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Anomalous two-peak G'-band Raman effect in one isolated single-wall carbon nanotube
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The resonant second-order G'-band Raman spectra of isolated single-wall carbon nanotubes (SWNTs)
exhibit an interesting resonance phenomenon, whereby the G’ band for some special (n,m) isolated SWNTSs
exhibits a two-peak structure, while for most SWNTs, the G'-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 (n,m) 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 the (n,m) assignment for the specific SWNT that is in resonance

with the laser.
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I. INTRODUCTION

The second-order G'-band frequency (2500<wg:
<2900 cm™ ') and its first-order related disorder-induced
D-band frequency (1250<w;,<1450 cm™') in the Raman
spectra of sp>-bonded carbon materials have been known to
exhibit a strongly dispersive behavior as a function of laser
excitation energy (1.0<E,<4.5 eV).' Both the G’ band
and D band are associated with phonons close to the bound-
ary (K point) of the Brillouin zone. Due to the momentum
conservation constraint, the D band in sp? carbons exhibits
significant Raman intensity only for disordered crystals®
where the loss of translational symmetry allows the observa-
tion of phonons other than zone-center modes, which are not
observed in perfect crystalline systems.® In contrast, the G’
band is a second-order Raman feature that involves two
phonons with wave vectors ¢ and —¢, thus automatically
preserving the momentum conservation constraint. There-
fore, the G' band is an intrinsic property of the two-
dimensional (2D) graphene lattice and is present even in
high-quality graphite crystals, where the D band is com-
pletely absent.! Study of the D band and G’ band remains
under active investigation, since its origin involves funda-
mental principles in the scattering of light by phonons.*!°
The E|,,-dependent behavior of the w, and wgs, phonon
bands has been interpreted as due to a wave-vector-selective
resonant process that relates k for electrons and g for
phonons *~!? The physical origin for this phenomenon in
graphite was recently explained by a double resonance pro-
cess that involves the resonance of the incident/scattered
photons with the interband transition (between valence 7
and conduction 7* bands) and, in addition, with an interme-
diate intraband scattering process mediated by a phonon.®
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In single-wall carbon nanotube (SWNT) bundles, both the
second-order G’ band and its related first-order D band ex-
hibit a dispersive behavior’ '3 for w/, (or wgr) Vs Ejyger »
quite similar to graphite, but with intrinsic features that arise
from the SWNT 1D electronic structure.'"!31* A steplike or
oscillatory behavior appears''!*!* superimposed on the lin-
ear wg: VS Ej, behavior that is characteristic of graphite.
This deviation in the dispersive behavior clearly shows the
importance of considering the 1D electronic structure of
SWNTs, which is uniquely determined for each (n,m)
SWNT.'® The singular 1D density of electronic states also
allows the observation of the resonant Raman spectra from
one isolated SWNT,'” including both the G’-band and
D-band features in the resonant Raman spectra.'® The large
dispersion of these bands provides a unique opportunity to
observe new physical phenomena related to the Raman pro-
cess itself, as will be illustrated in this paper, where the
analysis of the G'-band spectra is carried out on individual
SWNTs with known (n,m) indices.

In this paper we identify and study an interesting two-
peak resonant Raman phenomenon in the G’ band, which is
observable only in isolated SWNTs. In the observation of the
G'-band Raman spectra from isolated individual tubes, most
of the spectra have Lorentzian shapes with one peak. How-
ever, in some special cases, we have observed two peaks. In
this paper we show that the two possible G'-band profiles
depend critically on the (n,m) values of the SWNTs and we
explain this phenomenon in terms of a general double-
resonance Raman effect introduced initially to account for
the large dispersion of the G’ band in graphite,® but adapted
here to the singular joint density of states (JDOS) in
SWNTs.!” The double-resonance process together with the
resonance with the SWNT JDOS (Ref. 19) give rise to the
two different types of G'-band profiles. For certain (n,m)
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SWNT indices, the double-resonance mechanism involves
only a strong resonance with the incident photon, giving only
one G'-band peak. However, there are a few special (n,m)
SWNTs for which the electronic structure allows two differ-
ent double-resonance processes to occur, one in connection
with the incident photon and the other with the scattered
photon. These two different double-resonance events are ob-
served as two different frequencies in the G'-band Raman
spectrum because of the large G’ -band dispersion. Since the
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 SWNTs.

