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Anomalous two-peakG’-band Raman effect in one isolated single-wall carbon nanotube
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The resonant second-ord&’-band Raman spectra d$olated single-wall carbon nanotubeSWNT9
exhibit an interesting resonance phenomenon, wherebgthigand for some speciah(m) isolated SWNTs
exhibits a two-peak structure, while for most SWNTs, ae-band profile is a single Lorentzian peak. The
two-peak phenomenon is explained by combining the double-resonance Raman effect, originally introduced for
graphite, with the singular electronic structure of SWNTSs, which is unique for a given)(pair. Therefore,
the G’-band profile is strongly dependent on the joint density of electronic states and provides useful infor-
mation about the electronic structure and on thgr) assignment for the specific SWNT that is in resonance
with the laser.

DOI: 10.1103/PhysRevB.65.085417 PACS nuni®er73.22—f

I. INTRODUCTION In single-wall carbon nanotud&WNT) bundles, both the

second-ordeG’ band and its related first-ord& band ex-

The second-order G'-band frequency (2500wg,  hibit a dispersive behavidr'****for wp, (or wg') VS Epaser
<2900 cmY) and its first-order related disorder-induced duite similar to graphite, but with intrinsic features that arise

D-band frequency (1250wp<1450 cni?) in the Raman ToM the SWNT 1D electronic structuf&®1A steplike or

; ; 3,14 ; .
spectra ofs p?-bonded carbon materials have been known tooscnlatory behavior appedts™“superimposed on the lin

- : . . . ear wg: Vs E behavior that is characteristic of graphite.
exhibit a strongly dispersive behavior as a function of IaseltI'his geviatiolgseih the dispersive behavior clearly sghO\F/)vs the

excitation energy (10 Ese<4.5 eVv): Both theG’ band importance of considering the 1D electronic structure of
andD band are associated with phonons close to the boundSWNTs, which is uniquely determined for eac,f)

ary (K point of the Brillouin zone. Due to the momentum SWNT® The singular 1D density of electronic states also
conservation constraint, tH2 band insp? carbons exhibits allows the observation of the resonant Raman spectra from
significant Raman intensity only fodisordered crystalé  one isolated SWNT/ including both the G’-band and
where the loss of translational symmetry allows the observab-band features in the resonant Raman spé€tie large

tion of phonons other than zone-center modes, which are nalispersion of these bands provides a unique opportunity to
observed in perfect crystalline systefnis contrast, theG’ observe new physical phenomena related to the Raman pro-
band is a second-order Raman feature that involves twaess itself, as will be illustrated in this paper, where the
phonons with wave vectorg and —q, thus automatically analysis of theG’-band spectra is carried out on individual
preserving the momentum conservation constraint. ThereSWNTs with known (,m) indices.

fore, the G’ band is an intrinsic property of the two- In this paper we identify and study an interesting two-
dimensional(2D) graphene lattice and is present even inpeak resonant Raman phenomenon in@ieband, which is
high-quality graphite crystals, where th2 band is com- observable only in isolated SWNTSs. In the observation of the
pletely absent. Study of theD band andG’ band remains G’-band Raman spectra from isolated individual tubes, most
under active investigation, since its origin involves funda-of the spectra have Lorentzian shapes with one peak. How-
mental principles in the scattering of light by phondn&  ever, in some special cases, we have obsetwedpeaksIn

The Ejserdependent behavior of thep and wg: phonon  this paper we show that the two possil@é-band profiles
bands has been interpreted as due to a wave-vector-selectidepend critically on ther(,m) values of the SWNTs and we
resonant process that relatésfor electrons andg for  explain this phenomenon in terms of a general double-
phonongt~512 The physical origin for this phenomenon in resonance Raman effect introduced initially to account for
graphite was recently explained by a double resonance prahe large dispersion of th@&' band in graphité,but adapted
cess that involves the resonance of the incident/scatteratere to the singular joint density of stat¢d§DOS in
photons with the interband transitioibetween valencer ~ SWNTs!® The double-resonance process together with the
and conductionT* bandg and, in addition, with an interme- resonance with the SWNT JDORef. 19 give rise to the
diate intraband scattering process mediated by a phbnon. two different types ofG'-band profiles. For certainn(m)
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SWNT indices, the double-resonance mechanism involves E E
only a strong resonance with the incident photon, giving only

one G'-band peak. However, there are a few speamin) E‘\ LTIV ES Ec{\\g‘/k Z 4
SWNTs for which the electronic structure allows two differ-
ent double-resonance processes to occur, one in connectic
with the incident photon and the other with the scattered
photon. These two different double-resonance events are ok
served as two different frequencies in tBé-band Raman ,
spectrum because of the lar@e-band dispersion. Since the 52/3\ & Ei/‘\ E;

