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Coulomb effects on the fundamental optical transition in semiconducting single-walled carbon
nanotubes: Divergent behavior in the small-diameter limit
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We have experimentally investigated the diameter dependence of Coulomb effects on the optical transition
in semiconducting single-walled carbon nanotubes. The absorption band due to the lowest band-to-band tran-
sition shifts to the higher-energy side compared to the transition energy calculated by a tight-binding model.
The blueshift originating from the Coulomb effect increases with decreasing tube diahaster 3 We have
found that this dependence is attributed to both the increase of the band gap and the enhancement of the exciton
binding energy with a decrease of the diameter.
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Much effort has been devoted to understanding Coulomlieads to a change in distance between electrons as well as a
effects in one-dimensiondllD) systems and to elucidating change in tube curvature. In this paper, we experimentally
the connection between the theoretical model and variougvestigate the role of Coulomb interaction on the optical
quasi-1D real materials. Theoretical study revealed the effegtansition and its dependence on the tube diameter ranging
of electron-electron repulsion in the ground-state propertiejetween 0.98 and 1.52 nm in SWNT’s. We find that the
resulting in a Peierls |nStab|l|ty of 1D eleCtron—phonon C0u|0mb effects p|ays a Crucia' r0|e for a SWNT W|th a
systems.” The long-range Coulomb interaction leading to gmall diameter showing a divergent behavior.
the formation of excitons plays an important role in optical  gwNT's we,re prepared by both the laser vaporization
transitions of low-dimensional systems. In a theoretical caliathod and the electric arc discharge meth#tiThe metal
culation of 1D systems, one has to postulate a cutoff 1engtl,qy 76 carbon rod was settled in a quartz tube which was
in the 1D Coulomb potential because of its singular naturefilled at 500 Torr Ar gas and heated at 1000 °C. The second
The theoretical calculations have shown that the binding en: )

ergy and the oscillator strength of the lowest excitons dragh@rmonic of the Nd:YAG(yttrium aluminum garngtlaser

tically increase as the cross-sectional size of a quasi-1D sy?—ljlse was focused on the carbon rod. The Igs_er-vaporlz’ed
tem is reduced-" carbon and catalyst finally became soot containing SWNT's

The fundamental electronic structure of single-walled car2nd nanoparticles of the catalysts. SWNT's were produced
bon nanotube¢SWNT's) is regarded as a quasi-1D system by electric arc discharge betwegn the catalysed carbon anode
because of the high aspect raflength/diameterof a fun- and the pure carbop cathpde in an atmosphere of 500—Torr
damental structure. The 1D band structure and the van Hovde gas. SWNT's with various diameters were obtained by
singularity (VHS) have been predicted by using a tight- changing a He gas pressure. NiY, NiCo, RhPd, and RhPt
binding model, and scanning tunneling Were used as catalysts to produce SWNT's with different
microscopy/spectroscopy, resonant Raman scattering diameters. The soot obtained using NiY and NiCo was puri-
measurement$;*? and transport measuremefithave re- fied by reflux in HO,. Thin-film samples for optical mea-
vealed the characteristic properties of the quasi-1D systensurements were prepared by spraying SWNT's/ethanol sus-
Electron correlation effects have been theoretically studiegension on a quartz substrate.
from different points of view, because they are expected to The mean diameter of SWNT'slf,) was determined by
become important for small nanotubes. Short-range electroreither Raman-scattering measurement or transmission elec-
electron interactions and screened long-range Coulomb efron microscopéTEM). The sample with a mean diameter of
fects were investigated for armchair nanotubes’ Ando  1.28 nm was directly determined by TEM. The diameter dis-
theoretically pointed out the importance of Coulomb effectstribution was well reproduced by a Gauss functtdand the
on optical transitions of SWNT¥ In our previous work, we mean diameter and standard deviation are 1.28 and 0.07 nm,
reported that the fundamental absorption band in semicorrespectively as listed in Table I. The mean diameters of the
ducting SWNT's is located at the higher-energy side comfour samples were determined from Raman scattering mea-
pared to the band-to-band transition energy calculated by surements using the relationship between the radial breathing
tight-binding model because of the Coulomb effekt. mode (RBM) frequency vrgy and the diameterd (d

As we can prepare SWNT’s with various diameters, the=248/ggy).12 To avoid a small deviation from the above
SWNT is a suitable system to elucidate a dependence oklationship due to a resonant Raman effect, we used an in-
long-range Coulomb interactions on a cross-sectional size afident light with the photon energy of 2.54 eV, because the
a real quasi-1D system. A variation of the tube diametersesonant effect was suppressed for the incident light with a
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TABLE I. The mean diameterd(,) and standard deviatioro{ observed at-0.8 eV (A), 1.4 eV (B), and 1.9 eV(C), and
of the tube diameter distribution. T_h(_a values were determined froMpere is no significant difference between the spectra mea-
Raman scatteringg), TEM (b), and fitting of absorption specte).  gyred at these temperatures. The inset of Fig) $hows the
hwggw 1S the Raman frequency of the radial breathing mode. joint density of stategJDOS for semiconducting(solid
curve and metallic(broken curvé SWNT’s with a tube di-

