applied by microcontact printing to one edge of the @€ On the type A subst_rate and 3 are on the type B substrate,
substrate. The substrate was then placed in a horizontal 1.5 inS€€ Table 1) are obtained from both the suspended (SUS)
quartz furnace with the catalyst end directed toward the gasSegments and the sitting-on-substrate (SOS) segments. The
flow. The substrate was heated at S@for 30 min in a flow signals of the suspended segment of the 12 nanotubes on the
of Ar/H; (500 sccm/30 sccm) and then ethanol was introduced YP€ A substrate are taken over theu® wide trenches, those
into the furnace by bubbling 200 sccm Ar through the ethanol. ©f the No. 6 and No. 13 nanotubes are taken from therb
The growth was terminated after 30 min by switching the gas Wide trenches, those of the No. 14 nanotubes are taken from a
to Ar‘/H2 (500 scem/30 Sccm) and Coo”ng the furnace. 4 um wide trench. In faCt, our intention of USing the type B

As shown in Figure 1c, an SEM image of the prepared Substrate (deeper trenches, and nanotubes can be suspended over

samples revealed that well-separated, millimeter to centimeterWider trenches) is to check whether the signals of the suspended
long carbon nanotubes with a controlled orientation can be segment of the same nanotube are the same over trenches with
routinely prepared on the trench-containing substrate. For thedifferent widths. As observed experimentally, the Raman
samples with 300 nm deep trenches, carbon nanotubes can b&ehaviors of suspended SWNTs are the same as long as the
suspended over @m wide trenches, while for the sample with ~ distance between the laser spot and the trench edge is above
10 um deep trenches, nanotubes are suspended oveml0  1.5um (including 1.5um). So, as the signals for the suspended
wide trenches. For wider trenches, some SWNTs come into segments of these 15 SWNTs are all taken from trenches with
contact with the bottom of the trench. Parts d and e of Figure width =23 um (2 x 1.5um), it is reasonable to put them together
1 show an individual SWNT that spans the trenches with 1 to for comparison. We focus on the RBM and G-band features in
10 um widths and is well suspended over them. This indicates this study. The RBM peak position&ggw), intensity, and full
that the nanotubes are floating above the substrate during thewidth at half-maximum (fwhm) are all obtained by fitting the
growth. spectra with use of a Lorentzian line shape. These values as
B. Raman Spectra MeasurementsResonant Raman spec- well as the change in RBM frequench@rem) and the anti-
troscopy (Renishaw microprobe RM1000) with a 632.8 nm (1.96 Stokes to Stokes RBM intensity ratids4/Is) between the two
eV) He—Ne laser was used in this study. The excitation spot segments are summarized in Table 1.
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Figure 2. Raman spectra from a suspended segment (upper line) and
from a segment sitting on substrate (lower line) of an individual SWNT. Laser spot location (um)

All the spectra are collected with a laser power of 0.13 mW and the Figure 3. RBM frequency variation of an individual SWNT (No. 6)

integration time is 30 s."lfhe G mode intensity is multiplied by 10 |\ the laser spot moving along the tube (@15 per step) from the
(suspended) and by 50 (sitting on substrate) to display the spectra clearlyiq¢; side to the right side of a @m wide trench. The laser power

in the same panel of the figure. level used here is 0.31 mW. A schematic illustration of the trench-
containing substrate is included on the bottom to show the laser spot

location.
Note that, although the resolution of the spectrometer is about

~1 cnm?, the peak position stability in our experiments is much

better than 1 cm! as observed experimentally, and therefore  SOS segments display no signals. According to our observations,
we believe that the peak shifts below 1 ciywhen comparing  the RBM intensity ratio of the Stokes signal obtained from the
suspended and nonsuspended segments, are due to envirorBUS segments to that obtained from the SOS segméng (

mental effects. Iso9 varies from one nanotube to another and a ratio of over
) ) 20 has been observed for particular tubes (see Table 1).
Results and Discussion Although most of the SWNTSs show enhanced signals from their