1

G’-band profiles are strongly dependent on the electronic
structure of the resonant SWNT, we show how these
G'-band spectra can then be used to obtain both electronic @ ©®
and structural information about SWNTSs.

Vi v V2

FIG. 1. Schematic diagram of the resonance Raman scattering
processes contributing to tH@’-band spectra in SWNT'’s adapted
Il. EXPERIMENTAL PROCEDURE from Ref. 8. The boldface lines indicate the double-resonance pro-
. cess. In graphite, the double-resonance scattering occurs with two
. .Isolated SWNTs We'fe prepared bY a Chem'cal .vapor depqmearly dispersive bands with Fermi velocitigs andV, that cross
sition n;gzthod on a Si substrate with a thin $i6urface  the Fermi level at thek point in the graphite Brillouin zone and
coating:” The sample used in this resonant Raman study hagyways involves the intermediate stafef. 8. For SWNT's, the
a very low SWNT densityless than 1 SWNT4m?) and @  jinearly dispersive bands are replaced by confined stitesi
large diameter distribution, as measured by atomic force mi=123 .. .) in thevalence E’) and conductionf’) bands. Reso-
croscopy (0.8<d;=3.0 nm). By scanning the sample in nance Raman scattering involving the incidésitor scatteredb)
steps of 0.5um using a controlled microscope stage, iso-photons combined with intermediate statg®e boldface lings
lated SWNTs within theE,,, resonant window (2.31 gives similar double-resonance processes as are described in Ref. 8.
<E;=2.51 eV) were found. Due to the low density of The long-dashed line ia) denotes the double-resonance process
SWNTs per laser spofspot size~1 um diamete), the for theD band described in Ref. 8 where the electron is inelastically
probability of finding one SWNT in the light spot that is in scattered from one band to another by a phonon and then is scat-
resonance WithE e, is less than 1/100. The spectral excita- tered back elastically by an impurity or defect. This process is here
tion was provided by an Ar-ion laser, using the 514.5 nm lineddapted for_ the SWNT electronic_structure._The short-dashed lines
(Ejase=2.41 €V), with a power leveP<10 mW [power are for the inelastic process that is appropriate for@®ieband.
density~1 MW/cn?] at the sample surface. The scattered
light was analyzed using a Renishaw 1000 B systenthe inequivalentK’ point in the first Brillouin zone for
equipped with a cooled charge-coupled device detector.  graphite?? In the case of the first-order process, electrons in
the statek+q are elastically scattered by an impurity or
Ill. THEORETICAL BACKGROUND defect to a final state with the wave vectofsee Fig. 1 For
the G’ band, which involves two phonons with and —q

recently explained by a double-resonance protesbgere wave vectors, electrons in the+.q states are now inelasti-
the Raman cross-section formula has two resonant factors §fly scattered to a final state with wave vedidsee Fig. 1

the denominator, which are both resonant at the same tim& particular importance, the energy and momentum conser-
thereby giving a significant enhancement to the Ramaiyation requirements lead to a relation _betweenldfmr elec-
D-band andG’-band intensities. The double resonance fortfons and they for phonons. By searching for a double reso-
graphité always involves a resonant process for the intermenance that satisfies the condition in E@) within the
diate state and involves also a second resonance when eitH@fillouin zone of graphite, and by neglecting the trigonal
the incident or scattered photon is resonant with an electronigarping effect for simplicity, we found thag values that

