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By measuring the anti-Stokes~AS! and Stokes~S! Raman spectra on the same isolated single-wall carbon
nanotube~SWNT!, we here determine the electronic transition energiesEii experimentally (Eii

exp), and then we
compare theseEii

exp with the Eii values obtained with theoretical predictions (Eii
cal). In such an approach, the

nanotube (n,m) structure identification depends on the theory parameters, but the experimental determination
of Eii

exp does not, and depends only on the experimental AS/S intensity ratio and the laser energyElaserused in
the experiment. We measured the radial breathing mode frequencyvRBM andEii

exp for specific tubes, and we
then performed the (n,m) identification by using thedt diameter dependence of the electronic transitions. We
present such an analysis for a wide nanotube diameter range, focusing primarily on small diameter SWNTs
(dt,1.1 nm), where there are very few (n,m) possibilities for SWNTs that can be in resonance with the
appropriate laser energyElaser. This allows an experimental determination ofEii

exp values to be made for a
variety of (n,m) SWNTs. Our experimental results indicate that:~i! the large curvature in small diameter tubes
induces as-p hybridization, thus lowering the electronic band energies, and~ii ! the simple formulation of the
tight binding model (g052.89 eV) to determineEii starts to deviate fromEii

exp for tubes withdt,1.1 nm, but
the deviationDE225E22

exp2E22
cal remains smaller than 20 meV fordt>0.83 nm. A comparison betweenEii

exp

data obtained from Raman and photoluminescence is made, and a comparison is also made betweenEii
exp data

for SWNTs and double-wall carbon nanotubes.

DOI: 10.1103/PhysRevB.69.115428 PACS number~s!: 77.84.Dy
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I. INTRODUCTION

Single-walled carbon nanotubes~SWNTs! are very good
prototype materials for modeling one-dimension
systems.1–3 Clever experiments carried out both on nanotu
bundles and single nanotubes have opened up many
opportunities for learning new physical concepts about lo
dimensional systems and for checking the validity of the
retical models as well.1

The one-dimensional~1D! density of electronic states i
SWNTs has been calculated by using the zone fold
0163-1829/2004/69~11!/115428~8!/$22.50 69 1154
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scheme of the electronic band structure obtained from
tight-binding model for the graphene layer by consideri
only the occupiedp and unoccupiedp* electronic states.
The fundamental parameter for connecting experiment
theory in carbon nanotubes to lowest order is the carb
carbon transfer energyg0.4,5 This lowest-order theory is ex
pected to be approximately valid only for larger diame
tubes (dt>1.1 nm). More detailed calculations based
pseudopotential local-density-functional theory have claim
the simple formulation of the tight-binding model to be i
accurate in determining the properties of small-diame
©2004 The American Physical Society28-1
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tubes (dt<1.1 nm), because of both the simplifications us
in the tight-binding calculations and the hybridization of t
s andp states that arise from the strong curvature effec
these small diameter tubes.6–8

Experimental optical absorption and resonance Ram
data taken on both SWNT bundles9 and isolated single-wal
nanotubes10–12for dt>1.1 nm are well explained in terms o
a single parameterg0. All the Raman spectroscopy resul
obtained so far at the single nanotube level have been
lyzed using a self-consistent approach, and a fitting to
experimental data leads to theg052.89 eV value.2 A funda-
mental ingredient for precisely obtaining theg0 parameter is
a good experimental assessment of theEii values. The most
quantitative method presently available for accurately m
suring theEii values is through a Raman scattering expe
ment with a tunable laser. This experiment is very difficult
do and the equipment for carrying out such measuremen
generally not available. Such measurements have thus
only been carried out once for isolated nanotubes.10 An al-
ternative and practical way for obtaining such information
by monitoring the anti-Stokes to Stokes intensity ratio for
radial breathing mode feature in the Raman spectra at a fi
laser energy. The anti-Stokes to Stokes ratio is very sens
to the position of the laser energyElaserrelative to the energy
transitionEii because the resonance condition for the sc
tered photons is different for the anti-Stokes and Sto
process.

