arXiv.cond-mat/0510427v1 [cond-mat.mtrl-sci] 17 Oct 2005

Radial breathing mode of single-walled carbon nanotubes. Optical transition energies and
chiral-index assignment

J. Maultzsch-fl H. Telg! S. Reict?[l and C. Thomseéh

Linstitut fur Festkorperphysik, Technische UniversBerlin, Hardenbergstr. 36, 10623 Berlin, Germany
2Department of Engineering, University of Cambridge, Caiciigeg CB2 1PZ, United Kingdom

We present a comprehensive study of the chiral-index asgghof carbon nanotubes in aqueous suspensions
by resonant Raman scattering of the radial breathing mode. d&#termine the energies of the first optical
transition in metallic tubes and of the second optical ftarsin semiconducting tubes for more than 50 chiral
indices. The assignment is unique and does not depend omiemhpiarameters. The systematics of the so-
called branches in the Kataura plot are discussed; manyegiep of the tubes are similar for members of the
same branch. We show how the radial breathing modes obsanadingle Raman spectrum can be easily
assigned based on these systematics. In addition, emitsgarovide the energies and radial breathing modes
for all metallic and semiconducting nanotubes with diamsebetween ® and 15 nm. We discuss the relation
between the frequency of the radial breathing mode and tisimeeder. Finally, from the Raman intensities we
obtain information on the electron-phonon coupling.

PACS numbers: 78.67.Ch,73.22.-f,78.30.Na

I. INTRODUCTION tern recognition, the assignment is stable against vanati
from small experimental errors.
Single-walled carbon nanotubes are tiny cylinders made Optical mgthods are non-_destructlvg and carry a large
out of carbork23 They have many unique, fascinating amount of information besides the information needed

propertiest They are very strong and of extremely light for the assignment itself. This has been demonstrated

: quer the past three years by absorption and emission
weight, they are excellent conductors of heat and transporS ectroscony. time-resolved optical Spectroscony. arm tw
electrons ballistically. The properties of carbon nanetite- P Py, P R by,

pend strongly on their microscopic structure, which is defin photon absorptiof25./:8:2.10.2.12.15:455 Because of the

e . photoluminescence-based assignment suggested by Bathilo
by the chiral index, np). The best known example for this .2 the tubes selected in the optical studies were known. In

is that 2/3 of all possible nanotubes are semiconductors anﬁf : ! . !
is way, the electronic states, optical selection rulessier
1/3 are metals. : : ; :
o ~dynamics etc. of semiconducting tubes were studied as a func
Many applications of carbon nanotubes need one particulajon of the tube diameter and chiral angle.
type of tubee.g, semiconducting tubes for transistors. Also, The advantage of Raman scattering over photolumines-
in fundamental studies we want to know which nanotube igence is that it can identify both metallic and semiconduct-
probed experimentally. The growth of carbon nanotubes withng nanotubeé817:1819A1s0, in semiconducting nanotubes
a predefined microscopic structure remains a major ch@lengraman spectroscopy can be performed in resonance with the
Therefore, the experimental determination of the chiral in ggcong optical transition, which is in the visible ener
: 7.8.9 . ge
dex is a current focus of carbon nanotube rese&PeM-°  Thys no infrared-sensitive spectrometers and detecters a
In principle, the chiral index of an individual tube can be de needed. Finally, the Raman signal is more robust with respec
termined by directimaging techniques like scanning tuimgel 5 the environment of the nanotube. Photoluminescence, for
microscopy. However, th_e experimental error in th(_e measUreaxample, is quenched in nanotube bundles by the presence
ment of diameter and chiral angle leads to uncertaintiesén t of metallic tubes4 whereas the Raman signal is still present.
assignment of the chiral index. For example, th? (13,1) tub&aman spectroscopy holds promise of identifying nanotubes
with diameterd = 1.06 nm and chiral anglé = 3.7° is geo- i gifferent environments with standard equipment.

metrically close to the (14,1) tubd = 1.14 nm andd = 3.4°], The Raman experiments for an assignmenmt;adndn; re-
but the (13,1) tube is metallic and the (14,1) tube is semiconyorted so far were very laborious and required tunable aser
ducting. over wide energy rangé€:1%:18Now a straightforward proce-

Optical spectroscopy like photoluminescence and Ramadure to perform an assignment using one or two Raman spec-
scattering uses properties that are different for eactacinr  tra is needed. Also, we need to know by how much the en-
dex,i.e, electronic energies and phonon frequencies, to assigrironment of the tube affects the nanotube phonons and op-
n; andn,. These methods are suitable also for macroscopitical transition energies, because these two featuressare e
amounts of nanotubes. At least two pieces of information areential for an assignment based on Raman scattering. First
needed for an assignmeantg, the combination of optical ab- studies on the environment related effects concentrated on
sorption and emission energies in photoluminescence &nd tlbundled tubes versus isolated surfactant-coated narotabe
phonon frequency plus one optical transition energy in Ramasolution&2° The interaction between the tubes in a bundle was
scattering. The assignment is then based on pattern recogriound to shift the optical transition energies to the redras p
tion between experimental and theoretical d2t8.Because dicted byab-initio calculations by our grougt In both exper-
of the systematics in the data of many nanotubes used for patnental studies sodium dodecyl sulfate (SDS) was used as the
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surfactant for the debundled nanotubes. It will be impdrtan
know whether small changes in the tubes environnesgt,a
different surfactant, affect the phonon frequencies aritalp
transition energies.

Here we present a full analysis of tlie;,n,) assignment
from resonant Raman scattering of the radial breathing mode
(RBM). We discuss the systematics of the so-called branches
in the Kataura plot, where the optical transition energies a
given as a function of the RBM frequency. The experimen-
tal data are extended by empirical fits to a larger range of
tube diameters. We show that our assignment is unique with-
out additional parameters. From this assignment, the eoeffi
cientscy andc, for the relation between diameter and RBM
frequency are determined. By analyzing the intensity of the
Raman signal, we observe systematic dependences of the Rae. 1: Radial breathing mode of an (8,4) nanotube. The arow
man cross section on the chiral angle and on the nanotubsow the phonon eigenvector. The RBM leads to a periodieass
family index v = +1. Our results confirm recemtb initio  and decrease of the tube diameter as shown by the wire motied of
calculations of the matrix elements of the electron-phdnen tube.
teraction for the RBM& Changing the nanotube environment
by using a different surfactant leads to variations in th&VRB
intensity and to small shifts in the optical transition agies.

In metallic tubes we also observed small shifts in the RBM 1
frequencies. These changes do not affect our pattern-based GRBM = ad +C2. @)
Raman assignment, but they show that the RBM frequency

alone—discarding the information about the Raman excita-The offsetc, was originally introduced to account for ad-
tion energy—will never be sufficient to identify the chitgli  ditional external forcese.g, from interactions with a sub-

of a tube. Finally, we explain the procedure for using ourstrate or neighboring tubes in a bund?&°On the other hand,
experimental and empirical data to assign the RBM peaks okshanges in the environment of the tubes probed so far, lead to
served in a single Raman spectrum. rather small changes in the RBM frequendé8 Therefore,

¢ should be regarded more as a fitting parameter. The geo-
metrical diameted is given by

with the inverse tube diameteyd (Ref.[1)

This article is organized as follows: in Sell. 1l we give a
brief overview over the radial breathing mode and previdus a
tempts for(ny, np) assignment based merely on the RBM fre-
guency. The experimental methods are presented in[Séct. Il d=agy/ n% +Ning+ n%/ﬂ, 2
In Sect[I¥ we explain the concept of resonant Raman scatter-
ing to determine the optical transition energies. Thgny) whereag = 2.461A is the in-plane lattice constant of graphite.
assignment is discussed in Sdcl. V. The experimental datdirti et al2* showed byab initio calculations that devia-
are compiled and extended to arbitrary nanotubes using entions from Eq.[[l) occur for small-diameter tubes, which ad-
pirical functions in Sec{_YI. In Sedi_MII we derive the con- ditionally depend on the chiral angle. These deviations are
stantsc; andc; of the relation between RBM frequency and caused by first the small non-radial component of the vibra-
inverse diameter and discuss deviations from a linear behavion. Second, the fully relaxed atomic structure of the tube
ior. In Sect[VIIl the RBM intensity is analyzed as a function has a slightly different diameter than the ideal geomdtdca
of the chiral angle. In Sedi_IX we discuss surfactant-irtlic ameter from Eq]2§*
changes of the RBM spectra and transition energies. Finally The wrgu-diameter relation [Eq.[01)] is often used to
we give an instruction on how to assign the RBM peaks in adetermine the tube diameters and the diameter distribution
Raman spectrum ty, ny) in SectX. in a nanotube sample from Raman scattering. Compar-
ing the diameter and Eq(2), the chiral indices are ex-
tracted, giving an assignment of RBM frequencies to par-
ticular (ny,ny) nanotubeg/:28:2% This method requires the
knowledge of the coefficients; andc,. However, experi-
mental and theoretical values of reported in the literature
vary between 220 and 260 crhnm; ¢, varies between 0 and

