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This paper presents an accurate analysi€)dahe electronic transition energiEé2 and Eg"l, (i) the radial
breathing modéRBM) frequenciesvuggy, and(iii ) the corresponding RBM intensities from 40 small-diameter
single-wall carbon nanotubdSWNTS in the diameter range 07d,<1.3 nm. The electronic transition en-
ergies(E;;) are initially considered from nonorthogonal tight-binding total-energy calculations. To account for
di-dependent many-body effects, a logarithmic correction, as proposed by Kane and Mele, is applied to both
E5, andE}}. The remaining discrepancies between the experimental and theoEgticalues are shown to be
proportional to the chirality-dependent effective masses of electrons and holes, as obtained from the electron
energy dispersion relations. Chirality dependent screening effects are also identified in metallic SWNTs. For
the RBM frequencies, a small deviation from the linead,1lbehavior is observed, and this deviation is
analyzed based on a chirality-dependent mode softening effect due to nanotube curvature. For those interested
in sample characterization, te,m) dependence of the resonance intensities is also addressed, the experi-
mental results being compared with theoretical predictions based on matrix elements calculations. This analysis
suggests that the7,5), (7,6), and (6,5 SWNTs are more abundant in sodium dodecyl! sulfate wrapped HiPco
SWNTs in aqueous solution, in agreement with results previously reported for SWNTs grown by the
CoMoCAT or alcohol methods.
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[. INTRODUCTION Several authors have been searching for a more reliable
tight-binding model to describe the optical properties of
SWNTs#21:25-27The tight-binding method can be extended
beyond the simplestr-only, orthogonal, nearest-neighbor
approximations to include electrons, more distant neighbor

Optical experiments, such as optical absorptidieso-
nance Raman spectroscopiRRS,>*> and photolumines-
cence(PL),'%-18 have been widely used for single-wall car-
bon nanotubdSWNT) study and characterization. The plot ¢ X . :
of the optical transition energid§;) as a function of nano- lnte_ractlzcgrg, and  nonorthogonality — between  basis
tube diameted, was introduced in 1999 by Kataugt al,t ~ OrPitals™’ Moreover, the tight-binding method can be
and is commonly called the “Kataura plot.” Since then, thecoupled_ to interatomic re_pulswe interactions to allow for the
Kataura plot has been widely used for the interpretation ofalculation of total energies and structural propertige so-
optical experiments. In the traditional Kataura pldhe E;  Called tight-binding total-energy methpdn this paper, this
values for the differentn,m) SWNTs were calculated by approach will be called the “extended tight-binding=TB)
zone folding the graphene electronic structure, as obtaine@ethod, to differentiate it from the simplest tight-binding
from a nearest-neighbor tight-binditi§B) model, while the ~ Method(sTB) that has been previously applied to the study
nanotube diameters were obtained dygayn?+né+nm/«,  Of large diametefd;>1.2 nm nanotubes. Popé¥and Sam-
wherea=13x0.142 nm is the graphene lattice constff®  sonidzeet al?” used the ETB parametrization for carbon
Although a simple nearest-neighbor TB model is not ex-Systems developed by Porezegal *® to study many(n,m)
pected to fully describe the SWNT photophysitst has ~ SWNTSs. After optimization of both bond lengths and bond
been successful for the interpretation of RRS experiments foangles, theE;'® andd; ® values that account for curvature
SWNTs with diametersl,> 1.2 nm?? This simple Kataura effects could be calculated for small-diameter SWKITEhe
plot, however, has been shown not to be appropriate fomodel was shown to nicely reproduce the fit&;) and
small diameter SWNTSs, i.e., fod;<1.2 nm, where the second(Eéc'z) sets of electronic transition energies for semi-
SWNT curvature causes deviations from the graphene-foldedonducting SWNTSs, as obtained by PL measurem®rafter
picture, and many-body effects are also shown to becommcluding a 1 8; dependent correction ascribed to many-body
important?:3:16:23.24 effects(see Sec. )?7
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In the present pape(Sec. Ill), the experimental results Wgpy (cm™)
(ERRS) obtained with resonance Raman spectroso@®iRS p7s 200 250 300 350
for SWNTs with diameters in the range 6-d,<1.3 nm are ' T T '(a)
ETB [ 1

analyzed® by using the ETRE; ') model?’ The discrepan-
cies between the experiment&f~° and the calculate&:™®
values AE; =(ERRS-EE'®) are then analyzed within the
framework of many-body effects and their dependence on
SWNT geometry. Diameteand chirality dependences are
observed, as well as a dependence on semiconducting SWNT
type | [mod2n+m, 3)=1] vs type ll[mod2n+m,3)=2].

In Sec. IV the relation between the observed radial breath-
ing mode frequenciesggy and thed, for each(n,m) SWNT
is also analyzed. Theggy is found to deviate from the
simple 14, behavior, and this deviation is analyzed consid-
ering the RBM softening due to the nanotube curvature. In
the end, we obtain an accurdte; vs wggy] plot, and the
corresponding Kataura pl¢E; vs d,] for the interpretation
of optical-absorption, PL, and RRS experiments on SWNTSs,
applicable to small-diameter SWNTH.7<d,<1.2 nm.
The model is also extended to larger diameter SWkH[s
>1.2 nm, and it is shown to be consistent with previously
DUbI.'Shed RRS data’® (Sec. V). . . FIG. 1. (a) The electronic transition energies for SWNTs as

Finally, for the researchers more interested in sample RR ) .
characterization, Sec. VI compares the experimentally ob?bser\)/ed. bty F;F:S(E“ . ”.Vz) ;adltal brleathéngfm?de ?Ireque_ncy
tained RBM RRS intensities with theoretical predictions -REW: @ STNC 1or MEtalics) for type-l, ande for type-i semi-

conducting SWNTs(b) The electronic transition energies calcu-

based on matrix elements calculations, that also show fted by the ETaEiIiETB) from Ref. 27(crosses for semiconducting

(n,m) dependence. These results are intended to shed ligBhg pluses for metallic SN\WTs/s 1/d,. The gray lines connect
on the use of resonance Raman spectroscopy to characterig@/NTs belonging to the sam@n+m)=const family.