II. EXPERIMENTAL PROCEDURE

Isolated SWNTs were prepared by a chemical vapor depo-
sition method on a Si substrate with a thin SiO, surface
coating.?’ The sample used in this resonant Raman study has
a very low SWNT density (less than 1 SWNT/um?) and a
large diameter distribution, as measured by atomic force mi-
croscopy (0.9=<d,<3.0 nm). By scanning the sample in
steps of 0.5 wm using a controlled microscope stage, iso-
lated SWNTs within the E,. resonant window (2.31
<FEr=2.51 eV) were found. Due to the low density of
SWNTs per laser spot (spot size ~1 um diameter), the
probability of finding one SWNT in the light spot that is in
resonance with Ej,. is less than 1/100. The spectral excita-
tion was provided by an Ar-ion laser, using the 514.5 nm line
(E\per=2.41 €V), with a power level P<10 mW [power
density ~1 MW/cm?] at the sample surface. The scattered
light was analyzed using a Renishaw 1000 B system
equipped with a cooled charge-coupled device detector.

III. THEORETICAL BACKGROUND

The dispersion of the D band and G’ band in graphite was
recently explained by a double-resonance process,® where
the Raman cross-section formula has two resonant factors in
the denominator, which are both resonant at the same time,
thereby giving a significant enhancement to the Raman
D-band and G'-band intensities. The double resonance for
graphite® always involves a resonant process for the interme-
diate state and involves also a second resonance when either
the incident or scattered photon is resonant with an electronic
7 to 7 state transition. For a first-order scattering process
as in the D band, the electrons have initial wave vectors k
measured from the K point in the graphite Brillouin zone,
and also a scattered electronic state with wave vector k
+qg (g is the phonon wave vector), which satisfies the
energy-momentum conservation relation

E(k+q)=E(k)Zhwn(q). (1)

Here * corresponds to a resonance process of the Stokes and
anti-Stokes processes. Energy and momentum conservation
requirements select two possible equi-energies E(k+q)
where the electrons have k+¢ wave vectors (see Fig. 1).
One of these equi-energies E(k+g) exists around the same
K point as the initial state k£ and the second is located around
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FIG. 1. Schematic diagram of the resonance Raman scattering
processes contributing to the G'-band spectra in SWNT’s adapted
from Ref. 8. The boldface lines indicate the double-resonance pro-
cess. In graphite, the double-resonance scattering occurs with two
linearly dispersive bands with Fermi velocities V| and V, that cross
the Fermi level at the K point in the graphite Brillouin zone and
always involves the intermediate state (Ref. 8). For SWNT’s, the
linearly dispersive bands are replaced by confined states E; (i
=1,23,...) in the valence (E}) and conduction (E}) bands. Reso-
nance Raman scattering involving the incident (a) or scattered (b)
photons combined with intermediate states (see boldface lines)
gives similar double-resonance processes as are described in Ref. 8.
The long-dashed line in (a) denotes the double-resonance process
for the D band described in Ref. 8 where the electron is inelastically
scattered from one band to another by a phonon and then is scat-
tered back elastically by an impurity or defect. This process is here
adapted for the SWNT electronic structure. The short-dashed lines
are for the inelastic process that is appropriate for the G’ band.

