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Stokes and anti-Stokes Raman spectra of small-diameter isolated carbon nanotubes
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By measuring the anti-StokéAS) and StokegS) Raman spectra on the same isolated single-wall carbon
nanotubg SWNT), we here determine the electronic transition energiegexperimentally ES*?), and then we
compare thes&S* with the E;; values obtained with theoretical predictiors:t). In such an approach, the
nanotube (,m) structure identification depends on the theory parameters, but the experimental determination
of E;*® does not, and depends only on the experimental AS/S intensity ratio and the laserBgergged in
the experiment. We measured the radial breathing mode frequeggy and E;® for specific tubes, and we
then performed then;m) identification by using thel; diameter dependence of the electronic transitions. We
present such an analysis for a wide nanotube diameter range, focusing primarily on small diameter SWNTs
(d¢{<1.1 nm), where there are very few,(n) possibilities for SWNTs that can be in resonance with the
appropriate laser energy .- This allows an experimental determination Bf*® values to be made for a
variety of (n,m) SWNTs. Our experimental results indicate th@tthe large curvature in small diameter tubes
induces ar-7 hybridization, thus lowering the electronic band energies,(@nthe simple formulation of the
tight binding model f,=2.89 eV) to determin&;; starts to deviate frork® for tubes withd,<1.1 nm, but
the deviationAE,,= ES¥—ES3 remains smaller than 20 meV fak=0.83 nm. A comparison betweef*?
data obtained from Raman and photoluminescence is made, and a comparison is also madeEjétaatn
for SWNTs and double-wall carbon nanotubes.

DOI: 10.1103/PhysRevB.69.115428 PACS nunider77.84.Dy

[. INTRODUCTION scheme of the electronic band structure obtained from a
tight-binding model for the graphene layer by considering
Single-walled carbon nanotubéSWNTS9 are very good only the occupiedr and unoccupiedr* electronic states.
prototype materials for modeling one-dimensional The fundamental parameter for connecting experiment and
systems.~3 Clever experiments carried out both on nanotubetheory in carbon nanotubes to lowest order is the carbon-
bundles and single nanotubes have opened up many nesarbon transfer energy,.*> This lowest-order theory is ex-
opportunities for learning new physical concepts about lowpected to be approximately valid only for larger diameter
dimensional systems and for checking the validity of theotubes @;=1.1 nm). More detailed calculations based on
retical models as well. pseudopotential local-density-functional theory have claimed
The one-dimensionallD) density of electronic states in the simple formulation of the tight-binding model to be in-
SWNTs has been calculated by using the zone foldingaccurate in determining the properties of small-diameter
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tubes @;=<1.1 nm), because of both the simplifications used
in the tight-binding calculations and the hybridization of the 120 |
o and 7 states that arise from the strong curvature effect in
these small diameter tub@s?

Experimental optical absorption and resonance Raman
data taken on both SWNT bundfesnd isolated single-wall
nanotube¥~*2for d,=1.1 nm are well explained in terms of
a single paramete,. All the Raman spectroscopy results
obtained so far at the single nanotube level have been ana-
lyzed using a self-consistent approach, and a fitting to the
experimental data leads to thg=2.89 eV valué A funda- g ,
mental ingredient for precisely obtaining thg parameter is 00 05 10 15 20 25 30
a good experimental assessment of Eyevalues. The most Nanotube diameter [nm]
guantitative method presently available for accurately mea-

Suring theEii values is through a Raman Scattering experi_ FIG. 1. Diameter distribution of a Sample of isolated individual
ment with a tunable laser. This experiment is very difficult toSWNTS on a Si/SiQ substrate obtained by atomic force micros-
do and the equipment for carrying out such measurements fOPY (AFM) using the method reported in Ref. 13. The insggtper
generally not available. Such measurements have thus &0 depicts an AFM image of the sample.