Catalyst dav (N o (m frogem (o) ameter of 1.22 nm. The JDOS was calculated by the simple
RhPd 0.98 0.04 0.11 252 zone folding model of the graphite b&idaking the nearest-
NiCo 1.22+0.04 0.07 204 neighbor carbon-carbon overlapping integsgl to be 2.9
RhPt 1.280.07 0.0P _ eV812.21n this band calculation, the Coulomb interaction is
NiCo 1.38+0.04 0.07 180 not taken into accourff Sharp peaks appearat0.7 and 1.3

NiY 1.52+0.04 0.14 163 eV for the semiconducting tube and-atl.9 and 2.0 eV for

the metallic tube. Comparing the JDOS peaks with the ob-
served spectra, the A and B bands are attributed to the optical
transitions from the valence band to the conduction bands in
emiconducting SWNT’s, and band C is attributed to metal-
SWNT’s 19

To discuss the spectral feature in more detail, we consider
1Ihe diameter distribution because in the thin-film sample
there exist various SWNT's with different chiral vectors
énl,nz). We calculate the averaged JDOS$E), taking into
account a diameter distribution as

higher photon energ’ For a photon energy of 2.40 eV the
correction for diameter is estimated to be about 6% in the
diameter range studied here. For the photon energy used I
this study(2.54 eV}, the correction is less than 6%.

The bundle effect of nanotubes also give a small shift o
the RBM frequency! When the numbeN of tubes in a
bundle is 10, the correction for diameter is estimated to b
~5% for 0.98 nm and~8% for 1.52 nm using the result
reported by Kuzmangt al?* The correction due to this ef-
fect is comparable to that of the resonance effect. Since a D(E)= >, N(d(n,.n))P(n,.np)(E), (1)
value ofN is not known for the samples used in this studly, (n1.np)

We_do not take_into account the bundle effec_t for a det?rmiWhereN(d) is a diameter distribution function, ardj, , ,
nation of the diameter. Although there remain uncertainties _ 12
due to resonance and bundle effects in the determination &ndp(nl'nZ)(E) are a diameter and a JDOS for a SWNT with
the diameter from the RBM frequency, the diameter can bé chiral vector Q1,n;), respectively. The broken curve in
determined within an accuracy of about 10%. Fig. 1(a) is the calculated result of Eq1) for y,=2.9 eV.

The solid curves in Fig. () show the absorption spectra We used the distribution function as a Gauss function with a
of the SWNT film with a mean diameter of 1.22 nm mea- mean diameter of 1.22 nm and a standard deviation of 0.07
sured at 4.2 and 300 K. Three broad absorption bands afm. In the calculated JDOS, there are many small peaks
corresponding to the VHS of an individual SWNT, but such
small peaks are not seen in the observed spectra. In order to

@ l B 4ok C 1 obtain a better fit of the observed spectra to the averaged
| 4 : i JDOS, we introduce a broadening function of the JDOS. The
g / absorption spectrum is given by
517 | .
o [ A oty a(E)=f deG(e)D(E—e), 2
o [ £ 0
< 5
d=1.22nm § whereG(e) is a spectral broadening function. Here we as-
L § bacedovs o sumeG(e) to be a Gauss function which describes an inho-
B erolgh mogeneous broadening of the optical transition. Shown in
E % Fig. 1(b) are the calculated spectra for different values of a
S r=50meV| full width at half-maximumI” of the Gauss function. With
s W increasingl’ the calculated JDOS becomes broad and fea-
3L I=20me tureless, and the calculation fér=50 meV can be com-
a pared to the observed spectrum. Here we note that the spec-
, . r=0meV tral position of the calculated JDOS agrees well with the
0.5 1. 1.5 2.0 observed absorption band B, but bandiddicated by solid
Photon Energy (eV) arrow) is located at the higher-energy side by).1 eV com-

FIG. 1. (a) Absorption spectra of SWNT's with a mean tube pared .to'the cglculated enerdhy broken arrow. Such a
diameter of 1.22 nm measured at 4.2 and 300 K. The broken curvBlueshift is ascribed to the Coulomb effect on the fundamen-

is the averaged JDOS which is calculated by @4, The overlap-  tal optical transition:®*?

ping integral is 2.9 eV. Inset: JDOS of a SWNT with the chiral Now let us investigate the diameter dependence of Cou-
vectors of (15, 1) (solid curve and (12, 6 (broken curvé (b) lomb effects, measuring the absorption spectra of SWNT’s
Calculated absorption spectra taking into account a diameter distrwith various mean diameters. The solid curves in Fig. 2 show
bution with different values of spectral broadenifig the absorption spectra of SWNT films with different diam-
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FIG. 2. Absorption spectra of SWNT’s with different mean tube functions of the mean tube diameter. The calculated peak energies

diametersd,, (solid curves and calculated absorption spectra tak- '€ Shown by open circles, open squares, and open triangles. The
ing into account of diameter distribution of SWNT#roken diameter dependence of energy separations between van Hove sin-

curve. The spectral broadening is 50 meV. Solid and broken 9ularities is shown by small dots. Inset: the difference energy be-
arrows show peak positions of fundamental absorption bands in théveen the observed and calculated peak energies of the A band. The
observed and calculated spectra, respectively. Squares and triangfé&shed line indicates th,-* dependence.
are the peak energies of the B and C bands.

