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In this work we analyze the room-temperature linewidth for several Raman feéterethe radial breathing
mode, theG band, theD band, and th&' band observed for individual isolated single-wall carbon nanotubes
(SWNTs. Temperature-dependent measurements on SWNT bundles and isolated SWNTs show that anhar-
monic effects are not important for linewidth broadening at room temperature. Measurements on a large
number of sample€l70 isolated SWNT)sallow us to filter out the effect from extrinsic SWNT propertiesg.,
defects, tube deformations, substrate roughnasg to obtain information about intrinsic properties related to
phonon and electron dispersion relations, curvature and Breit-Wigner-Fano effects, single- vs double-resonance
Raman scattering processes, and the resonance condition itself through a linewidth analysis. We also use
observations at the single-nanotube level to understand linewidth effects in SWNT bundles.
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[. INTRODUCTION ing) can be responsible for the observed linewidth broaden-
ing of the resonance Raman features in SWNTB:
Single-wall carbon nanotubdSWNTS9 have been inten- temperature-dependent effect§anharmonic  processes,
sively studied because of the interesting physics arising fromphonon-phonon and electron-phonon scattering, and other ef-
their one-dimensiona(1D) behavior and because of their fects; (ii) temperature-independent effects, which can be di-
high potential for technological applicatiohd.Resonance vided into(a) extrinsic SWNT properties, such as tube-tube—
Raman spectroscopy is one of the main experimental techube-substrate interactions, nanotube deformations, nanotube
niques that have been used both to study the 1D physics efefects(vacancies, substitutional and interstitial impurities,
SWNTs and to characterize SWNT samples structutally.7-5 structural defects, ejcand finite-size effectsb) intrin-
The strong coupling between electrons and phonons in thisic SWNT properties connected with the SWNT diameter,
1D system gives rise to highly unusual resonance Ramagnonon and electron dispersion relations, trigonal warping
spectra, allowing the observation of the Raman signal fromygfects, whether the SWNT is metallic or semiconducting,
one isolated SWNT, which makes it possible to gain newynq cyryvature effectsr) the resonance condition of the Ra-
physical insights into 1D systers. . . ._man scattering for the specific SWNT, related to the energy
theArltehs%lﬁg;]cgaggmp;pzi)se:t?gsec:;;gf F;J\/t\)ll;i'f,_fl;;grg'iS’SCLt’;S'ngeparations between the incident or scattered photon and the
: : ; pertinent electronic van Hove singularity, or the single- vs
our knowledge only one systematic study until ngwy lliev .
double-resonance nature of the Raman scattering process. In

et al®) of the linewidth of the radial breathing modeBM) . the ab tation to refer t o i
feature occurring in the SWNT Raman spectra, even thoqu'S paper we use Iné above notation to reter to speciiic fine-

linewidth studies provide important insights into the physicalVidth broadening processes.
mechanisms involved in each feature of the resonance Ra- N this work we first discuss the temperature-dependent
man spectra. lliewet al. performed a linewidth study of the Pehavior of the Raman spectra in SWNT bundles and iso-
RBM feature between 5 and 500 K, using a sample comlated SWNTs, showing that temperature-dependent effects
posed of SWNT bundles. They showed that a very smallProcessesi)]are not very important for the linewidth analy-
temperature dependence of the Raman linewidth is observeds at room temperature. Next, we discuss the insights given
and that each of the low-frequency RBM Raman bands is &Y the linewidth study of the temperature-independent line
superposition of several narrower Raman lines correspondroadening in SWNTs at room temperatipgocessesii)].
ing to different (1,m) SWNTs with similar diameterd). We focus on the diameted() dependence of the linewidth
They found the value 3 cnit for the natural temperature- for different resonant Raman features, including the RBM,
independent linewidth for the radial breathing m3de. the graphite-likeG-band modes, and the disorder-indudd
Several mechanism{@ addition to instrumental broaden- band and its second-order feature, @eband[see Fig. 1 for
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FIG. 1. (a) and(b) show, respectively, the RBM Raman spectra