The radial breathing mode is the characteristic phonor20cm 2, see for instance Refs.127,80/31,32. For example,
mode of single-walled carbon nanotubesAll atoms of  with ¢; = 248 cnttnm andc, = 0cm %, the observed RBM
the tube vibrate in-phase in the radial direction, see Hig. 1at 164cm?® was assigned to the (11,11) tudeBut if we
A small non-radial component of the atomic displacementthoose a value obtained froab initio calculations instead,
arises from mixing with the fully symmetric high-energy c¢; = 223 cnr?, a different peak (148 cnt) is assigned to the
phonong22324|f the nanotube is approximated by a homoge-(11,11) tube. Thus the assignment is very sensitive to the pr
neous cylinder, the frequency of the radial vibration i€éin  cise values ot; andc,, and a particular RBM peak will be

1. RADIAL BREATHING MODE



correlated with differentni,ny) depending on the variation @) 100/ (cm)

; o i 055 05 0.45 RBM 04 035
of ¢; andcy. An assignment based @okgy alone is in most (0% 0 M : , Y
cases not reliable, in particular for larger-diameter sulvéh 1.51 eV}

close-by RBM frequencies. It cannot be improved by higher
accuracy in the experiment. Therefore, a second piece of in-
formation must be taken into account, as we show in §dct. V.

I11. EXPERIMENTAL METHODS

Raman experiments were performed on HiPCO-produced
carbon nanotubé® suspended in BD and wrapped by a sur-
factant (SDS, sodium dodecyl sulfate, and SDBS, sodium do-
decylbenzene sulfonate)The samples were excited by tun-
able Ti:sapphire and dye lasers and by an ArKr laser with
powers ofx~ 15 mW focused into the nanotube solution. The
scattered light was collected in backscattering geoméisy,

Intensity (arb. u.)
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persed by a Dilor XY800 triple monochromator and detected Raman shift (cm™)

by a charge-coupled device. The spectra were calibratéd wit
a Neon lamp. We normalized the Raman intensity with re-
spect to the non-resonant Raman signal of Catd BaF, and 0.4
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IV. RESONANT RAMAN SCATTERING

In Raman scattering, the signal intensity increases slyong
when the excitation energy approaches an allowed optical
transitioni®34 If the incoming or scattered light match the
transition energy, this is called a resonance, and thesitten
is at maximum. Recording the Raman intensity as a function
of laser energy, we can determine the transition enekjiés ' 155 1.60 155 1.60 1.65
carbon nanotubes. The method is suitable for both semicon- Excitation energy (eV)
ducting and metallic nanotubes, in contrast to photolustine
cence, which probes only semiconducting tubes. By Raman
spectroscopy we can directly probe the optical transitiop
ability for E;;, given the electron-phonon coupling is known. FIG. 2: (Color online) (a) RBM spectra of carbon nanotubeditat
In contrast to photoluminescence, the strength of the isigne}:erroenqtt%f;ftl;%?tg&e{ﬁéegsg‘zﬁgfgy‘; g:a\{seergck?el?v?gg/agm
!s not additionally Qetermined by the eﬁiclien(_:y of absarpti 1756V Each peak arises from a differént. m) nanotube. (b) Res-
Int.o other electron;(G: bands and of relaxation into dark and | onance profilez for the peaks marked iﬁ é{) t2>3/ vertical Iiﬁde(m)dots
minescent state®: are experimental data; the lines are fits according to[Eg. (3)

In Fig. @ (a) we show the RBM spectra at different ex-
citation energies. We see groups of several close-by peaks
having their maximum strength one after the other, startingjoming and an outgoing resonance and can be descriBéd by
from the highest frequency and resemblingaala wave®’.

Each peak will be assigned to a different nanotube chirality AC N2 1
(n1,n), see SecCV. In Fidl2 (b) we show as an example (B)= (HQRBM) ‘(El —Ei—iy/2)
the resonance profiles of four peaks belonging to the same 1 2
group. The peak with the largest RBM frequency has its res- — )
onance maximum at the lowest energy. The resonance en- (B — ke — Bi —y/2)
ergy increases as the RBM frequency decreases, and only faihereE, is the laser energ\E; the energy of the allowed
the last RBM peak, the resonance energy decreases slightyptical transition, ang the lifetime-broadening of the inter-
again. From the assignment (Selcl. V) we find that suchmediate electronic states.# contains all matrix elements
groups of RBM peaks form so-called branches in the Kataurand c summarizes all remaining factors. An incoming reso-
plot. Each tube in a branch is related to its neighbor byhance occurs whef = Ej, and an outgoing resonance when
(M,n,) =(Mm—1np+ 2).119 E = Ej +hwrpm. If the incoming and outgoing resonances
The Raman resonance profile is a superposition of an inare not resolved in the resonance profile, the resonance maxi

Raman susceptibility (arb. u.)

®3)



mum is at~ Ejj + 0.5hwrem. V. (n1,n2) ASSIGNMENT OF RBM FREQUENCIES AND
TRANSITION ENERGIES

Equation[[B) describes Raman scattering for a single reso-
nant intermediate statg;. This corresponds to an excitonic  Having determined the pairs of RBM frequencies and tran-
transition, where the wave vector of the optically created e sition energies(wrswm, Eii), we show in this section how we
citon Q = ke + ky is fixed by the momentum of the incom- assign them to particular tube chiralitigs, n,).Z The assign-
ing photonk; = Q =~ 0 (ke andky, are the wave vector of the ment is based on characteristic patterns in the experienta
electron and hole, respectively). Excitons have been showand theoretical data. We do not requirquantitativeagree-
to dominate optical transitions at room temperature inlsing ment between theory and experiment. Neither do we use
walled carbon nanotubé&1®We, therefore, use resonant Ra- any calculated transition energies or RBM frequenciesmer t
man scattering by excitons to describe our spectra. luminescence-based assignment suggested by Baattald.

The RBM frequencyurgwm is proportional to the inverse di-

We now briefly comment on the modifications of the reso-ameterwrgw [ 1/d [Eq. {)]. We therefore obtain an exper-
nant Raman cross section [EQ. (3)] when considering band-tdmental Kataura plot by plottingii as a function of Lwrgwm,
band transitions, e., uncorrelated electrons and holes. A full see Fig[B (large red and blue circlégf We do not use any
discussion can be found in a review article by Thomsen an@dditional assumptions, in particular, the values of thefféo
Reich®. For band-to-band transitiong; is identified with ~ cientsc; andc, in Eq. (1) are unknown. The assignment is
the band gap of the resonant state instead ofQhe 0 ex-  found by comparing the experimental Kataura plot with a the-
citon energy. Additionally, in EqLI3) the square root of the oretical one (small gray circles in F[g. 3). The theoreticah-
incoming and outgoing resonance term has to be taken, sé&dion energies are calculated from a third-nearest-riigh
also Bussiet al28. Despite these differences in the Ramantight-binding approximation, fit to density-functiondietory
matrix elements, the Raman profiles (squared matrix elomengalculations (DFT! To make both Kataura plots match we
obtained for excitonic and band-to-band transitions aeatid  have to shift and stretch the axes of one Kataura plot with re-
cal for all practical purposes. Only the lineshapes arétilig  Spect to the other.
different, but they are indistinguishable in practice. Breg- On the energy axis, the necessary shift and stretching re-
ing on the exact value of the electronic lifetime paraméher, flects the uncertainties in the calculation of the opticahtr
experimental linewidth can also be different for band-tob ~ Sitions. The tight-binding calculation does not account fo
compared to excitonic resonances when using the saime  curvature effects, electron-electron, and electron-ier-
both calculations. Sincgis not known independently, a Ra- action. In particular, excitonic effeé&3%42:4344have been
man resonance profile cannot be used to discriminate betweghown to dominate the optical transitions with binding ener
the two transition models, see REfl 19. We stress that undefies ~ 400 me\A2:16 Along the diameter axis, stretching of
no circumstances a resonant Raman profile with the lineshagBe Kataura plot corresponds to adjusting the unknown coeffi

