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Detailed analysis of the mean diameter and diameter distribution of single-wall carbon
nanotubes from their optical response
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“Faculty of Science, Tokyo Metropolitan University, 1-1 Minami-Ohsawa, Hachioji, Tokyo 192-0397, Japan
(Received 12 March 2002; revised manuscript received 17 May 2002; published 22 July 2002

We report a detailed analysis of the optical properties of single-wall carbon nand®W&SNT'’S) with
different mean diameters as produced by laser ablation. From a combined study of optical absorption, high-
resolution electron energy-loss spectroscopy in transmission, and tight-binding calculations we were able to
accurately determine the mean diameter and diameter distribution in bulk SWCNT samples. In general, the
absorption response can be well described assuming a Gaussian distribution of nanotube diameters and the
predicted inverse proportionality between the nanotube diameter and the energy of the absorption features. A
detailed simulation enabled not only a determination of the mean diameter of the nanotubes, but also gives
insight into the chirality distribution of the nanotubes. The best agreement between the simulation and experi-
ment is observed when only nanotubes within 15° of the armchair axis are considered. The mean diameters and
diameter distributions from the optical simulations are in very good agreement with the values derived from
other bulk sensitive methods such as electron diffraction, x-ray diffraction, and Raman scattering.

DOI: 10.1103/PhysRevB.66.045411 PACS nuni®er78.67.Ch
. INTRODUCTION tron scattering®!® In the following, we briefly compare
these methods.
Since the discovery of carbon nanotubesgreat deal of On alocal scale the distribution of SWCNT diameters has

attention has been focused on this entirely new class dpeen analyzed using TEM:*° From these studies, for mate-
nanoscale materials. Due to their unusual geometry, thefiial synthesized using laser ablatin general a Gaussian
structural and electronic properties, these carbon nanostrugiameter distribution was observed, whereas from other pro-
tures are viewed as promising building blocks for molecularc€sses such as CVD and HPCO, the SWCNT diameters are
electronic€ In particular, single-wall carbon nanotubes found to be spread over a wider range without a simple dis-

(SWCNT'9 are currently being intensively investigated tribution function: The big disadvantage of TEM in this con-

worldwide since they possess unique and intriguing electextis that it is nanoscale and thus one can never be sure that

tronic properties, being either semiconducting or metallic deone has obtained a result truly representative of the bulk

pending on their geometrical structure defined by theirSWCNT diameter distribution. Consequently, a number of

chirality3* After an effective production method of bulk sensitive methods which provide information regarding

, . . S the diameter distribution have been applied, such as electron
SWCNT's was discoveretla huge number of investigations diffraction, XRD, and also neutron diffraction. Since the

were initiated. However, in all production methods availabIeSWCNT produced by laser ablation, carbon arc, and HPCO
today [laser desorptiod,carbon arc methot HPCO (high ;o predominantly organized in bundles, x4 and elec-

