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Assignment of chiral vectors in carbon nanotubes
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Double-wall carbon nanotubes were derived from peapods by annealing at high temperature. We report on
the Raman response of the radial breathing m@&#M) of the inner tubes. As a consequence of their small
diameter the Raman spectra of these tubes show well distinguishable lines, besides the usual broad response
from the outer tubes. An algorithm was developed to find the best) assignment for the observed lines. As
a result of the assignment, we receivgsy,= 2330+ 14, vggy in cm  for the v versus 1d relation, where
d is the tube diameter in nm. To bring the discrepancy between calculation of RBM frequencies and experi-
ment to a minimum, the diameters were evaluated from density functional theory.
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Due to their unique physical properties, carbon nanotubes In this paper we present a detailed analysis of the Raman
(CNTs) have been of growing interest since their discoveryresponse of DWCNTs and describe an algorithm how such
in 1991 Especially the interior of nanotubes opens a wideresults can be used to assign chiral vectors to the Raman
field of filing and confined nanochemistry. Particular atten-lines in detail. Correlations to reported results and caveats
tion must be paid at this point to the discoveand filling®*  are discussed. o .
of single-wall carbon nanotube$SWCNT$.5® Filling the Peapods as well as pristine CNTs, both prepared in the
SWCNTs with various fullerenes developed the new carborform of bucky paper as described previouSlyyere used as
phases now known as “peapods.” Further on, the transforstarting materlal. DWCNTS were obtained byﬁgnneallng the
mation of Gginside a SWCNT into another thinner SWCNT peap(?)ds in a dynamic vacuum better thanlﬂ mbar at .
was reported several times in recent yéafand stimulated +280°C for 2 . The sample was kept in the furnace while
extensive interest in the scientific community. These Sdc,lowly cooling down.

formed double-wall CNT$DWCNTS) are an interesting ma- The Raman spectra were rec_orded by a xy triple mono-
. : : o chromator spectrometer from Dilor. The spectrometer can
terial and especially the inner CNTs are of major interest

. operate in additive and subtractive modes for high and nor-
'I;]he Igﬁﬁf havg mu(;:h smaIIeL diametédown to 0'5hnm| mal dispersions, respectively. Each spectrum was recorded
than s produced In any other common way, such as lasgfice once in the normal dispersion mode and additionally

ablation, CVD, arc discharge, or the HiPco process. Furthefy, ihe high dispersion mode. The samples were mounted in-
more, they are synthesized in a chemically pure carbon ensige a target cell with a dynamic vacuum better than
vironment. There is no catalyst needed and they were demg-6 mpar. A copper cooling tip allowed to cool the samples
onstrated to be of perfect purity without any further qown to either 90 K with liquid M or 20 K with liquid He.
purification Stepg.EaCh of these inner CNTs has a well de- All measurements were done in 180° backscattering geom-
fined environment given by the surrounding outer CNTs. Theetry through the front window of the cell. An Ar/Kr laser, a
DWCNTs were studied with high resolution Raman spectrosHe/Ne laser, and a tunable Ti:sapphire laser, pumped by an
copy. The RBM response of the inner CNTs was found toar |aser, were used for excitation with 18 different laser
exhibit extremely narrow line widths down to 0.35Ch  |ines.

confirming the extremely pure and defect free nature of thisThe Gaussian diameter distribution of the pristine CNTs is
material. Additionally, the narrow RBM lines of the very thin centered at 1.32) nm with a standard deviation of 0.1 nm,
CNTs are spread over a wide spectral range since the RBMnd the filling of the peapods was found to be close to 100%

frequency scales as the inverse diametdrderived from by analysis according to work published previously in Refs.
14 and 15.
vrem=C1/d+C>, (1) The RBM response of the inner CNTs arises after anneal-