of a square-root singularity (as first suggested in Réf. 7) icientcy in Eq. (3); the shift leads to the offset.
expected?® In the following we explain the procedure and the crite-

rion for a correct assignment in more detail. The transition

Since excitons were found to dominate the opti-€nergies as a function of tube diameter follow roughly an
cal spectra of semiconducting nanotubes by two-photord/d dependence (solid lines in Figl 3). Chirality-dependent
spectroscop¥216Eq. [3) is certainly correct for semiconduct- deV|at|on§ frorr_1 th|_s behavior result |n.“V”-shaped l_Jrarmhe
ing tubes. For metallic tubes, binding energies0meV were ~ (dashed lines in Fidl3). The tubes with largest chiral angle
predicted by first-principles calculatioB® This binding en-  [armchair(n,n) or near-armchaitn,n — 1) direction] are at
ergy is still more than twice the thermal energy at room tem{he inner positioni.e., closest to the Ad line. At the outer-
perature. It thus seems that metallic nanotubes also have eX\0St positions are the tubes with smallest chiral anige,
citonic resonances, because the Coulomb interaction js onZi9-zagd(n,0) or near-zig-zagn, 1) tubes. Starting there with
screened along the nanotube axis. We therefore us€lEq. (3) §hirality (n1,nz), the neighboring tubes in the same branch
fit the resonance Raman profiles of both semiconducting and@ola) are given by
metallic tubes. We stress that tegperimentabptical transi- VA
tion energies are not affected by the choice of the m&3Ee}. (M, ng) = (M —1,mp+2) )
are simply experimental values that need to be interpreted bwith nj > r,. For example, the (12,1ola contains the fol-
a theoretical mode¥® lowing tubes: (12,1), (11,3), (10,5), (9,7), compare alispB:

The tubes belonging to the same branch can also be specified

By fitting the resonance profiles in Fig. 2 (b) with EBl (3), by 2n; + n, being constarf.Our assignment makes use of
we obtain for each RBM peak the corresponding transitiorthese branches, requiring a good agreement between the pat-
energyE;i. For the broadening we obtained/ ~ 0.06eV for  terns of the branches in theory and experiment. In particula
most transitions. The experimental data presented in Befs. the number of tubes within a given branch is unambiguously
and[® from SDS-wrapped HiIPCO tubes agree with ours taletermined by the construction of a nanotube from a graphite
within experimental error. In Tabléds | aiid || we summarizesheet:
all measured RBM frequencies and optical transition eesrgi  Figure[3 shows the best match between our experimental
Eii. and theoretical Kataura plot obtained by the above method.
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FIG. 3: (Color online) Experimental (large colored cirglést and
bottom axes) and theoretical (small gray circles, right enpdaxes)
Kataura plot. The second transitions of semiconductin@<s, —
and the first transitiong}) of metallic tubes are shown. The solid -
lines give the approximate/dl dependence of the transition ener- —
gies. The dashed lines indicate the “V"-shaped branchegrevh L
the chirality of a tube is related to its left neighb@my,ny) by
(ny,m) = (np — 1,nz +2). In the experimental data, the assignment !
is given for the first tube in each branch, where upright (reoihbers
indicate semiconducting and italic (blue) numbers indicattallic
tubes. The semiconducting tubes are divided into two fasiith

v = (np —ny)mod 3= —1 (full circles, lower branches) and with
v = 41 (open circles, upper branches).

FIG. 4: (Color online) Kataura plot showing two assignmethizt
violate the pattern system and are therefore incorrect.Tlia) ex-
perimental data were shifted “up” (to the upper left cornghen
compared to Fidld3. Only two experimental branches are stown
t clarity. The circle highlights the Kataura branch wheres th$sign-
r]raent produces five experimental RBMs for a branch that costai
only four nanotubes. (b) same as (a), but for the shift dowhe T

The assignment of our data points to the chiralifieg ny)
directly follows from this plot and is indicated for the firs
tube of each branch. We assign all of our data to the seco
tr_a_nS|t|on of semlconductlng tUbeE‘ZS ! and to t_he first tran- vertical lines highlight regions where thgd patterns of the RBM
sition of metallic tubesE}]. For semiconducting tubes, we e violated.
observe both the upper (open circles) and lower branchkis (fu
circles), whereas only the lower branches of metallic tubes
are seen in the experiment. Because of the systematics of thferent sets of transitions likeS, instead ofES,.
Kataura plot, tubes with similar diameter and chiral angie b
from different branches, such as the metallic (13,1) and the
semiconducting (14,1) tube, cannot be easily confused.

The key point of the assignment by pattern recognition and
pattern matching is that it greatly reduces the possibléelso
for an assignment. Take for instance the point abdgym = We first consider assigning olitrem, Eii) pairs to a dif-
0.33-10"2cm andE,, = 1.78eV that is assigned to the (9,1) ferent branch, keeping the overall assignment to the second
tube in Fig[B. We cannot assign this particular RBM to thetransition in semiconducting and the first transition in ahet
(10,0) tube, because the (10,0) is at the wrong side of fde 1 lic tubes. Figurél (a) shows the combined experimental and
line. We also see from the patterns that the (9,1) point has ttheoretical Kataura plot when shifting the experimentdada
be assigned to the outermost tube in a branch. This leaves t&the left or “up” by one branch. The upshift results in exper
with two or three alternative assignments, where we shéft th imental branches where the number of RBMs is larger than
entire experimental and theoretical plot with respect tthea the number of tubes in the branch [circle in Hiyy. 4 (a)]. This
other. We show in the next paragraph that such an attemg@ssignment is, therefore, incorrect.
leads to contradictions between theory and experiment. We Figure[4 (b) is the plot for shifting the experimental data
also discuss the possibility of assigning some of our data tto the right or “down”. Some branches then have less RBMs

A. (Im)possible alternative assignments
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of academic interest, since we know tB8, transitions from

7 8 9 10 11 12 13 - p_hotoluminescenc—é,vve want to discuss these “exotic” as-
(LT e ".' RN LN LLLLE ) I signments briefly. We show that assigning our measured en-
B \ o ° -11.0 ergies to other transitions thEEIZSZ and EM systematically

Q ¢ violates the Kataura-plot patterns and therefore resuil-in

correct assignments. It is an intriguing exercise highiigi
very nicely the systematics in the Kataura plot and the patte
recognition idea.

Let us consider assigning the experimer1f;§1Z data in
Fig.[d to the metallicE{"1 resonance. The upper and lower
branches of metallic transitions in the Kataura plot beltimg
the same chiralities. Thus the RBM frequencies in the up-
per and lower branches must be the same. This is in contrast
with experiment, where the upper branches (open circles in
Fig.[d) begin and end at larger diameter than the correspond-
ing branches on the opposite side of thel line.