pressure CO decompositiérand chemical vapor deposition o giffraction are suited to characterize the SWCNT mean
(CVD)"] the produced SWCNT's are formed as a polydis-giameter and diameter distribution from the diffraction pat-
perse mixture with various diameters and chiralities. Al-tern of the bundle lattice. Such diffraction-based methods
though claims have been made for the formation of gossess the disadvantage that they are insensitive to any in-
SWCNT lattice with only one type 0f10,10 nanotubes, dividual (and hence nonbundigdBWCNT present in the
generally speaking the process of synthesizing nanotubes gmple. This is a grave setback in the analysis of material
only a single diameter and chirality is still beyond our reach.from the CVD route, as this material generally contains a
A first step in a systematic approach towards improvedsignificant proportion of individual nanotubes.
selectivity during the SWCNT production process is a feed- The second bulk sensitive characterization method utilizes
back of information coming from a reliable characterizationthe optical properties of the SWCNT. From consideration of
of the mean diameter and diameter distribution in the prothe folding of the Brillouin zone of a graphene sheet result-
duced raw SWCNT material. Several different methods havéng from the new boundary conditions generated by the con-
been applied to gain this information. The methods compriseeptual “rolling up” to form a nanotube, tight-bindin('B)
local probes such as transmission-electron microscopygalculations have led to a simple relationship between the
(TEM),'° scanning-tunneling microscopy combined with SWCNT diameter and the energy of the optical interband
tunneling spectroscopy,and bulk sensitive probes, such as transitions of the SWCN# From the same type of calcula-
Raman scatterintf'® optical-absorption spectroscopfy!®  tions one third of the possible SWCNT's—those with wrap-
electron diffraction:®” x-ray diffraction (XRD),*° and neu- ping vectors i,m) wheren—m=3| (1=0,1,2...)—are
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predicted to be metallic. All other tubes are semiconductors=234 cm 'nm is a constant determined recently fromadn
The unit cell of the SWCNT’s strongly depends on theinitio calculation’’” The Raman response for this mode is
choice ofn andm. The smallest unit cell is found i=m or  subject to a strong dependence upon the energy of the excit-
eithern or m are zero, and in this case is as large as that oing laser used in the Raman experiment. Whereby photose-
the graphene sheet. Such special nanotubes are called “arfiective resonance scatteriig®?4=*°has been demonstrated
chair” (chiral angle 30°) and “zigzag'(chiral angle0°), to be responsible for both the fine structure in the RBM line
respectively. All other tubes are called chiral. The diamdter shape and an oscillatory behavior of the spectral monténts.
of the tubes is related to the components of the Hamad&onsequently, analysis of Raman data recorded using differ-
vector by d=am?+n?+mn/«, wherea=2.46 A is the ent laser lines has also been frequently applied as a tool to
lattice constant of the graphene plane. Due to the oneanalyze the SWCNT mean diameter and diameter distribu-
dimensional nature of the SWCNT’s, their electronic struc-tion in both bulk and nanoscopic sampfés’ However, one
ture exhibits clear van Hove singularities. The energetidias to be aware that a simple line shape analysis of the Ra-
separation of the pairs of van Hove singularities is inverselynan response is misleading and the resonance Raman scat-
proportional to the tube diameter. The optical response of thtering and the oscillations of the spectral moments have to be
SWCNT is dominated by transitions between peaks in théncluded in the detailed analysi§.One remaining uncer-
density of state¢DOS) of the valence and conduction bands, tainty in the Raman analysis of SWCNT bundles regards the
with momentum conservation only allowing transitions pairssize of the intertube interaction within a bundle. The exact
of singularities which are symmetrically placed with respectstrength of this interaction is still unknown, although it is
to the Fermi level. Thus, following the van Hove singulari- known to lead to a stiffening of the RBM. From a model
ties, the optical transitions in SWCNT are also inversely pro-calculation using a nonorthogonal tight-binding approxima-
portional to the nanotube diameter. For the first two allowedion, a intertube interaction induced upshift of the RBM of
optical transitions in semiconducting SWCNT’s, it follows about 8—12 % was calculatéiThis upshift of the RBM has
thatES,=2a,y,/d andE3,=4ayy,/d, wherey, is the tight ~ also used to estimate the size of the nanotube burdles.
binding nearest neighbor overlap integral. For the metallic As the physical properties of SWCNT's depend so cru-
SWCNT's, at first glance the energies of the optical transicially upon their diameter, it is an important challenge to
tions would appear to be proportional E"ﬂ: 6ay7,/d. arrive at a _sound understandmg of how their diameter can be
However, more recently, it has been pointed out that thén€asured in bulk samples. This serves not only our funda-
density of states of the metallic SWCNT’s is chirality depen-mental understanding of SWCNT's as a materials class, but
dent due to the trigonal warp effect, i.e., the energy contourd!SO it is a valuable component in our thinking about
near the Fermi surface deviate from a cide?®This leads SWCNT's as a realistic technological material. In this paper,
to a splitting of the singularities in metallic tubes, which is W& present a detailed analysis of the optical properties of
maximal for the zigzag variety. laser ablat|on.—produced SWCNT'’s, with mean nanotube _d|—
Experimentally, it has been demonstrated that electro@meters ranging from 0.9 to 1.5 nm. We use data from high
energy-loss spectroscoiELS) in transmission and optical esolution EELS in transmission together with optical ab-

absorption spectroscopy are powerful tools in the study ofOrption spectroscopy and electron diffraction, to examine
the mean electronic properties of bulk samples ofthe relationship between the observed optical transitions and