FIG. 2. (a) Raman spectra of one metallitop) and of one

for SWNT bundles at different temperaturésand the RBM line- semiconducting (botton) isolated SWNT obtained WithEqe
width I'rgy dependence on temperatuiézgy for the RBM fea- =1 58 eV. The RBMD,G, andG’ bands are indicated, as well as
tures at about 150, 165, and 175 Chris shown by solid squares, features coming from the Si substrats) FWHM linewidth T gy
open squares, and crossed squares, respectigglpnd (d) give  vsd, for 81 metallic(solid symbols and 89 semiconductingpen
corresponding Raman spectra and linewidthsTvier the G band.  symbolg SWNTs at 290 K. Circles indicate data obtained with the
Solid squares givd g+ for the peak at~1590 cmi* and open  2.41 or 2.54 eV excitation laser lines and diamonds when obtained
squares givé' - for the peak at-1570 cmi . (¢) and(f) describe  wijth a 1.58 eV laser(c) I'ray VS Ejncer E; for metallic (solid

the corresponding T-dependent data for theG’ band at  symbolg and semiconductingopen symbolsin the range 1.4d,
~2670 cm'1. Raman spectra are obtained Wi .=2.41 eV. <1.8 nm. Data are foE .= 1.58 eV and 2.41 eV.

SWNT bundles and Fig. (8) for isolated SWNTs on a
Si/SiO, substraté

The study presented here is based on measurements of tvere used in the measurements, one with a high nanotube
Raman spectra for 170 isolated SWNTs. Linewidth studiegiensity (~6.0 SWNTsm?) and the other with a low den-

are best carried out at the single-nanotube level where thgity (~0.4 SWNTspum?). Use of the low-density sample

tube-tube interaction and superposition of different SWNTgggengially guarantees that the resonant Raman signal ob-
spectra do not occur. Then the broadening effects are minj

Kerved in one light spot~1 um?) comes from only one
mized, and linewidths approaching the natural linewidths
for the various Raman features should be achievable und VsVoNn_?ntSQSWN'_I'. F;eso_nance q 8Rlaman I_spectra fr(_)m d 170
appropriate conditions. However, we still must consider tha s(89 semiconducting an metajliwere acquired.

linewidth measurements at the single-nanotube level are dell-rom these data, 73 spectra come from the low-density
cate, and here the use of a large number of t(th@® dif- sample, including 21 from metallic and 52 from semicon-
ferent SWNT3 allows us to filter out the linewidth broaden- ducting isolated SWNTs resonant with the incident photons.
ing due to extrinsic SWNT properti¢processesiia) in the  In this case, all the Raman features are expected to appear in
previous paragraghthereby providing information about in- the resonant Raman spectra, and we can then carry out a
trinsic SWNT propertiegprocessesiib)] and about the reso- diameter dependence study of the linewidth for each Raman
nance condition itselfprocesgiic)], as discussed above. We feature, utilizing the RBM spectravggy=2484,) for char-
also use observations at the single-nanotube level to gaificterizing the structure of the SWNTWe used three laser
insights into linewidth effects in SWNT bundles. |ines[E|aser: 1.58 eV(785 nm from a Ti:sapphire laser and
The presentation of this paper is organized as follows» 41 ev (514 nm and 2.54 eV(488 nm from an Ar ion

Section Il discusses the experimental details, while Sec. ll|asef to observe the Raman spectra for metallic and semi-

discusses temperature-dependent measurements on SWiJnqycting SWNTs resonant with these laser lines over the
bundles and isolated SWNTs. Section

: IV discussegiire range of tube diametery present in the sample
temperature-independent measurements carried out at rOOM 0 9< d,<3.0 nm). Most of the spectra from isolated
temperature on isolated SWNTSs, and it is divided into su SWNTs \;vere acquired using a Renish44D00B micro-
sections that discuss, separately, the RE8dc. IV A, theG  paman spectrometer, although some spectra were acquired
band(Sec. IV B), and theD andG' bands(Sec. IVO. A 5ing a Kayser(Hololab 5000R. Temperature-dependent
summary is given in Sec. V. Raman measurements on SWNT bundles were performed us-
ing a Dilor XY micro-Raman spectrometer. A backscattering
configuration was used for all the Raman measurements.