A downshift of theES, data to theE}; transition is also
impossible. When switching from a transiti&y to the next
higher or lower transition, the family dependence is resers
For EZS'2 the +1 tubes are above the/d line (see FigB); for

FIG. 5: (Color online) Kataura plot showing a trial assigminehere EP thev = +1 tubes are below the/di line, vice verséor the

the experimental data are shifted down to By transitions. This v =—1 tubest#® The two families start and end at different
assignment is incorrect for several reasons, see textetelexper-  relative diameters for a given V-like curve. Changing thafa
imental upper branches (open circles) match quite well dteem of  jly dependence in the theoretical points by going frégy to

the theoretical data, the lower branches disagree. Theadatgned Elsl completely disturbs the patterns. In F. 5 we show such

to the metallic tubes in Fi] 5 (dark blue circles) cannot $signed . . . .
to the second semiconducting transitidi‘%, because they should an attempt in detail. The former-asagrﬁ% data are shifted

be at exactly the same RBM frequencies (diameters) as theruppdown to theE$, transitions. We stretched and displaced the
EJ, branches (open circles), which they are not. Kataura plot to get the best match for the upper parts of the V-
shaped curves, which now correspondite: —1 tubes (open
circles). Obviously, the lower, = +1, branches strongly vio-
than tubes. This is quite possible if we have not detected alpte the Kataura patterns. They are shifted to larger dierset
nanotubes in the diameter range. The assignment Suggestedlvith respect to the theoretical data. The situation gets eve
Fig.[d (b), however, strongly violates the patterns in the-na Worse if we take the metallic tubes into account as well. As-
otube diameter distribution as we explain now. The diamesigning theme.g, to E3, is impossible, because this results
ter patterns are best seen for the outermost members of eahnanotubes with the same chirality, but two different RBM
branch in Fig[B: because every second branch starts with f&equencies.
zig-zag tube, the distance between the two outermost points We systematically considered other “exotic” assignments
of the branches alternates between extremely closgéirgdy as well, e.g, the idea that certain data points in an experi-
and slightly further apart when going from one branch to themental V-like curve are resonances coming from a different
next. This pattern is found in the experimental data as wellpptical transition than the other points, &, transitions are
compare, for instance, the (9,1) and (12,1) branches irlig. mixed with ES; transitions in one and the same V-like curve
(two outermost points more separated alongxtiagis) to the  in Fig.[@. All these ideas can be excluded in a similar way
(11,0) branch (two outermost points close together). The imas discussed for some selected alternative assignmethis in t
portant argument here is again thattern not the agreement preceeding paragraphs. The assignment in[fig. 3 is the only
or disagreement on an absoluteukgm Scale. We can, there- one that matches the systematics in the Kataura plot andgobey
fore, exclude the assignment of Fig. 4 (b) as well. A shift ofthe 1/d patterns of the RBM frequencies. We summarize all
the branches by more than one branch up or down increas@seasured RBM frequencies together with the assignment in
the disagreement between theory and experiment. Tabledl and!.

One might also think of assigning the experimental data oy Raman based assignment agrees with Bacletes?
to different transitiondsg;;, for example, shifting the experi- suggestions from photoluminescence. They used a similar
mental data down such that the measured RBM resonancgsea of pattern matching to correlate the theoretical ttiams
correspond to the first transition of semiconducting tlE)%_S energies with experimeA# The luminescence-based assign-
instead of the second transitid@y,. The data assigned to mentwas ambiguous; it needed an additional anchor element.
metallic tubes in Fig[d3 then correspond eitherE% or to There are two reasons why th@rgw, Eii) pairs found by Ra-
EM (as before). Likewise, all data might be shifted up suchman scattering restrict the possible assignment moregitron
that theEZS2 data correspond to the metallic transiti(ﬁﬁ than the Ej1,Eyp) pairs from luminescence: First, Raman
and so forth. Although these alternative assignments are moscattering detects more nanotubes than photoluminesdance

| N T | L1

Transition energy, theoretical (eV)




particular, the metallic tubes and the tubes with smallathir 30l > T~ T T
angles at the end of the Kataura branches (zigzag and close-
to zigzag tubes). Secondxgy IS to good approximation
independent of the chiral angle, whereas Hedepend on
diameter and chiral angle. This reduces the degrees of free-
dom for the furewm, Eii) pattern matching when compared to
the (Ej1, E»2) matching and makes Raman scattering less am-
biguous than photoluminescence.

In summary, we assigned experimental RBM frequencies
(together withE;) to particular nanotubes indicdsy, ny).
Based on this assignment, we correlate the RBM frequen-
cies with tube diameters in Se€_VII. Our assignment is
independent of empirical parameters. The measured optical
transition energies are excitonic energies, as known f@m r
cent experiment&216 As the assignment procedure does not Diameter (A)
rely on absolute energies when comparing with the theoreti-
cal Kataura plot, the results are not affected by the sttengt

of exciton binding in carbon nanotubes. In fact, our assigNy 6. Experimental transition energies (open symbols)empir-

ment is based on two patterns: The systematics in the distr|zg) values from Eqs[5) anll(6) (closed symbols). For theathie
bUtIOI’]S Of tube d|ameters Wmh]_]_ and Ny, Wh|Ch comes from branchesy the inner (armchair) tube is indicated.

thec = n1a; + nza, construction of a tube, and the family be-
havior of the nanotube transition energlé8 As long as these
two very general concepts in nanotube physics remain vali
our Raman based assignment is unique.

Transition energy (eV)

doornet all? for the tubes outside the range of our experi-
ments. All empirical transition energies are listed in thp-s
plementary material, Ref. 50.

VI. TRANSITION ENERGIESOF SEMICONDUCTING The y obtained from Eqs[I5) andl(6) are q”C|ose to
AND METALLIC TUBES the corresponding parameter in graphite (3.2 eV, Ref. 5d) an

much larger than assumed for carbon nanotubes in the past

. . . o . (2.5—2.75eV, Refs[ 47.52). From our fits it seems tlyat
In this section we provide empirical fits to the experlmentalscales with the square o{E1; — Efl’ Epp— Ezsz' Eas = E1M1’

transition energieEZS2 andEM in order to apply these expres- e :
sions to chiralities not observed in the experiment. Wet starSee RefslILL46), whereas the chirality-dependent coorecti

with the 1/d relation for the band gaE; — 2iyoac c/d:48 shows only a linear scaling. These corrections reflect a mix-
i = —-C [

expanding it in ¥d. We add a chiral-angle dependent term ture of trigonal warping of the graphene band struciireur-

to model the branches of the Kataura plot, which is larger forVature effects:>?and exciton effect-™2 Very recentl, first
; a7 S A Plo%, . 9 experimental results on the exciton binding energies ihaar
smaller diameter&:4’ For theES, transitions of semiconduct-

nanotubes were publishéa® Although Maultzschet all®

ing tubes, reported a family dependence of the exciton binding ensrgie
S dac c a2 a2 and also a dependence on the size of the nanotube band gap,
Ex=W(—3— tn—Gz ) tvycos30)-5=, (5 itis difficult to quantify these effects from the data at hand

Perebeinost al22 suggested a scaling of the exciton binding
with the parametergo, yi, andy,. ac_c is the length of  energy with the effective mass of the electrons and the hole
the carbon-carbon bondsd_c = ao/Vv/3), andv = (L —  asE, 0 m?~1, wherea = 1.4 was found from tight-binding
nz)mod3 is the family index taking the valuesl in semi-  calculations. The effective mass in turn depends on the fam-
conducting tubes and = 0 in metallic tubes.8 is the chiral  jly of a tube and its diameter and chiral angle. Nevertheless
angle of the(ny, n) tube, being zero in zig-zag tub&&rom  for the time being we prefer to understand Efb. (5) &hd (6) as
the fit to our data we obtaipp = 3.53eV, 1 = —4.32, and  empirical functions instead of giving the parameters and de
y» = 8.81eV. Analogously, we approximate the transition en-pendences a strict physical meaning in terms of curvatute an
ergies in metallic tubes by exciton effects. The two relations fit the experimental data
6 5 5 very well, see Fig[d6. It would be interesting to obtain Ra-
E1M1 = o ( ac-c + ylaC_;C) — 5 c0g36) aCEC’ (6) man data for the first optical transition energy to see wirethe
d d d the proposed scaling fgf andys, applies to this transition as
and findy = 3.60eV, y = —9.65, andy, = 11.69eV. The well.
empirically determined energies are shown as a function of Stranoet al1824 used a similar expression to fit the ob-
diameter in Figl6, wherd is given by(ni,ny) [Eq. (@)]. Be-  served transition energies in semiconducting and metallic
cause the electronic properties change dramatically fatlsm tubes. Our results for semiconducting tubes are in goodagre
diameter tube®49, the empirical data given here are valid ment with the empirical values in Re% 18 dnll 54. For metal-
only for tubes with diameterd > 6A. Our empirical extrap- lic tubes, in contrast, we find large deviations between our
olation fits well with the experiment:ftg‘2 data obtained by experimental data and the empirical data in Ref. 18. Inparti




TABLE I: Summary of all observed RBM frequencies and traosienergies of semiconducting tubes and their assignniée.tubes are
grouped according to the branchéeo{a) in the Kataura plotwsgy andE; " give the empirical values from Eq(1) with = 215 cni nm,