the inequivalent K’ point in the first Brillouin zone for
graphite.?! In the case of the first-order process, electrons in
the state k+¢ are elastically scattered by an impurity or
defect to a final state with the wave vector k (see Fig. 1). For
the G’ band, which involves two phonons with ¢ and —g¢
wave vectors, electrons in the k+¢ states are now inelasti-
cally scattered to a final state with wave vector k (see Fig. 1).
Of particular importance, the energy and momentum conser-
vation requirements lead to a relation between the k for elec-
trons and the g for phonons. By searching for a double reso-
nance that satisfies the condition in Eq. (1) within the
Brillouin zone of graphite, and by neglecting the trigonal
warping effect for simplicity, we found that g values that
satisfy the double-resonance condition® are preferentially lo-
cated near |qg—qo|~2|k|, where g, is the wave vector be-
tween K and K’ *' in agreement with the very recently pub-
lished paper by Ferrari and Robertson."” It is expected that
this factor of 2 will be modified slightly by the trigonal warp-
ing effect. We furthermore find that there is no simple ana-
Iytic relation between g and k. The details of this calculation,
including implications on the D-band and G'-band proper-
ties, is reported elsewhere.”!

However, in the case of nanotubes, it is necessary to in-
troduce some modifications into this model to account for the
singular 1D electronic structure of SWNTs, for two reasons:
(1) By rolling a graphene sheet into a small-diameter nano-
tube, the 2D structure collapses into a 1D structure due to the
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boundary conditions along the nanotube circumference,
which allow only certain quantized electronic states with se-
lected k vectors to occur, and consequently the linear elec-
tronic dispersion relations E(k) of graphite around the K
point are reduced to a set of subbands; (2) 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 having E|,
resonant with the van Hove singularities of the JDOS, which
occur in the flat regions of the electronic dispersion curves
E(k) for the subbands.'® Experimental evidence for the im-
portance of these subbands in the D-band and G'-band prop-
erties comes from the step or oscillatory behavior observed
in the frequency dispersion of the D and G' bands, wj, and
wgr 5 VS Ejyeer for SWNT bundles.!-1314

The Raman spectra for isolated SWNTs have measurable
intensity only when the incident or scattered photon matches
electronic transitions between subbands, such as the E3; and
E3, transitions for semiconducting SWNTs that are fre-
quently in resonance with E,,=2.41 eV for our sample.”?
To account for the dispersive behavior of the phonon fre-
quency vs E |, observed in the D and G’ bands for isolated
SWNTs (Ref. 18) and for SWNT bundles,”™ ! it is necessary
to consider also the double-resonance process in the context
of SWNTs.® Moreover, since the van Hove singularity point
in each conduction subband is a local energy minimum, the
scattered electron states will in general lie in different energy
subbands. Thus, we expect that the distribution of g vectors
for each subband that is allowed by the double-resonance
process will be in a much smaller range of ¢ for SWNTs than
for the case of graphite. This is one reason why the experi-
mental results show a very small linewidth for the D band
(down to 12 cm™!) for SWNTs, when compared to graphite
(30 cm™ ") (see Sec. IV). Two possible resonance processes
for SWNTs are schematically described in Fig. 1, where we
have adapted the double-resonance process in Ref. 8 to de-
scribe the double-resonance processes for the G’ band sub-
jected to the electronic structure in SWNTs. The processes
illustrated by the horizontal long-dashed line in Fig. 1(a)
give rise to the D-band spectra in SWNTs, and are similar to
the processes occurring in graphite.® In the case of SWNTS,
the process represented in Fig. 1(a) is appropriate in the
present study for the incident photon in resonance with the
E3, transitions and for a resonant intermediate state that in-
volves an electron excited to the conduction subband Ej and
is then scattered by a phonon to the conduction subband E .
This process is indeed a double resonance process that gives
rise to the G'-band dispersion in SWNTs, thus selecting a
different phonon for each E;;. Another possible resonant
scattering process is described in Fig. 1(b), but in this case,
one resonance comes from E 24 through the intermediate state
(k+¢q), and the second resonance comes from the scattered
photon that is resonant with the E3; transition. In the actual
experiments presented here for specific (n,m) values, some
photons follow the process in Fig. 1(a) and other photons
follow the process in Fig. 1(b). Each incident and scattered
photon contributes to its relevant peak in the G'-band pro-
file, since different ¢ vectors are selected for the E3; and E7,
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FIG. 2. Resonant Raman spectra of three different isolated
SWNTs on a Si/SiO, substrate, using Ej,.,=2.41 eV (514.5 nm),
showing the spectral range of the D and G band [Fig. 2(a)], and the
second-order G’ band [Fig. 2(b)]. The frequencies are displayed in
units of cm™'. The peak around 1450 cm ™! in Fig. 2(a) comes from
the Si substrate. We also list the frequency of the radial breathing
mode (wgpy) for each spectrum.