(n,m) populations within a SWNT sample.

in agreement with previously proposéd,m) assignments
II. BACKGROUND FOR THE EXPERIMENTAL AND for semiconducting SWNTs Wrapped in SDS, based on PL
THEORETICAL ANALYSIS measurements.
Figure 1 presents actual RRS experimefi@gland theo-
The sample measured by RRS consists of SB®lium  retical (b) results for theE; values. The symbols that are
dodecyl! sulfate wrapped HiPco SWNTs dispersed in aque-used for the experimental results in Figall i.e., (@) for
ous solution, as described in Ref. 16. A DilXY triple-  metallic, (O) for type-I, and(@®) for type-Il semiconducting
monochromator spectrometer and a tunable laser systeBWNTSs (see captioy are also used elsewhere in the paper.
which allows an almost continuous change of the excitationrhe theoreticaEETB values come from tight-binding total-
laser energiegE,se) in the range between 1.52 and 2.71 eV energy calculation€ETB mode).2” The comparison between
was used? This quasicontinuous variation &, provides  the RRS experimentd& "> and ETB-based theoreticaf'®
detailed information about the resonance wind®aman results in Fig. 1 shows that the theoretical results are red-
intensity as a function oEse), thus giving(E;i, wgrgw) €X-  shifted from the experimental RRS data, as previously
perimental values for 40 differerih,m) SWNTSs, including observed” This redshift, ascribed to many-body
22 semiconducting SWNTs in resonance wih, and 18 effects?316:2324.273%g the subject of the next section. For
metallic SWNTs in resonance Wiﬁﬂ. The frequency deter- metallic SWNTs, although tch’i"l values are expected for
mination of wggy, is directly given in the Raman spectra with each SWNT due to the trigonal warping effé€tonly the
an accuracy of 1.0 ci. The electronic transition energy lower E'f'l component is observed experiment&lljor mea-
determination oE;; is obtained by analyzing the Stokes and surements of the RBM feature.
anti-Stokes resonance windows for each RBM peak, as dis-
cussed in Ref. 29, and the accuracy is better than +10 meV. I1l. ANALYSIS OF MANY-BODY EFFECTS ON THE

These experimental accuracies are confirmed by comparing ELECTRONIC TRANSITION ENERGIES E;
the (wgrgm, E;i) result published by Telgt al2° for different _
semiconductingn,m) SWNTs. For metallic SWNTs, Refs. A. Diameter dependence

29 and 30 show discrepancies larger than the experimental First-principles calculatio43® suggest that the one-
accuracy, and these results will be discussed in Sec. IV.  dimensional1D) nature of semiconducting SWNTs leads to
The (n,m) assignment is based on the experimentally ob-much stronger many-body effects as compared to bulk semi-
tained(E;; , wrgy) plots which show(2n+m)=constant fam- conductors. Many-body effects in semiconducting SWNTs
ily patterns?® and the RRS-derived results, thus obtained, ar&an be described by a positive shift of the band gap due to
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04 T y y sitions for both semiconducting and metallic SWNTs is in-
triguing. The many-body effects are expected to be much
stronger in semiconducting SWNTerder of 1 eV,%* since

in the case of metallic SWNTSs, the screening by free elec-
trons is expected to reduce the many-body effetts
~0.1-0.3 eV. This result must be related to the near cancel-
lation of the large quasiparticle and excitonic corrections in
semiconducting SWNTSs, resulting on a small eff@rder of

0.1 eV) similar to the case of metallic tubes.

~o 1 2 3 4

p/d, (1/nm) B. Chirality dependence

1. Semiconducting SWNTs
FIG. 2. Energy difference$AE;) between the experimentally e .
obtainedEﬁ{RSvalues and the corresponding ETB calculated values Th,e So,l'd line m,F'g: 2 represents the d'ameter'qepen.dem
as a function ofp/d,. AES,= EE(ZRRS_EE(ETB) is given by open I_oganthmlc correction in Eq(;). _The spread from this sglld
circles (type 1) and by circles with “+" signs(@) (type Il), and line (70 meV) shov.vs.the chirality dependence Iﬁf that is
AEM= Eg"l(RRS—EQ"l‘ETB) is given by filled circles(®). The solid not fully handled within the one-electron ETB picture. Fig-
line represents the diameter-dependent logarithmic correctiot® 3@ SF()J{?{%S the discrepancies between the experimental
EM(d,) that is fit to the armchair daté=30°) and separates the resultsE;, and theoretical calculations that remain after
type-I and type-Il semiconducting SWNTSs, as given by Eg. correcting the one-electron energEy > for the diameter-

dependent logarithmic many-body correctiBfi(d,) of Eq.

electron-electror{quasiparticl¢ interactions and a negative (1). The remaining deviation ofEss > -Es:'®—E"(d))]

shift of the optical band gap due to electron-h@eciton  from the zero line should reflect a chiral angle dependence of
interactions. These two large shifts tend to cancel each othéhe many-body corrections.
to some extent. Kane and Mel&M) (Ref. 31 proposed Figure 3b) shows the electron effective massnag(n,m)
that, as a result of this partial cancellation, the many-bodyor the semiconducting SWNTs that are calculated by differ-
corrections in the band gap of nearly armchefr~30°) entiating theE(k) energy dispersion relations obtained by
semiconducting SWNTs could be described by a theory of &TB, at the van Hove singularityHS) k, point for E§2. The
two-dimensional graphene sheet, where the Coulomb inteeffective masses depend on both diamatetchiral angle. A
action leads to a relatively smaller correction to eval-  functional form formis(dt, ) that accounts for both the diam-
ues, with a nonlineaflogarithmig diameter dependence. eter and chirality-dependent curvature effects on the effective
When analyzing experimental data, KIRef. 3] for sim-  masses can be obtained by fitting the calculai@th, m)
plicity considered the single-particle models to exhibit a lin-with
ear p/d; dependence for the nearly armchair SWNTs. Here S S S 2 s S 5
p=1,2,3,4, ... is for E3}, E5,, E)}, E3, ..., respectively. m(d;, 0) = A/d; + Bi7d; + C cos J/d; + D’ cos J/d;.
However, theE;; dependence ofp/d,) is linear only in the 2)
limit of large diameter tubegd;, above 1.2 nm Figure 2 .
plots the deviation(AE;) of the RRS datdERRS) from the The pa_rameters thatS fit theS calcu_latmf(n,_m) data are
calculatecEE ™ as a function op/d;. The solid line in Fig. 2 shown in Table | forky; and B3, ésemlconlductmg SWNTs.
represents the explicit diameter-dependent logarithmic cor- The chirality dependence afi(n,m) gives the deviation

rectionEN(d,) of KM (Ref. 31 that comes from fitingAE;,  rom the armchair linen3(d;, 6=30°) fitted by

