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Electronic transitions in single-walled carbon nanotubes: A resonance Raman study
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Resonance excitation profiles of the high-frequency peaks in the Raman spectra of single-walled carbon
nanotubes normalized to the scattering intensity of GaE presented. We find separate resonances of metallic
and semiconducting tubes throughout the visible and the near-IR excitation range. The resonance shift of
samples with different mean diameters confirm the inverse proportionality of the resonant transition energy to
the tube diameter. Smaller diameter tubes are found to have sharper resonances than larger tubesdfue to a 1/
dependence of the Raman cross section.

[. INTRODUCTION ent mean-diameter tubes from the resonance profiles in the
Raman spectra.
Resonance Raman spectroscopy has affirmed itself as a

powerful method for studying electronic transitions in semi-
conductors. Recently it has been applied to the investigation Il. EXPERIMENT
of the vibrational and electronic properties of carbon nano- ,
tubes. The sensitivity of the Raman cross section to the nano- | "€ carbon nanotubes used in the present study were pro-
tube band structure is enhanced by the electronic onéduced by the arc-discharge method. A mixture of metallic
dimensional1D) quantum confinement asvectors can take Ccatalysts(Ni and Y) and graphite provided the growth of
continuous values only in axial directid?. The resonant high-density single-walled nanotub€S\WNT), which are or-
scattering processes originate from the corresponding 1§2nized in ropes with a triangular lattice stru_ctEfrEor the
singularities in the electronic density of states with an energynVestigation of diameter-dependent electronic effects we se-
gap, which is inversely proportional to the diameter and de_ected two samples with different mean values of the tube

: diameter. From transmission electron microsc6pgM) im-
the t .Th t f - )
pends on the tube symmet#y.The diameter dependence o iges the majority of SWNT diametedswas found to be

the scattering intensity was established experimentall . .
through comparative Raman measurements on graphite, m -'1_1'.5 nm anq 1'.2_1.'7 nm In the two samples, foliowing a
' aussian-like distribution with mean valuég=1.3 nm and

tiwalled and single—vyalle_d ngnotubés. : 1.45 nm and a halfwidth of about 0.1 nm.

There are two main vibrational bands in the Raman spec- Recent nanodiffraction measureméthowed that ropes
trum  of a_lt:arbqn nanotube: a low-energy mode aty g\NT prepared under the same conditions as ours consist
150—-200 cm*, which arises from a radial breathinglike Vi- f yynes of uniform diameter but different chiral angles, in
bration with a strong van der Waals intertube contribufién, agreement with the scanning tunneling microsc¢giyM)
and a high-energy mod@¢{EM) at ~1600 cm * with a dis-  results! Since tube chirality within a given tube category
placement pattern derived from the,, bond-stretching (metallic or semiconductingdoes not have a strong influ-
mode of graphite. The relative intensity of the individual ence on the electronic density of states we neglect effects of
HEM peaks changes dramatic&lty’ when varying the ex- chirality in what follows®
citation energy in the range 1.5 eMiw;<2.2 eV compared The Raman spectra were recorded on a DKor 800
to energies outside this range. The main peaks broaden aisgectrometer equipped with a liquid-nitrogen-cooled charge-
strong lines appear on the low-energy side of the HEM bandcoupled device(CCD). An Ar*/Kr*-ion gas laser and a
This behavior was attributed to a resonant enhancement dfitan sapphire laser were used for excitation energies be-
metallic nanotubes in the samples over semiconductingween 1.59 and 2.55 eV and an excitation intensity below
tubes*®1%In an attempt to determine the excitation profile of 500 W/cnf. The measurements were performed at room
this resonance Pimentat all! recently normalized their temperature in backscattering geometry. Each spectrum was
spectra to the intensity of the HEM peak at 1592 ¢ma  recorded after carefully maximizing the scattering intensity
procedure valid only in the absence of an excitation-energyand calibrated by the Raman intensity of the optical mode of
dependence of this peak in semiconducting nanotubes. HovzaF, recorded under the same experimental conditions. We
ever, as we show in this contribution, the 1592-¢npeak is fitted our Raman spectra with three peaks, implying that each
resonant at energies corresponding to transitions in semicopeak actually corresponds to an envelope over a series of
ducting tubes. We determine experimentally these energidimes arising from different nanotubes with slightly differing
by measuring the scattering efficiencies normalized to a reffrequencies. The optical properties of Gaffe constant over
erence material (CalF with a known Raman efficiency. In the examined energy rangé.59-2.55 e}:'® a necessary
addition, we confirm the predicted inverse diameter depeneorrection to determine the resonant excitation profiles is to
dence of the allowed electronic transitions for both semiconaccount for the varying optical penetration depth of the nano-
ducting and metallic tubes. Our measurements provide atube samples(w, ) for the incident(scattered light that
opportunity to determine the tight-binding parametgy  determines the scattering volume. From optical
(nearest-neighbor electronic overlap integfal two differ- measurementswe found 5(w,) to decrease approximately
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FIG. 1. Raman spectra of the high-energy mode of the two Energy (eV)