SWCNT's41526From both the EELS analysis and the opti- the mean nanotube diameter. As a first step, the mean diam-
cal absorption data, several distinct spectral features are oter of the SWCNT'’s was obtained from electron diffraction

served for energies below 3 eV. These features have bedlta taken in the EELS spectrometer from large SWCNT
related to the abovementioned interband transitions betwedindles assuming a hexagonal SWCNT lattice. In the next
the van Hove singularities in the electronic DOS of the semiStep, a detailed analysis of the the optical absorption spectra
conducting and metallic SWCNT'’s. The inverse proportion-0f SWCNT’s with different mean diameters is performed
ality on the nanotube diameter allows a first determination ofVithin the framework of a tight-binding model. The results
the mean diameter and diameter distribution under the a§ihow that a best agreement between the simulated and mea-
sumption of a scaling factor, which is the tight-binding over-Sured optical absorption is reached when the simulation only
lap integraly,.'2*In addition, the higher-energy resolution includes SWCNT chiralities up to maximally 15° away from
available in optical absorption allows the identification of the armchair axis. Finally, the resulting mean diameter and
fine structure within the individual absorption featutés. diameter dls_,trlbutlon from the detailed optical analysis of the
Since this fine structure is related to individual SWCNT'’s, ornanotubes is compared to the results from the other bulk
groups of SWCNT’s with similar diameter, the analysis of S€nsitive methods_ of nanotube d_|amet_er determination,
such data would appear to offer information as to whethep@mely, electron diffraction, x-ray diffraction, and Raman
the formation process of SWCNT'’s leads to the existence ofCattering.
preferred wrapping angles in the nanotube vector Miép.
Complementary to optical spectroscopy, the same inverse
proportionality between energy and nanotube diameter is
found in Raman spectroscopy for the so-called radial breath- SWCNT with different mean diameters and diameter dis-
ing mode(RBM) of nanotubes which is observed as intensetributions were produced by laser ablation as described
features at around 200 cmh. The energy of the RBM scales previously**® Thin films of SWCNT’s with an effective
as C/d where d is the diameter of the tubes an@ thickness about 1000 A were prepared by dropping an ac-

Il. EXPERIMENTAL
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etone suspension of SWCNT onto KBr single crystals. After
the KBr was dissolved in distilled water, the films were
transferred to a standard 200 mesh platinum electron micros-
copy grid and heated for 6 hs in ultrahigh vacuum up to
600 °C which has been shown to remove the organic con-
tamination in the SWCNT film{® The EELS measurements
were carried out using a purpose-built 170 keV spectro-
meter’? The energy and momentum resolution were chosen
to be 180 meV and 0.03 Al for the low-energy loss func-
tion and electron diffraction, respectively. The optical ab-
sorption data were measured on the same samples as used for
EELS using a Bruker 88 covering from the near-infrared
region to the ultraviolet with a spectral resolution of 2 ¢m
(0.25 meV. All experiments were performed at room tem-
perature and the EELS measurements are carried out under
ultrahigh vacuum conditions.

L
03040508607
q (A1)

Intensity (arb. units)

IIl. RESULTS AND DISCUSSION q (A1)

A. Mean diameter from electron diffraction FIG. 1. Electron diffraction profiles of SWCNT with different

During the formation process in the laser ablation overjnean diameters from six different samplegtt#e fattest nanotubgs

van der Waals forces lead to the formation of bundles of® F (the thinnest nanotubgsThe inset shows the spectra enlarged

SWCNT's in which the individual nanotubes are arranged™ the region of the bundle peak.
within a hexagonal lattice. These bundles usually consist of . . . o . .
SWCNT’s witl(‘ﬂg a finite diameter distributiol?, are gelieved With elec.tron diffraction, it is pOSSIb!e to Qeterm|pe the

to be representative of the mean diameter of bulk samplegverage lattice parameter of the two-dimensional triangular