All the experimentally determined linewidflfull width at
half maximum(FWHM)] values, which are denoted Hy,

II. EXPERIMENT

Isolated SWNTs were grown on a Si/SiQGubstrate by
the chemical vapor depositid@€VD) method’ Two samples
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30 T — strumental broadening. The small correction due to the in-
(a) 20 B | strument function is not important for most of the qualitative
—~20 . ‘g —— analysis discussed in this paper. However, deconvolution of

the observed signals with the instrumental function does give
us an instrumental linewidth broadening between 1 and
2 cm ! depending on experimental conditions, and this in-
strumental linewidth broadening is taken into account in this
work in cases where it is necessary.

Most of the results discussed here were obtained at room
temperature, with samples exposed to air, but Raman mea-
surements were also performed at high and low temperatures
on SWNT bundleg‘bucky paper” obtained from CarboLéx
and on seven isolated SWNTs. Raman spectra from SWNT
bundles, for temperatures from 110 K up to 610 K, were
performed using a Fluid Inc. cryostat that uses a liquid nitro-
gen coolant. The laser power impinging on the sample was
kept constantl mW focused with a 58 objective. Raman

FIG. 3. (a) FG'*' and (b) FG‘ for metallic (SOlld Square)sand Spectra from seven isolated SWNTs B85 K were ob-
semiconducting(open squargsSWNTs obtained with the low- tained using a liquid-nitrogen-cooled cold finger cryostat and
density sample. The horizontal arrow lines show results for SWNT, ~onstant incident laser power of 10 mW focused with a
bundles, from Ref. 22. The dashed lines indicate the lower angqy. objective.
upper valuesl'g+=6 cm ! andT'g+=12 cm ! in (@) and I'g-
=6 cm ! andI'g-=18 cm ! in (b). The inset plotsl'g+ as a
function of the peak frequenayg+ for SWNTs for the high-density IIl. TEMPERATURE-DEPENDENT MEASUREMENTS
sample andE ;.= 1.58 eV.

Resonance Raman spectra between 110 K and 610 K were
) ) ) ) obtained from SWNT bundles. Figure 1 shows the Raman
are obtained through a Lorentzian fit of the spectra, with thespectra for SWNT bundles at low and high temperatures for
exception of the Breit-Wigner-Fan@WF) G-band feature (a) the RBM, (c) the G band, and(e) the G’ band. The
that is observed for the lower-frequencygyr) mode for  gpectra were obtained withj,se=2.41 €V, where predomi-
metallic SWNTs. Though it is known that the and G*  nantly semiconducting SWNTs are resonant for our SWNT
bands appear in the Raman spectra of graphitelike materialgmples. The frequencies increase with decreasing tempera-
through a double-resonance procéss where inhomoge-  ture, as expected, primarily due to the softening of the force
neous broadening occurs, we use the Lorentzian fit as aghnstants with increasing temperatétefhe relative inten-
approximation to estimate their linewidth valueee discus- ity of the RBM lines is observed to change with temperature
sion in Sec. IV Q. The instrument function is limited by the [see Fig. 1a)], reflecting a possible dependence Bf on
grating/CCD, and each CCD pixel represents about 2°cm temperature, wher€;; denotes the energy of a van Hove
for the 1800 grove/mm grating. Although the large ensembl&ingularity in the joint density of electronic states of a
of Raman spectra was obtained using different Raman spegznotubd. The measured FWHM linewidthE for the sev-
trometers, different slits and optical alignments, generallygrg| pands are temperature dependent, Witincreasing by
speaking, when cutting the slits down to 10 o, the  increasing the temperature. The right side of Fifplbts (b),
triangular shape3 pixels, ~3.5 cm * FWHM) stays con-  (q), and (f)] shows the temperature-dependent behavior of
stant. For slits of 20—5@m the instrument function shape the linewidths, corresponding to the spectra(@h (c), and
broadens by up to 5.2 cml. We normally use a 2@m slit,  (g), respectively. For all the Raman features, the decrease in
which represents a small increase in the instrument functioghe linewidth with decreasing temperature is faster Tor
of about 0.3 cm?. The linewidth results presented in Figs. = 400 K, and it is very modest for lower temperaturds,
1-4 are the observed values without correcting for the in-<400 K. Small changes of thErgy, in SWNT bundles are
observed for the entire temperature range. The interpretation