Recent methods for the synthesis of SWNTs, either
using identical metal-containing molecular nanoclusters
catalysts13 or solid supported catalyst,14 allowed the growth
of SWNTs with very small diameter and with a narrow d
ameter distribution. This advance in the growth of isola
SWNTs offers a unique opportunity and motivation for i
vestigating these small diameter tubes in their isolated fo
grown on a Si/SiO2 surface. By measuring the anti-Stok
~AS! and Stokes~S! Raman spectra on the same isolat
SWNT, we here determine the electronic transition energ
Eii experimentally (Eii

exp). We then make a comparison b
tweenEii

exp and theEii values obtained with theoretical pre
dictions (Eii

cal) in order to identify the (n,m) integer pairs for
each nanotube. In such an approach, the (n,m) identification
depends on the electronic band calculation, but the exp
mental determination ofEii

exp does not, and depends only o
the experimental AS/S intensity ratio and the laser ene
Elaser used in the experiment. Thus, we can measurevRBM

andEii
exp for specific tubes, and then perform the (n,m) iden-

tification by using thedt diameter dependence of the ele
tronic transitions. The goal of this paper is to perform su
an analysis over a widedt range, focusing primarily on sma
diameter SWNTs where there are very few (n,m) possibili-
ties for a SWNT to be in resonance with the appropri
Elaser. This procedure allows a determination ofEii

exp values
to be made for a variety of (n,m) SWNTs, and an assess
ment to be made of the accuracy/inaccuracy of the tig
binding model calculations by comparing the experimen
Eii

exp with theoreticalEii
cal values, calculated on the basis

the tight-binding model. The results of this comparison de
onstrate that the technique is sensitive enough to measur
11542
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deviationsDE225E22
exp2E22

cal, showing thatDE22 becomes
negative fordt,1.1 nm, but that the deviationDE22 for E22

S

remains less than 20 meV fordt>0.83 nm.

II. EXPERIMENT

The isolated tubes used in this paper were prepared
using a chemical vapor deposition~CVD! method on a
Si/SiO2 substrate. Silicon wafers with thin films of thermal
grown SiO2 ~about 1mm thick! were soaked for 30 min in a
0.5 mM methanol solution of 3-aminopropyltriethoxysilan
The wafers were rinsed with isopropanol and blown dry w
1,1,1,2 tetrafluoroethane, and then were kept at 120 °C f
minimum of two hours. The Fe/Mo nanoclusters~prepared
by the method described in Ref. 13! were deposited on the
chemically modified surfaces by soaking the silicon waf
in the nanocluster solutions for 10 min. The samples w
then sonicated in ultrapure water immediately after be
taken out of the nanocluster solution to get rid of the phy
cally absorbed nanoclusters, and the samples were
blown dry with 1,1,1,2 tetrafluoroethane.

The wafers were then put into a quartz tube in a furna
They were first annealed in air for 5 min at 700 °C, and th
H2 ~200 sccm! was used to reduce the substrates for 5 min
900 °C. Subsequently CVD was performed with the mixtu
of CO ~800 sccm! and H2 ~200 sccm! for 15 min at the same
temperature. Finally, the system was cooled under an2
atmosphere. Atomic force microscopy~AFM! images have
shown that our samples have nanotubes with diameters v
ing from 0.7 to 1.5 nm~for samples grown by the abov
described method! with an average diameter of about 1.0 n
~see Fig. 1!. Samples with larger diameter nanotubes (dt
.1.0 nm) were prepared as described in Ref. 15.

The spectral excitation for resonance Raman experim
was provided by laser lines ofElaser51.58, 1.96, and 2.41
eV, all of them with a power levelP<10 mW @power den-
sity ;1 MW/cm2] at the sample surface. The scattered lig
was analyzed using a Kaiser Hololab system~for 1.58 eV
laser excitation! and a Renishaw 1000 B system~for 1.96

FIG. 1. Diameter distribution of a sample of isolated individu
SWNTs on a Si/SiO2 substrate obtained by atomic force micro
copy ~AFM! using the method reported in Ref. 13. The inset~upper
right! depicts an AFM image of the sample.
8-2
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STOKES AND ANTI-STOKES RAMAN SPECTRA OF . . . PHYSICAL REVIEW B 69, 115428 ~2004!
and 2.41 eV laser excitations!, both equipped with a cooled
charge-coupled device~CCD! for detecting the scattere
light.