To clarify any possible laser heating effect, we first collect SUS segments compared with their SOS segments, there are
Raman spectra for each SWNT at every point and compare itsalso a few exceptions. Among the 15 SWNTs, there are two
spectra using various laser power levels. For the SOS parts ofnanotubes (Nos. 6 and 9) with an RBM intensity ratio close to
almost all the nanotubes, there was no observable heating effec and two other nanotubes (Nos. 2 and 4) with an RBM intensity
when using a laser power af1.07 mW, which is consistent ~ ratio less than 1.
with what has been previously reportéd” and can be ascribed Although the SUS segments are expected to have an
to the underlying substrate (SiDas an effective heat sifR. intrinsically higher Raman cross sectidthan the SOS segment,
However, for the SUS segments, the Raman spectra of mostthe electronic transition energies are also expected to change
SWNTs show variations in RBM peak frequency, fwhm, and for the SUS segments relative to the SOS segnfefitahich
Ias/ls when changing the laser power from lower power levels can explain the smaller RBM intensity in the SUS segments as
to 1.07 mW (the highest power level in our setup), which compared to the SOS segments in terms of the change in the
indicates a heating effect for suspended SWNTs with a laser resonance condition.
power of 1.07 mW. This can be explained by the poor thermal The RBM frequencies efggm) from the SUS and SOS
dissipation of the suspended SWNT to its surroundings due to segments of the same SWNT exhibit a small but observable
its nanometer-scale cross secti§? So to investigate the  shiftin a few SWNTs. For an example, SWNT No. 6 shows an
intrinsic Raman spectral variation for each SWNT, we first 0.9 cm® shift in the RBM frequencies. To see the spatial
collect Raman spectra with different laser power levels for its variation of wggm and to ensure the repeatability afrgm
SUS and SOS segments separately and make sure that theneasurements, we have collected a series of spectra by moving
spectra we used for the discussion of the environmental effectthe laser spot along the SWNT No. 6 from one side to the other
below are free of laser heating. side of the trench (&m wide, 10um deep) at 0.5um steps,

Figure 2 shows Raman spectra obtained from the SUS andand we have plotted it@rem versus laser spot locations (see
SOS segments of the same SWNT demonstrating the strikingFigure 3). A clear difference iwgem between the SUS and
contrast between the spectra from the two segments. From ourSOS segments is seen in Figure 3. Since the heating effect has
observations, the spectra from the SUS and SOS segments obeen excluded, the difference must be due to the environmental
the same SWNT may exhibit differences in intensity, frequency, variations along the nanotube. A possible explanation is the van
fwhm, andls/ls for the RBM, and also differences in intensity, ~der Waals interaction between the substrate and the SWNT. A
frequency, line shape, and fwhm for the various features of the previous worR has reported amggw shift for SWNT bundles
G-band. under different pressures and has attributed this shift to the

First of all, suspended SWNTs usually show enhanced Ramanintertube van der Waals interactions.
signals, which can be seen in Figure 2 as an example. This The fwhms of the RBM are reduced significantly in the SUS
intensity-enhancement has been repdrtedeviously and was ~ segments compared with the SOS segments for about half of
attributed to an undisturbed environment for the suspendedthe SWNTSs listed in Table 1, while a few SWNTs actually
SWNTs. The enhanced signals are quite beneficial for both exhibit larger fwhm values in the SUS segments. We expect
studying Raman features that are normally weak (such as thethat the perturbation-free environment for the SUS segments
Raman peak at~1730 cnt! in Figure 2) and enabling  will give rise to smaller fwhm in the SUS segments in genéfal.
observation of SWNTs with a relatively poor resonance condi- However, the change in tl& can affect the resonance condition
tion. In fact, for more than one-third of the SWNTs showing |Ejaser — Eiil and might increase the fwhm values in the SUS
RBM Raman signals for the SUS segments, the correspondingsegmentg3
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The observedxs/lIs changes can be explained by the changes  The radial deformation induced by the nanottulsebstrate
in E; values and the inverse lifetime of the intermediate interaction will most likely result in strain in the radial direction

electronic statelas/Is is given by the following? in the nanotube. And on the other hand, Eheof semiconduct-

. 2 ing nanotubes was reported to shift in two directions depending
IA;S(eXp )= |(Ejaser— Eii = IT)(Ejaser T Epn — B — 1) on their (+m) mod 3= 1 or 2 family type>22:30\We make
Is |(Biaser— Ei = D) (Epager— Epn — B — ir)? tentative ,m) assignments for these three nanotubes using a

E previously reported methot-3 Nanotube No. 13 can be assigned
exd — =1 (1) to one of foII_owing nanotubes(24,1)/(18,10_)/(19,8)/(23,3§
kg T which all fall into an (23-+m) mod 3= 1 family (type 1), and
. . ) the laser excitation energy used in this experiment corresponds
\I’E\'hereﬁq'ase’inda' have the samelin_eatr;]lng as fom}_(?rlty deflnfed, to anEq4 transition for this nanotube. Nanotube No. 14 is one
Sons the prionon Ie“erWBtM)té > e mverse lietime of - of (25,3)/(23,7)/(20,10), which allfall into the @m) mod 3
edl_lr_llertmhe tlae eeﬁ ronlcf?ha é{/S\/N'I? AO tzhmalmn cohns ?n ' = 2 family (type Il), and the observed optical transition
ang 1 1s the temperature ot tne - As e jaser heéating 1S corresponds to a4 transition. Similarly, tube No. 10 belongs
excluded, thelas/ls variation between the SUS and SOS _ . :
ts of 2 SWNT ¢ ¢ itBeror I variati to the (h+m) mod 3= 2 family (type IlI) and the optical
Zi%menhs ora ¢ ",:lés comei hrom ﬁ: for b‘.{."f[m? lons. transition corresponds to dts transition. The analysis given
ough ourinstrument does not have the capabliity 10 MEASUre ;o showed that thE; of nanotubes No. 10 and No. 13