(@) (b) is that I'ggy for the sharpest RBM features in SWNT
40 - ‘ - - bundles is determined primarily by the presence of many
30 | ¢ & | peaks, each coming from different,fm) SWNTs with
= @ * 140~ nearly the same diameters, as discussed by #ieal>
£ 20 '000%‘ § We also performed low-temperature measuremefits (
E 10| B 120 7, =85 K) on seven isolated SWNTs. No significant linewidth
¢ changes were observed for these isolated SWNTs comparing
%0 10 20 10 15 20 25 the I' values atT=290 K with theT" values atT=85 K,
d, (nm) d, (hm) consistent with the small change in linewidth f5x400 K

observed in SWNT bundles, as shown in Figé),11(d), and
FIG. 4. (8 FWHM linewidth T’y and(b) I': vsd, for metallic ~ 1(f). We conclude that there is little evidence for a
(solid symbol$ and semiconductingopen symbols SWNTSs. T-dependent effect on the linewidth of the various Ra-
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man features in isolated SWNTs below room temperatureindependent effectprocessesii)], as discussed below. For
consistent with the very high in-plane Debye temperature fomost of these data, the measured linewidths are large enough

graphitic materialg2480 K).'? that the instrument function correction is not important
within the accuracy of the reported linewidths.
IV. ROOM-TEMPERATURE MEASUREMENTS From the 170 data points in Fig(l9, we clearly observe

an increase in the averad&gy value with increasingl;,

The results from Sec. Il suggest that at room temperai.e., with increasing number of atoms along the circumfer-
ture, anharmonic effects and other strongly temperatureence of the SWNTs. This result can be explained by the
dependent scattering mechanisipsocessesi)] are not im-  |arger number of phonon and electronic states, i.e., a smaller
portant mechanisms for the broadening of the Ramammount of quantum confinement for phonons and electrons
features of SWNTs. Therefore, the linewidths of the Ramarys the diameter increases. For larger diameter tubes, the en-
bands at room temperature reflect the natural linewidths IRrgy difference between the van Hove singularities de-

]Ehe absence of (gher broadenmsggem%cr;anisms, such as froffaases, the amplitudes of the singularities decrease, and
ast resonance Raman processeand from temperature- ,q;- \yiqihg increas¢processesiib)]. The I'ggy diameter-

independent linewidth broade_m_ng effec[tprgcesses(n)]. dependent broadening must also be related to the disappear-
Therefore, we focus the remaining discussion on Processes .t the RBM feature ad. increases. explaining wh
(i) which can be studied at room temperature for each RaI t » €XP g why

man feature by examining spectra from many individual iso_ow-frequency RBMs are not usually observeth the Ra-

lated SWNTs and their dependence on nanotube structurd!@n spectra for isolated SWNTs, we rarely observe RBM
We discuss each Raman feature separately, since each feat{f@tures below 100 cnt, although  SWNTs  with d;

is affected by different broadening mechanisms. The RBM>248/106=2.48 nm are not rare in our samples.

(Sec. IV A) exhibits a strong linewidth dependence on diam- Another important factor determining the linewidths is the
eter and resonance condition. TBeband linewidth broad- resonance conditiofprocessesiic)]. Regarding the tempo-
ening (Sec. IV B is mainly related to curvature and Breit- ral behavior of the broadening process for excitation frequen-
Wigner-Fano interaction effects. The Raman scatterings ofies exactly in resonance with an electronic transition, the
both the RBM andG-band are single-resonance scatteringscattering time is expected to be much slower than off reso-
mechanisms. Section IV C discusses briefly heand G’ nance, reflecting the lifetime of the intermediate state in-
bands that appear in the Raman spectra of SWNTs through\@lved. For intermediate-state frequency shifts away from
double-resonance Raman scattering mechanism, exhibitifg@sonance(preresonance conditignthe behavior is much
very different linewidth behaviors when compared to themore complex, reflecting fundamental uncertainty principle
RBM and G-band modes. We use the notatibnto denote  limitations and leading to faster relaxation procesSesor

the experimentally fitted value for the half width at half SWNTs with a similard,, the electronic transition energies
maximum(HWHM) linewidths andy to denote the smallest E; are different for different chiral angles, due to the
observed linewidths for each feature, and we idenifwith  trigonal warping effect’ Departures from satisfying the
the natural linewidth for that featur@fter correcting for the resonance condition perfectly contribute to the linewidth, as
instrumental broadening discussed below.