Both Stokes and anti-Stokes spectra are taken simu
neously and so the time acquisition and laser power are
same for both spectra. For the purpose of this paper, it is
anti-Stokes to Stokes intensity ratio that is the fundame
quantity that is measured. For using this experimental in
properly, we first correct the measured intensity for the
strumental response at different wavelengths by accoun
for the efficiencies of the gratings and the detector effici
cies. Second, we normalized the anti-Stokes signal by
Boltzmann factor exp@2Eph/kT#, whereEph is the phonon
energy. Since no evidence for overheating the SWNTs
observed experimentally when the laser power level was
ied, a sample temperature of 300 K was considered in
normalization procedure. After taking account of these t
factors that greatly affect the anti-Stokes to Stokes inten
ratio, the observed asymmetry in the phonon intensity for
anti-Stokes and Stokes spectra@see Fig. 2~c!# comes from the
difference in the resonant conditions between the incid
and scattered photons with the electronic transitions, wh
is the physics that is used to determineEii experimentally.

III. RESULTS AND DISCUSSION

A. Eii determination from anti-StokesÕStokes ratio

In Figs. 2~a! and 2~b! we show the Raman spectra for a
isolated SWNT identified in this work as~10,5! whose RBM
frequency is 236 cm21. In this figure the anti-Stokes inten
sity is normalized by the Boltzmann factor to account for t
temperature dependence of the phonon population. In an
dinary Raman scattering experiment~off resonance! carried

FIG. 2. ~a! Anti-Stokes and~b! Stokes radial breathing mod
Raman spectra for a semiconducting~10,5! tube as identified in this
work. The anti-Stokes spectrum intensity is normalized with
Boltzmann factor.~c! Resonant window for both the normalize
anti-Stokes~solid circles! and Stokes~open circles! Raman pro-
cesses. The gray plot stands for the joint density of states profile
a given tube. The laser energy is represented as a vertical da
line.
11542
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out at room temperature, the Stokes intensity is larger t
the anti-Stokes intensity. However, after the normalizat
procedure that takes the Boltzmann factor into account,
normalized anti-Stokes to Stokes intensity ratio underoff
resonanceconditions is always 1. In the case where the e
periment is carried outon resonance, as is done for SWNTs
the anti-Stokes to Stokes intensity ratio is equal to 1 wh
Eii ;Elaser. The asymmetry observed in Figs. 2~a! and 2~b!
can be understood by considering the resonance process
this particular SWNT spectrum, one can observe that
Stokes intensity is larger than that of the anti-Stokes int
sity. This occurs because the resonance process is not
due to the incident photon, but there is also a resonance
the scattered photon. The scattered photons have diffe
energies for the Stokes and anti-Stokes processes, and
energies are, respectively,Elaser2Eph and Elaser1Eph. Then
for a given phonon, such as for the RBM phonon shown
Figs. 2~a! and 2~b!, there are two resonant peaks for th
Stokes process and two peaks for the anti-Stokes proces
shown for the calculated line shapes in Fig. 2~c!. One of
these peaks is common to both processes, and occurs w
Elaser5Eii corresponding to the resonance with the incide
photons. For the other resonant peaks, this condition
downshifted~upshifted! by the phonon energy in the case
the anti-Stokes~Stokes! process and the peak occurs wh
Elaser5Eii 2Eph (Elaser5Eii 1Eph). The intensity of a given
phonon for both the Stokes and the normalized anti-Sto
spectra as a function of laser energy was experimentally
tained through an experiment with a tunable laser10 and this
profile @referring to the plot in Fig. 2~c!# was used here for
analyzing the anti-Stokes to Stokes intensity ratio.