Consequently, as mentioned above, the diffraction pattern C;glaglfigg in theflbu?d:igrﬁ%es by _measurir;g tthﬁ positionl(l)f tthe
the bundle lattice can be used to obtain a first estimation of ragg retiection. ssuming a pertect hexagonal fat-

! : ; : Tice, the intertube distance is equal to the tube diameter plus
the SWCNT's mean diameter, as the intertube distance %16 two times the van der Waals radi@ound 0.335 ni

mainly dependent on the nanotube diameter. The resultant values for the mean nanotube diameter for the
We are able to carry out electron diffraction in the EELS ix samples A, B, C, D, E, and F are 1.46, 1.37, 1.3, 1.30,

spectrometer by setting the energy loss to zero. Figure 2.08 and 0.91 nm, respectively. We note, following from

shows the raw electron diffraction data from SWCNT'’s theoretical consideratioh that this simple analvsis is onl
samples with six different nanotube mean diameters. We la- ! ; lom, IS Simp ysis i y

bel these samples A—F, and they contain SWCNT's with gjcorrect for bundle sizes larger tha}n 20 nm. .

ameters covering a total range of 0.2 to 6.0°AThe strong Furthermore, once the mean diameter _has b_een arrived at,

increase in intensity in the raw diffraction data at Iqseen the expected positions .Of the high-order dn‘frac_tlon peaks can
also be calculated using the hexagonal lattice model and

in Fig. 1 is small angle scattering originating from large ob- . ' .
jects in the sample, e.g., catalyst particles, amorphous Ca(r‘_ompared to the experimental data. If the first bundle peak is

bon, etc. Generally, the peaks in a SWCNT’s diffraction ro—Weak’ “? position can also be extrapolated frpm the posit!ons
file can be divide)é intoptwo parts. The logv-part of thep of the higher-order peaks. In Fig. 2 the position of the first

diffraction pattern(below 2 A1) is only sensitive to the three diffraction peaks—l._e.(1 0), (.1 1), and (2 1>—?‘Te
. . , plotted versus the mean diamefderived from the position
crystalline order in the bundle, thus corresponding to

SWCNT bundle diffraction. The high- range (above of the (1 0) peaK f(_)r t_he SiX different hanotube samples. In
2 A1) is sensitive to the internal structure of individual each case the solid lines depict the calculated peak position

- for the ideal hexagonal structure. As the first peak was used

:Eggsﬁg h(ir%b;é)tgigraag %)e Zl;z;hei?é ?ﬁ?p?gr?;grﬁlglcntﬁ;ﬁs as the caIibrate_:d standard, it naturally lies on the theoreti_cal

respectively’® The interplane reflectiofD 0 2), i.e., the peak' I|_ne. For the h|gh-o_rder peaks,_ there are only small devia-

5 A1 y K The ab f T k OI'gons from the predicted behavior, showing that the hexago-

hear IS very weak. The absence of a peak COrresponty o |ayice is a good description of the nanotubes within the
ing to the (0 0 4) reflection proves the absence of multiwall

carbon nanotubes in the samptédn the context of these crystalline bundles.
experiments, all peaks coming from the bundle diffraction
can be used to estimate the mean diameter of the nanotubes.
The first-order diffraction peakl 0) near 0.4—0.5 A from As mentioned above, the energetic position of the inter-
the hexagonal bundle lattice has the highest intensity. As caband transitions between the DOS singularities are inversely
be seen from the dashed arrow in the inset to Fig. 1, there idependent on the diameter of the SWCNEELS in trans-

a strong upshift in thél 0) feature on going from sample A mission measured using low momentum transfers probes the
to F, indicating a decrease of the mean nanotube diameteroptical limit, thus the low-energy peaks in the loss function

B. Low-energy interband transitions
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d (nm) FIG. 4. (a) Loss function in the region of the low-energy inter-

band transitions for SWCNT's with different mean diameters re-
FIG. 2. Position of the first three electron diffraction features corded withq=0.1 A~1. (b) Optical absorption spectfafter back-
originating from the hexagonal SWCNT bundle lattice as a functionground subtraction from SWCNT with mean diameters as
of SWCNT mean diamete(full circles). The solid lines are the indicated.
calculated behavior for an ideal hexagonal SWCNT lattice structure

as described in the text. which is the collective excitation of the SWCNT electrons.