¢, = 18 cm'L, and from Eq.[B), respectively. The index= (n1 —n2) mod 3= +£1 indicates the two types of semiconducting tubes=(—1
corresponds to = 2, as sometimes used in the literature). The diameters &elated withag = 2.461A. The nanotube sample contained
SDS as surfactant for excitation energies above 1.99 ebf\b8DBS was used as surfactant. The experimental error tfthsition energies is
between 3 meV (3 digits) and 30 meV (2 digits). In the last ooluwve give the Raman susceptibilty in arbitrary units, aigdiby normalizing
the maximum RBM peak area to integration time, laser povedaitive spectrometer response antl The intensity changes due to different
surfactants are taken into account, see SECISl VII[ahd be dsterisks indicate susceptibility values with largeegixpental errors due to
weak signal or incomplete resonance profiles.

v laola m ny d WRBM Ei wash ESMP 2] suscept.
A) (cm-) (eV) (cm ) Q%)
-1 (12,1) 12 1 9.82 236.4 1.551 237 1.54 4.0 4.1
11 3 10.00 232.6 1.570 233 1.55 11.7 2.0
10 5 10.36 226.1 1.578 225 1.56 19.1 2.3
9 7 10.88 216.0 1.564 215 1.55 25.9 1.3
-1 (12,0) 11 0 8.62 266.7 1.657 267 1.68 0.0 1.7
10 2 8.72 264.6 1.690 264 1.69 8.9 2.3
9 4 9.03 257.5 1.72 256 1.71 17.5 2.5
8 6 9.53 246.4 1.73 243 1.72 25.3 1.4
-1 9,1) 9 1 7.47 306.2 1.78 305 1.83 5.2 9.1
8 3 7.72 297.5 1.857 296 1.88 15.3 35.8
7 5 8.18 283.3 1.915 281 1.92 245 18.3
-1 (8,0) 8 0 6.27 352.2 1.99 361 1.97 0.0 0.1
7 2 6.41 353 2.03 12.2
6 4 6.83 333 2.15 23.4
+1 (14,1) 14 1 11.38 205.8 1.646 207 1.66 3.4 0.3
13 3 11.54 203.3 1.610 204 1.62 10.2 0.6
12 5 11.85 198.5 1.554 199 1.56 16.6 0.1
11 7 12.31 192 1.47 22.7
10 9 12.90 185 1.38 28.3
+1 (13,0) 13 0 10.18 230.8 1.84 229 1.85 0.0 *0.2
12 2 10.27 228.1 1.82 227 1.82 7.6 12.2
11 4 10.54 221.8 1.76 222 1.74 14.9 0.1
10 6 10.97 214 1.64 21.8
9 8 11.54 204.0 1.535 204 1.52 28.1 0.5
+1 (11,1) 11 1 9.03 256.0 2.031 256 2.06 4.3 9.8
10 3 9.24 252.1 1.945 251 1.98 12.7 3.6
9 5 9.63 241 1.84 20.6
8 7 10.18 230.4 1.710 229 1.69 27.8 0.4
+1 (10,0) 10 0 7.83 291.4 2.38 292 2.35 0.0 -
9 2 7.95 288 2.28 9.8
8 4 8.29 280.9 2.10 277 2.11 19.1 0.3
7 6 8.83 264.2 1.909 261 1.91 27.5 2.6
11 1) 8 1 6.69 339 2.69 5.8
7 3 6.96 327 2.48 17.0
6 5 7.47 308.6 2.20 305 2.18 27.0 -

ular, the Raman resonances of some metallic tubes were aarmchair tube (see Fifll 6)e., at the inner position of a “V"-
signed to thesecondmetallic transitions in Ref._18, whereas shaped branch, is in Réf.I18 assigned to the second resonance
from our data it is obvious that only tHast metallic transi-  of the (12,0) zig-zag tube. Therefore, the empirical expres
tions are observed. For example, the resonance of the (7,8)ons given by Stranet ali underestimate the transition en-



TABLE II: Summary of all observed RBM frequencies and tréinsi energies of metallic tubes and their assignment. Fdaliifetubes,
v = 0. Except for armchair tubes, each metallic tube has twaebystransition energiés of which always the lower one was observed in the

experiment.
v laola M ny d WRBM Ei whsh E;MP 0 suscept.
A (cm™t) Q%) (et eV)
0 (16,1) 16 1 12.94 182.0 1.81 184 1.81 3.0 0.5
15 3 13.08 179.0 1.83 182 1.81 8.9 1.8
14 5 13.36 174.5 1.83 179 1.81 14.7 1.9
0 (15,0) 15 0 11.75 200.4 1.908 201 1.93 0.0 0.7
14 2 11.83 196.3 1.934 200 1.94 6.6 3.6
13 4 12.06 193.5 1.944 196 1.94 13.0 2.5
12 6 12.44 189.4 1.948 191 1.93 19.1 1.9
11 8 12.94 183.2 1.936 184 1.92 24.8 1.9
10 10 13.57 175.7 1.889 176 1.88 30.0 0.9
0 (13,1) 13 1 10.60 220.3 2.057 221 2.07 3.7 1.5
12 3 10.77 217.4 2.075 217 2.07 10.9 2.6
11 5 11.11 212.4 2.084 211 2.08 17.8 1.7
10 7 11.59 204.0 2.067 203 2.07 24.2 0.9
9 9 12.21 195.3 2.02 194 2.04 30.0 0.5
0 (12,0) 12 0 9.40 244.9 2.18 247 2.21 0.0 -
11 2 9.50 244 2.22 8.2
10 4 9.78 238 2.24 16.1
9 6 10.24 228 2.25 23.4
8 8 10.85 216 2.23 30.0
0 (10,1) 10 1 8.25 276.3 2.38 278 2.35 4.7 -
9 3 8.47 272.7 2.43 272 2.40 13.9 -
8 5 8.90 262.7 2.47 259 2.45 22.4 -
7 7 9.50 247.8 2.45 244 2.46 30.0 -
0 (9,0) 9 0 7.05 323 2.47 0.0
8 2 7.18 315.5 2.52 317 2.53 10.9 -
7 4 7.55 305.4 2.63 302 2.65 21.1 -
6 6 8.14 282 2.71 30.0

ergies of metallic tubes.

otube within our approach. Using.g, the diameters reported
In Ref.[9 a detailed comparison between the experimenby Kiirti et al2* from first-principles calculations instead of
the geometrical expression in Effl (2) we find slightly differ

tal transition energies with tight-binding results can terfd.
The authors present diameter and chirality-dependergcorr ent numbers foc; andc,. The assignment in TablBs | andl I,
tions involving eight fitting parameters for each set of sian however, remains the same. For an assignment it is usually
tions. better to work with the Tables instead of Hg. (1) as we discuss
in SectX.

In Fig.[@ we show a linear fit to our data points according
to Eq. [). Usingag = 2.461A, we obtainc; = 215 cntnm
andc, = 18cnt L. With ac_c = ap/v/3 = 1.44A, also used

In contrast to previous attempts to obtdin,ny) from the  in the literature,c; = 218 cm nm andc, = 18cmt. The
Raman spectrum of a tu&e2®we first assigned an RBM fre- coefficients are thus very sensitive to how the tube dianigter
quency to a nanotube. We used the fact that the RBM fredetermined. Therefore, they provide an estimate of the RBM
quency is approximately linear with the inverse tube diamet frequency for a given diameter [Edl (1)], but should not be
We did, however, not include Eq(1) explicitly, in partiagl  used to compare (or even assign) an experimental RBM fre-
no values; andc, were given. From this assignment we now quency to a nanotube diameter with high accuracy.
calculate the tube diameter andditandc, from the wxrem Deviations from the linear dependence of the RBM fre-
versusdiameter plot. The key difference to other work is that quency on the inverse diameter have been predicted forsmall
a particular Raman line is always assigned to the same nadiameter tubes by Kurtet al2* from first-principles calcu-

VIlI. RELATION BETWEEN wrgv AND DIAMETER
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FIG. 7: Linear fit of the observed RBM frequencies as a fumctib % r (o] » T
inverse tube diameter/tl. The diameter of the assigned nanotubes 3°: 0 B s® O ]
is calculated from Eq02) withy = 2.461A. < 2L (11,3 _
(10,0) (13,0) 141
Al S
lations. In Raman experiments, based on the assignment of 7 8 9D 10t 1’5% 1213
Ref.[4, Joricet al2 observed deviations of a few wavenum- lameter (A)
bers, depending slightly on the chiral angle. Here we show gl ]
explicitly that the behavior of the experimental RBM agrees <~ Ly=-1 (©) -
very well with the calculations in Ref. 24. e 4r 7]
Figurel® shows the differendewrgy between the experi- i 2 Lo _
mentalwrgy and the empirical values calculated from Hgj. (1) 2 T .,/.“b i
with ¢; = 215cnInm andc, = 18t (full circles). In £ 0 (9,1) o]
general, the deviations from the linear fit increase for fmal < 2+ (11,0) (12,1) .
diameters, in agreement with the predictions. They vary be- 4 T

tween+4 and—2cn 1, depending on the chiral angle. For
tubes withd < 10A, Awrpm has a large and positive value
for (near-)armchair tubes and decreases to negative viaues
(near-) zig-zag tubes.