7 to 7* state transition. For a first-order scattering processatisfy the double-resonance condifi@me preferentially lo-

as in theD band, the electrons have initial wave vectérs cated neaitq—qo|~2|k|, whereqq is the wave vector be-
measured from th& point in the graphite Brillouin zone, tweenK andK’,?!in agreement with the very recently pub-
and also a scattered electronic state with wave vektor lished paper by Ferrari and RobertsGrit is expected that
+qg (q is the phonon wave vectprwhich satisfies the this factor of 2 will be modified slightly by the trigonal warp-
energy-momentum conservation relation ing effect. We furthermore find that there is no simple ana-
lytic relation betweem andk. The details of this calculation,
including implications on thé-band andG’-band proper-
Here+ corresponds to a resonance process of the Stokes afigs. is reported elsewhefé.

anti-Stokes processes. Energy and momentum conservation However, in the case of nanotubes, it is necessary to in-
requirements select two possible equi-energig&k+q)  troduce some modifications into this model to account for the
where the electrons have+q wave vectors(see Fig. 1L singular 1D electronic structure of SWNTSs, for two reasons:
One of these equi-energi&k+q) exists around the same (1) By rolling a graphene sheet into a small-diameter nano-
K point as the initial stat& and the second is located around tube, the 2D structure collapses into a 1D structure due to the

The dispersion of th® band ands’ band in graphite was

E(k+a)=E(k) £hwy(Q). (1)
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boundary conditions along the nanotube circumference, D and G band G’ band
which allow only certain quantized electronic states with se- ' G | ‘ '
lectedk vectors to occur, and consequently the linear elec- 3) b) 2678

tronic dispersion relation& (k) of graphite around thé& Oy =148 cm”’

point are reduced to a set of subban@;the origin of the
G’ band in the Raman spectra for SWNT’s is similar to that
in graphite, but its observation is limited to havitifj,ge,
resonant with the van Hove singularities of the JDOS, which
occur in the flat regions of the electronic dispersion curves
E(Kk) for the subband¥ Experimental evidence for the im-
portance of these subbands in xband ands’-band prop-
erties comes from the step or oscillatory behavior observed
in the frequency dispersion of tHe andG’ bands,wp and
wg' » VS Ejgserfor SWNT bundled 314

The Raman spectra for isolated SWNTs have measurable
intensity only when the incident or scattered photon matches | @gg=168 em™
electronic transitions between subbands, such a&fhand 1344
E3, transitions for semiconducting SWNTs that are fre-
quently in resonance WitE|aser: 2.41 eV for our Sampléz. 1250 14I50 16I50 2400 2600 28I00
To account for the dispersive behavior of the phonon fre- Frequency {cm™) Frequency (cm™)
quency VsE,;0bserved in th® andG' bands for isolated
SWNTs(Ref. 18 and for SWNT bundle; Mt is necessary FIG. 2. Resonant Raman spectra of three different isolated
to consider also the double-resonance process in the conteR¥VNTS on a Si/SiQ substrate, usingase=2.41 €V (514.5 nm,
of SWNTs? Moreover, since the van Hove singularity point S"Wing the spectral range of tieandG band[Fig. 23)], and the

in each conduction subband is a local energy minimum théecond'ordee' band[Fig. 2b)]. The frequencies are displayed in

ttered elect tat il e in diff t Units of cnT . The peak around 1450 chhin Fig. 2@ comes from
scattered electron states will In genera. |e_ n il erent energife si substrate. We also list the frequency of the radial breathing
subbands. Thus, we expect that the distributior ekctors | 4e ey for each spectrum.
for each subband that is allowed by the double-resonance
process will be in a much smaller rangegpfor SWNTSs than . i
for the case of graphite. This is one reason why the experir_esonance scattering processes, and ey > AEpy, be

mental results show a very small linewidth for tBeband cause of the dispersion efg: vs photon excitation energy.
(down to 12 cm?) for SWNTs, when compared to graphite