;oivtgr(]a g;lta points for the near armchair SWN#s=30°), as m§(dt, 0=30°) =A§/dt + B§/dt2, 3)
and shown in Fig. ®) by the solid line. The deviation is

s 2p 2p larger for smaller chiral angle®= 0, near zigzag and it is

E"(d)=0.5 3_dt In| 3 3_dt 1) opposite in sign for type-[O) as compared to type-l¢)

semiconducting SWNTs, showing also (&n+m)=const

thus separating the type-l and type-ll semiconducting@amily dependence.
SWNTs. By considering the cage=30°, the dependence on ~ The family patterns in Fig.(@) are similar to those in Fig.
chiral angle is suppressed. The KM correction therefore ac3(b), showing a correlation between the data points for
counts for thediameterdependent many-body effects. [ESFRO-E5r ™ -EN(d)] and for the effective mass as a

KM (Ref. 3) showed thatAES, and AE3,, as measured function of 1/d, for the individual SWNTs, as shown in Fig.
by PL, both follow the same logarithmic dependence on3(c). The similarity between the experimental resyfsg.
p/d,. Figure 2 shows that metallic SWNTs behave similarly3(a)] and the chirality-dependent effective masgég. 3(b)]
to both semiconducting type-I and type-ll SWNTs. The samés clearer after subtracting the linea(d;, #=30°) function
E"(d,) correction also fits thE'}"1 for armchair SWNTs both [Eq. (3)] that corrects the diameter dependence of the effec-
in functional form and the numerical fitting parameters. Thetive masses fofneay armchair SWNTY 6~ 30°). From the
ability of KM’s correction termE"(d,) to fit the optical tran-  slope of the line fitting the data points in FigicBwe obtain
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= 010 . - - rections and effective masses provides a useful and simple
g 0'05_(3) ® ® ] way to estimate the former. Interestingly, Perebeiabal 34
w ® o, 0% © have proposed a power-law dependence of the exciton bind-
£ o000 5 ® “o’ ing energies on the effective masses. If the total many-body
28 00 5,0 ©° 5 o corrections display a similar scaling behavior, the propor-
5 005 % ] tionality expressed in Eq4) will follow naturally (provided
g that chirality-dependent corrections to the masses are small
58 -0.10 . : ; :
w08 1.0 1.2 1.4 Although many-body effects also depend on the effective
04 ' 1/d (1/r?m) ' mass of the valence barfioles, only the effective masses
(b) ® for the conduction bandelectron$ were explicitly consid-
® ered for simplicity in constructing Fig. 3 and fitting E@t).
T 03¢ e © The effective masses for the valence band in the diameter
£ ° © ® region considered here are about 10% larger, and the chiral-
€ 02 & ® < ° 1 ity dependence is similar. This difference between the effec-
o%° o, % tive masses in the valence and conduction bands gives evi-
0.1 ; ; ; dence for a small asymmetry between the subband energies
08 1'01 /d (1/1,']2m) 14 with respect to the Fermi level, that has not yet been charac-
S 0.10 Ak terized experimentally.
g The reason why the effective masses depend on whether
w 0.05; the semiconducting SWNT is type | or type Il is due to the
g ool trigonal warping effect of the electronic structdfeFigures
ol 4(a) and 4b) show the trigonally distorted equienergy con-
@J -0.05} tours in the region of the 2D graphene Brillouin zone close to
%J%i 010 the K point, where the optical processes occur. The parallel

P 0.0 o1 0.2 lines are the cutting lines for the allowed wave vectors for a
m§ (n,m) - m§ (d,,6=30") type-l [Fig. 4@)] and a type-lI[Fig. 4b)] zigzag SWNTs.
E3, belongs to the cutting line closest to tkepoint, andEs,

FIG. 3. (@ The remaining deviation of the experimental results belongs to the second-closest cutting line, the vHSs appear-
for ES(ZRRS) from the theoretical values calculated by EIrHEg(ZETB)), ing where the cutting line is tangent to an equienergy con-
after correcting for the diameter-dependent many-body effect$our. Therefore the difference between type-l and type-II
[EM™(dy], which follows from Fig. 2, as a function of #/. (O) and ~ SWNTs is given by the position of the vHSs with respect to
(@), respectively, stand for type-l and type-ll semiconductingthe 2D Brillouin zone E5, appearing in th&—M direction
SWNTs. The solid line just shows the zero line, making clear thefor type-l SWNTs, and in theK-T" direction for type-Il
different behaviors for type-I and type-Il semiconducting SWNTs. SWNTs. Figure £c) presents the first and second conduction
(b) Effective massemg‘(n,m) for the E§2 electrons for the different  pands for the type-Isolid line and type-Il (dashed ling
(n,m) SWNTs as a function of &k. The solid line gives the ex-  gwNTs shown in Figs. @ and 4b), respectively. Because
trapolated my(d;, 6=30°) for “hypothetical” armchair(6=30°)  f the trigonal distortion of the equienergy contours in the
semiconducting SWNTS’ separating type-l and t.yp“@““'m) val- 2D Brillouin zone, the effective masses will be different for
ues. Here “hypothetical” is used to denote semiconducting SWNT: ype-1 and type-Il SWNTs.
with ~30° since actual armchair SWNTs are all metallic. The Finally, the chirality dependence of the effective masses
Eolid line in () fomdes from”Eq(g).’ Witg A;andgévv'\?_lrue.s afgfg; 4 can also be understood, since the chirality determines the