resonance scattering processes, and then AE,,; #AE ,;,, be-
cause of the dispersion of wg vs photon excitation energy.!!

IV. RESULTS AND DISCUSSION
A. G'-band spectra in isolated tubes and (n,m) identification

Figure 2 shows three spectra for different isolated SWNTSs
obtained at different light spots on the sample. The features
highlighted in Fig. 2 are the D band and G band [Fig. 2(a)],
and the second-order G’ band [Fig. 2(b)] where wg:
~2wp. We also list the frequency of the RBM (radial
breathing mode) (wgpy) for each spectrum in Fig. 2. The
(n,m) integers for the three spectra in Fig. 2 are identified by
the RBM frequency analysis for isolated SWNTs (wgrpm
=248/d,,"” where d, is the nanotube diameter in units of
nanometers and y,=2.89 eV based on the Stokes/anti-
Stokes intensity ratio studies on isolated semiconducting and
metallic nanotubes®*?*). The (n,m) assignment is further
verified by the G'-band profile dependence on the van Hove
singularities discussed below. Using this approach, the
(n,m) indices of the isolated SWNTs in Fig. 2 are identified
as: (17,7) for wggy=148 cm™ ! (#1), (15,7) for wgpy
=160 cm™ ! (#2), and (18,1) for  wgpy=168
cm~ ! (#3).All of the SWNTs in Fig. 2 are semiconducting,
and the laser excitation (Ej,,,=2.41 eV) is resonant for ob-
serving wrpy With the E3; electronic transition for the (18,1)
nanotube and with the Ej, electronic transitions for the
(17,7) and (15,7) nanotubes.
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In the present paper, we measured the spectra for 24
physically different isolated semiconducting SWNTs where
both the radial breathing mode and the second-order G’ band
were present. The (n,m) indices identification for each of the
24 SWNTs was carried out using the method given in Ref.
17. The related first-order D-band was either weak or absent
in these spectra, thus indicating very good crystallinity of the
SWNTs. Some of the SWNTSs [see spectra # 1 and # 3 in Fig.
2(b)] show only one symmetric G’ band Lorentzian peak,
though some isolated SWNTSs show two G' band peaks [see
spectrum #2 in Fig. 2(b)]. The G'-band in 3D graphite also
shows two peaks, but the physical origin of these two peaks
is related to the coupling between the A and B graphene
layers that are stacked in the highly ordered ...ABAB ...
structure > The two-peak structure in the G'-band spectra
for an isolated SWNT, 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
related to the double-resonance process originally developed
for graphite,® and by combining this process with a strongly
resonant process connected with the JDOS of SWNTs."” We
show in this paper that the resonant process associated with
the JDOS for SWNTs makes the dominant contribution to
the D- and G'-band Raman intensities.