(30 cm' %) (see Sec. IY. Two possible resonance processes IV. RESULTS AND DISCUSSION

for SWNTs are schematically described in Fig. 1, where we

have adapted the double-resonance process in Ref. 8 to dé. G'-band spectra in isolated tubes andn,m) identification
scribe the double-resonance processes foiGhéand sub- Figure 2 shows three spectra for different isolated SWNTs
jected to the electronic structure in SWNTs. The processegptained at different light spots on the sample. The features
illustrated by the horizontal long-dashed line in Figa)l highlighted in Fig. 2 are th® band andG band[Fig. 2a)],
give rise to theD-band spectra in SWNTs, and are similar to gnd the second-orde€’ band [Fig. 2b)] where wg:

the processes occurring in grapHite the case of SWNTSs, ~2wp. We also list the frequency of the RBNradial

the process represented in Figallis appropriate in the preathing mode(wrgy) for each spectrum in Fig. 2. The
prsesent study for the incident photon in resonance with thgn m) integers for the three spectra in Fig. 2 are identified by
EJ,4 transitions and for a resonant intermediate state that inthe RBM frequency analysis for isolated SWNT& gy
volves an electron excited to the conduction subbEhdnd =248, ,'” whered, is the nanotube diameter in units of
is then scattered by a phonon to the conduction subB§nd nanometers andy,=2.89 eV based on the Stokes/anti-
This process is indeed a double resonance process that givBtokes intensity ratio studies on isolated semiconducting and
rise to theG’-band dispersion in SWNTs, thus selecting ametallic nanotub&s?). The (n,m) assignment is further
different phonon for eaclk;; . Another possible resonant verified by theG’-band profile dependence on the van Hove
scattering process is described in Figo)1 but in this case, singularities discussed below. Using this approach, the
one resonance comes frdi'iﬁ'4 through the intermediate state (n,m) indices of the isolated SWNTs in Fig. 2 are identified
(k+q), and the second resonance comes from the scatteres: (17,7) for wgrgy=148 cmt (#1), (15,79 for wgrey
photon that is resonant with tHgS, transition. In the actual =160 cm* (4#2), and (18,) for wrey=168
experiments presented here for specificnf) values, some cm ' (#3). All of the SWNTs in Fig. 2 are semiconducting,
photons follow the process in Fig(a and other photons and the laser excitatiorE(,se=2.41 €V) is resonant for ob-
follow the process in Fig. (b). Each incident and scattered servingwggy with the E3; electronic transition for thél8,1)
photon contributes to its relevant peak in tBé-band pro- nanotube and with th£4$4 electronic transitions for the
file, since different vectors are selected for tlﬁ3 and E§4 (17,7 and (15,7 nanotubes.

#1

#2

2679

(18,1)
#3
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JDOS
E

In the present paper, we measured the spectra for 2:
physically different isolated semiconducting SWNTs where
both the radial breathing mode and the second-a&ldrand
were present. Then(m) indices identification for each of the
24 SWNTs was carried out using the method given in Ref.
17. The related first-orddd-band was either weak or absent
in these spectra, thus indicating very good crystallinity of the
SWNTs. Some of the SWNTsee spectrg 1 and# 3 in Fig.

laser

2(b)] show only one symmetriG’ band Lorentzian peak, z 2550 2750 18 2 22 24 26 28

though some isolated SWNTs show @3 band peak§see 5 — 1 S ‘I

spectrum# 2 in Fig. 2b)]. TheG’-band in 3D graphite also < Oppy=152 cm . I

shows two peaks, but the physical origin of these two peaksg (13,11 8 T ta11) |
o

is related to the coupling between tiAeand B graphene
layers that are stacked in the highly ordered ABAB. ..
structure®® The two-peak structure in thé&’-band spectra
for anisolatedSWNT, where only one rolled graphene layer
is present, cannot be explained in this way. The physical
origin of the two G'-band peaks observed in the Raman
spectrum of one isolated SWNT is a newly observed effect
that can be understood by analyzing the resonance conditions FIG. 3. G'-band profile(left pane) and joint density of elec-
related to the double-resonance process originally developédtbnic stategright pane) for the (15,7 and (13,11 SWNTs. Each

for graphitef,3 and by combining this process with a strongly G'-band profile has two peaks indicating that a double resonance
resonant process connected with the JDOS of SWHRIVge process is occurring with both the incident and scattered photons, as
show in this paper that the resonant process associated wiglgpicted in the joint density of statesght pane). The Ejyserenergy

the JDOS for SWNTs makes the dominant contribution toiS resonant wittEg, for the (15,7 and(13,11 SWNTs, respectively,

2.6

22 24
Energy (eV)

2750
Frequency (cm™")

2.8

the D- andG'-band Raman intensities.