only been carried out once for isolated nanotulfesn al-

ternative and practical way for obtaining such information isdeviations AE ,,= ESX—ES3', showing thatAE,, becomes
by monitoring the anti-Stokes to Stokes intensity ratio for thenegative ford,<1.1 nm, but that the deviatiohE,, for E§2
radial breathing mode feature in the Raman spectra at a fixa@mains less than 20 meV fof=0.83 nm.

laser energy. The anti-Stokes to Stokes ratio is very sensitive

to the position of the laser ener@y,s. relative to the energy

transition E;; because the resonance condition for the scat- Il. EXPERIMENT

tered photons is different for the anti-Stokes and Stokes The isolated tubes used in this paper were prepared by

Process. using a chemical vapor depositiofCVD) method on a

.Rec.ent ‘T‘e‘h"ds for the.s.ynthe3|s of SWNTs, either bySi/SiO2 substrate. Silicon wafers with thin films of thermally
using identical metal-containing molecular nanoclusters as

catalyst$® or solid supported catalydt,allowed the growth grg%&n%eiﬁgﬁgf ié?l:?ié:'cgf) gzﬁiﬁgal:gd fl?rire?k?otmsillgr?e
of SWNTs with very small diameter and with a narrow di- . o Propy y o
The wafers were rinsed with isopropanol and blown dry with

ameter distribution. This advance in the growth of isolated o
SWNTs offers a unique opportunity and motivation for in- 1,1,1,2 tetrafluoroethane, and then were kept at 120 °C for a

P . : P inimum of two hours. The Fe/Mo nanoclustémepared
vestigating these small diameter tubes in their isolated forn) . . )
grown on a Si/SiQ surface. By measuring the anti-Stokes by the method described in Ref.)1®ere deposited on the

(AS) and Stokes(S) Raman spectra on the same isolatedchemically modified surfaces by soaking the silicon wafers
P in the nanocluster solutions for 10 min. The samples were

SWNT, we here determine the electronic transition energie% ) ! . . .
E.. experimentally E9®). We then make a comparison be- en sonicated in ultrapure water |mmed|at_ely after beln_g
! nes taken out of the nanocluster solution to get rid of the physi-

tweenE;?™® and thek;; values obtained with theoretical pre- .11 apsorbed nanoclusters, and the samples were then
dictions ES?) in order to identify the §,m) integer pairs for blown dry with 1,1,1,2 tetraﬂu'oroethane.

each nanotube. In such an approach, men] identification  The wafers were then put into a quartz tube in a furnace.
depends on the electronic band calculation, but the experirhey were first annealed in air for 5 min at 700 °C, and then
mental determination dE’® does not, and depends only on 1, (200 sccr was used to reduce the substrates for 5 min at
the experimental AS/S intensity ratio and the laser energgoo °C. Subsequently CVD was performed with the mixture
Ejaser used in the experiment. Thus, we can measuggy  of CO (800 sccm and H, (200 scen for 15 min at the same
andE{® for specific tubes, and then perform the ) iden-  temperature. Finally, the system was cooled under an H
tification by using thed, diameter dependence of the elec- atmosphere. Atomic force microscofFM) images have
tronic transitions. The goal of this paper is to perform suchshown that our samples have nanotubes with diameters vary-
an analysis over a widg, range, focusing primarily on small ing from 0.7 to 1.5 nm(for samples grown by the above
diameter SWNTs where there are very femrf) possibili-  described methgdwith an average diameter of about 1.0 nm
ties for a SWNT to be in resonance with the appropriate(see Fig. 1. Samples with larger diameter nanotubes (
Ejaser- This procedure allows a determinationf® values ~ >1.0 nm) were prepared as described in Ref. 15.

to be made for a variety ofn(m) SWNTSs, and an assess-  The spectral excitation for resonance Raman experiments
ment to be made of the accuracy/inaccuracy of the tightwas provided by laser lines d,..=1.58, 1.96, and 2.41
binding model calculations by comparing the experimentakV, all of them with a power leveP<10 mW [power den-
ESP with theoreticalES? values, calculated on the basis of sity ~1 MW/cn?] at the sample surface. The scattered light
the tight-binding model. The results of this comparison demwas analyzed using a Kaiser Hololab systéior 1.58 eV
onstrate that the technique is sensitive enough to measure thaser excitation and a Renishaw 1000 B systeffor 1.96