ing. It is located above 200 cm and shows many more
whereC, and C, are constants. On the other hand, for thedistinguishable features than observed for the outer CNTs
narrow tubes the distance between RBM frequencies of gedselow 200 cm *.° Figure 1 gives an example. The high dis-
metrically allowed tubes is large enough to have their Ramapersion mode of the spectrometer and lower temperatures
response appearing as separated lines. Thus, DWCNTSs preeveal even more structure in the RBM of the inner NT.
vide an excellent material for the assignment of chiral vec- The narrow RBM lines and their sparse distribution are a
tors. The assignment of chiral vectors to experimental resultanique property of DWCNTs. Looking at the spectra re-
of SWCNTs has been attempted several times. Raman scaterded with normal resolution one is tempted to assign each
tering from individual tube$®!! luminescence from de- peak to a particular tube species according to @y. The
bundled tubes in solution, in combination with RamanRaman cross section of a CNT changes dramatically with the
scattering’? or even Raman scattering from DWCNTs Ref. 9 excitation energy. In one particular spectrum only a selection
were used. of the CNTs is visible. By combining all spectra of the RBM
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TABLE I. Inner shell SWCNT RBM frequencies and tube di-
ameters(1) center of gravity line position of the RBNaveraged
3 oT G 7 from excitation with several lasers(2) complete list of NTs(3)
% a w interpolated DFT diameter$4) first and second tight binding tran-
= sition energies withy,=2.9 eV, (5) theoretical RBM frequencies
;'; with C;=233 cm ' nm, C,=14 cmi {, andd=dpr. “n.i.” means
s b b not identified.
£
& [, » c Veew €Xpt. Chiralty  dopr  Ey/Eap
150 200 250 300 350 400 450 500 310 320 (cm™) (m.n) (nm) ev) vrem theor.
Raman shift (cm’™) 246.1 (11,3 0.997  0.84/1.59 247.8

FIG. 1. Raman spectra of peapods recorded for 90 K and 515 252.4 (12,3 0.978 0.86/1.60 2521
nm excitation in normal resolutiof@) and recorded for DWCNTSs at n.i. (10,4 0975  2.36/4.21 252.9
20 K and 568 nm in normal resolutidib) and high resolutioric). 257.6 (9,5 0.960 0.84/1.73 256.8
The right hand side shows a frequency blow up. OT means overtone 2g0.5 (8,6) 0.950 0.87/1.69 259.2
of outer shell RBM. n.. (112 0947  2.40/4.24 260
in normal resolution and taking into account experimental ~ N-- 7.7 0.947  2.52/4.54 260
errors of up to 1 cm!, we obtained a set of 39 mean line n.i. (12,0 0.937  2.40/4.25 262.6
positions, ranging from 250 to 460 crh This counting does 265.3 (10,3 0.921  0.87/1.84 267
not consider splitting of the lines. A listing of these linesis 2705 (11,1 0.901 0.85/1.91 272.5
presented in Table I. The table contaial$ observed lines 274.7 (9,4 0901 0.82/1.75 272.5
down to a I.evel of 1% of the stroﬁngest observedlllnes, with ni. 8.5 0.888  2.61/4.60 276.5
two exceptions at 360 and 380 ch These two lines are 280.2 7.6 0881  0.93/1.85 278.5
assigned to overtones of the outer CNT RBM response.