etween type-1 and type-Il semiconducting s in Table). DT 2 ; .
The remaining chirality-dependent deviatiofESR® - ESET® ?n?lz of the cutting Ilnc;,\s WlthFr'espethc.) the tcri|gofnally'd|s-
-EN(dy)] as a function of the respective effective-mass deviation orte eqUIﬁnerg)r/w c%nﬁours. |%ure IS made %r z19zag
from mg(dt,0=30°). The data from 22 differenfn,m) SWNTs SWNTS’ w gre the di e_rence _etween type-I and type-l
have been considered. The solid line is a linear fit to the data pointS€Miconducting SWNTs is a maximum. In the case of hypo-

thetical armchair semiconducting SWNTSs, the cutting lines
are both parallel to an edg&k-M) of the hexagonal 2D

(see text
the proportionality constant between the experimental resuItgrr]'(ljlotu'nei?r;?ég?gntizedrg Isérrjs?o?\f?r:etz?g (E);;\éveen the type-|
in Fig. 3@ and the effective masses in FighBat constant yp P '

diameter, thus giving an effective-mass-dependent correction 2. Metallic SWNTs
EMC
SZa The same analysis, developed above for semiconducting
EEMC - ESRRS _ ESETB) _ pingg) E5, transitions, can be applied to ti) transitions for me-
= 22 = < < tallic SWNTSs. In this context, Fig.(8) plots the 14, depen-
= (0.48 £ 0.04[my(n,m) - my(d,, 6= 30°)] dence for[E}} "RS-E} ™ ~EM(dy], while Fig. 5b) plots

the 1/d; dependence for the calculated effective masses
m)'(n,m) of the lower energy}; electrons. Figure ) plots
which is shown by the solid line in Fig(&. The proportion- the experimental points in Fig(& as a function of the ef-
ality between the chirality dependence of the many-body corfective masses in Fig. (B) after subtracting formg"(dt, 0

=(0.48 + 0.04(C5 cos /d, + D5 cos H/d?)  (4)
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TABLE I. Fitting parameters ofEq. (2)] for the effective massems(n,m) of electrons and holes in
semiconducting SWNTs. Herie=1,2 are related t(Efl and E§2, respectively. Type stands for type-1 and
type-ll semiconducting SWNTs based ¢2n+m) families. Fitting parameters for the effective masses
m'v'(n,m) of metallic SWNTs are also givefsee Sec. Il B.

i type AS (nm) B® (nn?) C®(nm) DF (nm?)
Electron
1 | 0.0825 0.0159 -0.0067 0.0253
2 | 0.181 -0.00885 -0.0109 -0.0422
1 1] 0.0813 0.0172 0.0121 -0.0388
2 Il 0.186 -0.0169 -0.0612 0.172
Hole
1 | 0.0799 0.0235 -0.00791 0.0243
2 | 0.181 0.00680 —-0.00402 -0.0566
1 Il 0.0794 0.0239 0.0155 —-0.0445
2 Il 0.179 0.00662 -0.0678 0.185
i AM (nm) B (nn?) cM (nm) DM (nn?)
Electron
1 0.278 -0.0403 -0.0436 -0.0407
Hole
1 0.279 -0.0116 -0.0299 -0.0712

=30°) [solid line in Fig. §b)]. Surprisingly, the dependence semiconducting SWNTs. A possible reason why the higher
is opposite for metallic SWNTs relative to semiconducting E'}"l peaks are absent in the experiment is the suppression of
SWNTs [see Fig. 8&)], with the remaining deviation the two one-particle levels and the enhancement of one ex-
[EYRRO-EMET®_EN(d)] decreasing with increasing citonic level due to the so calledf-sum rule,” which re-

effective-mass deviatiom;(n,m)—my(d,, 6=30°). The data quires the total oscillator strength to be consertfedt.

in Fig. 5(c) are fit to give bIn thed (_:onthxt <_£C))f mang—bocliy %ﬁects, tr?_e Ineg(;ative Zlope
observed in Fig. &) can be related to a chirality dependent
ER/C=EY{RRO - E*™® — E"(dy screening by free electrons. It is known that only armchair
= (- 0.19 £ 0.05[mY(n,m) - mY(d,, 6= 30 °)] SWNTs are trgly metalli(_:, while a minigafof a few me\)
" " X appears in chiral and zigzag tubes because of the SWNT
=(-0.19+0.05(C;" cos J/d; + Dy’ cos J/dy), curvature effect®2° This minigap increases with decreasing

(5) chiral angle, being a maximum for zigzag SWNTs. Therefore
" " ) one can expect that the screening effect will be a maximum
wheremy'(n,m) and my'(dy, 6=30°) are given by the same for armchair SWNTs, decreasing with decreasing chiral
functional forms as in Eq92) and (3) for semiconducting angle, and being a minimum for zigzag tubes. In the case of
SWNTs, with the parameters for electrons in metallicarmchair SWNTs, the many-body related blueshift is given
SWNTs given in Table I. by E"(d,), as obtained in Sec. lll A. For smaller chiral angle
In the case of metallic SWNTs, RBM peaks have onlyS\wNTs, however, the correction is higher tHaf(d,) due to

been observed in the Raman spectra for the 0By  the smaller screening, thus giving the negative slope in Fig.
branch, which is formally equivalent to observing only type-I 5(c).

