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Raman scattering spectra of single-wall nanotubes with mean radii 0.55, 0.65, and 1.0 nm show size-
dependent multiple splittings of the optical phonon peak corresponding t&-thenode in graphite.
These splittings constitute the first experimental evidence for the unique feature of nanotubes that
they exhibit discrete and diameter-dependent dispersions arising from their cylindrical symmetry. The
observed dispersion is well explained on the basis of graphite, and shows possibilities of predicting and
controlling the basic property of nanotubes in the zone-folding scheme. [S0031-9007(97)03354-1]

PACS numbers: 61.46.+w

One of the most fundamental aspects of nanometer-scateean radii of these samples prepared with Ni/Fe, Co, and
materials is their size-dependent physical and chemicdla are 0.55, 0.65, and 1.0 nm, respectively. The radius
properties [1]. The carbon nanotube, of single-wall typedistribution is measured under electron microscope and is
[2—-6] particularly, is an ideal substance to study becauseather sharp, and its half-width is less than 0.1 nm for each
its simple structure is defined unambiguously by its diamesample. Details of sample preparation process are given
ter, length, and chirality, and its size-specific properties arén our previous publications [6]. The samples are pre-
analyzed on the basis of graphite. Theoretically [7—11], pared and optimized in a great number of conditions to
nanotube is predicted to be an insulator or a metal dependbtain maximum concentrations of single-wall tubes com-
ing on its diameter and chirality. The reason comes fronpared with other carbonaceous materials. Our carbon soot
the fact that the translational symmetry in a single layeicontains a high concentration of single-wall nanotubes in
of graphite remains along the tube axis but no longer exthe deposit on the ceiling right above the carbon electrodes
ists around its circumference which turns to a cyclic onein the discharge chamber. The concentrations in selected
Thus, the wave vectors of both electrons and phonons resamples are (20—30)% for Fe/Ni, more than 10% for Co,
main to take continuous values along the direction correand 6% for La as estimated by visual inspections of our
sponding to the tube axis in the Brillouin zone, but canelectron microscope images.
take only sets of discrete values around the circumference Figure 1 shows our Raman scattering spectra measured
determined by its cyclic period. This size-dependent zonein a backscattering geometry with 514.5 nm line of Ar-ion
folding effect is the salient feature of nanotube that governtaser. The top spectrum, 1(a), represents Raman scattering
its basic property, but has never been studied experimetfirom nanotubes prepared by graphite electrodes with the
tally on single-wall tubes to date. positive side mixed with Ni and Fe (mean tube radius

This Letter presents a direct experimental evidence 00.55 nm), and 1(b) with Co (0.65 nm), and 1(c) with La
the size-specific discrete dispersion in the phonon systeifi.0 nm). Figure 1(d) is from multiwall tubes of 5 nm
of single-wall nanotubes as determined by our Ramamverage radius deposited on the negative electrode of
scattering measurements. In graphite, Raman scatterimmure graphite, and 1(e) from crystalline graphite (highly
is allowed only for optical phonons of wave vecipre= 0  oriented pyrolytic graphite). Comparing with 1(e), spectra
because of the momentum conservation. In nanotubes, dr{a), 1(b), and 1(c) show multiple splittings of the Raman
the other hand, it is allowed [10] also for finite but discretepeak centered at580 cm™! of E,, (stretching) mode in
values ofg's in the graphite Brillouin zone determined by graphite. Figure 1(a) shows three well resolved peaks
the cyclic symmetry mentioned above. Our experimentaat 1590.9, 1567.5, ant549.2 cm™! indicated by arrows.
results show that such phonons at discogseexhibit size-  Figure 1(b) shows two peaks at 1589.3 d569.8 cm ™!
dependent multiple splittings of the Raman peak. From théollowed by a weak shoulder on the lower energy side
analysis of splittings, the diameter-dependent dispersiomitiated by a kink indicated by-” mark, and 1(c) a peak
relation has been determined for the first time in the phonoat 1586.2 cm™! followed by two shoulders. The spectral
system of nanotube, and explained in terms of the graphitsplittings represented by peaks and kinks are narrower
dispersion. in going from the spectrum 1(a) to 1(b) to 1(c). As

Single-wall monosize nanotubes were synthesized bthe splittings decrease, peaks appear to turn to shoulders
an arc discharge method with the positive graphite elecand then merge to the peak position of graphite, 1(e),
trode mixed with different metals such as Ni/Fe, Co, andshown in the bottom spectrum. These spectral features are
La. Our electron microscopic observation shows that theuite reproducible in both intensity and spectral position
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3000 ‘ : definite structure or shift compared with 1(e) of graphite.
| y Spectra in Fig. 1, therefore, show that our samples of
nanotubes are rather long and defect free.
: ; Raman measurements have been reported previously on
z single-wall nanotubes prepared with Co [14] as well as
L \ on multiwall tubes [15]. Neither of them, however, de-

2500

picted the size-dependent multiple splittings. The for-
mer measurement [14] shows spectral features similar to
L . Fig. 1(b) in Fig. 1 but are recognized only as a doublet
i ¥ ~ obscured by the dominant broad peaks between 1350 and
v 1580 cm™! contributed from other carbonaceous materi-
/ als. Figure 1(d) is quite similar to that of a previously
NRERS * A NERLY measured one on multiwall tubes [15].
j’\ The observed multiple splittings of Raman spectra may
\ be interpreted in terms of the phonon dispersion relation
\\ N8 of a single-layer graphite [10]. Because of the cylindrical
/ t‘\ symmetry, its Brillouin zone consists of a set of equally
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FIG. 1. Raman scattering spectra measured with Ar-ion Iasegraph'te sheet into a closed tube [10,11]. .