By studying the D-band features for severasolated
SWNTSs, it was shown that both ti&'-band and th®-band
Raman signal$§ can be observed through resonance of eithe
the incident or scatteredphotons with 1D van Hove singu-
larities in the JDOS of SWNTSs, and that t&€-band disper-

and the scattered photon is resonant wify, as schematically
represented in Figs.(d and Xb). The vertical dashed lines repre-
sent Ej,ee=2.41 eV andE|qo Eg'=2.08 eV. The horizontal
Eouble arrows stand for the energy range where the resonance can
e observed, also called the resonant window. Gieband fre-
quencieglinewidths are in units of crm™.

sive behavior is similar to that observed in SWNT bundles

whose dispersion is given bywg (Ejse) =2420+ 106
Ejaser (€V) in units of cm .1

B. Two-peak RamanG'-band spectra

We show in Fig. Jleft panel3 two spectra where thé'
band has two peaks whose differences in frequency betwe
the two peaks are, respectively, 35 chand 28 cm  for the
(15,7 and(13,11) nanotubes, where the indicated ifn) val-
ues have been identified by the method previousl
reported:’ In the upper right panel the JDOS is shown for
the (15,7 SWNT. The energy of the incident photons
(Ejase=2-41 eV) and scattered photong {e— Eg ~2.41
—0.33=2.08 eV) are plotted as vertical dashed lines an
the horizontal double arrows indicate the energy range
where the resonance with the incident and the scattered ph
tons can be observéd.By taking the difference in energy
between the two components of th@’ band (35 and
28 cm 1) and the slope 106 cnt/eV for the dispersion in
SWNT bundles! we obtain 0.30 and 0.26 eV, and these
values are close to the phonon enefgy, ~0.33 eV ob-
served withE .= 2.41 eV. A similar analysis can be car-
ried out for the(13,1) SWNT plotted in the lower right
panel. By analyzing th&'-band profile of the lower left
spectrum of Fig. 3, we see that the intensity ratio between th
upper frequency component to the lower frequency compo
nent is larger for the(13,1) SWNT than for the(15,7)

Y

SWNT, in accordance with the predictiéshown in the right
panels, that the incident photon for th€l3,1) SWNT is
closer to theEf4 singularity than the scattered photon is to
E§3. For the(15,7 nanotube, the more nearly equal energy
differences E3,— Ejase) and[E3;— (Epse Ec’)] lead to a
larger value for the Raman intensity ratio of the lower fre-

G‘cﬂlency component to the higher frequency component of the

G’ band. The analysis presented here is valid when all Ra-
man features come from the same isolated SWNT, as is the
case in the present experiment. From the analysis outlined in
Fig. 3, we conclude that the lower and upper components in
the G’-band spectra for isolated SWNTs come from two dif-

Jerent double resonance processes, one involving the scat-
tered photoriFig. 1(b)], the other involving the incident pho-

tpn [Fig. 1(a)], and each of the two photons is resonant with
different E; singularities in the JDOS. It should be pointed
out that different electron-hole pairs are involved in each
process sketched in Fig. 1, but that the resonance denomina-
tors in the Raman cross section are the same.

By considering the diameter distribution of the isolated
SWNTSs dispersed on the Si/SiGubstrate and the energy of
the laser line Ese=2.41 €V), we can theoretically predict
the (n,m) values that will exhibitwo peaksn the G’-band
spectra and those SWNTs that will exhibit only d&é-band
peak, including theg;; transitions that are involved in the
resonance. Among the eight tubes predicted to exhibit two
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TABLE I. Assigned @,m) indices, diametersl,, the E5,, E3;, and E3, electronic transitions, the RBMD-band, andG’-band
frequencies for the isolated SWNTs predicted to be resonantByith=2.41 eV. The tubes for which tHéi, transition is resonant with
El.se=2.41 eV are divided into two groups, namely, the tubes wi@®s&and has two peakglouble resonance involving the incident and
scattered photonsnd one peakdouble resonance involving only the incident photdrhe singularities in boldface and italics indicate a
resonance with the incident and scattered photons, respectively. The numbers between brackets and parentheses, respectively, stand for th
number of times a particulan(m) SWNT was observed in the experiment and the linewidths foltH®nd andG’-band features. The
theoretical values used for the RBM frequency akgy=2480; (ac.c=0.144 nm) andy,=2.89 eV based on Refs. 16, 23, and 24.