IV. ANALYSIS OF THE RADIAL BREATHING MODE

5 For the analysis of RRS data with the Kataura plot, it is
k- fom) important to establish the relation between the SWNT diam-
FIG. 4. (a), (b) 2D graphene Brillouin zone close to tKepoint, eter and the RBM frequencidergy)- F|gure.€{a) shows a
showing the trigonally distorted equienergy contours. The parallePlot Of the deviation ofwrgy from the best linear id; de-
lines are the cutting lines for the allowed wave vectors for tyfs-I  Pendence that fits all the experimental defaorgy=wrem
and type-li(b) zigzag semiconducting SWNT&) First and second —(218.3/d;+15.9] as a function ofl.. Figure Gb) shows the
conduction bands for type{solid line) and type-ll (dashed ling ~ Ssame quantity as a function of the chiral angleln both
semiconducting zigzag SWNTs shown(@ and (b), respectively.  plots, one clearly sees deviations of the points from the
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FIG. 5. (a) The remaining deviation of the experimental results ) d (nm)
for EM(RRS for metallic SWNTs from the theoretical values calcu- t
lated by ETB(EM(ETB)) after correcting for the diameter dependent g 6. (a) Deviation of the experimentally observed RBM fre-
many-body eﬁectﬁusmg the sam&™n(d,) function as in Eq(1) for quency (wrgy) from the linear dependence given Kg18.34,
semiconducting SWNTs plotted here as a function of d/ The +15.9, as a function of. (b) Deviation of wrgy from (218.34,
dotted line is given to show the deviation from tHEY"® 4159, as a function ofé. (c) Deviation of wrgy from the

E11(ETB) Eln(dt) 0] line. (b) Effective massesny'(n,m) for the w2 (dy, 6) given by Eq.(6), as a function ofl,. In (a), (b), and(c),
lower energyEY; electrons of differentn,m) SWNTs as a function  gpen, crossed, and filled circles denote semiconducting type-I, type-
of 1/d,. The solid line gives the extrapolated)'(d;, /=30°) for || and metallic SWNT's, respectively. The dotted lines show the

armchair metallic SWNTs(c) The solid points give the remaining experimental accuracy of +1 ¢t In (c), only two small chiral
deviation[E}} "% -E)ET® —E(d)) ] as a function of the respec- angle metalliq15, 0 and(13, 1) SWNTs lie outside the experimen-
tive effectlve mass dewatlon from)'(d;, #=30°) for the 18 metal-  tal accuracy range.

lic tubes that were measured. The solid line is a fit to the fita

Ea. (5] fects are well documented from a theoretical point of
Awgsy=0 line as large as-3 cni’, and these deviations are view?”*® where, by allowing the atoms to assume equilib-
larger than the experimental accuraey1.0 cnTl). rium positions for each(d;, ), the effective diameter

Several interesting trends can be seen from the deviatiorghanges.
in Figs. 6a) and @b). The first one is the observation of  To describe the differences between metallic vs semicon-
systematically largeA wrgy for metallic SWNTs when com-  ducting SWNTSs regarding the curvatuaad chirality depen-
pared with semiconducting ones of similar diameter. Thedences of the experimental RBM data, we propose the fol-
second is a\wgrgy dependence on the chiral angle, showinglowing functional form:

a clear decrease ivwgrgy With decreasing from 30° (arm-

chain to 0° (zigzag for both metallic and semiconducting w2 = Ald,+ B+ (C + D cog 36)/d?. (6)
tubes. No type-l vs type-ll dependencedrgy, is observed
for semiconducting SWNTs. Semiconducting and metallic data are fit separately, and the

Some of these deviations iaggy, are due to curvature fitting parameters obtained are shown in Table II. The results
effects. For small-diameter SWNTSs, curvature weakens théor Awggy=wRsy—wiau(t, 6) are shown as a function of
chemical bonds which have components along the circumfeidiameter in Fig. €). All the Awggy points, except those for
ence, because dp’-sp® mixing. As a result, the SWNT two low chiral angle metallic SWNTs, fall close to zero,
diameter increases and the RBM frequency decreases withside the experimental accuracy of +1 €mFurthermore,
respect to their ideal values. Moreover, curvature destroyfor larger diameter SWNTSs, i.e., with diameters in the range
the isotropy of the elastic constants in SWNTs and thereford.2—2.0 nm,wggy Obtained by Eq(6) and by the relations
introduces a chirality dependence iniggy. All these ef-  wrgy=248/d; (Ref. 39 or wgpy=234/d,+10(Ref. 9 do not
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TABLE lI. Fitting parameters for the radial breathing mode fre- (a)
quencywggy as a function of diameter and chiral angle, as given by I
Eqg. (6), for 22 semiconducting and 18 metallic SWNTs wrapped in 2.5
SDS in an aqueous solution. =

[)] L
Accminm B(em?b Ceminmd D(emtnmd) =
w20
Semicon. 227 7.3+0.3 -1.1+0.3 -0.9+0.2 -
Metallic 227 11.8+1.0 -2.7£1.2 -2.7+0.8 |
1.5
differ by more than the paramet®; that is ascribed to en-
vironmental effects, as discussed below. Therefore the func-
tional form for W&, given in Eq.(6) with the parameters 30
; : (b)
rom Table Il not only describes theggy Observed for o5)..08
HiPco SWNTs wrapped by SDS within the experimental pre-
cision, butw®¢ also converges to functional forms in the 2.0
literature>~"%1%for larger diameter tubed,>1.2 nm. =

Physical interpretations can be given to all parameters of ?91 S
Eq. (6). Based on the results obtained from the fit, the fol- 1.0
lowing comments can be made: |

(i) A describes the elastic behavior of an isolated SWNT 0.5}
in the large-diameter limit, where the elasticity theory, which

( ] ‘- rs S Saa o Sae . P
givesA=227 cni nm3%37is expected to be valid. T 5 2.0

(i) Baccounts for the interaction between the SWNT and d, (nm)
its SDS wrapping. The value dB is larger for metallic
SWNTs compared to semiconducting SWNTs, thus yielding G, 7. (a) The revised(E; vs wggy) plot comparing experi-
a systematically higheAwggy for metallic SWNTs when  mental results from RRS experiments on SDS wrapped SWNTs in
compared with semiconducting SWNTs and indicating asolution(circles with the predictions of Eq¢6) and(7) (pluses and
stronger interaction between SDS and metallic SWNTS. Thigrosses The numbers givé2n+m) for the SWNT families shown
result is consistent with the observation of no change irby the gray lines(b) The revised Kataura plotblack open and
wrgm for semiconducting SWNTs between SDS wrappedilled circles is compared with the previously used nearest-
and bundled SWNT% while a small changg~2 cnit neighbor Kataura plotblue pluses and crosses ang=2.89 eV,
lower in bundle} is observed for metallic tubes. A smaller Ref. 4.
difference for wggy between metallic and semiconducting