The distances between the geometrically allowed diam- 2823 (102 0.871 = 0.97/1.78 2816
eters are not uniform. They exhibit a distinct pattern. This ~ 284.0 (11,0~ 0.860  0.98/1.80 284.9
pattern is expected to reappear in the sequence of line posi- 289.1 9,3 0.846  2.67/4.63 289.4
tions observed for the RBM. Since E(fl) is a monotone 296.1 (8,9 0.828  0.98/2.00 295.4
function, the ordering of the inverse diameters is the same as 298.9 (10,1 0.824  2.70/4.65 296.7
the Ordering of thelr related RBM frequencies. An algorithm 301.9 (7,5 0.817 1.01/1.95 209.2
was developed to flnpl the assignment thatﬁ&natches FhIS pat- 394 ¢ 6.6 0813  2.90/5.02 3005
tern best.C; was limited to 210'and 2500 nm, which 306.5 9.2 0794  1.01/2.15 307.3
covers well the values reported in the literature, &3dwas
set to 15 cm?. According to these limits and the observed 3117 (100 0.783  1.02/2.22 3116
spectral range of RBM frequenciesin our case 317.2 83 0.771  1.09/2.02 316.1
246-462 cmt) 52 different chiralities with diameters be- 319.8 (7.4 0.756  3.00/5.07 3225
tween 1.06 and 0.47 nm are candidates for this assignment. 323.0 9,9 0.748  1.13/2.05 325.8
With these assumptions every possible assignment corre- 327.9 (6,5 0.748  1.09/2.17 325.8
sponds to a binary list of 52 elements. In the present case 3367 8,2 0719  3.06/5.09 338.3
Siets of 37 1" and 15 ‘0" The binary representation of 203 (@0 0706 308510 3441
Table | starts, e.g., 11011. As t#0,4 CNT corresponds to 345.8 7.9 0.697 115241 348.2
“0” it is skipped. The (9,5 CNT corresponds to the third 3538 6.4 0.684  1.21/2.30 354.6
“1” in the sequence, so it is assigned to the third observed 358.5 (5.5 0.680  3.37/5.52 356.8
Raman line. More generally speaking, thth “1” on posi- 364.9 89 0.671  1.19/2.60 361.4
tion g denotes that thgth NT is assigned to thpth observed 374.5 (7,2 0.643  1.32/2.38 376.3
RBM line. New assignments can be obtained from existing 3835 (8,0 0.629  1.36/2.40 384.4
ones by transposition of an arbitrary pair of “1” and “0.” As 389.3 6,3 0.624 3.52/5.54 387.3
the selecied elements move one step up or oné siep down. 959 (@ 0615 133263 3982
The better an assignment is the better the fiCgfwith a 405.8 .0 0.595  3.58/5.55 405.9
constant value ofZ, matches to the pairs of assignéd- 422.0 6.2 0.569  1.40/3.00 4238
vers¢ diameter and frequency. The algorithm starts with a ~ 432.9 (7,0 0.553  1.43/3.22 435.7
set of randomly generated assignments. The step§)agg- 438.1 (5,3 0.553  1.52/2.79 435.7
tending the set with new assignments generated by succes- 444.5 (4,9 0.547  4.10/5.80 439.9
sive transposition andi) selecting a new subset of assign- 462.1 (6, 0.519 1.66/2.87 463.1

ments with a smaller RMS. The solution is found by
repeating(i) and(ii) until there are no longer any changes for ®This line is only observed in the high resolution mode.
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0.100 would be needed. Thus, the visibility of the metallic tubes is
* DFT \ accepted and assumed to be a consequence of the breakdown
—~ 0,075 0.0050/d,+0.0013/d, of the tight binding model for the narrow tubes. DFT calcu-
'€ lations show that considerable structure can appear in the
c .. . . .
~& 0.050- joint density of states of metallic tubes, even below the first
=i transition energyEQ"l.9 Alternatively or in addition, elec-

tronic inter tube transitions could have non-negligible matrix
elements and could contribute to a resonance scattering. De-
0.000 ' ' , ' . viations from the tight binding results are expected in par-
1.00 125 150 1.75 200 225 250 ticular for the very narrow tubes.

1/d, (nm) The assignment presented in this paper was obtained in a

well defined and reproducible way. For very low RBM fre-
FIG. 2. Difference between graphene derived and DFT derivedjuencies(large inner shell the assignment cannot be con-
(inversg diameters(bullets. The full drawn line is a polynomial firmed directly. At line positions below 300 ¢ the ob-
interpolation. served deviations between the fit frequencies and the
experimentally observed frequencies reach a value equal to

consecutive cycles. Only these assumptions and rules afge differences between RBM frequencies of successive geo-
needed to reproduce the assignment or to create an assidfetrically allowed CNTs. Therefore, it is evident that line
ment from any other set of experimental data. The averagegositions located below 300 cm can match a wide variety
frequencies of the RBM lines and the assigned chiral vectorgs different assignments, even though the whole assignment
as determined from the algorithm described above are listegiyen here is reliable because the low frequency part is an