(n,m) d; (nm) E>, (eV) E3; (eV) EZ, (eV) wragw (cm™1) D band (cm?) G’ band (cm?)
Theory Exp.
Nanotubes in resonance Wi, (Two peaks
(16,8 1.68 0.97 2.00 2.34 147.6
(15,7 1.54 1.05 2.18 2.50 160.5 1602] 134717) 266054) 269526)
(13,11 1.65 0.99 1.99 243 150.1 1592] — 265530) 268326
(17,6 1.64 0.98 2.08 2.37 151.2
(14,9 1.59 1.02 2.09 2.47 155.6
(18,9 1.61 1.01 2.14 2.39 153.9 1542] 134733 2 266535) 269029
(20,0 1.59 1.01 2.20 2.40 156.2
(19,2 1.59 1.01 2.19 2.40 155.6 1594 134816) 266547) 268927)
(One peak
(22,3 1.88 0.90 1.67 2.33 132.1
(23,1 1.87 0.91 1.68 2.36 132.8
(18,8 1.83 0.92 1.73 2.32 135.4
(19,6 1.79 0.94 1.76 2.39 138.2 1391] 1341(20) 2679(30)
(20,9 1.77 0.96 1.77 2.47 140.3
(16,9 1.74 0.96 1.83 2.41 142.4
(13,12 1.72 0.96 1.89 2.37 144.2 1441 134217) 268028)
17,7 1.70 0.99 1.86 2.50 146.1 1483] 134615) 267828
(14,10 1.66 1.00 1.93 2.49 149.6 1504] 134315) P 268226)
Nanotubes in resonance wiEEﬁ3 (One peak
17,3 1.48 1.08 2.36 2.55 167.2
(18,1 1.47 1.09 2.39 2.56 168.7 16[@L] 134414) 267933)
(14,6 1.41 1.14 2.41 2.71 175.7 17A] 134613) 268337)
(11,9 1.38 1.19 2.38 2.85 180.1 18] — 268032
(15,9 1.38 1.16 251 2.74 180.1 18] 134712) 268530)
(13,8 1.34 1.26 2.34 3.13 185.7
(10,9 131 1.27 2.46 3.04 189.8
(14,4 1.29 1.31 2.38 3.31 190.8
(15,2 1.28 1.30 2.40 3.46 194.1 1911] 134630 268234)
(16,0 1.27 1.35 2.40 3.52 195.2

&The D-band intensity is very weak. Only one of the 8,4 tubes showed anR-band intensity.
®Among the four(14,10 tubes that were observed, one of them did not showRxipand intensity.

peaks in theG' band forE c.~=2.41 eV (see Table), we C. One-peak RamanG’-band spectra

have so far observed four of them, and they are also listed in We now consider the situation where t& band has
Table I. For these tubes, tHB,, is resonant with th&3,  only one peak, as occurs for most of therf)) SWNTs that
electronic transition ané ,s.— Eg- is resonant with th&,; ~ were measured in the present paper. The first example we
transition. For somen(,m) values, Raman spectra from more show is for the(19,6 SWNT, which is resonant witlEg,,
than one physical nanotube were observed at different spognd here th&s’-band does not exhibit a two-peak structure
on the sample. Also, the Raman spectra from differenf{see upper left panel in Fig.)Athus indicating that the
SWNTs with the samen,m) values showed the same spec- double-resonance process involves only dje transition,

tral characteristics, namely, the same frequencies and th&nd this is the one that is in resonance with the incident
same relative intensities for all the Raman features, excepthoton energ¥ ,s.r[process shown in Fig.(&)]. The double