SWNTs was observed by Telgf al,* in better agreement pyt the changes in bond lengths are larger for the two C-C
with our measurement on HiPco bundfsThis result may  ponds with components along the circumference for zigzag
be related to differences in the samples. tubes as compared to the three such bonds for armchair tubes
(i) CandD account for(chirality-dependentcurvature  with similar diameter. This is a purely geometric effect, re-
effects.C<0 results in the overall softening afzgy due to  |ated to the directions of the three C-C bonds with respect to
the increase in curvature, as expect@d: 0 accounts for an  the circumferential direction. Therefore, in armchair tubes,
even more pronounced softening for zigzag tubes with rethe circumferential strain is more evenly distributed between
spect to armchair SWNTSs, in agreement with thediPIn-  the bonds, leading to smaller bond elongations. Since the
terestingly, the RBM curvature-related softening is clearlyrRBM softening is directly related to the elongation of bonds

larger for metallic tubesmore negative values & andD),  along the circumference, a larger softeningugfsy, for zig-
also in agreement with theoretical calculations for isolatedzag tubes relative to armchair tubes is expected.

SWNTs, where metallic SWNTs generally exhibit lower
frequencie€’-38 For metallic SWNTs withind,=1 nm, Kiirti

et al3® predict a~5-cnit spread with chirality, while a V. KATAURA PLOT
~3 cn! was obtained experimentally. It is interesting to ) ) )
recall that, similar to theuggy behavior, theG™ frequencies Having obtained an accurate model for the electronic tran-

in metallic SWNTs also show a larger curvature-inducedsition energies and radial breathing mode frequencies, a Ka-
softening as compared to semiconducting SWKTEhe two ~ taura plot can be made and compared with experimental re-
effects are probably related, since both modes involve bondsults and other theoretical models.

stretching along the circumference. The optical transition energiey;, E3, andEY; can be
The chirality dependence a@fggy deserves a deeper un- obtained considering
. v RBM | ;
derstanding. Kdrtiet al>® describe in detail the curvature Ei: f(lETB) + E'”(dt) +E§(1EMC),

effects on many structural properties of SWNTs. For in-
stance, it is predicted that diameter deviations from the ideal s SETB) . cin SEMO)
d, values are roughly the same for zigzag and armchair tubes, Exn=Eyp ~+ENd)+Ex T,
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EM = EMET® + En(d,) + EMEMO), (7)  E; is observed to be higher thaE'®. However, previous
EMC ) ) ~ RRS results forE'}"l have been obtained for SWNTs with
Eii has not been obtained experimentally but, as a firsyigmeters roughly around 1.3-1.5 nm, where there is good
approximation, Egsi4) can be used with the effective mass 4greement between the revisggd and the simple TB calcu-
parameters forEf; in Table I. For higherE; transitions |ations, It is important to note tha)] measurements have
(ESs, E2s E3y etc) the E"(dy) diameter dependent correc- provided much  important  data for RRS —TB
tion does not work since the energies are hlghel’ than thsarametrizatioﬁ'9y42'rhe blueshift of the reviseEii in com-
cutoff energy, that gives the point where the logarithmic corparison withe$™® is only significant below 1.5 eV, that is, out
rection becomes negativé.Since there is no good set of of the range of usual lasers used for RRS experiments. For
experimental data presently available for an accurate detegemiconducting SWNTs, a blueshift f@&, values is ob-
mination of the many-body corrections for theB§ and  served ford,>1.2 nm, again corresponding 5, values
Eji’ energies, we just use as a first approximation, the lineaower than 1.5 eV. Experimental data are only available for
functions  AE;=(0.38-0.12 nmd,) eV and AE}'=(0.42  ES, values higher than 1.5 eV, i.e., fat<1.2 nm223

-0.22 nm#}) eV, that fit AE3, and AEY), respectively, rea- where the revised; and ES™ are roughly coincident. Fur-

sonably well. _ thermore, there are no optical experimental data available for
FIQURFSSKa) is what we call a revised plot df; Vs wrgm-  large diameter SWNTs in resonance wif;, but data are
Here E;™ shown by open circles are compared with as  only available for low-diameter tubés:*” Therefore the

calculated from Eq(7) (pluses and crossgsand the conver- model presented here is consistent with all previously pub-
sion fromd; to wggy considers the functional form given in lished RRS experimental results.

Eq. (6). The gray lines trace theE™®+E"°9(d,) values, with-
out considering EEM®, thus showing the effect of the VI. ANALYSIS OF THE RESONANCE WINDOW
effective-mass correction oB; when comparing with the INTENSITIES |

position for the pluses and crosses. The agreement between
theory and experiment seen in Figayis within experimen- In the procedure used to characterize the SWNTs pro-
tal precision. duced by a given synthesis process, the Kataura plot in Fig.
In Fig. 7(b) the revised Kataura plaE; given by black 7 is important for the identification of thén,m) species
open and filled circlesis compared with the previously used present in the sample. However, for the characterization of
nearest-neighbor simple Kataura pid&'® given by blue the amount of a givelin,m) in the sample measured by PL
pluses and crossggparametrized for RRS experiments, with or RRS, it is not correct just to analyze the respective inten-
Y0=2.89 eV#42Here the optimized diameteds are used’  sity of the PL or RRS peak. It is also important to analyze the
The results are extended to the larger diameter region (n,m) dependence of the PL or RRS cross sections.
< d;<2 nm), where the previous Kataura plot has been suc- The first-order Stokes Raman intensity per tube length for
cessfully used to interpret RRS data. In general, the revisethe RBM features is calculated frdf