in Table I. FinallyC; andC, were simultaneously fitted to immediate consequence of the assignment of the more nar-
the set of experimentally observed lines. The obtained valuegy tubes.
are 233 cm*nm for C; and 14 cm* for C,. Another crucial point for an unambiguous assignment is
In the procedure described above the diameters of thghe completeness of the observed sequence of RBM lines.
nanotubes were used as evaluated from density functionglhis was investigated by randomly skipping a few observed
theory (DFT) (for small enough unit cellsand a polynomial  frequencies and running the algorithm with the remaining
interpolation. For the calculation the Vienna Ab initio Simu- |ines. Our findings are that incomplete sets of frequencies
lation PackageVASP) was used as described previouSly. can lead to a large variety of independent assignments. Such
Figure 2 shows a plot of the deviation between diametergssignments do not show a significant difference in the RMS
from the tight binding model and DFT optimized diameters(<594).
for some very thin CNTs with unitcells up to 200 carbons. In The assignment by Jorio and co-workers in Refs. 10 and
order to obtain a correction for all diameters the data pointg1 s based upon Raman spectroscdfiye position and
were replaced by a smooth function. resonance enhancemgwin as grown individual SWCNTs.
2 4 The observed mean diameter in these experiments was about
1dppr=1/dc—(0.0050d5+0.0013dg) 1.3 nm.vggy=C,/d Wals used instead of E¢l). Therefore,
i =0.141/3(m?+ mn+ n?)/ 7. a value ofC,;=248 cm “ nm was obtained. Con_3|der_|ng di-
With dg=0.141V3(m"+mn+n®)/ @ ameters between 1.1 and 1.5 nm and linewidths of
Even though for the smallest assigned diameters the effect 85 cm !, as reported in Ref. 11, there is no noticeable
only 2%, it is definitely noticeable (8 cht of 400 cmi ?) difference between the two expressions for the RBM fre-
and must be taken into account. quency. Although the predicted frequencies of the RBM
Even for the recording with normal resolution, the num-modes are in good agreement, this assignment cannot be
ber of different Raman lines read out from the full set of compared directly to the assignment given here because the
spectra is much larger than the ones listed in Table I. There ispectral ranges do not overlap.
definitely no way to assign different chiralities to all ob-  The assignment published in Ref. 12 is an assignment of
served lines without an unreasonable high valueGgrof  chiral vectors to optical transitions in individual HiPco
more than 300 cm! nm. The alternative explanation is that CNTs. Some chiralties were also assigned to RBM frequen-
the RBM lines of the inner CNTs exhibit a splitting, as it was cies. The observed Raman line positions overlap to some
suggested in Ref. 9 and as it is suggestive from Fig 1. Thigxtend with the positions presented in Table I. Excellent
splitting is not relevant for the presented analysis. Thereforagreement within 1 cm® is observed for these frequencies.
the lines listed in Table | are the center of gravity value forNevertheless, the same RBM lines are assigned to different
each line pattern. chiralities. Figures 3 and 4 show fits f@; and C, to the
In the assignment presented in Table | metallic CNTs ardinear relation between frequencies and assigned inverse di-
included. According to the tight binding model such tubesameters from Eq(1). Figure 3 depicts the fit for the data in
have their first optical transition beyond the visible spectralTable | (bullety. For comparison the fit to the data and as-
range at least for the main body of Table I. Therefore theysignment from Ref. 12 is also showfniangles. The smaller
should not show up in the spectra recorded with visible light RMS deviation looks suggestive on a first glance to favor the
However, for an assignment without any metallic CNT againassignment represented by the triangles. This conclusion is
an unreasonable value f@; of more than 300 cm' nm  misleading since in the latter case the number and density of

© 0.0254

1/d
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FIG. 3. Linear fits for Eq(1) according to Table (bullety and FIG. 4. Linear fits for Eq(1) according to Ref. 1Ztriangles
Ref. 12 (triangles. and an alternative assignment of the same line positions in Ref. 12,
(bullets.

observed frequencies is much lower. Lower frequencies an . o

less dense d?stributed frequencies render manquore chanc%)é the RBM of the inner shell tubes. As the distinguishable
to find a suitable CNT for a given frequency. Therefore, thellNes originate from different chiralities they can be unam-
RMS deviation can only be used to compare different assign?’guously assigned to them. The crucial requirements for an
ments for one set of line positions, but it is not appropriatedn@mbiguous assignment ai¢ a complete or nearly com-
for a comparison of assignments made upon different sets ¢fiete observation of the RBM frequencies of all geometri-
line positions. Figure 4 shows the fits for the original assigncally allowed tubes, andii) the fact that this observation
ment of Ref. 12 and an alternative assignment with exactlynust be carried out for a diameter range where the lines can
the same line positions. This figure clearly depicts the diffi-be addressed individually.

culty in unambiguously assigning chiral vectors to sparse This work was supported by the FWF in Austria, Project

sets of line positions. 14893, by INTAS 00-237 and by OTKA T038014 in Hun-
Summarizing, the Raman response of double-wall carbon
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