80

Number of Tubes
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= ___Anti-Stokes ' ' Stokes . out at room temperature, the Stokes intensity is larger than

-‘§ [ (a) 1 1) 236 3§ 1 the anti-Stokes intensity. However, after the normalization

8 1 I 3 procedure that takes the Boltzmann factor into account, the

s normalized anti-Stokes to Stokes intensity ratio undér

= resonanceconditions is always 1. In the case where the ex-

5 236 periment is carried outn resonanceas is done for SWNTSs,

Z the anti-Stokes to Stokes intensity ratio is equal to 1 when

% 55 g o TiE e 555 Eii~Ejaserr The asymmetry.obs.erved in Figgagand 2b)

e Frequency (cm™) Frequency (cm™) can be understood by considering the resonance process. For
, this particular SWNT spectrum, one can observe that the
e e Stokes intensity is larger than that of the anti-Stokes inten-

sity. This occurs because the resonance process is not only
due to the incident photon, but there is also a resonance with
the scattered photon. The scattered photons have different

----- Anti-Stokes
--—o—- Stokes

/ energies for the Stokes and anti-Stokes processes, and these
i energies are, respectivel;se— Epp and Ejzseit Epp- Then
Energy for a given phonon, such as for the RBM phonon shown in

) . _ Figs. 4a) and 2b), there are two resonant peaks for the

FIG. 2. (a) Anti-Stokes and(b) Stokes radial breathing mode gtokes process and two peaks for the anti-Stokes process, as
Raman spectra for a semiconductifi@,5 tube as identified in this shown for the calculated line shapes in Figc)2 One of
work. The anti-Stokes spectrum intensity is normalized with thethese peaks is common to both processes, and occurs when
Boltzmann factor.(c) Resonant window for both the normalized Eie=E; corresponding to the resonance with the incident
anti-Stokes(solid circle3 and Stokes(open circles Raman pro- ECSJ?IIJHS” For the other resonant peaks. this condition is
cesses. The gray plot stands for the joint density of states profile fd[r) N . P T
a given tube. The laser energy is represented as a vertical dash 8:2%'2?3&28;?;%b&;ﬁgspshg?}gntﬁenegg;klnotchceufsaivehcen;
fine. Ejaser= Eii — Epn (Eiase Eii + Er). The intensity of a given
and 2.41 eV laser excitationsoth equipped with a cooled phonon for both the Stokes and the normalized anti-Stokes

charge-coupled devicéCCD) for detecting the scattered spectra as a function of _Iaser energy was experimenta_lly ob-
light. tained through an experiment with a tunable 1&5and this
Both Stokes and anti-Stokes spectra are taken simultd2rofile [referring to the plot in Fig. @)] was used here for
neously and so the time acquisition and laser power are th@"@lyzing the anti-Stokes to Stokes intensity ratio.
same for both spectra. For the purpose of this paper, it is the BY analyzing the line shape in Fig(@ we can see that
anti-Stokes to Stokes intensity ratio that is the fundamentdi’® anti-Stokessolid circleg to Stokes(open circles inten-
quantity that is measured. For using this experimental inpud!ly ratio depends sensitively on the position of the laser
properly, we first correct the measured intensity for the in-energy[vertical dashed line in Fig.(2)] relative to the sin-
strumental response at different wavelengths by accounting!!@nty Eii . If EaserE;i , the Stokes spectrum is more in-
for the efficiencies of the gratings and the detector efficienf€nse than its anti-Stokes counterpart, as in the case of Figs.
cies. Second, we normalized the anti-Stokes signal by thé(@ and 2b). If Ej.se<Ej;, the Stokes spectrum is less in-
Boltzmann factor exjp-E,/kT], whereEy; is the phonon tense than its antl—StokeS counterpart, considering the nor-
energy. Since no evidence for overheating the SWNTs Wagwall_zatlon of the expe_nme_ntal plata by the Boltzmann factor
observed experimentally when the laser power level was vail' Fig- 2@. The special situation, where both Stokes and
ied, a sample temperature of 300 K was considered in thi@nti-Stokes processes have about the same resonance en-
normalization procedure. After taking account of these two@ncement factor, occurs whéfser~ E;i . The dependence
factors that greatly affect the anti-Stokes to Stokes intensit! the anti-Stokes to Stokes intensity ratio on laser energy
ratio, the observed asymmetry in the phonon intensity for thé!/lows one to use the measured ratio of the anti-Stokes to
anti-Stokes and Stokes spedisae Fig. 2c)] comes from the S_tokes mtensmesAS_/_IS for the ra(_jlal breathing mode for a
difference in the resonant conditions between the inciden@iVen Eiaser to sensitively determine the enerdy; of the
and scattered photons with the electronic transitions, whick€sonant van Hove singularity in the joint density of states.