By studying the D-band features for several isolated
SWNTs, it was shown that both the G’ -band and the D-band
Raman signals'® can be observed through resonance of either
the incident or scattered photons with 1D van Hove singu-
larities in the JDOS of SWNTs, and that the G’ -band disper-
sive behavior is similar to that observed in SWNT bundles
whose dispersion is given by ®g/(E ) = 2420+ 106

Ejper (eV) in units of S

B. Two-peak Raman G'-band spectra

We show in Fig. 3 (left panels) two spectra where the G’
band has two peaks whose differences in frequency between
the two peaks are, respectively, 35 cm ™! and 28 cm ™! for the
(15,7) and (13,11) nanotubes, where the indicated (n,m) val-
ues have been identified by the method previously
reported.'” In the upper right panel the JDOS is shown for
the (15,7) SWNT. The energy of the incident photons
(Ejpser=241 V) and scattered photons (E,— Egr~2.41
—0.33=2.08 eV) are plotted as vertical dashed lines and
the horizontal double arrows indicate the energy ranges
where the resonance with the incident and the scattered pho-
tons can be observed.'” By taking the difference in energy
between the two components of the G’ band (35 and
28 cm™ ') and the slope 106 ¢cm™ !/eV for the dispersion in
SWNT bundles," we obtain 0.30 and 0.26 eV, and these
values are close to the phonon energy E;/~0.33 eV ob-
served with E,.,=2.41 eV. A similar analysis can be car-
ried out for the (13,11) SWNT plotted in the lower right
panel. By analyzing the G'-band profile of the lower left
spectrum of Fig. 3, we see that the intensity ratio between the
upper frequency component to the lower frequency compo-
nent is larger for the (13,11) SWNT than for the (15,7)
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FIG. 3. G'-band profile (left panel) and joint density of elec-
tronic states (right panel) for the (15,7) and (13,11) SWNTs. Each
G'-band profile has two peaks indicating that a double resonance
process is occurring with both the incident and scattered photons, as
depicted in the joint density of states (right panel). The E |, energy
is resonant with E§4 for the (15,7) and (13,11) SWNTs, respectively,
and the scattered photon is resonant with E3;, as schematically
represented in Figs. 1(a) and 1(b). The vertical dashed lines repre-
sent Epe,=241 eV and Ep.— Eg;=~2.08 eV. The horizontal
double arrows stand for the energy range where the resonance can
be observed, also called the resonant window. The G'-band fre-

quencies (linewidths) are in units of cm™!.

SWNT, in accordance with the prediction (shown in the right
panels), that the incident photon for the (13,11) SWNT is
closer to the Ei4 singularity than the scattered photon is to
E§3. For the (15,7) nanotube, the more nearly equal energy
differences (EL—Elaser) and [E§3_(Elaser_EG’)] lead to a
larger value for the Raman intensity ratio of the lower fre-
quency 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 SWNTSs come from two dif-
ferent double resonance processes, one involving the scat-
tered photon [Fig. 1(b)], the other involving the incident pho-
ton [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
SWNTs dispersed on the Si/SiO, substrate and the energy of
the laser line (E,.=2.41 eV), we can theoretically predict
the (n,m) values that will exhibit two peaks in the G'-band
spectra and those SWNTSs that will exhibit only one G'-band
peak, including the E;; transitions that are involved in the
resonance. Among the eight tubes predicted to exhibit two
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TABLE I. Assigned (n,m) indices, diameters d,, the E5,, E3;, and E3, electronic transitions, the RBM, D-band, and G'-band
frequencies for the isolated SWNTs predicted to be resonant with E,,=2.41 eV. The tubes for which the Efm transition is resonant with
Elser=241 eV are divided into two groups, namely, the tubes whose G’ band has two peaks (double resonance involving the incident and
scattered photons) and one peak (double resonance involving only the incident photon). The singularities in boldface and italics indicate a
resonance with the incident and scattered photons, respectively. The numbers between brackets and parentheses, respectively, stand for the
number of times a particular (n,m) SWNT was observed in the experiment and the linewidths for the D-band and G'-band features. The
theoretical values used for the RBM frequency are wgpy=248/d; (ac.c=0.144 nm) and y,=2.89 eV based on Refs. 16, 23, and 24.