. . 24 . .
Kurti et al=* showed that isolated armchair tubes follow FIG. 8: Difference between experimental RBM frequencies cal-

the linear relation with the smallest deviations, wherégs z ., 2.cq RBM frequencies from Eq (1) with — 215 cnttnm and
zag tubes have the largest (negative) deviation. If we assum,, _ 1g¢cnyt (full circles). The lines connect tubes of the same
the line connecting the armchair tubes in fD. 8 (a) to be th@ranch, labeled by the first member according to the Katalaia p
Awrev = 0 line>> we observe the same trend of increasingand Tablegll an@ll. (a), (b), and (c) show the tubes with: 0,
deviation towards zig-zag tubes. This agrees with the prev = +1, andv = —1, respectively. The chiral angle within each
diction that zig-zag tubes show the strongest rehybriaimat branch decreases with decreasing diameter. Open (retgscaicow
effect£! and the largest increase in bond ler#4tihoth effects  the difference betweenRg), from first-principles calculatioré and
resulting in a weakening of the RBM frequency. (WRBM from allinear fit to these theoretical data. In (a) the armchai
To compare with the theoretical data of 24 quantita{ubes are indicated.
tively, we performed a linear fit to theb initio valueswSg,,
and analyzed the differences betwesf), and this linear
fit (open circles in Figld8). We find a very good quantitative so far. In this section, we evaluate the relative strengtihef
agreement between experiment and theory, although the cakaman signal to obtain information on the matrix elements
culations were performed for isolated tubes in vacuum. This#. The matrix elements# consist of the electron-photon
confirms that the deviations from the linear relation aretfyos  coupling,.Ze , and the electron-phonon coupling?eph,
due to changes in the strength of the bonds (rehybridizatiognd |///|2 = |///e_r(///efph(///efr|2_ The constant contains
and bond lengths). the remaining factors such as response of the spectrometer
and w* dependence of the Raman cross section (taken into
account by normalization to the non-resonant Raman signal
VIII. RBM INTENSITIES of BaR and Cak), laser power, integration time, scattering
volume, and concentration of the nanotube solution. We do
The Raman resonance profile given by Edj. (3) accounts fanot make any assumptions on the diameter and chirality dis-
the position of the resonance maximum, which we discussettibution in our sample, thus showing the bare Raman intensi

7 8 9 10 11 12 13
Diameter (A)
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21F ' (111') T '.".' . tubes. For this resonance, the Raman susceptibility_qfthe
I o (13,1) +1 nanotubes should be larger than the susceptibility of the

. 20F ’ v = —1 nanotubes. Once again, this can be understood in the
?_)/ 1.9 . ) ° .°° zone-folding approach, because the first and second optical
5 | @ (13,0) (15,0) L transition in a nanotube originate from opposite sides @kth
o 18 ® g - point.
> I . ° * (16,1) 1 Within each branch, the Raman intensity depends system-
8 17 1) N (14.1) i atically on the chiral angle. It is small for tubes close te th
% 16l (11,0) ’ ] armchair direction (inner position) and first increase$wli-
= R | creasing chiral angle. Close to the zig-zag direction (oube

15} (12,1) J sitions) the intensity is small again. This is explained Iy t

PR | TR T N NN SR SR S S | 1

: T chiral-angle dependence of both the electron-phonon aayipl
035 040 045 050 055 and the strength of the optical transitigh® The electron-
102 / wggyy (€M) phonon coupling is stronger for zig-zag tubes than for arm-

chair tubes, explaining the weaker signal for the close-to-
armchair tubeé? The luminescence, on the other hand, was

FIG. 9: (Color online) Part of the experimental Kataura pihere ~ Observed to decrease for close-to-zig-zag thpsparticu-

the intensity of the Raman signal is given by the area of the ci lar for the v = +1 branches® Although we do not know

cles. Grey (red) and dark (blue) symbols indicate semicoiiy ~ directly the chirality dependence of absorption strengtb i

and metallic tubes, respectively. The smallest circlesaccfor all  the second semiconducting transitidﬁz%, we can assume

values below 0.5 in Tab@ I. The crosses indicate tubes \withel  that it has an opposite dependence on chiral angle than the

uncertainty in the Raman intensity, see also Téble I. Intafdio  glectron-phonon coupling, explaining the decrease ofése r
the normalization procedure described in the text, theasitgof the 30t RBM signal towards the zig-zag direction.
(11,1) tube is divided by 3.4 and the intensity of the (13,/Bnich In the last column of Tableg | afd Il we show the inten-

is multiplied by three. This accounts for the changes in thenBn itv of th d RBM si | lized to the R

signal strength due to a different surfactant for the sampéel above sity oT the measure signal hormaiized 1o the kaman

E| — 1.99 eV, see SedEIX. signal of Cak and Bak; and divided by the Bose-Einstein oc-
cupation number. These values are proportional to the Raman

susceptibility.

ties. The diameter distribution can be determined by edectr
miscroscops? or electron diffractio®’. As we show below,
the relative abundance of particular chiralities cannotibe IX. DEPENDENCE ON THE TYPE OF SURFACTANT
termined by the bare Raman or luminescence intensities.
In Fig.[@ we show part of the experimental Kataura plot, In the previous sections we assumed the RBM frequency
where the area of the circles indicates the strength of the Rand the optical transition energies to reflect only the msid
man signal. We observe two trends: first, the Raman crosgroperties of carbon nanotubes. Now we address the depen-
section increases for smaller diameter; second, it is in gerdence of their properties on the surfactant (SDS or SDBS),
eral much larger for the lower branches £ —1 for EZSZ) i.e., the environment of the tube. The surfactant has a small
than for the upper branches. The upper branches of metalliafluence on the position of the experimental data points in
tubes were not observed at all. Both the diameter dependentee Kataura plot both along the frequency (diameter) and
and thev = +1 dependence were predicted by first-principlesthe excitation energy axes. Besides the fundamental inter-
calculations of the electron-phonon coupling matrix elatee est in the interaction between a nanotube and its surrogndin
//[&ph,lz see also Ref.58. environment-related effects can affect a nanotube asgighm
The electron-phonon coupling for the RBM becomesbased on &ingle Raman spectrum and the RBM frequency
stronger for smaller-diameter tubes, because the sama radalone (see SedilX). The pattern-based assignment, hawever
displacement results in a larger change of the carbon-narbds unaffected by the shifts, because they are small and do not
bonds in smaller tubes. The dependence end-1 can be un- fundamentally change the experimental patterns.
derstood within the zone-folding picture. The index= +£1 To analyze the surfactant-induced changes in the Raman
indicates from which side of thi€ point in the graphene Bril-  spectra, we recorded resonance profiles for both surfactant
louin zone the electronic states are derived. In graphéee, t with excitation energies between 1.85eV and 2.2eV, see
coupling between electrons close to thgoint and phonons  Fig.[T0. In this region, the laser energies are in resonaitbe w
analogous to the RBM is larger between th@ndM points  both metallic and semiconducting tubes. We observe changes
than in theK-I" direction2? Similar results from Raman scat- of (i) the transition energiegii) the Raman intensities, and
tering were reported by Dooet al and Joricet al?; calcu- (i ) the RBM frequencies.

lations within an empirical tight-binding description githe For semiconducting tubes [Fig]10 (a) and (b)], the transi-
same dependence on= +1.58:5° tion energies shift by 5— 10 meV to larger values in the SDS

According to theab-initio calculation by Machort al,?22  sample (open dots). In addition, the RBM signal of semicon-
we expect the opposite family behavior for Raman scatteringlucting tubes is stronger in the SDS sample than in the SDBS
in resonance with theirst transition energy of semiconducting sample (closed dots). The behavior of metallic tubes is eppo
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= FIG. 11: (Color online) RBM spectra of nanotubes dispersdthiO
o . o® using SDBS (black) and SDS (red; gray) as surfactants atagari
18 To I 31 To Lo energy 1.916 eV (solid lines) and 1.908 eV (dashed linesy. spec-

Excitation energy (eV) Excitation energy (eV) tra are normalized to the RBM amplitude of the (7,5) tube.