is the physics that is used to determiBg experimentally. This de_termination is done by adjusting the _experimental
E7® which would produce the measurkgs/1 s ratio for that

IIl. RESULTS AND DISCUSSION particular (1,m) tube when using a particuldE,,s.,. The
(n,m) indices were then determined as the best fit of the
A. E;; determination from anti-StokegStokes ratio nanotube diameted; (measured from the RBM frequency

In Figs. 2a) and 2b) we show the Raman spectra for an andES to the predictedl; andES? valuesthat follow from
isolated SWNT identified in this work 420,59 whose RBM  the (n,m) indices.
frequency is 236 cm'. In this figure the anti-Stokes inten-
sity is normalized by the Boltzmann factor to account for the
temperature dependence of the phonon population. In an or- We have measured both Stokes and anti-Stokes spectra
dinary Raman scattering experimegoff resonancecarried  for a number of tube§20 different f1,m)] in the diameter

B. (n,m) assignments
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o5l @ ) 00 0% Q00 ]gs the resonank;; singularity quantitatively. This intensity rati_o
-------------- @OOO@(?.)C.%.S@C “ indicates unambiguously whether the laser energy is either
Eﬁ o 5 ©5 Lo | above or below th&;; value, as we show in discussing Fig.
_ o "y ° oQ)o Q’g o %O 95 2(c). This approach was used to associate each experimental
> 20l o O " e Ex g Of point in Fig. 3 with a given calculatech(m) SWNT.
T - A R o For large diameter tubes, sometimes we have more than
OO' £s 800 8Q‘o ] one possibility for assigningn;m) pairs for a given Raman
S o= & 8 rot spectrum. However, in the small diameter tube range, there
1,5 —— L RN 1AL are very few possibilities for assigning),m) pairs when
> 10r " T " T " T " ] using a particulaE ¢, line. It is also in the smaltl, limit
o[ LTI e s also n he smalt mit
g o 1 It ] (d¢<1.1 nm) that the tight-binding approximation is ex
g 10} F { { 4 pected to be less accurate, as calculations in the literature
w0l %{ } ] have pointed out” Due to the large curvature for the small
éﬁf 0B 10 12 11 T s d; SWNTs, theo states should perturb the-band electronic
d, [nm] levels, and then either more parameters in the Slater-Koster

picture or somer-7 band mixing should be added, or both
FIG. 3. (@) Experimental(solid symbol$ asnd CSI'CU'atedSpen types of corrections should be used for describing the SWNT
symbols electronic transitions energi€s,, ES;, Ey, andEYifor  pangd structure. Since our method for determinBEg® is

isolated SWNTs probed with different laser energies. The horizontail . :