To study the processe@ic), we plot I'rgm VS (Ejaser
—E;;) in Fig. 2(c) for both semiconducting and metallic
SWNTs in the diameter range X41,<1.8 nm(we use an

The radial breathing mode featusee peaks in Fig.()  overlap energy valugy,=2.89 eV in calculatingE;). As
below 250 cm '] is a fully symmetric Raman-allowed mode can be seen in Fig.(B), our samples contain many resonant
characteristic of SWNTs, which is, however, not present inSWNTs in the small diameter region ¥4l,<1.8 nm? By
graphite. Figure @) shows the dependence of the RBM using Ej,s— 1.58 eV, metallic SWNTs in thed, range 1.4
linewidth (I'ggm) on diameterd; for 81 metallic and 89 <d;<1.8 nm are in a good resonance conditioB,{e
semiconducting SWNTSs. It is noteworthy thBkgy values  ~E;), while semiconductingWNTSs in this diameter range
down to 4 cm?® are observedclose to the instrumental are in a good resonance condition when usiBgge,
function FWHM). This is a small linewidth value when com- =2.41 eV. The linewidths for both metallic and semicon-
pared to Raman spectra from other graphitelike matéfifls ducting SWNTs range from 4I'ggy<<18 cmi ! for 1.4
and is characteristic of the 1D nature of SWNTSs. <d;<1.8 nm. The smalledf zg) values(which lead to our

By deconvolving the instrument function with the mea- estimate for the natural linewidthggy) occur under the
sured profile for the smalledtgzgy value we obtain an esti- strongest resonance conditions whekg,{.— E;;)~0, and
mate for the natural linewidthyggy=3 cm 1) for the reso- the averagel'rgy Vvalue in Fig. Zc) increases askyeer
nance Raman scattering by the RBM in SWNTs, in—E;]| increases. These results show tliigfs, is smallest
agreement with the value of 3 ¢rhreported by llievet al.  under strong resonance conditions and hggy, is broader
based on SWNT bundIl€sA similar yrgy=4 cm * value  when a weaker preresonance condition is satisfied for states
was independently used by Milnes al'® to theoretically ~ whereE;; deviates fronE .. A stronger contribution to the
analyze their experimental results from SWNT bundles. Th&Raman intensity occurs from the very high density of elec-
largerI"rg\ values observed for other SWNTSs are related totronic states closest in energy to the van Hove singularities,
linewidth broadening effects primarily due to temperature-E;; . It is also significant thal'ggy increases more rapidly

A. Radial breathing mode
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for Ejase<Eij than forEj.ee™>Eji , thus reflecting the asym-  LargerI'g+ values(up to 30 cm*) were observed in the
metry in the van Hove singularity lineshape with respect tohigh-density sample obtained wilf),s.~=1.58 eV. The inset
E; .11 to Fig. 3a) showsI'g+ data for 89 SWNTs in the high-

In Fig. 2(c) we see that, for SWNTs with similar diameter density sample, so that for these SWNTs the diameter cannot
and with similar Ej,se— Eji) values and even for SWNTs be assigned by the RBM. In the inset we plog+ as a
assigned with the samem) indices, there is a spread in the function of the peak frequenayg+. There are two explana-
I'rgw Values up to 8 cm' from the lowest(natura) line-  tions for the observation of the high&is+ values in this
width value. Since these observed linewidth broadening efinset: first, in a high-density sample, nanotubes close to each
fects are not related to any SWNT property or to the resopther by less than the laser wavelength can interact, causing
nance condition, we conclude that they are associated witfy,e broadening(see Ref. 21 Second, most of the results
extrinsic SWNT broadening processéa). We therefore at-  gpiained with the high-density sample aBge.~ 1.58 eV
tribute this spread of up to 8 c¢m to broadening processes (shown in the insétare from metallic SWNTs with diam-

contpecte;j ;V'th pboTt tde_fetcts, ft|_n|te-S|ze effer(]:ts, tubet:efor'gters in the range 1.44d,<1.74 nm. Therefore, although
mations, tube-substrate interactions, or roughness in the su 1 for both semiconducting and metallic