By analyzing the line shape in Fig. 2~c! we can see tha
the anti-Stokes~solid circles! to Stokes~open circles! inten-
sity ratio depends sensitively on the position of the la
energy@vertical dashed line in Fig. 2~c!# relative to the sin-
gularity Eii . If Elaser.Eii , the Stokes spectrum is more in
tense than its anti-Stokes counterpart, as in the case of F
2~a! and 2~b!. If Elaser,Eii , the Stokes spectrum is less in
tense than its anti-Stokes counterpart, considering the
malization of the experimental data by the Boltzmann fac
in Fig. 2~a!. The special situation, where both Stokes a
anti-Stokes processes have about the same resonanc
hancement factor, occurs whenElaser;Eii . The dependence
of the anti-Stokes to Stokes intensity ratio on laser ene
allows one to use the measured ratio of the anti-Stoke
Stokes intensitiesI AS/I S for the radial breathing mode for
given Elaser to sensitively determine the energyEii of the
resonant van Hove singularity in the joint density of states11

This determination is done by adjusting the experimen
Eii

exp which would produce the measuredI AS/I S ratio for that
particular (n,m) tube when using a particularElaser. The
(n,m) indices were then determined as the best fit of
nanotube diameterdt ~measured from the RBM frequency!
andEii

exp to the predicteddt andEii
cal values@that follow from

the (n,m) indices#.

B. „n,m… assignments

We have measured both Stokes and anti-Stokes spe
for a number of tubes@20 different (n,m)] in the diameter

e
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ed
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range 0.83–1.7 nm. We have analyzed the anti-Stoke
Stokes intensity ratio and we have determined theEii

exp val-
ues for each of these nanotubes, including both metallic
semiconducting tubes and the results are summarized in
3~a!. For large diameter tubes (dt.1.1 nm), we found that
the parameterg052.89 eV is optimal for describing the ex
perimentalEii

exp at the single nanotube level~within a 10
meV range, consistent with experimental deviations!, regard-
ing the agreement betweenEii

exp and Eii
cal. However, asdt

gets smaller than 1.1 nm, some deviations between the
culated and experimentally determined values start
emerge, as can be clearly seen in the trend of theDE
5Eii

exp2Eii
cal vs. dt plot depicted in Fig. 3~b!. By taking into

account the uncertainties related to the experimental s
and normalization procedure, we conclude that the accu
for the solid points in Fig. 3 is about 10 meV.

The association of the observed vibrational spectrum w
a particular (n,m) SWNT via resonance Raman spectro
copy data is primarily made based on two considerations~i!
The Raman spectrum is observable only for those nanotu
that haveEii energies close to the laser excitation ene
Elaser due to resonance enhancement;~ii ! The frequency of
the radial breathing mode depends on the reciprocal diam
1/dt , and vRBM is found to depend on 1/dt by the vRBM
5a/dt relation. The valuea5248 cm21nm was determined
for isolated nanotubes lying on a Si/SiO2 surface.16 By com-
bining information aboutEii ~resonance enhancement! with
the diameter dependence of the radial breathing mode,
possible to correlate the observed Raman spectral prope
with a specific (n,m) SWNT. The observation of a Rama
spectrum for an isolated tube means that the laser ener
close toEii , but from the Stokes spectrum alone, we can
obtain the precise value ofEii . However, by analyzing the
anti-Stokes to Stokes intensity ratio, we can get the valu

FIG. 3. ~a! Experimental~solid symbols! and calculated~open
symbols! electronic transitions energiesE22

S , E33
S , E44

S , andE11
M for

isolated SWNTs probed with different laser energies. The horizo
dashed lines denote the 1.58, 1.96, and 2.41 eV laser energies
in the experiments.~b! Energy differenceDEii between experimen
tal and calculatedEii values. The dotted line in~b! is a guide to the
eyes.
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the resonantEii singularity quantitatively. This intensity ratio
indicates unambiguously whether the laser energy is ei
above or below theEii value, as we show in discussing Fi
2~c!. This approach was used to associate each experime
point in Fig. 3 with a given calculated (n,m) SWNT.

