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Abstract. The assignment of the chiral indicesandn; in semiconducting and metallic nanotubes
was performed comparing resonance Raman profiles andtioansiergies in a'3-order Kataura
plot. We find several complete branches in the Kataura pldtaae able to assign the resonance
peaks ton; andny without prior assumptions about the constant of propodiibn between the
radial-breathing mode frequen@ggm and the inverse diameter of the tube. We point out systematic
differences in the transition energies and intensities Inrand—1 nanotube families.

Ever since the discovery of how to keep isolated nanotuloes febundeling in solu-
tion, it has become a realistic goal to identify the chiyadit a nanotube by spectroscopic
methods. Wrapping the nanotubes with SDS, Bacéilal. [1] found that the lumines-
cence from semiconducting nanotubes was large and not ljeerxy the presence of
metallic tubes. They were able to map out luminescence &seofia sample as a func-
tion of laser-excitation energy and found a series of pea&symably orginating from
different chirality nanotubes. There were, however, savpossibilities for matching
the experimental transition energiés; and E»» to the calculated energies.[2] To re-
move these ambiguities the authors had to define an anchelgngent from which the
chirality assignment of all other detected nanotubes Wald. This anchoring element
was found by minimizing the least-square error of detect8MRequencies for several
different constants in the well-known inverse-diametgratelence of nanotubes.

In this paper we study the excitation-energy dependencheoRlaman intensity of

the radial breathing mode. The resonance maxima yield #resition energieEiiSM,
the frequency of the RBM peak we take to be proportional toitiverse diameter
of the tube (plus a constant), but we do not makeriori assumptions about the
proportionality constant as is usually done. Instead,tipiptthe resonance maxima
of the radial breathing modeersusl/wrpm, We are able to resolve the individual
branches of the radial breathing mode in"&@&rder Kataura plot. The ambiguities in
the assignment of the Raman peaks arising from the closalesioorgym are removed
and a straightforward assignment of the RBM-peaks to chiichtesn; andn; follows.
Our assignment agrees with the one given by Bagttilal.[1], and partly also with the
one of Strancet al.[3] but is different from many others. Different from lumgmeence
measurements we also find metallic tubes and several zigibag.

From our results we can derive an independent value for thyggotionality constant
in the frequency—inverse-diameter relationship, gehetaken to be between 200 and
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FIGURE 1. left: Resonance Raman spectra of the radial breathing mode @xite various laser
energies of a dye laser as indicataght: Kataura plot with the transition energies calculated in3He
order tight-binding approximation,[2}s theoretical diameted (left and bottom axes, open symbols).
Right and top axes refer to experimental values (blackesredtrong, stars—medium, light gray—weak).
The chirality of the tube with the smalledtwithin a branch is indicated just below or above that tube.

250 cnT 1 nm [4] and heavily debated in the literature. The importaofcéis relation-
ship lies in that it gives practical information about thamdeter and even the chirality
of an observed nanotube, both essential for most appliabé carbon nanotubes. In
contrast to its general importance, however, it was nevabéshed independently from
experiment. There are many calculations putting the conbtween 230-235 ¢, at
least for the larger diameters; segy, Ref. [5] for an overview.

In Fig. 1,left, we show one of the resonance profiles of several nanotultesiearby
resonance maxima. The largestintensity is seen to movedhrihe peaks forming what
looks similar to a laola wave.[6] There are several suchalagbe resonances when
exciting the nanotubes with different laser lines, eachugoag over a fairly narrow
energy andorpm range. As we will see, each laola-series of resonancesspames
to a particular branch in the Kataura plot of transition gresversusdiameter. Within
each such a branch, there is a fixed relationship betweendie=sn; decreases by one
andny increases by 2, going from smaller to larger diameters a3 &m; > ny. The
tube with a smallest diameter in a branch is thus always aaiger near—zig-zag tube.

We are now able to plot the transition energies obtained ttemresonance profiles
versusthe inverse radial breathing mode frequency, both purepeemental values.
In order to make the experiment (right and top axes in Figght) match theory (left
and bottom axes) in this plot, we stretch and/or shift thesarethe plot. For thex-
axis this means varying the proportionality constant inftegquency—inverse-diameter
relationship and introducing a constant offset. FonHaais this adjusts the tight-binding
energies to the experimental transition energies. We partiois transformation until we
get a match between experiment and theory. Our stringeation is that in the vertical



TABLE 1. Chiral indices and RBM-frequencies-0.5cm™!) as determined from a
comparison to several branches of tf&8rder Kataura plot, see Fig. 1. The modes are
grouped into branches and sorted in order of increasingsstdiameted in a branch.