S = Ye+=5cm’
e e e e e SWNTS, e concluce tht metli ubes show  arger
measurement of a large numbgr of samples makes it ossib? read inl'g+ than semiconduciing SWNTs, which seems
9 b P also to be the case for tHé&gy data at highed, values[see

to separate _the |ntr|n3|c_fr0m the extrinsic SWNT properUesFig_ 2Ab)]. Furthermore, a low-density sample must be used
that cause line broadening. . . :
to avoid tube-tube interactions.
Howeverl ;- for the circumferential-tangenti& ™ mode
B. Tangential modes:G band gets broader in comparison 1&;+ for the axial mode. For
semiconducting SWNTY, - values up to 18 cm' are ob-
1. Isolated SWNTs served[see Fig. 80)]. The differences can be understood
To study the diameter dependencdef for the graphite-  considering the axialG*) vs circumferential G~) direc-
like symmetry-alloweds-band modesand of the other fea- tions of the atomic motions of these tangential modes, indi-
tures, as well we consider the Raman spectra obtained fronrtating that some broadening mechanism is inducebidn
the low-density sample, in resonance with the incident lightoy the presence of curvatufeven when there are no con-
(total of 73 spectra so that we also obtain the correspondingduction electrons since curvature admixes some out-of-
RBM feature for each tube, and therefore ann) assign- plane graphene modes. In the case of metallic SWNTs, the
ment can be made for each nanotdifEigure 3 shows the difference betwee®* andG~ is much stronger due to the
diameter dependence of the linewidths_, andl',,__ for coupli_ng between plasmons and tB€ vibrational mode_in
isolated semiconductingopen squarésand metallic(solid ~ Metallic SWNTs. Figure ®) shows thafl's_ _ for metallic
squares SWNTs. Herel'g+ denotes the linewidth fo6*  SWNTs (solid squaresincreases with decreasirdy. This
that is usually the most intengg-band spectral feature and result is known from resonance Raman studies on SWNT
has a diameter-independent frequency, appearing@t  bundles?? and it is attributed to an increase of the BWF

~1591 cm %,2° while T'g- denotes the linewidth foG~ coupling between phonons and plasmons, which occurs with
that is usually the second most intenGeband spectral increasing nanotube curvature and decreasing diafffeter.
feature?® More discussion about the BWF feature is presented in the

The I'; values observed for 1D isolated individual next section, in connection with SWNT bundle results for
SWNTs are generally lower than the corresponding observeb5- .
values for 3D highly oriented pyrolytic graphit¢HOPG
(Thopa~13 cmi'Y). The lowest value observed for both
I's+ andI'g- is 6 cm %, which we identify with the natural 2. SWNT bundles
linewidth yg+=yg-=5 cm ! (taking instrumental broad- To analyze the Raman linewidths in SWNT bundles we
ening into account The valueyg=5 cm ! is small, even need to consider that we are measuring a convolution of
when compared withyggy=3 cm ! (5 cm™! is 0.3% of peaks from several different metallic and semiconducting
wg, While 3 cni ! is about 2% ofwggy). SWNTSs® In the case of th& band, the picture is still less