Ei z_ant(_jrvaltules, ?l]fr res]tjlts g&'/f\la_lt_e trl]:at there 'Sls'gt?]'f'dl\él‘m 10 downshifts and theg; of nanotube No. 14 upshifts in SOS
var|at|otr)1, ﬁ eaih or al ]?Wt f S. ;k;exalnz)p4e7, te 0- segments compared to SUS segments. This is consistent with
nanotube has a thermal factor of exiii/ksT) = 0.47 at room the predicted family behavior &; shifting for SWNTs under

temperature T = 298 K), and itslag/ls values are 0.96 and : : .

0.39 for the SUS and SOS segments, respectively. This indicatessEzrfgnH oﬁﬂesmf?tig,o:er\],i?s;ugﬁ; c\;\ilgz Lhnedzflgtreati)r/]peatsand

that B > Biaserfor the SUS segment ari; < Eiaser for the The G-band of semiconducting SWNTs show little change

SOS segment for this nanotube. With a similar argument, we except for a couple of SWNTSs that exhibit a small shift of about

can conclude that thg; of nanotube No. 13 also downshifts in 5 cnL in the G-mode frequency (see Figure 4b). The SWNT

;h;;(jsesﬁgnlinj’ ;Vr:gsiiﬁg'éohgzg ﬁ;)esrséﬂgf tnh;%tgege in Figure 4b did not show an RBM signal in the SOS segment
’ P 9 ' and therefore is not included in Table 1. The-@ode frequency

No. 14 d'q n.of[ shift at all, or if it downshifted, thE valug is related to the curvature of the SWNT wa&lThis is consistent
must be significantly smaller in the SOS segment than in the . . . -
with a possible radial deformation due to the van der Waals

S s e e e e U itracton between the st and the SWNT, although i
a longer lifetime of the intermediate electronic state stll remains ur?clear. why the RBM frequency variation often
There are several possible explanations for&heariétions does not coincide with the Gmode frequency variation.
: On the other hand, the G-band of a few metallic SWNTs

The first one is the charge transfer between the substrate and o .
the SWNT. However, this is not very likely in our samples since shows a striking difference between the SUS and SOS segments

the SiQ is an insulating material. Another possible explanation (s_ee Figures 4a). First of all, the relative intensBity1 !k_)Tetween the
is the different dielectric environment giving rise to the higher frequency peak and the lower frequency gher=

difference in the electronelectron Coulomb repulsion and the Fano (BWF) peak Ch?‘”ges dramatically. Second, 'ghe frequency
- S PP . . of the BWF peak or higher frequency peak often shifts, although
exciton binding energie¥:?° This is also excluded since this o e . :
. " ir 2P the shift directions vary for different SWNTs. We believe that
effect is weakly sensitive to the SWNT chirafityand would these changes are due to the electronic band structure modulation
shift theE; in the same direction for all the SWNTSs, which is 9

not consistent with our experimental results. The last explanationSlnce the metallic G-band shape af‘d frequency are closely

o - ; related to the electrenphonon interaction and by changing the

is in terms of the van der Waals interaction between the substrate . o :
. - electronic band structure the strength of this interaction would

and the SWNT. Theoretical calculations showed that for chana@-3 Unfortunately. at present there is no sinale theoreti-

nanotubes on a flat metal surface, the binding energy betweencal mgodel that can ex Igin eSer detail of the obse?rvations we

the substrate and the SWNT will introduce a radial deformation P y

: . 2708 1y ¢ have made on these samples.

and alter its electronic propertié&?8 It is also expected that

the van der Waals interactions between a SWNT and a silicon Conclusions

substrate distort the cross section of nanotubes and that the

distorted tube cross-section leads to a change in its electronic We prepared partially suspended individual long SWNTs on

properties trench-contained substrates and carried out a systematic inves-

(@ (b

= 031mW 30s 15922 —
| = 031w 30s - 0.13mW 305
g [ 2 1588.8/1567.0
& £

P
£ £ | —
g i 2 1.07mW 30
E = 15884/15719
1400 1450 1500 1550 1600 1650 1500 1550 1600 1650

Raman shift (cm!) Raman shift {cm!)