for the D-band intensity. This allowed us to obtain more resonance involving the scattered photon is not favorable
accurate values for the frequencies and linewidths for theinceE ..~ Eg: is far from theE3; transition, as observed
G’-band peakgsee Table)l in the JDOS plot for this tube shown in the upper right panel
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G’ band JDOS G’ band JDOS
1 Elaser_EG' Elaser . . Ellaser_EG' I?ser i
Oy =139 cm™ ' ' ) 1 Oppy=181 cm™ I I
b 08 I (196)<_}_’ T 2680
, E 11,9
(19,6) 06 | ! e (11.9) ©3)
I I
I I
I | .
I :
1 L O 1 1 .
> 2550 2650 2750 17 19 21 23 25 27 2 2550 2650 2750
‘A @
% Wpgr=148 em™ | | = Ogpy=168 cm
g 0.8 | T A g 2679
£
S (177 1 I = (30)
T (17,7) 06 | | | i o
' : | I g s (18,1)
E.S I [
04 a3 | I B
I I
02 f | | 1 .
| | .' LY
Il L O L T T L L 0 i
2550 2650 2750 1.7 19 21 23 25 27 2550 2650 2750 18 2 22 24 26 28
Frequency (cm™) Energy (eV) Frequency (cm ) Energy (eV)

FIG. 4. G'-band profile(left pane) and joint density of elec- FIG. 5. G'-band profile(left pane) and joint density of elec-
tronic stateg(right pane) for the (19,6 and (17,7 SWNTs. Each  tronic states(right pane) for the (11,9 and (18,1 SWNTs. Each
G’-band profile has only one peak, indicating that the resonance i&'-band profile has only one peak, indicating that the double reso-
only with the incident photon. ThE ,.,€nergy is resonant with;, ~ hance involves only the incident photon. TBgs,energy is reso-
for the (17,7 and (19,6 SWNTs. The vertical dashed lines repre- nant with E3; for both the(11,9 and(18,) SWNTs. The vertical
sent Ejyee=2.41 €V andE .~ Eg/~2.08 eV. The horizontal dashed lines represeli;se=2.41 eV andE s~ Eg~2.08 eV.
double arrows stand for the energy range where the resonance cdhe horizontal double arrows stand for the energy range where the
be observed, also called the resonant window. @ieband fre- resonance can be observed, also called the resonant window. The
quencieglinewidths are in units of cm ™. G’-band frequencieflinewidths are in units of cm™.

of Fig. 4. Nine (,m) nanotubes, wher&,,., is resonant spEectniezbeé/vhmh implies that the scattered phot(’n‘nas(,?r
e _ , —Eg=2.08 eV) would be close enough to tkg; transi-
with E;,, were predictedsee Table )l to have aG’ band  ion to result in aG’-band profile with two peaks, which is

with only one peak. We have experimentally observed fouiot observed experimentally, so that we can eliminate the
of these nine tubes and only one peak in®leband spectra (16,8 assignment for this tube.

was indeed found for these(m) tubes. No tubes other than  The |ast category considered in Table I is illustrated in
those listed in Table | were found to be in resonance & Fig. 5 for SWNTs with wgrgy=181 and 168 cm', for

and to have only on&’-band peak. which E IS resonant wittE3,, and theG' band has also

The consistency between the observed and predicteghly one peak(see upper and lower left panels in Fig. 5
G'-band profiles makes it possible to use our model to verifyyhere their f,m) are assigned ad1,9 and(18,1), respec-
the (n,m) assignment given by the RBM properties and tOtjvely. Here, E,,qeis resonant wittE$, and only one peak is
give further evidence for the use of resonance Raman spegypected in thes' band, since for all the observable nano-
troscopy to yield G,m) structural |nformat|on. This is L”ES_ tubes within the diameter range of our sample, Eﬁgtran-
tr";t.eﬂ .by the case fohrzéthe SWN;— W',mbRBMdszS €M~ sition is far fromES,. For these particular SWNTSs, only one
which is resonant witle,. Here theG' band does not ex- 4, e resonance process involving the incident phser

hibit the two-peakstructure(see lower left panel in Fig.)4  rig "1(2)] is observable. Following the predictions summa-
thus indicating that the resonance is only with the '”C'demrized in Table 1, all o, m) tubes for whichE,.., is resonant

photon. The resonance cannot in this case be only with th ith E§3 are listed, and for all of these tubes, & band

i?g:;e{ﬁg rgrzggrr:; Sm(iezggij R?r']vé rfeeztrlérfwf Iiileslo .(??ﬁ)e "V€&hould have only one peak. Among the ten tubes predicted to
REM Y v, be in resonance witlE3, (see Table ), five of these tubes

candidates fowggy=148 cm !, namely,(16,9 and(17,7). : -
Since thea’ barF:nghows only a single Z}Emmsétric I_(orer?tzianwere observed experimentally and all were found to exhibit
only oneG’-band peak.