) . ndependent of the band-structure modee| 5/l 5 intensity
dashed lines denote the 1.58, 1.96, and 2.41 eV laser energies usec?. " . .
in the experiments(h) Energy difference E; between experimen- ratio depends sensitively on the energy of the singularity in

tal and calculatedt;; values. The dotted line itb) is a guide to the ths( joint den.S|ty of electronic _Staﬁzsi comparison of the
eves. Ef® values with the correspondirigf{ is a good approach to
obtain a definite 1f,m) tube assignment also for smal|

range 0.83-1.7 nm. We have analyzed the anti-Stokes f WN.TS' In Table |, we list "?‘” the.r(,m) tubes we ha\(e
Stokes intensity ratio and we have determined E& val- identified by thel 55/l 5 intensity ratio method, along with

ues for each of these nanotubes, including both metallic anH‘e'_r Eii values, as obtained from calculations and from ex-

semiconducting tubes and the results are summarized in Fi§€fments. , y o
By comparing the experiment&f;® results(solid circles

3(a). For large diameter tubesl(>1.1 nm), we found that | o -
the parametely,=2.89 eV is optimal for describing the ex- With the predictedE; (lopen circleg we found that the pa-
perimental E® at the single nanotube levewithin a 10 ~ fameters =248 cm “nm, y,=2.89 eV) best map each
meV range, consistent with experimental deviatjprsgard- ~ €xperimental point on to its calculated counterpart. In order
ing the agreement betwedE™® and EX¥. However, asd, to make this clear, we show the calculated and experimental

. S S .
gets smaller than 1.1 nm, some deviations between the cdfi for the larged; range[covering theEs; and Ej, transi-

culated and experimentally determined values start tdions in Fig. 48)] and the smald, range[covering theE3,
emerge, as can be clearly seen in the trend of Alie  transition in Fig. 4b)]. The EF' for which we assigned ex-
=ESP—EX vs. d, plot depicted in Fig. ). By taking into ~ perimental values foE{* are marked by open circles en-
account the uncertainties related to the experimental setugosing “+” signs. By inspecting Fig. &), one can see
and normalization procedure, we conclude that the accuradyfable ) a trend in the deviation between the experimental
for the solid points in Fig. 3 is about 10 meV. E;7® values and those calculated by the tight binding model
The association of the observed vibrational spectrum wittfES?, namely, that the deviatiodE;; = (ES*—ES?) becomes
a particular ,m) SWNT via resonance Raman spectros-more negative asl, gets smaller, thus indicating that the
copy data is primarily made based on two considerati@ns: tight-binding approximatiomverestimatethe van Hove sin-
The Raman spectrum is observable only for those nanotubegularity energies for small-diameter tubésh initio calcula-
that haveE;; energies close to the laser excitation energytions of the nanotube electronic structure have indicated that
E aser due to resonance enhancemsiif; The frequency of nanotube curvature inducesras hybridization, thudower-
the radial breathing mode depends on the reciprocal diametérg the electronic band energi®é!’ This picture is qualita-
1/d;, and wggy is found to depend on d{ by the wggy tively consistent with our experimental results shown in Fig.
= ald, relation. The valuer=248 cm 'nm was determined 3. In Table I, we list all the if,m) tubes we have identified
for isolated nanotubes lying on a Si/Si6urface® By com- by the I 5s/l5 intensity ratio method, along with thel;;
bining information aboug;; (resonance enhancemgmith  values, as obtained from calculations and from experiments.
the diameter dependence of the radial breathing mode, it iBowever, we should emphasize that the deviations from the
possible to correlate the observed Raman spectral propertigight-binding calculations that we have observed experimen-
with a specific ,m) SWNT. The observation of a Raman tally are on the order of 20 meV or less. These deviations are
spectrum for an isolated tube means that the laser energy much smaller than the numerical precision achievedhn
close toE;; , but from the Stokes spectrum alone, we cannoinitio calculations(around 100 meYand much smaller than
obtain the precise value d;; . However, by analyzing the the magnitude of their predicted deviations from the tight-
anti-Stokes to Stokes intensity ratio, we can get the value dbinding calculationg50 me\).
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TABLE I. Assigned f,m) andE;® using the measured anti-Stokes to Stokes intensity ratio for isolated SWNTgarfi89 eV. Also
shown areES® obtained from ,m) by tight binding calculations and the deviation enetofy; = E>P—ES.