For large diameter tubes, sometimes we have more t
one possibility for assigning (n,m) pairs for a given Raman
spectrum. However, in the small diameter tube range, th
are very few possibilities for assigning (n,m) pairs when
using a particularElaser line. It is also in the smalldt limit
(dt,1.1 nm) that the tight-binding approximation is e
pected to be less accurate, as calculations in the litera
have pointed out.6,7 Due to the large curvature for the sma
dt SWNTs, thes states should perturb thep-band electronic
levels, and then either more parameters in the Slater-Ko
picture or somes-p band mixing should be added, or bo
types of corrections should be used for describing the SW
band structure. Since our method for determiningEii

exp is
independent of the band-structure model~theI AS/I S intensity
ratio depends sensitively on the energy of the singularity
the joint density of electronic states!, a comparison of the
Eii

exp values with the correspondingEii
cal is a good approach to

obtain a definite (n,m) tube assignment also for smalldt

SWNTs. In Table I, we list all the (n,m) tubes we have
identified by theI AS/I S intensity ratio method, along with
their Eii values, as obtained from calculations and from e
periments.

By comparing the experimentalEii
exp results~solid circles!

with the predictedEii
cal ~open circles!, we found that the pa-

rameters (a5248 cm21nm, g052.89 eV) best map each
experimental point on to its calculated counterpart. In or
to make this clear, we show the calculated and experime
Eii for the largedt range@covering theE33

S and E44
S transi-

tions in Fig. 4~a!# and the smalldt range@covering theE22
S

transition in Fig. 4~b!#. The Eii
cal for which we assigned ex

perimental values forEii
exp are marked by open circles en

closing ‘‘1 ’’ signs. By inspecting Fig. 3~b!, one can see
~Table I! a trend in the deviation between the experimen
Eii

exp values and those calculated by the tight binding mo
Eii

cal, namely, that the deviationDEii 5(Eii
exp2Eii

cal) becomes
more negative asdt gets smaller, thus indicating that th
tight-binding approximationoverestimatesthe van Hove sin-
gularity energies for small-diameter tubes.Ab initio calcula-
tions of the nanotube electronic structure have indicated
nanotube curvature induces as-p hybridization, thuslower-
ing the electronic band energies.6,7,17This picture is qualita-
tively consistent with our experimental results shown in F
3. In Table I, we list all the (n,m) tubes we have identified
by the I AS/I S intensity ratio method, along with theirEii
values, as obtained from calculations and from experime
However, we should emphasize that the deviations from
tight-binding calculations that we have observed experim
tally are on the order of 20 meV or less. These deviations
much smaller than the numerical precision achieved inab
initio calculations~around 100 meV! and much smaller than
the magnitude of their predicted deviations from the tig
binding calculations~50 meV!.

al
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TABLE I. Assigned (n,m) andEii
exp using the measured anti-Stokes to Stokes intensity ratio for isolated SWNTs andg052.89 eV. Also

shown areEii
cal obtained from (n,m) by tight binding calculations and the deviation energyDEii 5Eii

exp2Eii
cal .

(n,m) dt(nm) u vRBM(cm21) Eii (eV) DE(meV)
Exp. 248/dt Calc. Exp.

E11
M a

~12,0! 0.95 8.2 259 261 2.413 2.397 216
~9,9! 1.24 30 201 200 1.977 1.979 2
~12,6! 1.26 19.1 196 197 2.007 2.007 0
~16,1! 1.31 3 192 195 1.998 1.994 24
~14,8! 1.53 21.1 161 162 1.577 1.578 1

E22
S

~17,2! 1.44 5.5 172 173 1.812 1.806 26
~11,5! 1.13 17.8 221 220 2.097 2.103 6
~11,4! 1.07 14.9 230 232 1.594 1.583 29
~10,5! 1.05 19.1 236 237 1.531 1.517 214
~11,3! 1.01 11.7 252 245 1.564 1.554 210
~12,1! 0.99 4.0 253 250 1.585 1.587 2
~7,6! 0.86 27.5 277 275 1.841 1.827 214
~7,5! 0.83 24.5 288 298 1.940 1.925 215