(n,m) d, (nm) E3, (eV) ES; (eV) E3, (eV) wgpy (cm™h) D band (cm™ ) G’ band (cm™ ')
Theory Exp.
Nanotubes in resonance with E3, (Two peaks)
(16.,8) 1.68 0.97 2.00 2.34 147.6
(15.7) 1.54 1.05 2.18 2.50 160.5 160[2] 1347(17) 2660(54)  2695(26)
(13,11) 1.65 0.99 1.99 243 150.1 152[2] — 2655(30) 2683(26)
(17,6) 1.64 0.98 2.08 237 151.2
(14.9) 1.59 1.02 2.09 247 155.6
(18.4) 1.61 1.01 2.14 2.39 153.9 154[2] 1347(33) * 2665(35) 2690(29)
(20,0 1.59 1.01 2.20 240 156.2
(19,2) 1.59 1.01 2.19 240 155.6 155[4] 1348(16) 2665(47) 2689(27)
(One peak)
(22.3) 1.88 0.90 1.67 233 132.1
(23.1) 1.87 091 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 2.39 138.2 139[1] 1341(20) 2679 (30)
(204) 1.77 0.96 1.77 247 140.3
(16,9) 1.74 0.96 1.83 241 1424
(13,12) 1.72 0.96 1.89 2.37 1442 144[1] 1342(17) 2680(28)
(17.7) 1.70 0.99 1.86 2.50 146.1 148[3] 1346(15) 2678(28)
(14,10) 1.66 1.00 193 2.49 149.6 150[4] 1343(15)® 2682(26)
Nanotubes in resonance with E§3 (One peak)
(17.,3) 1.48 1.08 2.36 2.55 167.2
(18,1) 147 1.09 2.39 2.56 168.7 168[1] 1344(14) 2679(33)
(14,6) 141 1.14 241 2.71 175.7 175[1] 1346(13) 2683(37)
(11,9) 1.38 1.19 2.38 2.85 180.1 181[1] — 2680(32)
(15.4) 1.38 1.16 2.51 2.74 180.1 180[1] 1347(12) 2685(30)
(13.6) 134 126 234 3.13 185.7
(10,9) 1.31 1.27 2.46 3.04 189.8
(14.4) 1.29 1.31 2.38 331 190.8
(15,2) 1.28 1.30 240 3.46 194.1 193[1] 1346(30) 2682(34)
(16,0) 1.27 1.35 240 352 1952

®The D-band intensity is very weak. Only one of the two (18,4) tubes showed any D-band intensity.
bAmong the four (14,10) tubes that were observed, one of them did not show any D-band intensity.

peaks in the G’ band for E, =241 eV (see Table I), we
have so far observed four of them, and they are also listed in
Table I. For these tubes, the E},, is resonant with the Ei1
electronic transition and E\,,,— E/ is resonant with the E5;3
transition. For some (n,m) values, Raman spectra from more
than one physical nanotube were observed at different spots
on the sample. Also, the Raman spectra from different
SWNTs with the same (7n,m) values showed the same spec-
tral characteristics, namely, the same frequencies and the
same relative intensities for all the Raman features, except
for the D-band intensity. This allowed us to obtain more
accurate values for the frequencies and linewidths for the
G’-band peaks (see Table I).

C. One-peak Raman G'-band spectra

We now consider the situation where the G’ band has
only one peak, as occurs for most of the (n,m) SWNTs that
were measured in the present paper. The first example we
show is for the (19,6) SWNT, which is resonant with EL,
and here the G'-band does not exhibit a two-peak structure
(see upper left panel in Fig. 4), thus indicating that the
double-resonance process involves only one E;; transition,
and this is the one that is in resonance with the incident
photon energy E .. [process shown in Fig. 1(a)]. The double
resonance involving the scattered photon is not favorable
since Ejr— Eg+ is far from the E§3 transition, as observed
in the JDOS plot for this tube shown in the upper right panel
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FIG. 4. G'-band profile (left panel) and joint density of elec-
tronic states (right panel) for the (19,6) and (17,7) SWNTs. Each
G'-band profile has only one peak, indicating that the resonance is
only with the incident photon. The E . energy is resonant with EL
for the (17,7) and (19,6) SWNTs. The vertical dashed lines repre-
sent E,=2.41 eV and E,—E;~2.08 eV. The horizontal
double arrows stand for the energy range where the resonance can
be observed, also called the resonant window. The G'-band fre-

quencies (linewidths) are in units of cm™'.