(n,m) dy(nm) 6 wram(cm™ 1) Ei(eV) AE(meV)
Exp. 2484, Calc. Exp.
EN®
(12,0 0.95 8.2 259 261 2.413 2.397 —-16
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
(16,1 131 3 192 195 1.998 1.994 -4
(14,8 1.53 21.1 161 162 1.577 1.578 1
E3
17,2 1.44 55 172 173 1.812 1.806 -6
(11,5 1.13 17.8 221 220 2.097 2.103 6
(11,9 1.07 14.9 230 232 1.594 1.583 -9
(10,5 1.05 19.1 236 237 1.531 1.517 —-14
(11,3 1.01 11.7 252 245 1.564 1.554 —-10
(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 —-14
(7,5 0.83 24.5 288 298 1.940 1.925 —15
E3
(14,9 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
E
(18,9 1.61 11.9 154 154 2.376 2.375 -1
(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

&The values listed stand for the lower-energy component oEﬁf’iesingularity, whereas there is only one component for the semiconducting
ES,, E3;, andEj, singularities for a given tube.

C. Comparison with other experiments =251.12 nm cm?* and 8= —1.13 cm . Since the magni-
1. Comparison between isolated and bundled SWNT tude of a is the same as the experimental _accuracy
Raman data (~2 cm 1), we can consideB=0 (as expected, since there

. ) is no tube-tube interaction thus implying that thea
In order to further check the validity of using thékem  —251.12 nmcm value confirms the validity of using the

=2480; relation for interpreting our results, we have em-4g+ 4 nmcnt? constant that we have established for iso-
ployed the method developed by Kuzmaetal'® that al-  |5ted tubes sitting on a Si/SjGubstraté.

lows one to evaluate the diameter distribution of the tubes in
a SWNT bundle by using the RBM spectral response. The
fundamental ingredients used in this methbdre the first
and second moments of the RBM distribution. In Ref. 18 the Optical absorption and photoluminescence data have also
analysis is carried out using the relatiapgy= 2344, + 3, been used to determing&;; values for semiconducting
where 3 is a term that has been described to account foSWNTs**9-?2We also plot, for comparison, the experimen-
tube-tube interactions and its values are obtained by fittingal E;; values[open triangles in Fig. )] for the E§2 transi-

the experimental RBM data. The 234 factor is the value obtion obtained through optical absorption of isolated SWNTs
tained from arab initio calculations and this value was also dispersed in a solutiol:?° The kinds of isolated tubes that
considered by Kuzmangt al. to be an optimal value for this have been studied by optical absorplivii are different
parameter. We have analyzed our data by considering thieom the samples we have investigated in the present Raman
general equatiomggy= a/d;+ 8 and we have used our iso- scattering studie§isolated SWNTSs sitting on a Si/SjGsur-

lated tube data as follows. We summed up the various spectface. The SWNTs for the optical experiments are obtained
obtained for isolated tubes to gebandle-likespectra. In so by dispersing SWNT bundles with an ultracentrifuge into
doing, we can apply the method described in Ref. 18 tdsolated SWNTs surrounded by the surfactant sodium dode-
analyze our data. By fitting the first and second momentyl sulfate(SDS), thus forming micelles around each SWNT.
calculated for our RBM spectral profile, we obtained As can be clearly observed in Fig(b}, the transition ener-