'+ is mostly observed from 6 cit up to 12 cm [see  clear, since we often cannot separate the contributions from
Fig. 3(a)] without any measurable dependence on diametethe modes with different symmetrié$3
or (Ejaser— Eii), in contrast to thd ggy behavior. This result The minimumI'g+ value of ~15 cm ! observed for
indicates that the diameter-dependent linewidth spread of thEWNT bundled is consistent with contributions from the
first-order Raman modes is strongly related to the radial mosmallestl’ g+ linewidth value of 6 cm?! plus contributions
tion. The observe(-band linewidth deviation from the low- from the diameter-independent frequencigs: of different
est 6 cm ! value is, then, related to extrinsic SWNT prop- isolated SWNTs that appear always inside an 8 trfre-
erties (iia processes Therefore, the smallest observEd+  quency rangedg+= 1591+ 4 cm 1) for both semiconduct-
value (leading toyg+) is close toyggy, and the maximum ing and metallic SWNT&® One mechanism that could ac-
linewidth is close to the linewidth for the 1582 crhpeak in  count for the additional linewidth usually observedIig+
HOPG (~13 cmi ) for I'g-. for most SWNT bundlesmight be due to tube-tube interac-
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tion, as indicated by polarization measurements on isolategending on the resonance process, one [pepkriangles or
SWNTSs with a close-lying neighboring SWNf. two peaks(up and down trianglgsare observed in th&'’

For I'c- in SWNT bundles, the strong diameter depen-band?®?° and when the two peaks are unresolved, this pro-
dence(Ref. 20 and the presence of a nonresolegdmode  cess can be a source of line broadening. The trigonal warping

are the main mechanisms responsible for the inhomogeneogsfect, when unresolved is another broadening mechanism
broadening of this feature, which shows up as a convolutiolgr metallic SWNT®

of different wg- frequencies related to the SWNT diameter pye to the disorder-induced origin of tHe band, I'p
distribution in the sample. This broadening gets even 'argeéhanges dramatically from sample to sampls i carbons,
because of the presence of some resomaetallic SWNTS g1 can be larger than 100 cr in highly disordered
(with larger B_WF Ime_mdth};m a bundle that is generally in sp? carbons23° Some bulks p? graphitic materials, such as
resonance.wnh sem|conquct|ng tupes usiige—2.41 eVv. P1 pyrocarbon, with a strong 2D character, exhibit a rela-
The horizontal arrow lines in Fig.(B) showl'_ for tively low T'p for ansp? carbon ofl'p~30 cm .31 In this
metallic SWNTs obtained from three SWNT bundles with context, the small linewidtfi’, observed for thé band in
different dia_meter d_istributions, taken from Ref. 22. Goodgyme isolated SWNTSs, going down to 7 chy is especially
agreement inl'g_ is observed between isolated SWNTS yqte\vorthy, and this smalledd-band linewidth (implying
and SWNT bundles within the same diameter range y,=6 cm ! after accounting for instrumental broadening
(~1.35<d=~1.85 nm). However, the apparently linear js identified with the naturaD-band linewidths. The smallest
dependence df g _vsd; shown in Ref. 22 seems notto be T, observed for SWNTs is 11 cn, leading to our esti-
valid over a wide range a,, showing serious deviation for mate of yg =10 cni 1. In comparison, thé&s’ band is ob-
lower (d;<1 nm) and higher ¢;>2 nm) tube diameters. served in 2D P1 pyrocarbon with linewidthd g,
For d>2 nm, T's_ _is observed to be below 18 ch =42 cm 1,3 while in HOPG, twoG’ peaks are observed
[which is the usual maximurfis- value for isolated semi- due to the interlayer interaction, and these peaks exhibit line-
conducting SWNTSs; see Fig(13], indicating that the BWF  Widths ', =42 cm ' and 34 cmi*.* For highly defective
coupling is not effective for such large diameter tubes. Thissp” carbon materialsl s, exhibits much higher values, go-
result is consistent with th&~ Lorentzian-like line shape ing up to~150 cm 1.3t
observed for these features for SWNTs with largd ( By comparing Fig. 4 with Figs. 2 and 3, it can be clearly
>2 nm) tube diameter®?2 Therefore, for SWNTs with seen that there is a qualitatively different mechanism for the
larger d; values, phonons and plasmons coexist with litleRaman scattering processes involving the RBM @énband
interaction, as is the case for graphite. For SWNTs with di{regular resonance Raman scatteriogmpared to processes
ameters near the boundary where 1D plasmons are stablejrolving the D and G’ bands (double-resonance Raman
strong interaction between phonons and plasmons occurseattering®. A broad distribution of linewidths up to
and rapid changes in line shape withcan take place. Fi- 56 cmi ! and down to 11 cm! was observed fol'g in
nally, SWNTs withd, below 1 nm represent an overdamped solated SWNTs, compared to a relatively small spread for

case V\_Ihe;% the phonon gets heavily broadened anghe RBM andG-band linewidths. No evident dependence of
downshifted>™ Furthermore, tube-tube interactions might beFG, on diameter or chirality was observed.