_ o . The first three loss peaks below 3.0 é¥e., L3, L,, and
are due to collective excitations caused by these opncally_g/ll) are ascribed to interband transition from EELS mea-
aIIowed.transmon& La.t(.ar, analogous r_esults for thg low- surement. In the right panel a typical optical absorption spec-
energy interband transitions were obtained from optical abg, -\ of the same nanotubes is depicted. The inset shows the

sorption spectroscopy:™® It is interesting to compare the ,p,corhance after subtracting the contributions from the high-
results from these the two different experiments for the samgnergy interband transitions. From Fig. 3 it is obvious that

samples. Typi(cj:gl EELS andl optical éesqlts (qur SWCNT ;’]Viththe contributions of the low-energy interband transitions are
1.3 nm mean diametésample D are depicted in Fig. 3. The oy imilar in the two experiments and can be easily com-

left panel 1shows the loss function at a momentum tran_Sfebared. The peaks related to transitions between the first and
q=0.1 A"* between 0 and 9 eV which covers the excita-goong pairs of DOS singularities in semiconducting nano-
tions related solely to the SWCN# electron system. The tubes(designatedS, andES,) are observed at about 0.9 and
strong peak at around 6 eV is the so-calledplasmon, 1.5 eV, whereas the position of the feature due to the transi-
tions between the first pair of DOS singularities in metallic

T g b) nanotubegdesignatedE}}) is about 2 eV. Here it should be
mentioned that since in EELS we are probing collective ex-
citations[proportional to Im{ 1/€)], the peak positions are
slightly upshifted as compared to optical absorption which is
proportional to the imaginary part ef i.e., the peak position
of LT, is always higher than that d&3,. In principle, one
could use a Kramers-Kronig analysis to derive the absorption
data from the loss function dataee Ref. 26

In Fig. 4 we show the experimental results for the inter-
band transitionsE3;, E5,, and E}; from the SWCNT
samples with six different mean diametgiamples A—F
from Fig. 1. The left panel shows the EELS data and the
right panel optical absorption resulom which the high
energy background has been subtractétie dashed lines in
Fig. 4 indicate the mean positioiieenter of gravity of the

FIG. 3. (a) Loss function of SWCNT's with 1.3 nm mean diam- SWCNT interband transitions for the peaks from the semi-
eter (sample D recorded atj=0.1 A~ between 0 and 9 e\L$,, conducting SWCNT’s as well as the metallic SWCNT's. It is
LS,, andLM are interband transition in loss function from EELS Obvious that the energy of these transitions depends strongly
measurement(b) Optical absorption spectra of the same SWCNT on the SWCNT diameter. With increasing SWCNT diameter,
between 0 and 3 eV. The inset shows the absorbance in the range @il the interband transitions peaks shift to lower energy.
ES,, ES,, andE} interband transitions after subtraction of the con- Whereas in optical absorption a distinct fine structure is ob-
tributions from the high energy interband transitions. served, especially for the very thin SWCNT, in the EELS

b. units)

Intensity (arb. units)