2. Raman vs photoluminescence data

115428-5
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2.6 — - oo Another result reported by Bachilet al?° is that the
A ® o | E>,/E3; ratio is significantly smaller than the value of 2, the
o O . latter which would be expected to apply on average, based
251 ™ o g on the simple theoretical framework that we have used to
E o ES o p _
o = / e ] analyze our Raman data. It is also remarkable that the spread
h in the E3, energies obtained from photoluminescerisee
open triangles in Fig. @)] is much greater than that ob-
| served experimentally from Raman spectroscopy at the
w2 single nanotube level and found theoretically from tight-
2.3 c 4 - . . . .. S S
1.2 1.4 1.6 binding calculations. Deviations @&>5,/ET; on average from
d, [nm] the expected ratio of 2 is referred to as the “ratio problem”
2.2 5 s T : and could perhaps be due to exciton effects. One would ex-
A (b) pect excitons to mainly affect tHe?, transitions. We empha-
20 o E i size here that th&3, values determined by Bachilet al?°
22 ] fall into the same energy range as d&j, [see Fig. 4b)]
m values, and that oUE5, values do not deviate from the tight-
Q 20 A binding energies by more than 20 meV f>0.83 nm[see
eO
o

E [eV]

%
[e]e]
N

E [eV]
-
o]
o) ]
®
&
D>

Fig. 4]. The results of our work imply that a negative devia-
A P 7 tion in the E5,/E$, ratio from 2 must be due to ampshiftin
! ! ] the Efl energies that are reported for photoluminescence
0.8 0.9 1.0 1.1 measurements when compared with tight-binding calcula-
dt [nm] tions. Normally exciton effects would be expecteddtmwn-

FIG. 4. Experimental(solid circle3 and calculated(open  SMift = energies, making the impliedpshiftin E3; from
circles electronic transition energidsS, (lower pane), ES; andES, photoluminescence measurements so interesting. A recent re-
(upper pané| for isolated single-wall nanotubes. The circles en-POrt by Kane and Mefé has pointed out that many-body
closing “+” signs stand forES? for the nanotubes for which we €Xcitations are responsible for perturbing the energy bands
have assigned®® (solid circle$ values. In the lower panel the and that many body effects can also upsEif .
open triangles stand for data obtained from photoluminescence A recent paper by Sakait al>* reports that théE;; sepa-
spectroscopy taken from Ref. 20. ration is increased from a simple one-electron energy when
the electron-electron repulsion interaction is taken into ac-

gies reported by Bachilet al?° deviate from both our cal- count. Generally, it is expected that an exciton effect be-

culated and experimental data beyond our measured unc%ﬁ/een the electron and the halattractive potentiallowers

tainties. It is not surprising that the results for these twoeneerEii s\lslﬁzﬁolﬁp If vi\g:l)Tir;fé%nt&;I T/it(tak:SIIZr tzst Ie(z(vgﬁsg
distinctly different experiments are different, because gy sep P g g

: 20 . . . effect. But in the case of carbon nanotubes according to Sa-
Bachilo et al""have established for their saTlpIe a different, "ot 2124 4 rather different behavior should be observed.
d; dependence for theiwggy (in units of cni ), namely,

| . ' The lowestE;; energy was found to have a smaller binding
wrpm= 2230+ 12.5. We, in fact, tried to use thig depen- energy” for the exciton than the higher-energy transitions
dence forwggy to fit our EJP data(that are determined from owing to its smaller effective mass. Thus tEg, energy
Raman spectra, independent of any band calculationso  yalues are slightly upshifted compared with the otBer
doing, we could not observe a match between Bfif data  values, and th&S,/ES; ratio being smaller than 2 is thus
with the modifiedE§™ values(calculated from tight binding  explained by these autho?sThe theory discussed in Ref. 24
for the Bachiloet al*® data, and based on their valuesdpf  also elucidates the different, values determined from opti-
From this exercise, we concluded that our diameter depereal and scanning probing microscopy. The=2.9 eV deter-
dencewggy= 2484, can account for our experimental Ra- mined for explaining the optical experiments includes many
man results and that thergy=223Md,+12.5 expression body effects, in contrast tg,=2.6 eV, determined from
does not fit our experimental results. This comparison sugscanning-tunneling microscopy experiments. Basically, the
gests that each kind of sample has its own parameters iresults of Fig. 4 imply that the photoluminescence spectra
relatingwggy andd;, and perhaps each kind of sample alsoare suggesting a larger trigonal warping effect than what is
has differentE® values. It therefore seems to be very diffi- found from analysis of Raman spectra at the single nanotube
cult at the present time to unify all of these data quantitalevel.
tively, because of the different interactions between the Recent simultaneous Raman Stokes and photolumines-
nanotube species and their local environments. Future studence experiments done on the same isolated nanotube has
ies of the optical spectra and the analysis of the normalizeddded new considerations to the “ratio problem” scenario
anti-Stokes to Stokes intensity ratio of the Raman spectrand also to the emission properties of SWNT<irstly,
from thesame isolated individusZBWNT should shed further Hartschuh et al?® found that (6,4 and (6,5 nanotubes
light on why different expressions favggy are needed for pumped to the first excited state exhibit the same fluores-
the interpretation of these complementary experiments.  cence energy as the energy observed by Bachtlial > for