Let us discuss in detail the diameter dependence of the
oulomb interaction observed for the A band. The transition
hergy of the A band is written by

eters in the range of 0.98—-1.52 nm. The peak energies of t
A, B, and C bands depend on the mean diameters, and shj
to the lower-energy side with increasing diameter from 0.98
to 1.52 nm. The broken curves in Fig. 2 display the calcu-
lated absorption spectra using Eg) with '=50 meV. The EQPS= ES¥+ SES™'- AEG, (3)
values of the mean diameters and the standard deviation used
are listed in Table I. Comparing the calculated and observed calc ) ,
spectra, the B- and C-band pealsolid squares and open vv_he.reEA is the_ band-gap energy calculate_d usmg_the tight-
squares, and solid triangles and open triangtegee well blngmlg approximation without Coulomb interaction, and
with the calculation, while the A-band pedindicated by 9EG  (>0) andAEg (>0) are the component of the band
solid arrow is located at the higher-energy side compared tdap increase due to the Coulomb interaction and the exciton
the calculation for all the samples. A small shift observed inbinding energy, respectively. The strength of the Coulomb
the B band ford,,=1.52 nm is within the error in the diam- interaction is given by the energy differenckE=ER™
eter determination. —ESA= SES'- AE. The observed variation &fE with

In Fig. 3 we plot the observed peak energig8sfor the  tube diameter is shown by open circles in the inset of Fig. 3.
A, B, and C bands as a function of diameter by closed circled he observed dependence indicates that the Coulomb inter-
(A), closed square), and closed triangle€C). The peak action becomes stronger for smdjland the least-squares fit
energy decreases with increasing diameter. Small dots in Figields the dependence dg\,l'3. As shown by the theoretical
3 display the calculated transition ener§§ for each chiral  study*® both the energy of the continuum stgteand gap
SWNT in the diameter range of 0.85-1.55 nm, and the enand the binding energy increase with increasing Coulomb
ergy is approximately proportional tb 1. The peak energies energy. As a result, the lowest exciton energy is shifted to the
E¢ calculated using Eq91) and (2) are shown by open higher-energy side compared to the transition energy without
circles in Fig. 3.E%®C is also proportional tal,', and is  Coulomb interaction. Assuming a correspondence between
slightly higher thanE® (small dot3 because the JDOS of the Coulomb energy and the diameter, the observed diameter
each chiral SWNT shows a tail at the higher-energy side oflependence of the Coulomb effect can be attributed both the
the VHS, as shown in the inset of Fig. 1. The blueshift due tdncrease of the band gap’ES™) and the enhancement of
this effect was pointed out by Margulis and Gaifuky our  the binding energy AEg) with a decrease of the diameter.
result, however, the A-band peak energy is higher tBgp.  Considering the real situation of a SWNT, however, we point
which is calculated taking into account the JDOS, and the Bout that the shape is not stringlike but cylinderlike. In the
and C peak energies are in good agreement with the calcsmaller diameter tube below 1.0 nm, theo orbital is hy-
lation. Therefore, the blueshift frofia.,. observed for the A  bridized with the s orbital, and thus the curvature effect
band indicates a Coulomb effect in the fundamental opticastrongly modifies the electronic structfeA full theoretical
transition. calculation of optical transitions taking into account both the
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Coulomb and the curvature effects in SWNT’s, is necessarglependence of the overall Coulomb effectdis'®. In addi-
to explain the observed diameter dependence of fundamentébn, such a Coulomb effect plays a key role in only the
transition energies. lowest optical transition, and disappears in the higher optical

In conclusion, we have investigated the role of Coulombtransitions associated with the second and third conduction
interaction in optical transitions of SWNT's with different gnd valence bands.

mean diameters in the range 0.98—1.52 nm. A comparison of

the experiment and the tight-binding calculation has shown

the blueshift of the lowest band-to-band transition depending The authors would like to thank to Dr. H. Ajiki for useful
on the diameter. It is found that the Coulomb interaction incomments and discussion. This work was supported by a
SWNT’s causes both an increase of the band gap and darant-in-Aid for Scientific Researct€) from the Japan So-
enhancement of the exciton binding energy, and the diamet@iety for the Promotion of Science.
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