(d is calculated frorm; andn, with a graphite lattice constant af = 2.461A.) Also
given is the familyv = (n; — nz) mod 3;[7]v = O corresponds to metallic nanotubes.
The resonance maxinizy, andE} are accurate té- 3 (3 digits) or+ 30 meV (2 digits).

familyv chirality wrem[cm ! d[A] strength E3,[eV] EM[eV]

0 10,1 276.3 8.25 strong 2.38
9,3 272.7 8.47 strong 2.43
8,5 262.7 8.90  strong 2.47
7,7 247.8 9.50 strong 2.45
-1 11,0 266.7 8.62 strong  1.657
10,2 264.6 8.72 strong  1.690
9,4 257.5 9.03 strong 1.72
8,6 246.4 9.53 strong 1.73
-1 12,1 236.4 9.82 strong  1.551
11,3 232.6 10.00 strong 1.570
10,5 226.1 10.36 strong 1.578
9,7 216.0 10.88 strong 1.564
0 13,1 220.3 10.60 medium 2.057
12,3 217.4 10.77 medium 2.075
11,5 212.4 11.11 medium 2.084
10,7 204.0 11.59 medium 2.067
9,9 195.3 12.21 medium 2.01
+1 14,1 205.4 11.38 weak 1.667
13,3 203.3 11.54 weak 1.617
12,5 198.5 11.85 weak 1.554
11,7 - 12.31 - -
10,9 - 12.09 - -

direction there is a full correspondence between expetiarahtheory implying that all
chiralities theoretically possible have actually beeredestd. Note that some chiralities
give rather close diameters and hence closely lying peakgs,d[(11,0)] = 8.6 and
d[(10,2)] = 8.7 A whereas the next tube in the same branch is at a largeraigpar
d[(9,4)] = 9.0A. For the four branches with the smallest tubes (10,1),001112,1),
and (13,1) we observed all possible nanotubes, the irrgge&in the diameter distances
were oberved as well and put our assignment on firm groundsliaae 1.

The requirement to findll experimental peaks in a given branch leads to a unique
relationship between inverse diameter angky. This makes clear the advantage of
resonant Raman over luminescence spectroscopy wheregHzagitubes were not ob-
served, and hence the horizontal alignment in the Kataurtacpluld not be performed
uniquely, consequently leading to ambiguities in the dityrassignment and/or some-
what far-fetched assumption about the chirality distidmg in a sample.[1]

In Table 1 we summarize the radial breathing mode frequendytlae chirality as-
signment as obtained from our experiment and as plottedgnlFWe stress that the
assignment is actually independent of the actual tramséieergies and their systematic



deviations from the "8-order transition energies, but relies on the completenésat
possible chiralities within several branches of the Kaagulpot. Our assignment agrees
with that given by Bachilet al[1], but disagrees with several others in the literature.

As regards to the vertical axis in Fig.right, we observe the following for tubes of
the —1 and O families: Shrinking the vertical axis aligns well the@notubes with near-
armchair direction chiralities but leaves a systematyciatreasing deviation between
experiment and theory when moving towards the zig-zag timeavithin a given branch.
In other words, the experimental points within a Kataurabhecurve away from the/t
center of gravity of the transition energies more stronigntthe calculated values. This
systematic difference, also observed in luminescencergseopy, [1, 4] is apparently
due to a chirality-dependent effect and currently undeestigation,[8] together with
a systematic dependence of the Raman intensity on chiré anthin a branch.[9] A
second observation regarding the intensities of semiatindytubes is at place: The
lower branches in the Kataura plot are systematically muiinger experimentally
than the upper ones. In terms of the chiralities this disimctranslates into families
with (ng — nz2) mod 3= —1 (lower branch) having generally larger intensities tHase
with +1 (upper branch). This asymmetric behavior has been showngdmate from
band renormalization effects [10] as predicted by Kane apteNIL1] and a dependence
fo the RBM matrix element on the nanotube family.[9].

In conclusion, we reported an assignment of RBM frequen@iesarbon nanotube
chiralities based on resonance Raman spectroscopy. Tigm@aent is independent of
prior assumptions about the frequency—diameter reldtipnsnstead, including also
RBM frequencies not shown here, this relationship is expenitally determined as [12]

(216+2)cm inm
d

We also pointed out systematic differences of the measurddcalculated transition

energies and of the Raman intensities within a branch or dyfariithe Kataura plot.
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