Optical absorbance (arl

0.0 05 1.0 15 2.0 25 3.0
Energy (eV)
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transitions estimated from the center of gravity of each peak inthe F|G. 6. The difference between the energy of the lowest lying
optical absorption spectruffull circles) as a function of the inverse jnterband transition£S;) and half of that of the second transition
mean diametetfrom electron diffractionof the SWCNT. The solid  (ES) in SWCNT's with different mean diameters as a function of
line shows the results derived from the commonly used tightthe SWCNT mean diameter. Deviation from the value 0.5 is an
binding-based formula withy,=3.0 eV anda,=0.142 nm. indication of Coulomb interaction effects, which most strongly af-
fect the energy position difl (for details see text
measurements no fine structure could be observed, simply
due to the lower energy resolution in EELS. Due to thetheoretical prediction. Recently, the Coulomb interaction has
abovementioned slight upshift of the peak positions in EELSeen taken into account in the calculation of the theoretical
as compared to in optical absorption, the peak positions ispectra of SWCNT using a conventionally screened Hartree-
the following analysis are always referred to those in theFock approach with an effective-mass approximation
optical data unless otherwise stated. For samples E and $chem& and this approach has been used to explain the
(which have the smallest SWCNT mean diametettee fine  experimental dat& With the inclusion of the Coulomb in-
structure in optical absorption is strongly pronounced for theeraction between electrons, the optical transition energies
E>, and E}, peaks. This is a natural consequence of thebetween the valence bands and the corresponding conduction
greater energetic separation of the DOS singularities in thedsands shift to higher energies. This blueshift is a net result of
nanotubes, meaning that each subspectrum from a particultwo opposing effects. On the one hand electron correlation
SWCNT'’s diameter is more easily distinguished from theenlarges the band gap and on the other hand excitonic effects
signal from neighboring diameters. This is also reproducedvould be expected to lead to a redshift of the first absorption
by the fit analysis of the peak shapes below. As a consdfeature. The second optical transition energy, however,
guence of the pronounced fine structure in these peaks in trgearcely shifts on switching on the correlation as the two
optical absorption spectra, the mean energetic positions farompeting effects described above appear to cancel each
the E5, and E}} features can only be extracted with some other almost exactly.
uncertainty. Therefore, bearing these facts in mind, the energetic po-
It is now interesting to compare the center of gravities ofsition of the second absorption peak provides a better mea-
the three low-energy absorption peak§,, E;,, andE}]  sure of the SWCNT's diameter when ar)alyzing th(_a data
with the abovementioned predictions within the tight bind-Within the framework of the TB modéein which correlation
ing, or TB model. The results are shown in Fig. 5 for the sixeffects are not fully accounted forinterestingly, the impact
samples as a function of the inverse SWCNT diameterof the Coulomb interaction on theg; peak is also strongly
which was estimated from the electron diffraction data dis-dependent upon the SWCNT'’s diameter. Considering the fact
cussed earlier. The solid lines are the predictions from the TBhat theE5, peak(which shows little net result of correlation
model using an overlap integral,=3.0 eV which is well effectg should occur at an energy twice that of 11’1553,l peak,
established valu& 2|t is obvious that th&5, andE}| peaks  the impact of the Coulomb interaction effects can then be
show in general a good agreement with the model, and onlgasily visualized by looking at the diameter dependence of
display small deviations at smaller SWCNT diametersthe average value of the energy positions of the centers of
which can be explained by a small decrease of the overlagravity of Efl and Eg‘z. In Fig. 6, a summary of these effects
integralyo.'2 However, for all SWCNT materials studied, the for all the measured nanotube samples is plotted as a func-
first optical transition is always upshifted compared to thetion of SWCNT’'s mean diameter. It can be clearly seen that

045411-5
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for the fatter SWCNT the effects are smaller than for the __

solely explained by a slightly reduced TB overlap integral >
for very thin SWCNT's @<1.1 nm), and confirms that ad- £
ditional effects going beyond the one electron TB model >
have to be taken into account. Nevertheless, having said tha @
a detailed analysis of thE3, and E}} peaks still allows a

very accurate determination of the SWCNT’s mean diameter
and diameter distribution, and can even provide indications
of whether their is a chirality dependence in the SWCNT's
production process.

e (al

bsorba

a

1cal

Opt

C. Detailed analysis of the optical absorption 0.5 1.0 15 2.0

As mentioned above, the energetic position of the absorp- Energy (eV)
tion peaks of SWCNT's are proportional to the overlap inte- FIG. 7. Simulation of the first three optical absorption peaks of

gral anc;l in_versely proportional to the diam_ete_r O_f thesample B withd=1.37 nm upon the basis of tight binding calcula-
SWCNT?" Since the bulk samples consist of a distribution of j5ns Nanotubes of all chiralities are included. The solid line is the