E33
S

~14,6! 1.41 17.0 173 175 2.410 2.412 2
~11,9! 1.38 26.7 180 179 2.373 2.377 4
~13,6! 1.34 18.0 186 185 2.339 2.341 2
~15,2! 1.28 6.2 194 194 2.395 2.398 3

E44
S

~18,4! 1.61 11.9 154 154 2.376 2.375 21
~15,7! 1.55 18.1 162 160 2.506 2.509 3
~20,0! 1.59 0.0 158 159 2.394 2.399 5

aThe values listed stand for the lower-energy component of theE11
M singularity, whereas there is only one component for the semiconduc

E22
S , E33

S , andE44
S singularities for a given tube.
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C. Comparison with other experiments

1. Comparison between isolated and bundled SWNT
Raman data

In order to further check the validity of using thevRBM
5248/dt relation for interpreting our results, we have em
ployed the method developed by Kuzmanyet al.18 that al-
lows one to evaluate the diameter distribution of the tube
a SWNT bundle by using the RBM spectral response. T
fundamental ingredients used in this method18 are the first
and second moments of the RBM distribution. In Ref. 18
analysis is carried out using the relationvRBM5234/dt1b,
where b is a term that has been described to account
tube-tube interactions and its values are obtained by fit
the experimental RBM data. The 234 factor is the value
tained from anab initio calculations and this value was als
considered by Kuzmanyet al. to be an optimal value for this
parameter. We have analyzed our data by considering
general equationvRBM5a/dt1b and we have used our iso
lated tube data as follows. We summed up the various spe
obtained for isolated tubes to get abundle-likespectra. In so
doing, we can apply the method described in Ref. 18
analyze our data. By fitting the first and second mom
calculated for our RBM spectral profile, we obtaineda
11542
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5251.12 nm cm21 and b521.13 cm21. Since the magni-
tude of a is the same as the experimental accurac
(;2 cm21), we can considerb50 ~as expected, since ther
is no tube-tube interaction!, thus implying that thea
5251.12 nm cm value confirms the validity of using th
24864 nm cm21 constant that we have established for is
lated tubes sitting on a Si/SiO2 substrate.2

2. Raman vs photoluminescence data

Optical absorption and photoluminescence data have
been used to determineEii values for semiconducting
SWNTs.14,19–22We also plot, for comparison, the experime
tal Eii values@open triangles in Fig. 4~b!# for the E22

S transi-
tion obtained through optical absorption of isolated SWN
dispersed in a solution.19,20 The kinds of isolated tubes tha
have been studied by optical absorption19–22 are different
from the samples we have investigated in the present Ra
scattering studies~isolated SWNTs sitting on a Si/SiO2 sur-
face!. The SWNTs for the optical experiments are obtain
by dispersing SWNT bundles with an ultracentrifuge in
isolated SWNTs surrounded by the surfactant sodium do
cyl sulfate~SDS!, thus forming micelles around each SWN
As can be clearly observed in Fig. 4~b!, the transition ener-
8-5
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A. G. SOUZA FILHO et al. PHYSICAL REVIEW B 69, 115428 ~2004!
gies reported by Bachiloet al.20 deviate from both our cal-
culated and experimental data beyond our measured un
tainties. It is not surprising that the results for these t
distinctly different experiments are different, becau
Bachilo et al.20 have established for their sample a differe
dt dependence for theirvRBM ~in units of cm21), namely,
vRBM5223/dt112.5. We, in fact, tried to use thisdt depen-
dence forvRBM to fit our Eii

exp data~that are determined from
Raman spectra, independent of any band calculation!. In so
doing, we could not observe a match between ourEii