responsible for some of the differences observed between the The crystalline disorder is an important factor responsible
FGE;WF results for isolated SWNTs compared to SVVNTfor the I'y and ', linewidths. But for SWNTs with low
bUndlesZ.S’ZGThe Breit-Wigner-FanO effect in SWNT bundles defect densitie$such as SWNTs with very lod-band in-
is stronger thap in is_,olated SWNTSs, as can be concludeqansity or unobservabl® bands, the linewidths are ex-
from the larger intensity ofzghe BWE-band component ob-  yected to depend on the physical origin of these scattering
serv_ed in SWNT bundle®:?* Further experlmen_tal and the- o ocesses. The-band andG’-band linewidths insp? car-
oretical studies are necessary to clarify the importance 0Eon materials are naturally broader when compared to the
tube-tube interaction in the Breit-Wigner-Fano coupling. first-order RamarG-band mode in graphite or in SWNTs and
to the RBM in SWNTs, due to the double-resonance nature
of the scattering processes for tbeand G’ bands. In the
Figure 4 shows the diameter dependencd fgrandl' 5 , double-resonance Raman process, a range of phonons with
the D- and G’-band linewidths, respectiveljsee also Fig. different wave vectorg is involved, giving rise to Raman
2(a)]. The D band is a disorder-induced band and it is ob-scattering at different frequencies. This process causes an
served in about half of the spectra from isolated SWNTs. Thénhomogeneous line broadening and the Raman features do
G’ band does not require the presence of defects and is alsmt actually have perfect Lorentzian line shapes. In the case
observed in highly crystaline HOPG, since ti&-band of SWNTs, the van Hove singularities limit the wave vectors
mechanism is a second-order process involving Bwvband  that strongly contribute to thB-band andG’-band spectral
phonons, with4+q and —q momenta, thus satisfying mo- features, thereby giving rise to small natural linewidths, as
mentum conservation. Th&' band is observed for all the low asyp=6 cm ! andyg =10 cmi %, and a large spread
SWNTSs (including semiconducting, metal-1 and metal-2in I'y andI'g, values, as observed in Fig. 4. For a quantita-
tubegd), different from the prediction that only metal-2 tive analysis ofl'p andI'g,, more experimental and theo-
SWNTs exhibitD band$’ and therefore als&’ bands. De-  retical work is necessary.

C. Disorder-induced D band and its G’-band overtone
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V. SUMMARY The D and G’ bands exhibit very different linewidth re-

We analyzed the room-temperature linewidihdor the sults when compared to the RBM ar@tband modes, in
RBM. G-band. D-band. and G’-band Raman features 2dreement with the double-resonance nature of these fea-

observed for 170 isolated SWNTs. Low-temperaturelUr€S- The presence of very smélp andl'c, values pro-
(<290 K) Raman measurements show no significanf"des strong evidence for a sharp selectivitygofectors due

temperature-dependent change in the linewidths near rooff the confinement of electrons and phonons in 1D SWNTs.
temperature, indicating that phonon—phonon—phonon:rheore“ca| study of the linewidths of tlizband and th&’
electron scattering events are not so important in the detefand are likely to be very informative about the details of the
mination of the linewidths at room temperature. Althoughdouble-resonance process in SWNTs and how it differs from
linewidth measurements on a single-nanotube level are delthat in 2D graphite. In general, theoretical models are neces-
cate, the measurement of a large number of samples allowgry for a more quantitative analysis of the linewidths of alll
us to separate intrinsic and extrinsic SWNT properteg., four features in the SWNT Raman spectra discussed in this
substrate roughnessontributing to the Raman linewidths.  paper.

All the Raman features exhibit very smailatural line-
widths for this 1D material when compared to 2D and 3D
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