examined samples at three different excitation energies. Inset: A fit

of the high-energy mode with three peaks. FIG. 2. Resonant excitation profiles of the Raman peaks arising

from metallic and semiconducting tubes fdp=1.3 nm (upper
pane) anddy=1.45 nm(lower panel. The solid(open points rep-
resent the intensity ratio of the peak at 1550 ¢1592 cm 1) to
that of the Cak phonon, and the solid lines are fits to these experi-
mental data using Ed4). For the fit of the 1592-cm' peak inten-
sity we added a constant. The arrows indicate Eheas given by
the best-fity, value.

by a factor of 2 withé(w,)=~ 6(ws) when variing the excita-
tion energy from 1.6 to 2.6 eV. This normalization was per-
formed for the two peaks at 1550 crhand 1592 cm?, the
former being characteristic of metallic tubes, the latter of
semiconducting tubes.

Il RESULTS AND DISCUSSION valence band to a singularity in thiéh conduction band®
The transitions);—c; with i#j occur with a much smaller
Raman spectra of the high-energy modes in both samplgsrobability for symmetry reasort§,and are neglected in the
at three different excitation energies are shown in Fig. 1. Fofollowing treatment. Typical semiconducting SWNT’s have
excitation energies above the metallic resonance the Ramahree pairs of such singularities within1.5 eV of the Fermi
spectra of the two samples look similar as they do below théevell” separated by about 0.5-0.7 eV. Metallic nanotubes
metallic resonancéwo lowest and uppermost traces in Fig. exhibit only one pair of spikes in this energy range with a
1). The strongest peak at these excitation energies is afap of 1.5-2.2 eV accounting for the metallic resonance.
1592 cnmit in both samples, while the one at 1571¢m  These transitions were confirmed by combined scanning tun-
(1.45-nm sampleis shifted slightly to higher frequencies in neling microscopy and spectroscof§TM and ST$*8In
the 1.3-nm samplécurves withzw;=2.18 eV). At an exci- particular, the separation of the first pair of singularities for
tation energy of 1.92 eV we find the metallic resonance; formetallic SWNT’s with diameters 1.2—1.4 nm was found to
the smaller mean-diameter tubes the metallic peak dbe 1.7-2.0 eV.
1550 cmi ! is enhanced more than that for the larger one. For a particular nanotube the transition enerdiesnot
Within the metallic resonance the phonon modes of theoo far from the Fermi level may be expressed Bs
1.3-nm sample are at lower frequencies compared to the2ia,y,/d for semiconductingi(=1,2,4,5. . .) andmetal-
1.4-nm sample. This is best seen for the 1550 trmode, lic (i=3,6,...)tubes’ Here a9=0.142 nm is the nearest-
which is at 1546 cm' and 1551 cm* for the smaller- and neighbor distance of the C atoms ang the nearest-
larger-diameter SWNT samples, respectively. This frequencyeighbor electronic overlap integral. Thg values reported
shift was explained by Kasuyet al. as a result of different range from 2.5 eV as used ab initio calculationd® to 3.14
mean diameters in the zone-folding approximafioe fit- eV as obtained for 3D graphiteSTM experiment? yield
ted the HEM band with three peaks as shown in the inset 0f.7 eV and resonance Raman experimgr295 eV. A typi-
Fig. 1; the normalized integrated intensities of the 1592- andal diameter distribution will result in quasicontinua of elec-
1550-cm * peaks for all excitation energies are summarizedronic transitions for both semiconducting and metallic
in Fig. 2. SWNT’s.
The resonance energi&s of a particular SWNT are de- We calculate the resonance Raman profile by considering
termined by transitiong;—c; from a singularity in theth  the matrix elemenK (% w,) of the Raman process according
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TABLE I. Values of the electronic overlap integrg} and the damping constarntas obtained from fits
to the resonance excitation profiles of two SWNT samples with different mean diardgt&itse correspond-
ing electronic transition energies are listed as well.

do (nm)  Freq. (cm') ¥ (eV) Ay (eV) Ex(eV) Eg(eV) Eul(eV) Type

1.3 1546 2.73 0.03 1.8 Metallic

1.3 1592 3.0 0.033 1.3 2.6 Semiconducting

1.45 1551 2.9 0.033 1.7 Metallic

1.45 1592 3.05 0.037 1.2 2.4 Semiconducting

to Ref. 20: whereiwpp, is a phonon energy, and where we have as-
sumed, as is usually done, that the matrix elements are con-

MiH;;M; stant and the damping factor is the same for both transitions.