exp data
with the modifiedEii

cal values~calculated from tight binding!
for the Bachiloet al.20 data, and based on their values ofdt .
From this exercise, we concluded that our diameter dep
dencevRBM5248/dt can account for our experimental R
man results and that thevRBM5223/dt112.5 expression
does not fit our experimental results. This comparison s
gests that each kind of sample has its own parameter
relatingvRBM anddt , and perhaps each kind of sample al
has differentEii

exp values. It therefore seems to be very dif
cult at the present time to unify all of these data quant
tively, because of the different interactions between
nanotube species and their local environments. Future s
ies of the optical spectra and the analysis of the normali
anti-Stokes to Stokes intensity ratio of the Raman spe
from thesame isolated individualSWNT should shed furthe
light on why different expressions forvRBM are needed for
the interpretation of these complementary experiments.

FIG. 4. Experimental~solid circles! and calculated~open
circles! electronic transition energiesE22

S ~lower panel!, E33
S andE44

S

~upper panel!, for isolated single-wall nanotubes. The circles e
closing ‘‘1 ’’ signs stand forEii

cal for the nanotubes for which we
have assignedEii

exp ~solid circles! values. In the lower panel the
open triangles stand for data obtained from photoluminesce
spectroscopy taken from Ref. 20.
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Another result reported by Bachiloet al.20 is that the
E22

S /E11
S ratio is significantly smaller than the value of 2, th

latter which would be expected to apply on average, ba
on the simple theoretical framework that we have used
analyze our Raman data. It is also remarkable that the sp
in the E22

S energies obtained from photoluminescence@see
open triangles in Fig. 4~b!# is much greater than that ob
served experimentally from Raman spectroscopy at
single nanotube level and found theoretically from tigh
binding calculations. Deviations ofE22

S /E11
S on average from

the expected ratio of 2 is referred to as the ‘‘ratio problem
and could perhaps be due to exciton effects. One would
pect excitons to mainly affect theE11

S transitions. We empha
size here that theE22

S values determined by Bachiloet al.20

fall into the same energy range as ourE22
S @see Fig. 4~b!#

values, and that ourE22
S values do not deviate from the tigh

binding energies by more than 20 meV fordt.0.83 nm@see
Fig. 4#. The results of our work imply that a negative devi
tion in theE22

S /E11
S ratio from 2 must be due to anupshift in

the E11
S energies that are reported for photoluminesce

measurements when compared with tight-binding calcu
tions. Normally exciton effects would be expected todown-
shift E11

S energies, making the impliedupshift in E11
S from

photoluminescence measurements so interesting. A recen
port by Kane and Mele23 has pointed out that many-bod
excitations are responsible for perturbing the energy ba
and that many body effects can also upshiftE11

S .
A recent paper by Sakaiet al.24 reports that theEii sepa-

ration is increased from a simple one-electron energy w
the electron-electron repulsion interaction is taken into
count. Generally, it is expected that an exciton effect
tween the electron and the hole~attractive potential! lowers
the Eii values. In low-dimensional materials, the lowes
energy separationi 51 is expected to give the largest excito
effect. But in the case of carbon nanotubes according to
kai et al.24 a rather different behavior should be observe
The lowestE11 energy was found to have a smaller bindin
energy24 for the exciton than the higher-energy transitio
owing to its smaller effective mass. Thus theE11 energy
values are slightly upshifted compared with the otherEii

values, and theE22
S /E11

S ratio being smaller than 2 is thu
explained by these authors.24 The theory discussed in Ref. 2
also elucidates the differentg0 values determined from opti
cal and scanning probing microscopy. Theg052.9 eV deter-
mined for explaining the optical experiments includes ma
body effects, in contrast tog052.6 eV, determined from
scanning-tunneling microscopy experiments. Basically,
results of Fig. 4 imply that the photoluminescence spec
are suggesting a larger trigonal warping effect than wha
found from analysis of Raman spectra at the single nanot
level.