SWCNT's with mean different diameters and chirality, & pro-measured spectruriwith background subtractidthe dotted line
nounced fine structure corresponding to groups of SWCNT $epresents the results of the simulation.
is observed in the optical absorption spectra. The profile of

s M - , :
the Ez, and Ey; features in the SWCNT's spectra provides of the van Hove singularities in the one-dimensional elec-

suitable data from which to determine the mean diameter anggnic density of states of SWCNT'’s are chirality dependent.
the diameter distribution of the investigated SWCNT'S The deviations from a circle in the energy contours near the
from. a direct simulation of the absorption spectra after sgbpermi points produce a splitting of the DOS singularities in
tracting the background. Under the assumptions describeghetallic nanotubegthe so-called trigonal warp effett.The
below, this approach contains only the SWCNT mean diammagnitude of this effect depends on the chiral angle of the
eter and diameter distribution as freely adjustable paramgarhon nanotube and is maximal for metallic zigzag nano-
eters. The assumptions underlying the analysis routine are §$pes and zero for armchair nanotuB&=s An approximate
follows. _ o analytical expression for the density-of-states singularities in
(@ If present in the sample, all SWCNT's in the vector single-walled carbon nanotubes has been deRveédclud-
map give the same contribution to the overall optical abjnq the energy splitting for an arbitrary chiral angle in me-
sorption. This is tantamount to saying that the transitiongjic nanotubes. From the work of Ref. 25 semiconducting
matrix element is independent of the SWCNT chirality or nanotubes are shown to fall into two classes and transitions

diameter. o o _ _ between their van Hove singularities will have a correspond-
(b) The absorption intensity is dominated by transitionsjng energy shift. Since in our analysis we pick up the value

between pairs of corresponding van Hove singularities in thg.om the maxima of van Hove singularities in the calculated
SWCNT DOS(e.g., Ey; and notEy,), and the broadening pos, this effect is implicitly included. In this way, the ex-
due, for example, to lifetime effects is also independent Oherimental results can be fitted by varying the mean diameter

chirality and diameter. . dgand the diameter distributioAd in Eq. (1).

_ () The SWCNT in the sample have a Gaussian distribu- ~ Figyre 7 illustrates the results of such an individual it to

tion of diameters. o _ the first three absorption peaks of SWCNT sample B. In this
(d) o is independent of the chirality or diameter. case, the fitting has been performed including all ther)

Given these points, the corresponding absorption intensit}gairS in the SWCNT vector map and tookyg value of 3.0
from SWCNT's with Hamada vectorn(m) and diameter gy, The solid line indicates the as-measured data after back-
d(n,m) is modulated by a Gaussian function. The absorptionyround subtraction, and the dotted line is the result of the fit.
profile of the bulk SWCNT sample can be written as For the E3, peak, the abovementioned blueshift has been

taken into accountin the form of a somewhat largey,
w value). For this sample we arrive at a mean diameatesf
(E—E;)%+(wW/2)?’ 1.37 nm and diameter distributiohd of 0.09 nm, in good
(1)  agreement with the electron diffraction results.

Although the gross features of the experimental data are
wheref is an overall scaling factor and (around 40 meY  well reproduced by the fit, there are still small deviations
describes broadening of each single transition due to the fregarding the fine structure. One possibility in this regard
nite lifetime of the band-to-band transition and the finitewould be that not all nanotubes are created with equal prob-
resolution of the spectrometer. The energy positigns(i ability in the production process—there could be SWCNT’s
=1, 2, 3 are taken from the separation between the maximgroduced with preferred chirality. From a simple treatment of
of the van Hove singularities in the SWCNT's electronic previous optical results from SWCNT’s produced by laser
DOS. Recently, it has been pointed out that the detailed formablation'* it has indeed been suggested that nanotubes

_(dn m_do)2
=f .
I(E) ;n ex;{ 2(Ad)?
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FIG. 8. The tight-binding-based fitting of tife) E5, and(b) E}}
optical absorption features of sample A with- 1.46 nm. The solid
line is the measured dathackground subtractgdand the dashed
lines are the simulations using a SWCNT chiral angle distribution
as indicated. 30° stands for armchair, 0° for a zigzag nanotube.