K(ho)=— S ————————— () Inorderto keep the problem tractable, we approximate the
72T (o~ oi—iy)(ws Wj |7]) . o . .
square-root singularities by &function and obtain for each
where w; ¢ are the frequencies of the incidefgcatterel  transitionv;—c;
light, w; ; are the frequencies of the resonant electronic tran-
sitions with matrix elementd/; ; ,; is the damping factor of
the ith transition,H;; is the electron-phonon Hamiltonian K.(hw)= _ aE:M .
matrix element, and the summation is over all possible direct ' YV dyo(hw—Eji—ihy)(ho —hopp—Eji—ifiy)’
transitions, which we may convert into an integral over the )
joint density of states. The universal expression for the joint
density of states of nanotubes of Mintmire and Whiteas  \yhere E>E; is a cutoff energy and w,,=0.199 eV and
an explicit inverse proportionality to diameter. For evély .194 eV in the semiconducting and metallic tubes, respec-
=E;; there is a contributiorpi(E)=aOE/dyO\/E2—Eﬁ, the tively.
quantum confinement becoming enhanced for smaller- The Raman intensity of a particular nanotube due to the
diameter tubes. As the phonon energy is large compared tlectronic transitionsE;; is proportional to the absolute
the width of the peaks in the electronic density of states, wgquare of the matrix element, and we average over the
consider incoming and outgoing resonances according to  Gaussian-like distribution of diameters in our sample to ob-
tain the contribution of each transition to the Raman signal.
K(ﬁw|)=MEJ p(fiw)dw (2  The indexi labels again the transitions in semiconducting
h)] (w0—o—iy)(o—opp—o0—iy)’ (i=1,2,4,5...) andmetallic (=3,6, . ..)tubes:

Aexp— 3[(d—do)/a]%}
[(Eii —fw)?+ 122 1[(Eji— hoy+hwpp) 2 +H2y?]

1
litho) =2 @ 4

whereA is a normalization factor. Equatio@) differs from  diameter tube is a direct consequence of th# Bnhance-
that used by Pimentat al!! in the weighting factord 2, ment of the Raman signal by smaller-diameter tupEes.
which comes from the the universal joint density of states(4)]. The semiconducting resonance maxima are outside our
Our expression thus properly accounts for the stronger res@Xcitation rangel;; as determined from the best-fit values of
nant enhancement of tubes with smaller diameter. Yo areEx=1.3 eV andEy,=2.6 eV (dg=1.3 nm) andEy,
Figure 2 displays the experimental results together with= 1.2 €V andE,,=2.4 eV (do=1.45 nm) (open arrows in
the calculated resonance profile where we summed(&q. Fig. 2). The rising edges of the flt.descrlbe our data_well. The
over diameters within= 20 of d, and, for the semiconduct- Proadening parameter determined from our fit fsy
ing tubes, over the indek The diameter enters E4) ex- =30 meV and somewhat larger than that prewously_repo_rted
plicitly and through the diameter dependence of the transil20 meV (Refs. 11 and 2ii. The results are summarized in
tion energiesk;;. We find the metallic resonance with a Table 1.
maximum at~1.9 and 1.8 eV for the 1.3- and 1.45-nm di-
ameter sample, respectively. Thig values from the fit differ
somewhat;y,=2.73 eV andy,=2.9 eV for the two diam- Three main conclusions follow from our normalized reso-
eters. The corresponding transition energies of the meamant Raman spectra of semiconducting and metallic
diameter tube arBs;=6a4y7y,/dy=1.80 eV and 1.70 eV and SWNT's: (1) We identify the resonancel,, and E,, of
indicated as solid arrows in Fig. 2. The apparent shift besemiconducting nanotubes in addition Ey; in metallic
tween the maxima and the transition enekgyof the mean-  tubes, rendering it improper to internally normalize the me-

IV. CONCLUSIONS
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