Recent simultaneous Raman Stokes and photolumi
cence experiments done on the same isolated nanotube
added new considerations to the ‘‘ratio problem’’ scena
and also to the emission properties of SWNTs.25 Firstly,
Hartschuh et al.25 found that ~6,4! and ~6,5! nanotubes
pumped to the first excited state exhibit the same fluor
cence energy as the energy observed by Bachilloet al.20 for
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the same tubes but excited to the second state. The re
obtained by Hartschuhet al.25 suggested that the many ele
tron picture seems to fail in explaining emission properties
small diameter tubes. Even though the ratio problem
been discussed extensively in the literature, this problem
its various manifestations have not yet been resolved ei
experimentally or theoretically. Secondly, the authors of R
25 also observed that two SWNTs with identical Ram
spectra also exhibit considerably different emission spe
regarding the position of the emission energy. For the~7,5!
tube Hartschuhet al.25 get peak values forE11

S emission
measurements ranging from 1.21 to 1.23 eV. This re
points out that the peak positions in the PL data are v
sensitive to the local environment and this should be
reason why, up to now, it has been very difficult to establ
a clear picture in correlating the photophysics results fr
different samples and techniques.

3. Isolated SWNTs vs double-wall nanotubes

Regarding small diameter tubes, we now compare
data for isolated SWNTs with those reported for double-w
nanotubes whose inner tubes are very small in diameter.
cently, Krambergeret al.26 have observed well-resolved fea
tures in the Raman spectra of double-wall nanotube bun
samples for the small diameter range (,1 nm) and, they
assign a large set of (n,m) indices to observed Raman fe
tures for the inner tubes of the double-wall species. Mos
the inner tubes assigned in Ref. 26 fall in a lower diame
range compared with the tubes that we list in Table I. F
thermore, they observed many more tubes than are repo
in Table I, because their experiments were carried out o
bundle sample, whereby all of the possible chiralities fo
given diameter range are presumably present. Howe
some of the tubes that we assign are also on the list of
inner tubes observed for double-wall tubes.26 Good agree-
ment between the structural data for the~12,0!, ~11,3!, and
~7,6! tubes is indeed observed. Small discrepancies in
RBM frequencies come from the different equations used
correlating thevRBM with the tube diameterdt . In the case
of double-walled nanotubes, small changes in the RBM
quency for the inner tube compared with its SWNT count
part are expected due to the presence of the outer tube.
assignments carried out for the inner tubes in Ref. 26
based on a equationvRBM5a/dt1b, while we have found
from fitting our data for the tubes sitting on Si/SiO2 substrate
that b is negligibly small. Stokes to anti-Stokes intens
ratio measurements on double wall nanotubes would al
one to make a more accurate assessment of the chiralities
to improve the models for precisely correlating spec
(n,m) tubes with specific spectral features.

IV. CONCLUSIONS

In summary, we have presented an analysis of the Sto
and anti-Stokes Raman spectra for isolated single-wall
11542
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bon nanotubes. We have focused our analysis on sm
diameter tubes where few possibilities are found for assi
ing (n,m) pairs to the observed Raman spectra. T
measured normalized anti-Stokes to Stokes intensity r
I AS/I S is used for obtaining the electronic transition energ
Eii

exp, independent of band-structure calculations. By co
paring theEii

exp with Eii
cal values calculated from a tight

binding model on a one-on-one basis, we have made (n,m)
pair assignments, and we have found that the deviation
tween experiment and tight-binding theoryDEii 5Eii

exp2Eii
cal

does indeed depend ondt . The deviationDEii is observed to
become more negative as the tube diameter gets smaller,
indicating that the tight-binding approximationoverestimates
the van Hove singularity energies for smalldt tubes (0.8
,dt,1.1 nm). Our experimental results indicate that:~i! the
large curvature in the small diameter tubes, which induce
s-p hybridization, lowers the electronic band energies, a
~ii ! the simple formulation of the tight binding model to d
termineEii is accurate to 20 meV for tube diameters larg
than 0.83 nm. Finally it should be pointed out that the abil
to grow SWNTs with a very narrow diameter distribution
rapidly increasing.27 This will allow more systematic and
precise connections to be made between experiments
models since these special samples will contain only a sm
number of different (n,m) SWNTs.
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