115428-6



STOKES AND ANTI-STOKES RAMAN SPECTRA®. .. PHYSICAL REVIEW B 69, 115428 (2004

the same tubes but excited to the second state. The resulien nanotubes. We have focused our analysis on small-
obtained by Hartschubt al?® suggested that the many elec- diameter tubes where few possibilities are found for assign-
tron picture seems to fail in explaining emission properties oing (n,m) pairs to the observed Raman spectra. The
small diameter tubes. Even though the ratio problem hageasured normalized anti-Stokes to Stokes intensity ratio
been discussed extensively in the literature, this problem and, ./| 5 is used for obtaining the electronic transition energies
its various manifestations have not yet been resolved e|th%“><p, independent of band-structure calculations. By com-

experimentally or theoretically. Secondly, the authors of Ref.__ . he E&® with E val lcul f iaht-
25 also observed that two SWNTs with identical Ramanparlng the & © with Eji” values calculated from a tight

spectra also exhibit considerably different emission spectrgm.dlng T“Ode' on a one-on-one basis, we have mmﬁ)x
regarding the position of the emission energy. For (h&) pair assignments, and we have found that the deviation be-

tube Hartschuhet a2 get peak values foES, emission WEEN experiment and tight-binding theak)E_”:Eﬁxp_Eﬁal
measurements ranging from 1.21 to 1.23 eV. This resulfl0€S indeed depend oh. The deviationAE;; is observed to
points out that the peak positions in the PL data are Verybecome more negative as the tube diameter gets smaller, thus
sensitive to the local environment and this should be thdndicating that the tight-binding approximatiawverestimates
reason why, up to now, it has been very difficult to establisithe van Hove singularity energies for small tubes (0.8

a clear picture in correlating the photophysics results from<d;<1.1 nm). Our experimental results indicate th@tthe

different samples and techniques. large curvature in the small diameter tubes, which induces a
o-m hybridization, lowers the electronic band energies, and
3. Isolated SWNTs vs double-wall nanotubes (i) the simple formulation of the tight binding model to de-

Regarding small diameter tubes, we now compare outermineE;; is accurate to 20 meV for tube diameters larger
data for isolated SWNTs with those reported for double-wallthan 0.83 nm. Finally it should be pointed out that the ability
nanotubes whose inner tubes are very small in diameter. R& grow SWNTs with a very narrow diameter distribution is
cently, Krambergeet al2® have observed well-resolved fea- rapidly increasing” This will allow more systematic and
tures in the Raman spectra of double-wall nanotube bundlprecise connections to be made between experiments and
samples for the small diameter rangeeX nm) and, they models since these special samples will contain only a small
assign a large set oh(m) indices to observed Raman fea- number of different §,m) SWNTs.
tures for the inner tubes of the double-wall species. Most of
the inner tubes assigned in Ref. 26 fall in a lower diameter
range compared with the tubes that we list in Table I. Fur-
thermore, they observed many more tubes than are reported ACKNOWLEDGMENTS
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