of Fig. 4. Nine (n,m) nanotubes, where E|,., iS resonant

with Ej,, were predicted (see Table I) to have a G’ band
with only one peak. We have experimentally observed four
of these nine tubes and only one peak in the G'-band spectra
was indeed found for these (n,m) tubes. No tubes other than
those listed in Table I were found to be in resonance with E3,
and to have only one G’-band peak.

The consistency between the observed and predicted
G’ -band profiles makes it possible to use our model to verify
the (n,m) assignment given by the RBM properties and to
give further evidence for the use of resonance Raman spec-
troscopy to yield (n,m) structural information. This is illus-
trated by the case for the SWNT with wgpy=148 cm™!,
which is resonant with E5, . Here the G’ band does not ex-
hibit the mwo-peak structure (see lower left panel in Fig. 4),
thus indicating that the resonance is only with the incident
photon. The resonance cannot in this case be only with the
scattered photon, since the RBM feature is also observed.
From the relation wgrpy=248/d, , there are two likely (n,m)
candidates for wgpy=148 cm™ !, namely, (16,8) and (17.7).
Since the G’ band shows only a single symmetric Lorentzian
peak, this nanotube is identified with (17,7), where only the
double resonance involving the incident photon (E,,) Oc-
curs with the E3, transition. The double-resonance process
involving the scattered photon is not favorable in this case
since E\or— Eg+ is far from the E§3 transition, as observed
in the JDOS plot for this tube shown in the lower right panel
of Fig. 4. On the other hand, the energies of the E§3 and EL
transitions for the (16,8) nanotube are 2.00 and 2.34 €V, re-

G’ band JDOS
Elaser_EG' laser
Ogpy=181 em™
2680
(11.,9) (33)
. ® .I I.‘..
= 2550 2650 2750
2
2 T .
i Ogpy =168 cm™
g 2679
& (30)
(18,1)
'. L |.’ 0 A
2550 2650 2750 18 2 22 24 26 28

Frequency (cm™") Energy (eV)

FIG. 5. G'-band profile (left panel) and joint density of elec-
tronic states (right panel) for the (11,9) and (18,1) SWNTs. Each
G'-band profile has only one peak, indicating that the double reso-
nance involves only the incident photon. The E},, energy is reso-
nant with E3, for both the (11,9) and (18,1) SWNTSs. The vertical
dashed lines represent E,.=2.41 eV and Ej,— E; ~2.08 eV.
The horizontal double arrows stand for the energy range where the
resonance can be observed, also called the resonant window. The

G'-band frequencies (linewidths) are in units of cm™!.

spectively, which implies that the scattered photon (FE|.,
—Eg =208 eV) would be close enough to the E3; transi-
tion to result in a G'-band profile with two peaks, which is
not observed experimentally, so that we can eliminate the
(16,8) assignment for this tube.

The last category considered in Table I is illustrated in
Fig. 5 for SWNTs with wggy=181 and 168 cm™!, for
which E |, is resonant with E§3, and the G’ band has also
only one peak (see upper and lower left panels in Fig. 5)
where their (n,m) are assigned as (11,9) and (18,1), respec-
tively. Here, E|,q, is resonant with E§3 and only one peak is
expected in the G' band, since for all the observable nano-
tubes within the diameter range of our sample, the E3, tran-
sition is far from E§3 . For these particular SWNTSs, only one
double-resonance process involving the incident photon [see
Fig. 1(a)] is observable. Following the predictions summa-
rized in Table I, all (n,m) tubes for which E ., is resonant
with E3; are listed, and for all of these tubes, the G’ band
should have only one peak. Among the ten tubes predicted to
be in resonance with E§3 (see Table 1), five of these tubes
were observed experimentally and all were found to exhibit
only one G'-band peak.