peak, this nanotube is identified witth7,7), where only the
double resonance involving the incident photdf){.) oc-
curs with theES, transition. The double-resonance process D. Isolated SWNTs vs SWNT bundles

involving the scattered photon is not favorable in this case Finally, to recover theG’-band spectra for SWNT
sinceE e Eg/ is far from theE§3 transition, as observed bundles based on the spectroscopy for isolated tubes, we can
in the JDOS plot for this tube shown in the lower right panelanalyze our currers’-band frequencies for isolated SWNTs

of Fig. 4. On the other hand, the energies of BigandE;, listed in Table I. In this table, we do not list the spectra for
transitions for the(16,8 nanotube are 2.00 and 2.34 eV, re- which we observed resonance only with the scattered photon,
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since in this case the RBM would not be observed and &WNTs. In some spectratao-peakstructure is observed in
complete (,m) assignment for the SWNT would then not be the G’-band feature for isolated SWNTSs, arising in special
possible. Measurements that we made on 16 differejih]  cases where the double-resonance procesginally pro-
isolated SWNTs in the sample that were resonant &fp  posed for graphify involves the incident photon with one
and E§3 show that the uppeflower) component of their electronic transition or the scattered photon with another
G’-band profile has a frequency that is a little higklewver) electronic transition. Each peak in ti& band thus arises
thanael reported for SWNT bundleéwhere;G, isused to from the resonance with different singularities in the joint 1D
denote the G’'-band peak frequency for the SWNT density of electronic state€)DOS, involving a different
bundles.™ We attribute this frequency difference to the fact electron-hole pair for each process. This phenomenon is ex-
that in SWNT bundles, th&’-band profiles include double plained by considering th&’-band dispersiofwhich comes
resonances involving either the incident or the scattered phdrom a double-resonance process in grafhiaéong with the
tons for many different SWNTéand in a few cases double 1D JDOS that defines the special interband transitions be-
resonances involving the incident and scattered photons af@een van Hove singularities in SWNTs. In most cases only
observed as illustrated in this papethus resulting in an  one peak is observed in th®' band, consistent with our
average phonoiG’-band frequency. By usin@jase=2.41  model. The model presented here describes qualitatively the
eV, the G'-band frequencies in SWNT bundles have beerppserved phenomena, taking into account only the most im-
reported L to be 2676 cnt” 2670 cm ' and portant resonant contributions that come from the JDOS. A
2670 cm =" The average between the upper and lowelgetajled analysis should be performed, considering the very
G’-band cor??o_nents for the isolated SWNTSs listed in Table;qmpjicated electronic and phonon dispersion processes that
e b oo B e 5o, 1 POV ) SHNTS. W show thal s ety

! bserved effect for th&' band reveals detailed information

IlneW|,dths for bpth theD band and the upper component of about the electronic structure of the SWNTs. The information
theG’ band for isolated SWNTs appear to be much narrower_ . . .
rovided in Table | can also be useful for verifying,(n)

(see Table)lthan for SWNT bundles, where both tbeband prov : .
andG’ band show linewidths of about 60 ch®%13The assignments that were made for isolated SWNTSs, using reso-
larger linewidths in the bundles are associated with differen'@7C€ Raman scattering as am,r) -characterization
resonant frequencies for different nanotubes within thedN€thod.” The spectra from the isolated tubes can also ex-
bundles and contributions from resonances with the inciderpl@in some properties of the corresporltlzl@g-band spectra
photon for some tubes and with the scattered photon foPreviously reported for SWNT bundiés’

other tubes. The frequencies of tB¢ band seem to exhibit

a dependence on the energy difference betvilggg,and the
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