~ MOP{(k) M P'(k) M °P(k) 2
i EIC= ‘ f (600~ B0 — B¢ + 191 Ex(K) — Ex(K) ~ E, + fromam + 17| ®

whereC is a normalization intensity factog, is a short form  lies. For example, in Fig. (&), points of almost constant
Of Ejasen While MOP(k) and M®P(k) are the electron-photon intensity are related tdn—m)=const families. Points for
and electron-phonon matrix element8*"(k) and M®P(k)  (2n+m)=const families form patterns departing from low
are calculated within the tight-binding schef&onsidering  intensities up to higher intensities, zigzag SWNTs exhibiting
all the electrons with wave vectdr and the RBM withq 5,46y intensities than armchair tubes. The opposite family

(zza(l)l,culgggn;??n trr?:u(lgcu?a:gonccmzsifsnetr e\z/ﬁ:‘b ilgltslce)t tobehavior is observed in Fig. (B, i.e., (2n+m)=const
' ' 9y SWNTs exhibit very similar intensities, whilgn—m)

E,=E5n" andE,=E}\ " for semiconducting and metallic > _ T
nanotubes, respectively. The lifetimeis chosen to be 60 =Cconst SWNTs form patterns departing from lower intensi-
meV, which is the average experimental value for the RRSi€S Up to higher intensities with armchair SWNTs having
windows measured for SDS wrapped SWNTs in aqueoutW intensities and zigzag nanotubes having larger intensi-
solution?® ties. The(n,m) dependence of the electron-photon matrix
The results thus obtained are shown in Fig. 8 for the RBMelements(see Ref. 4B is weak when compared with the

intensity dependence aly (a) and oné (b), and the results (n,m) dependence of the electron-phonon matrix elements,
are calculated per unit length. Tkie,m) intensities show an that dominate thén,m) dependence for the RRS intensities
interesting dependence related to the different SWNT famifor the RBM modes.
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d; (nm) Chiral angle (degree) (n,m) SWNT are plotted as a function @k (c) and @ (d).
1§2-%8 10 1‘2(3;.4 (()b) L The RBM intensity for eaclin,m) SWNT was obtained by
g | ° ° £ fitting the Raman spectra at the respectiyjevalue, i.e., the
5 P e s intensities plotted in Figs.(8) and &d) are for resonance
599 o g . *°% with the incident laser light. The intensities for each RBM
3 2 %%.g%% 3 spectrum are normalized by the Raman intensity of a,CCl
0o © o% e 0.0 solution taken with the santg,, after each RBM measure-
1o— ol @ 10 ment. CC} has a band gap larger than 10 eV and can there-

o o fore be used foE,scrindependent intensity calibration in the
visible range. The results shown in FiggcBand &d) can

§0° L «° o 05 ¢ therefore be directly compared with the calculations in Figs.
& e o } 8(a) and &b). It is important to stress that a plot similar to
00 0&52’@? oo | 885N K0g 00 Figs. §c) and 8d) made with the maximum intensity taken
1.00, 1.00 at the center of the resonance wind@wetweenE;; and E;;
@ | +Eggy), rather than atE,.~E;, gives a similar picture,
§078 078 g with only small deviations.
<050 0505, Figure 8c) shows that the intensities tend to decrease
A 025 025 with increasingd,, and are generally larger for type-1 SWNTs
i | | in comparison to type-ll SWNTSs, in agreement with the the-
00 5e 10 18 T4 0 90" 5o 50000 oretical predictions shown in Fig.(&. For carrying out an
d (nm) Chiral angle (degree) analysis of the population of specifia,m) SWNTs in the

sample, the ratio between the experimental and the calcu-
lated RBM intensities, as a function dfand ¢, are shown in
Figs. 8e) and 8f), respectively. Equal populations for all
(n,m) SWNTs in the sample would give a constant ratio for
all the tubes, while the real ratio profile should give the
(n,m) distribution in the sample.

The first information one gets when comparing Figs) 8

FIG. 8. (a) and(b) show RBM Raman intensity per unit length
calculated for eactn,m) SWNT according to Ref. 43, as a function
of d; (a) and @ (b), under the condition of resonance with the inci-
dent photon resonand&,se~E;). The lifetime is chosen to bg
=60 meV (Ref. 29. Filled (®), open(O), and crossed circle@p),
respectively, denot&)}, E5, type-l, andEj3, type-Il SWNTSs. (c)

and (d), respectively, show the intensity dependencedpand 6, . . ; :
where the RBM peak intensity for ea¢h,m) SWNT is measured and ge), or Figs. &d) and &), is that the direct comparison

. . 7 . . of the measured optical intensities does not give the popula-
when in resonance with the incident ligle) and (f), respectively, fi f ifi SWNTs in th lo. Fi
show the intensity ratio dependence @yrand 6 of the experimen- lon Of speci |c(.n,m) s In the sgmp e. Figure(d
tally obtainedgxe, from (c) and(d)] to the calculatedl ¢ ¢, from suggests that with the sample preparatlon process used here,
(a) and(b)] Raman intensities of the radial breathing mode peak fordS_given by Ref. 16, SWNTs within the diameter range
each(n,m) SWNT measured when in resonance with the incident(0-7<di<<1.3 nm) are produced, with a maximum in the di-
light. Solid, open, and dashed vertical bars stand for metallic, semi@meter distribution occurring at a small value (0.8 nm
conducting type-l and type-Il SWNTs, respectively. rather than exhibiting a symmetric Gaussian distribution, as
might be expected from equalpriori considerations. From

In general the calculated intensity is observed to increasgig_ 8(e) there is an apparent shift of the peak in the SWNT
with decreasing diameter. The reason for this increase is tWogiameter distribution to lowed, values for semiconducting
fold, (i) the electron-phonon interaction strength for they,pes and to highed, values for metallic tubes. However,
RBM increases with decreasing diameter, @ithere is an this result just reflects the energy range used to measure the

incree_lse "? the intensity of the DOS singularities with de'data where larger diameter metallic tuhiEé") and smaller
creasing diameter, since the band curvatures decrease wh ' L