FIG. 10: (Color online) Resonance profiles of the RBM for aosf
tants SDS (open red dots) and SDBS (filled black dots). Thelchi
indices, the chiral angl®, and the familyv are given. Semicon-
ducting tubes, (a) and (b), show a small upshift in the posiof
resonance maximum for SDS. In metallic tubes, (c) and (&)sttift
of the transition energies is in opposite direction. The RiBtdnsity
of metallic tubes is stronger in the SDBS sample, while therisity
of semiconducting tubes is stronger in the SDS sample. Shee
concentration of nanotubes in both solutions is not knowecty,
we cannot quantify the absolute intensities. Comparingefetive
intensities between the two surfactants, they change inipdi-
rections for metallic and semiconducting tubes.

Intensity (arb. units)

site: their RBM intensity is larger in the SDBS sample. The
shift of transition energies is, if detectable, of similaagn
nitude as in semiconducting tubes but in opposite direction
i.e, the transition energies of metallic tubes are slightlgéar
with SDBS as surfactant, see also Tdhle Ill. These changes
are, however, small, and in particular for several tube$ef t o s o m—— o
metallic (15,0) branch within the experimental error. 180 190 200 210

In Fig.[[d andIP we compare the RBM spectra for both Raman shift (cm'l)
surfactants at the same laser energy in the region of semicon
ducting and metallic tubes, respectively. The RBM freqyenc g 12: (color online) Metallic part of the RBM spectrum. ®e
of semiconducting tubes is the same in both surfactantsiwith sps sample: black: SDBS sample. Thin lines show the fit of the
experimental error (red and black curves in [Eig. 11). The relRBM peaks by Lorentzians. The peaks are shifted to highguée-
ative RBM intensities, in particular of the (8,3) and theb}7, cies in the SDS sample.
tube, are differentin these spectra, reflecting the smitlah
transition energy and hence of the resonance condition. The
original intensity ratio in the SDS samplelBt=1.916eVis  agrees with the observation by Straabal®? of selective
recovered if the SDBS sample is excited at a slightly lower enfunctionalization of metallic tubes. They found a decreafse
ergy E = 1.908eV, dashed curve). This shift in laser energythe absorption strength for the metali§] transitions, result-
compensates for the shift in the optical transition energy oing from functionalization with tetrafluoroborate salt sod-
semiconducting tubes. In metallic tubes we observe an fipshimation of covalentbonds. Simultaneously, the RBM shifted t
of the RBM frequencies in the SDS sample by about 2&m  |arger frequency. We can thus interpret our results as dae to
see FigIp. interaction between the surfactant and the nanotube, vignich

The dependence of the RBM frequncy and intensity instronger for SDS than for SDBS. Although it is unlikely that
metallic and semiconducting tubes on the type of surfactara covalent bond forms as in the case of Ref. 60, an electron
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(8,3) 2975 1.857 2975 1.877 0.0 —20+13

FIG. 13: (Color online) Section of the Kataura plot showihg tran- (7,5) 283.3 1915 283.2 1.919 0.1 —4+4
sition energyersusnverse RBM frequency of nanotubes in two dif- (7,6) 2642 1.909 263.6 1.917 06 _8+6
ferent surfactants, SDS (open dots) and SDBS (closed dd&shi- '

conducting tubes (gray, red) show a uniform shift of the giton (103) 2521 1945 2521 1.953 00 —846
energies. Metallic tubes (dark, blue) are shifted in enamy RBM

frequency. TABLE Ill: Comparison of transition energies and RBM freqoies
for different surfactants (SDS and SDBS). All transitiorergies are
obtained from resonance profiles. The experimental er@rshie
first three tubes of the (15,0) branch are larger than for thgrity
of our data.

transfer from the metallic tubes to the surfactant mightuocc
The Raman intensity decreases in SDS as the resonant absorp-

tion becomes weaker, simultaneously the interaction léads x. HoOw TO ASSIGN (ny,n) IN A RAMAN EXPERIMENT
a larger RBM frequency. From our data we cannot detect such
a difference in the interaction for semiconducting tubssha

. . A great need for nanotube research is to identify the chi-
RBM is constant when changing the surfactant. 9 fy

rality of a tube before performing an experiment. Ideaky t

The small shift in transition energies might be to first ap_methgd IS non-deslzrufctwe, dpes r(;ot rngredspeC|a|I|_ecn£em

proximation assigned to a change in the dielectric environprTlu st_ra(;_es_awolr sbor sen;ul:)o?k uctlngl and meta 'gt IS

ment. It is for several tubes within the range of experimlentawe. as individual tubes and bulk samples (nan(_)tu €s In So-

error. We have no explanation yet for the shift in oppositeIUtlon or bundled tubes). lt. should also give reliable rEsuI_

direction for metallic and semiconducting tubes regardless of the tube environment. We discussed possible
' ways for identifying carbon nanotubes in the introductién o

Izardet al&! studied the development of RBM spectra from this paper. Raman scattering meets many of the requirements
bundled tubes to bundles wrapped by SDS and to individugilor becoming one of the prime assignment methods for single-
tubes in SDS. They also observed an upshift of the RBM dudvalled carbon nanotubes.
to Wrapping by SDS which they assigned to pressure induced Most Raman-based aSSignmentS of individual and bundled
by the surfactant. The metallic tubes appear to be more sefiubes relied mainly on thergm [ 1/d relationship using one
sitive to the surfactant, as the RBM shift is in general large Value forc; andc, or the other, see the review in Réf. 1. In this
than for semiconducting tubes, in agreement with our result Paper we showed that the RBM frequeratynewill never be
Izardet al& observed changes in the relative RBM intensitiessufficient for assigning the chirality, because it depentthe
as well, which they ascribed to a selective exfoliation pszz ~ environment of the tubes. Although the changes in the RBM

From our data, we rather suggest a small change in resonanti@quencies are small between different surfactants (Bt
condition. and also between bundled and surfactant-coated &A9¢8,

they are large enough to change an assignment that uses the

Our assignment of Se@f V is not affected by the surfactantRBM frequencies as the only input, see also Ref. 50. There-
induced variation in the transition energies and RBM fregue fore, a Raman-based assignment of an individual tube, sus-
cies. Figur€l3 shows a small section of the Kataura plot witlpended or on a substrate, nanotubes in solution, nanotube bu
data from SDS (open dots) and from SDBS (closed dots). Thdles and so forth should always use the combined information
differences in excitation energies and RBM frequencies aref RBM frequency and excitation energy.
minor on the scale of the Kataura plot. The most important Once the full resonance Raman experiment has been per-
criteria for the assignment are the RBM frequency patterngéormed and the assignment akgy to the chiral index has
and the number of tubes within a branch. Figitk 13 showseen found (Se£lV), the chiral indices of a sample contginin
that the small variations of the RBM do not change these sysubes with similar diameters can be determined from one sin-
tematics. In particular, the changes are too small to dhéft t gle Raman spectrum. Environment-related effects often can
data to a different branch. Therefore, the assignment id val be taken into account by estimating the changes in the tran-
for both types of surfactant. sition energies. In this section we explain the procedutke an
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4 FIG. 15: (Color online) RBM spectrum & = 1.96 eV. The shaded
wgpm (€M) exp. regions indicate groups of metallic and semiconductingsutihe
chiral indices at the bottom give the first element of the egpond-
ing laola in the Kataura plot (Fid—14). The chiral indices at the top
FIG. 14: (Color online) Experimental Kataura plot: traimitener-  show the assignment of the strongest peaks.
giesvs. RBM frequencies, from Tabl€b | afid II. The shaded regions
correspond to the RBM peaks in Higl15.

tubes, the members of several branches are close to the exci-
@tion energy. We identify the peaks as resulting from tubes
of the (11,1), (10,0), and (9,1) branches. In the final step, w
assign the strongest peaks to the (11,8,), (12,6), and)(13,4
tube (metallic region) and to the (10,3), (7,6), (7,5), aB@)

tube (semiconducting region), as indicated in Eid. 15. Ehe r
maining tubes of these branches, such as the (15,0) tube, are

1. Record a Raman spectrum at a given excitation energ{y€@ker shoulders of the strongest peaks and become evident

E, and determine the RBM frequenciesgy (Fig.[[3).  When changing the laser wavelength. Others, like the mem-
bers of the (10,0) branch, are outside the resonance window.