D. Isolated SWNTs vs SWNT bundles

Finally, to recover the G’-band spectra for SWNT
bundles based on the spectroscopy for isolated tubes, we can
analyze our current G'-band frequencies for isolated SWNTs
listed in Table I. In this table, we do not list the spectra for
which we observed resonance only with the scattered photon,
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since in this case the RBM would not be observed and a
complete (n,m) assignment for the SWNT would then not be
possible. Measurements that we made on 16 different (7 ,m)
isolated SWNTSs in the sample that were resonant with E7,
and E§3 show that the upper (lower) component of their
G'-band profile has a frequency that is a little higher (lower)

than w/ reported for SWNT bundles (where w;: is used to
denote the G’'-band peak frequency for the SWNT
bundles).!" We attribute this frequency difference to the fact
that in SWNT bundles, the G’ -band profiles include double
resonances involving either the incident or the scattered pho-
tons for many different SWNTs (and in a few cases double
resonances involving the incident and scattered photons are
observed as illustrated in this paper), thus resulting in an
average phonon G'-band frequency. By using Ej,=2.41
eV, the G'-band frequencies in SWNT bundles have been
reported to be 2676 cm™ ') 2670 cm ',)”* and
2670 cm """ The average between the upper and lower
G'-band components for the isolated SWNTSs listed in Table
I is 2672 cm™ !, in excellent agreement with the results for
SWNT bundles reported in Refs. 9-11. As expected, the
linewidths for both the D band and the upper component of
the G’ band for isolated SWNTs appear to be much narrower
(see Table I) than for SWNT bundles, where both the D band
and G’ band show linewidths of about 60 cm™' '3 The
larger linewidths in the bundles are associated with different
resonant frequencies for different nanotubes within the
bundles and contributions from resonances with the incident
photon for some tubes and with the scattered photon for
other tubes. The frequencies of the G’ band seem to exhibit
a dependence on the energy difference between E\,.. and the
energy of the singularities E;; (i.e., |Ejer— E;i|), which is
reasonable, based on the dispersive origin of the G’ band. A
detailed calculation of the Raman cross section for the reso-
nant process in SWNTs would require taking into account
the detailed energy dispersion of each of the SWNT sub-
bands involved in the resonant transitions, and such a calcu-
lation will be reported elsewhere.

V. CONCLUSIONS

In summary, we report here a study of the characteristics
of the second-order G’ band for isolated, semiconducting
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SWNTs. In some spectra a two-peak structure is observed in
the G'-band feature for isolated SWNTSs, arising in special
cases where the double-resonance process (originally pro-
posed for graphite®) involves the incident photon with one
electronic transition or the scattered photon with another
electronic transition. Each peak in the G’ band thus arises
from the resonance with different singularities in the joint 1D
density of electronic states (JDOS), involving a different
electron-hole pair for each process. This phenomenon is ex-
plained by considering the G'-band dispersion (which comes
from a double-resonance process in graphite®) along with the
1D JDOS that defines the special interband transitions be-
tween van Hove singularities in SWNTs. In most cases only
one peak is observed in the G’ band, consistent with our
model. The model presented here describes qualitatively the
observed phenomena, taking into account only the most im-
portant resonant contributions that come from the JDOS. A
detailed analysis should be performed, considering the very
complicated electronic and phonon dispersion processes that
occur for individual (n,m) SWNTs. We show that this newly
observed effect for the G’ band reveals detailed information
about the electronic structure of the SWNTs. The information
provided in Table I can also be useful for verifying (n,m)
assignments that were made for isolated SWNTSs, using reso-
nance Raman scattering as an (n,m) characterization
method.!” The spectra from the isolated tubes can also ex-
plain some properties of the corresponding G'-band spectra
previously reported for SWNT bundles.”!!
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