N . .
the vHSs get further from th& point, and the SWNTs get glar_neter semlcondu.ctlng tUbE(E§2) are selecteq by the-
more energy levels per unit energy range for energies wherdvailable laser energies. For type-I vs type-II semlconductlng
the VHSs are located. This result is consistent with the ab®WNTS, 11 tubes of each type have been measured, and in
sence of experimental observafionf RBM features for ~general they exhibit a similar ratio in Figsiegand &f), i.e.,
SWNTs withd, larger than 2 nm. type-1 and type-Il populations are similar at a giveéin

The electron-phonon matrix elements also depend on chi- Finally, Fig. 8f) shows the chirality dependence of the
ral angle, and the magnitude of the matrix elements aréntensity ratio. Although some chirality dependence can be
found to be different for type-l and type-Il SWN¥$being  seen, the effect is not clear due to the mixing of SWNTs with
generally larger for type-| SWNTs withiE§2. This effect can  different diameters. Figure 9 shows the chirality dependence
be understood by mapping;; in the hexagonal Brillouin  of Igxp/lcac for the SWNTs within 0.%d;<0.9 (a) and
zone (BZ). Near theK-M line, M®P(k) decreases with in- 0.9<d,<1.1 (b). No significant chirality preference for the
creasing chiral angle, while near theK line M®Pk) tends  larger diameter tubes, i.e., SWNTs withabove 0.9 nm is
to increase with increasing chiral angle. Sires falls on  observed. However, for the low-diameter tuljgsbelow 0.9
different sides of the BZ with respect to tKepoint (see Fig. nm), the large chiral angle tubes seem to be preferred. There
4) for type-1 and type-1l semiconducting SWNTSs, their inten- are three SWNTSs in particular that exhibit higher intensities,
sity behaviors are very different. and these are thg, 5), (7, 5, and(7, 6) SWNTSs, in agree-

In Figs. §c) and &d) the RRS intensities for the radial ment with results on SWNT samples grown from
breathing mode peaks obtained experimentally for eaclCoMoCAT*' or alcohol*’
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(a) 0.7 <d, <0.9nm (b) 0.9 <d,<1.1nm the differences between metallic and semiconducting
1.0 ® 0.4 SWNTs. The effects of the environment asg, are ex-
0® @ o pected to be on the order of tens of drand are found to be
g ® ©e g different for metallic and semiconducting SWNTs. The func-
<08 b 02 < tional form that is obtained fomggy(d;, 8) suggests that the
= @ ° - various coefficients in Eq6) may be universal except f@,
o) ® o, o0 . . . . .
® Ceop e O which is the “environmental” term. This interpretation may
0.0 o Q 10 ‘20 305 . ) 300'0 turn out not to be correct, since the various environments that
ohi . have been used vary significantly from one another, some
iral angle (degree) Chiral angle (degree)

environmentge.g., SD$ are elastically soft and othe(s.g.,
FIG. 9. Igxp/ | caLc @s a function of chiral angle for SWNTs with @ SiQ, substratg are stiff, some will have extensive charge

0.7<d;<0.9(a) and 0.9<d,< 1.1 (h). transfer and others may not. Further theoretical and experi-
mental work is urgently needed for the development of a
VII. CONCLUSIONS universal model that accounts for the RBM frequencies of

SWNTs in bundle$,freely suspended on postsitting on a

This paper discusses the electronic transition enefgjes SO substraté? or within the outer wall of a double-wall
and EY, the wrgy, and the RBM resonance intensities for carbon nanotub& > etc. _ _
SWNTs in the diameter range G<#d,< 1.3 nm, based on (iii) About the RRS intensity analysis, the development
very accurate RRS experiments on SDS wrapped Hipc8f a reliable method for characterization of the population of
SWNTs in an aqueous solution. (n,m) SWNTs within a sample has been investigated. This

(i) For the electronic transitions energies, a theoreticalvork compares the RRS intensities obtained experimentally
model is applied to fully describe the experimerﬁég and  With calculations basgd on a t|ght—b|n_d|ng sche_me. The ca!—
EM results within the experimental precision of +10 meV. To culated results shed light on a proper interpretation of experi-
a first approximation, the extended tight-binding model conmental results, showing that the diameter, chirality and type-|
sidering more distant neighbor interactions and nonorthogovS type-Il' semiconducting SWNTs intensity dependencies
nality between basis orbitals describes very nicely the gen@re not directly related to a real population distribution, but
eral E; vs (dy,6) picture. Many-body effects, i.e., the rather to a complicateth,m) dependence of the various rel-
electron-electron repulsion and the excitonic attraction ex€vant optical processes that must be considered explicitly.
hibit a dependence d; on both(d,, 6), i.e., on(n,m). The  Surprisingly, the(6, 5), (7, 9, and(7, 6) SWNTs seem to be
many-body corrections can, however, be put into a functionalforé abundant in the HiPco sample used in the present
form that has a diameter dependefadogarithmic blueshift ~ Study, suggesting that the enhancement of these specific
of up to 240 meV which goes to zero ds—=, Eq.(1)], and SWNTs occur not only for CoMoCNf and alcohdl’
a chirality dependencgup to 70 meV, Eqs(2)—(5)] that samples, but also for_Hcho SWNTS. This _result can only be
takes curvature and trigonal warping effects into accountoPtained after correcting the experimental intensity measure-
The chirality effects are extracted in detail from the experi-ments for each tube with its appropriate RRS cross section.
mental data for both semiconducting and metallic SWNTsFurthermore, it is seen that while fo_r the very small diameter
although rather different chirality-dependent behavior is obiubes(d; below 0.9 nm, the large chiral angle SWNTs seem
served for metallic SWNTs due to the presence of minigap{® Pe preferred during synthesis, no significant chirality pref-
dependent screening effects that are present in metall@€Nce IS observed for the larger diameter tubes, i.e., SWNTS
SWNTSs and not in semiconducting SWNTSs. with d; abqve 0.9 nm. This result suggests that when going to

The ES, andE}}, values obtained here are consistent withVerY low-diameter tubes, large chiral angle tubes are easier to
previously published RRS experimental data on SWNTs. Th&orm, as suggested by Maruyartia.
model is extended ta,>1.2 nm andE; <1.5 eV, where
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