2. Identify groups of 3-5 close-by RBM peaks as indi- Thus not all members of each branch are expected in the same
cated in Fig[Ib by the shaded areas. The members @ingle Raman spectrum; because of the chirality-deperdenc
these groups form a brandlagla) in the Kataura plot. ~ of the Raman cross section some tubes might not be observed.

. o . ) The most relevant piece of information is already obtained
3. Find the excitation energ¥, in the experimental j, the fourth stepj.e. by identifying the correct branches.
Kataura plot (horizontal line at96 eV in Fig [T#). Many properties are similar for tubes of the same branch. In
contrast, they differ strongly for tubes of different brhes

4. tl;md aI(_)ng thg—zms of éh;g)l\(/lp?rlmentall Kataﬁr% ijOt even if the diameters or transition energies are almost the
€ regions ot observe requencies (s aded alsame. For example, the (7,5) and the (7,6) tube have very sim-
eas). The branches closestEpwithin these regions

{ likel tribute to the RBM ¢ ilar Ej;, but the (7,6) tube gives a much weaker RBM signal.
mostikely contribute to the spectrum. This is due to the different strength of the electron-phonon

5. Compare all RBM frequencies in detail with the ex- coupling forv = —1 andv = +1 tube€? as explained in
perimental Kataura plot and the sequence of tubes iﬁecmﬂ]'
a branch to find the final assignment, see Efjj. 15. Com- In Raman measurements on a single, individual nanotube,
pare the number of tubes within this branch to howthe chiral index is found by the same method. For this type of
many of them are observed. samples the difficulty is to obtain an observable RBM signal,
because of the narrow resonance window of the RBM. One,
In the example given in FigE1l4 ahdl 15, we identify thetwo or even three laser energies might be needed to find the
left and the right RBM groups as metallic and semiconductresonance window of a particular tube. Tlaela groups—
ing tubes, respectively. Since the width of the resonance pr typical for samples with different chiralities—that alled to
files is typically around 60 meV, we assume that we can obidentify branches, are absent in individual tubes. Newerth
serve tubes from a window of approximately 20@00meV less, following the procedure described above, the chdice o
width around the excitation energy. These areas are iraticat possible chiralities can be narrowed to one or two tubes. If
in Fig.[T4. For the metallic tubes, mainly the (15,0) branchthe ambiguity concerns two nanotubes from the same branch,
contributes to the spectra. In the region of semiconducting further refinement of the assignment is not necessary. Two

show how the RBM peaks in a given Raman spectrum can b
assigned t@ng, ny).

For simplicity, we plot the experimental data of Higj. 3 (Ta-
bles[] andl) now with the RBM frequency along theaxis,
see Fig[IK¥. The procedure of the assignment is as follows:



15

in SDS/SDBS and should be used with care for other types of
samples. Ideally, one would perform the full resonance Ra-
man experiment once for each tube environment, e.g., differ
ent surfactants, bundled tubes, individual tubes on a mtbst
individual suspended tubes in air, etc. Some of these data ha
been reported in the literature, see for instance REfd. 820
addition, photoluminescence data can be use#;fan differ-

ent samples. The Raman-based assignment procedure, how-
ever, is always the same as described in this section. litpart
ular, if entire branches are observed, the data presenited in
bles] andl can be readily used, taking into account changes

Intensity (arb. u.)

IE : 16% el\/ L in the E;. As the RBM frequencies vary only slightly, the
' (10,2)|| (11,0) Raman-based assignmentis much more stable against changes
(13,3)|| (14,1) in the nanotube environment than an assignment based on the

E;i alone.

In standard Raman setups often just a few laser lines are
available. To facilitate an assignment, we show in Ed. 16
the RBM spectra for the most common laser lines (514 nm,
752nm, and 785 nm) together with the chiral indices. These
—— T T T T spectra can be diretly compared to Raman spectra taken on

Intensity (arb. u.)

S E,=1.58eV (11,3) HiPCO tubes in solution with standard equipment and used for
o (10,5) | | (12,1) a simple assignment. Two tubes with very similar diameters
S 9.7) are sometimes difficult to resolve_ from a single Raman spec-
> ' | trum, see the 752 nm spectrum in Higl 16. Apparently only
g two tubes contribute. From the excitation-energy dependen
Q measurements we know that each peak in the middle pannel
c . of Fig.[I8 is, in fact, composed of two RBM lines.
200 250 300
Raman Shift (cm™1) XI. SUMMARY

In summary, we presented a chiral-index assignment for
FIG. 16: RBM spectra with chiral-index assignment at sevetem- ~ carbon nanotubes from resonant Raman scattering. The as-
dard laser lines, 514 nm, 752 nm, and 785 nm. The peaks in tite mi signment is independent of any additional parameters,tbut i
del panel consist of two RBMs each which can only be resolMeelw  is based on pattern recognition. The two pieces of informa-
changing the excitation energy. For the spectrum at 6336 €V)  tion that are required for this assignment are the frequency
see FiglIb. of the radial breathing mode and the energy of an optical
transition (hereE3, and EM). They constitute an experi-
mental Kataura plot where all chiral indices are systemati-
neighboring tubes in the same branch are too similar in propeally grouped into so-called branches with neighboring in-
erties to easily distinguish between them. In turn, thisliesp  dices given by(n},n,) = (n1 — 1,n2 + 2). Because of these
that neither fundamental studies nor applications beneffm systematics, the assignment remains the same even if param-
from narrowing down the choice. If, on the other hand, a sin-eters in the calculation d&; or the diameter change or if the
gle Raman spectrum is insufficient to distinguish between tw experimental values vary due to slightly different expenim
branches, the ambiguity arose between two tubes of differenal conditions.(n,n,) is assigned t@xperimentaRBM fre-
family—metallic, v = +1 or v — 1 semiconducting. In this quencies and transition energies, irrespective of chandks
case the assignment should be verified by using a differenheoretical description. We consider all measured triammsit
excitation energy or by combining Raman scattering with aenergies to be excitonic energies, as excitonic effectsi-dom
second assignment technique. nate the optical spectra in carbon nanotubes.
In Sec.[T¥ we showed that changing the environment of We derived the parameters = 2154 2 cm*nm andc, =
the nanotubes did not affect the RBM frequencies of semid8+ 2 cm ! from our assignment for the RBM-diameter re-
conducting tubes and only slightly those of metallic tubeslation. These values vary depending on the type of sample
This is consistent with the observation of only small RBM and on the details of the diameter calculation. The RBM in-
changes in bundlegs. separated tubes and in tubes in sev-tensities are in general stronger for= —1 nanotubes than for
eral different surfactan2°:21 On the other hand, the transi- v = +1 tubes for théE5, transitions. They decrease from their
tion energiesk; appear to be more sensitive to the nanotubenaximum around ~ 10— 15° towards both the armchair and
environmen£29:6L82 Therefore, the empirical values &  the zig-zag direction. These results are in good agreement
given in Tablegll an@I are strictly valid only for nanotubes with ab-initio calculations of the electron-phonon coupl#tg.
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The intensities also depend on the type of surfactant in outhe combined information of RBM frequency and excitation

samples with different behavior for metallic and semicartdu energy. Taking into account these two pieces of information

ing tubes. For metallic tubes, we observed a stronger icteraresults in a robust and reliable assignment based on Raman

tion with SDS, and an upshift of the RBM frequencies. spectroscopy.
Finally, we provided a description on how to find a chiral-

index assignment from a single Raman spectrum. For sam-

ples with similar tube diameters in a similar environment,

the experimental and empirical data given in Talles I[ahd I,

and in Ref[50 can be used for a straightforward assignment.

Changes in the tube environment usually affect mainly the op

tical transition energies, which can be taken into accoontf  We thank F. Hennrich for providing us with the samples.

an assignment. We stress that the RBM frequeradmseare  S. R. was supported by the Oppenheimer Fund and Newnham

insufficient for an assignment. It should always be based oollege.
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