FIG. 9. Correlation plot of the SWCNT's mean diameters
dmethog determined by different bulk sensitive methods. The hori-
zontal axis is the SWCNT'8l,canaveraged over all methods. The
Raman and x-ray results are from Ref. 12. The inset shows the plot
of the diameter distributiol\d versus different mean diameters
formed lie closer to the armchair axis than to the zigzag(full solid), where the open square presents the data obtained from
direction in the SWCNT vector map. Thus it is natural in our Raman spectroscopy in Ref. 12
fitting of the optical data to reinvestigate this hypothesis by
repeating the analysis of this high-resolution optical data tak- Finally, completing this study of the information regard-
ing as a basis a preferred selection of nanotube chiralities. Ti?lg SWCNT’s diameter and diameter and chirality distribu-
do this, we divided the vector map into slices of 5% chiral 5 that can be extracted from bulk optical absorption data,
angle and r_epeated the fit fof each slice. In general, a goqgle cross-check the mean nanotube diameter obtained from
agreement is observed for chiral angles close to the armchafﬁe simulation of the optical absorbance with the results from

axi.s can be seen from Fia. 8. by far the worst agreemen he other bulk, diameter-sensitive methods mentioned ealier.
9. 6, by Y he results of the comparison of x-ray diffraction, resonance

with the experimental data is reached by only considerinqQ . o .
, . ) . aman scattering, the fitting of the optical data, and electron
SWCNT's near to the zigzag ax{shiral angles between 0°— diffraction are depicted in Fig. 9. Theaxis gives the mean

15°). The result is much better when all the possible nano-. : ,
tubes are included in the i0°—309. Interestingly, a closer diameter as given by the average over all the bulk SWCNT’s

inspection of the results for the peak derived from transitionsd'am(ater determination methods. Figure 9 shows a high de-

between the second pair of van Hove singularifiEig gree of consistency between the methods, with the scattering
8(b)], shows that the quality of the fit is still further i.m- of the mean diameter values from the average being less than
provéd when only nanotubes with chiral angles betwee 0.05 nm. The same holds for the diameter distribution, as

15°-30° are taken into account. We note here that this tren hown in the inset of Fig. 9.

as regards the fit results is fully consistent for all of the

optical data considered here, independent of the mean IV. CONCLUSIONS

SWCNT diameter. Consequently, we can conclude that

within the framework of the analysis described here, we A detailed analysis of the optical properties of SWCNT'’s
have gained additional evidence that SWCNT'’s are preferenwith different mean diameters as produced by laser ablation
tially formed closer to the armchair rather than zigzag axisvas presented. From a combined study of optical absorption
during the synthetic process. However, in consideration ospectroscopy, high-resolution electron energy-loss spectros-
the simplifying assumptions made in the analytical approacl§opy in transmission, and tight-binding calculations, we were
taken here we cannot obtain information about the exac@ble to accurately determine the mean diameter and diameter
distribution of nanotubes across the chiralties from bulkdistribution of the bulk nanotube samples studied. In general,
measurement. Further analysis methods focused on indihe absorption response could be accurately determined by
vidual SWCNT'’s such as STS-STRI28 resonant Ramaif, assuming a Gaussian distribution of SWCNT diameters and
and small area TEM diffractidfi'” are required. In the con- applying the inverse proportionality between the SWCNT
text of these data and the fit results it is interesting to comdiameter and the energy of the absorption features predicted
pare the apparent preferential formation of SWCNT with chi-by the tight-binding model. Small deviations from the TB
ral angles between 15°-30° with conclusions reached fronmodel are observed for the lowest-energy main featUEg—
other chirality sensitive measurements of the individualpeaks—which are attributed to Coulomb interaction effects.
SWCNT's (Refs. 17,38 which all have confirmed that A detailed fit of the optical absorption spectra allows a de-
chiralities of SWCNT's produced by laser ablation are closetermination of not only the mean diameter and diameter dis-
to armchair. tribution but also enables additional insight to be gained into
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