Figure 4. G-mode Raman spectra of two individual SWNTSs (a and b) taken from suspended segments and from segments sitting on substrate. The
laser power level, the integration time, and the corresponding peak positions (tham shown in the inset. The peak positions in part a cannot
be determined well due to its complicated line shape.



Single-Walled Carbon Nanotubes

tigation of the difference between SUS and SOS segments of

15 individual SWNTs. With the heating effect being excluded

J. Phys. Chem. C, Vol. 111, No. 5, 2007987

(10) Alvarez, L.; Righi, A.; Guillard, T.; Rols, S.; Anglaret, E.; Laplaze,
D.; Sauvajol, J. LChem. Phys. Let200Q 316, 186.
(11) Henrard, L.; Hernandez, E.; Bernier, P.; Rubio,Phys. Re. B

by using low laser power, spectral differences between the SUS ;94960 R8521
and SOS segments of the same nanotube are recorded and (12) Rao, A. M.; Chen, J.; Richter, E.; Schlecht, U.; EKlund, P. C.;

analyzed. Most of the SWNTs under investigation show

Haddon, R. C.; Venkateswaran, U. D.; Kwon, Y. K.; TomanekPBDys.

enhanced Raman signals at their SUS segment compared witHt&- Lett. 2001, 86, 3895.

(13) Zhang, Y. Y.; Zhang, J.; Son, H. B.; Kong, J.; Liu, Z. F.Am.

the SOS ones, with the exceptions that two of the tubes exhibit Chem. S0c2005 127, 17156,

a similar Raman intensity at the SUS and SOS locations and

two tubes show a reverse result. Along with the distinct intensity

(14) Zheng, L. X.; O'Connell, M. J.; Doorn, S. K.; Liao, X. Z.; Zhao,
Y. H.; Akhadov, E. A.; Hoffbauer, M. A.; Roop, B. J.; Jia, Q. X.; Dye, R.

contrast, moderate RBM frequency variations are observed for C:; Peterson, D. E.; Huang, S. M.; Liu, J.; Zhu, Y.Nat. Mater.2004 3,
some nanotubes, and these variations can be attributed to (15) Dresselhaus, M. S.; Dresselhaus, G.; Jorio, A.; Souza, A. G.; Saito,

nanotube-substrate interaction. By analyzing the behaviors of
the fwhm and as/ls of RBM, we find out that thés; of SWNTSs
shift when comparing the two different types of segments.
Considering all possible reasons for thevariation, we believe

R. Carbon2002 40, 2043.

(16) Souza, A. G.; Chou, S. G.; Samsonidze, G. G.; Dresselhaus, G.;
Dresselhaus, M. S.; An, L.; Liu, J.; Swan, A. K; Unlu, M. S.; Goldberg,
B. B.; Jorio, A.; Gruneis, A.; Saito, RRhys. Re. B 2004 69, 115428.

(17) Son, H. B.; Hori, Y.; Chou, S. G.; Nezich, D.; Samsonidze, G. G.;

that for our system the main reason is van der Waals interactionspresselhaus, G.: Dresselhaus, M. S.; Barros, BAfl. Phys. Lett2004
between the SWNT and the substrate, which may deform the 85, 4744.

SWNT sitting on the substrate in the radial direction and thereby
modify its electronic DOS, while suspended nanotubes still
retain their pristine properties. Although the very detailed

(18) Pop, E.; Mann, D.; Cao, J.; Wang, Q.; Goodson, K.; Dai, H. J.
Phys. Re. Lett. 2005 95, 155505.

(19) lItkis, M. E.; Borondics, F.; Yu, A. P.; Haddon, R. Science2006
312 413.

mechanisms behind these spectral differences are not very clear (20) Cao, H.; Wang, Q.; Wang, D. W.; Dai, H. Small2005 1, 138.

yet, our work provides evidence for the local property tuning
of individual SWNTSs by environmental effects. The approach

taken in the present study can be readily extended to other 1D

(21) Corio, P.; Santos, P. S.; Pimenta, M. A.; Dresselhaus, IZh8m.
Phys. Lett.2002 360 557.

(22) Maiti, A.; Ricca, A.Chem. Phys. Let2004 395 7.

(23) Reich, S.; Thomsen, C.; Ordejon,Fhys. Re. B 2002 65, 155411.

materials and can lead to a facile way to generate and manipulate (24) ando, T.J. Phys. Soc. Jpri997, 66, 1066.

diverse properties of a single 1D object.
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