at 514.5 nm line in the region from 1300 700 cm™! of Figure 2 shows a plot of observed energy positions of

single-wall nanotubes prepared with/Re (the top spectrum), Multiply split peaks denoted by arrows in Fig. 1 with re-
Co (second), La (third), and of multiwall (fourth), and of highly spect tol/r for each sample. Also indicated are positions

oriented pyrolytic graphite (bottom). The positions of peaksof kinks by “T” marks which may serve as references for
are indicated by arrows and kinks by™marks. the energy position of observed shoulders. Dashed lines in
Fig. 1 are optical phonon dispersions of longitudinal (LO)
as confirmed in our measurements made on a numeroasd transverse (TO) modes in graphite calculated along
number of samples and sample positions. Intensity ratiothe I"-M [13,16]. The abscissd,/r, corresponds to the
between peaks and kinks in each spectrum are reproducibdnonon wave vectag for the curves withh = 1, andg/2
over each species of samples within 15%. The peak&r the curves withh = 2. Observed peak positions coin-
always appear at the spectral positions with the meanide well withn = 1 orn = 2 dispersion curves, showing
deviation of 0.5 cm~!. Only spectral sharpness varies the evidence of size-dependent discrete dispersion substan-
slightly from sample to sample, being more apparent fotiated by our high enough accuracy and reproducibility of
those exhibiting higher Raman intensities of the peaksour measurements and narrow enough size distribution of
In sharper spectra, shoulders tend to form peaks. Theur samples. The peaks (indicated by arrows) for each
positions of peaks and shoulders can be determined mospectrum may be assigned, in order from the highest en-
accurately by some line-profile analysis, but not uniquelyergy, to LO phonons with = 1, TO phonons witlhh = 1,
without further information such as line-shape functions. and TO phonons witlk = 2, respectively. Those peaks
The highly systematic and reproducible spectral featurefitted on thern = 1 curves correspond to optical phonons
foundin 1(a), 1(b), and 1(c) strongly indicate that the split-of the fundamental vibrations with their wavelength equal
ting comes from a physical mechanism inherent to nancto the circumference of the tube, and= 2 the first har-
tubes of different radius and not due to any extrinsic reasomonic vibrations with their wavelength equalt@2 of the
such as contributions from various carbonaceous matergircumference. These peaks with= 1 andn = 2 are as-
als in our samples. Spectral contributions from such masigned to the Raman activg andE, modes, respectively,
terials must be very small because of the extremely lowor general chiral tubes [2] represented by the symmetry
Raman intensity near350 cm™! of our spectra. Exten- groupCy/q. OtherE, modes withn > 2 are Raman in-
sive Raman measurements [12,13] show that any graphitective [10] and may contribute to the tails of the multi-
networks having finit¢<100 nm) size or many defects ex- ply split peak. The peak width of multiwall tubes shown
hibit rather broad and strong Raman peaks n@a0 cm™! in Fig. 1 is explained by the superposition of peaks con-
comparable to that in the vicinity of580 cm™!. The tributed from nested single-wall tubes of varying radii up
spectrum 1(d) of multiwall tubes is broader and shows ndo 5 nm of mean outer radius.

500 by
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FIG. 2. Plot of observed energy positions of multiply split peaks denoted by arrows in Fig. 1 with respg¢etftr nanotubes
prepared with F&Ni (r = 0.55 nm), Co (r = 0.65 nm), and La(r = 1.0 nm). Dashed lines are theoretical LO and TO modes
in graphite along thd'-M [12,15]. The ordinatel/r, corresponds to the phonon wave vectpfor the curves withn = 1
(fundamental vibration), and wave vect@f2 with n = 2 (first harmonic vibration). The positions of kinks are indicated By’ “
marks as references for the position of shoulders.

The good agreement of experimental results with graphM-point modes between 1300 anf800 cm™!, indicating
ite dispersion shows that nanotubes with radii from 0.%hat our samples are chiral provided, Raman intensities of
to 1.0 nm exhibit diameter-dependent discrete dispersiothese allowed modes are not orders of magnitude smaller
which is the unique feature not present in any othethan those of LO and TO ne&r. Our electron diffraction
condensed matter existing. Our measurement constitutesudy also indicates that our samples are chiral [3]. De-
the first spectroscopic proof that the sample consists of tiled theoretical calculations of Raman intensity as well
closed hollow cylinder of a graphite single layer consistingas frequency lead to further chirality analyses.
of sp? bonded carbon networks. The diameter-dependent The experimental results in Fig. 1 show possible reso-
zone-folding effect arising from cylindrical symmetry is nant effects that Raman intensities of optical phonons, par-
prominent and plays the essential role in understandingcularly for LO modes, are an order of magnitude higher
and predicting the basic properties of nanotubes in termthan that of graphite at = 0. This, in fact, is the rea-
of graphite. son of high spectral contributions from nanotubes com-

Raman spectral analysis gives definite and decisive inpared with other carbonaceous materials in our samples.
formation on the size and symmetry of nanotubes. Th®ur preliminary measurement reveals that intensities of
splittings of both Raman peaks and LO-TO modes disLO and TO vary notably with the wavelength of incident
played in Figs. 1 and 2 show that the diameter of nanotubdaser beam down to 800 nm, suggesting strong resonant
can be determined with an accuracy of less than 0.1 nroouplings of the vibrational system with particular zone-
which is comparable to a hexagon distance (0.246 nmiplded electronic states of nanotube. The above intensity
along the circumference. The width of each split peak irdependence is strongly diameter dependent. Our previous
Fig. 1 reflects the diameter distribution of our sample ob-measurements [17] on nanotubes made with Fe/Ni show
served by our electron microscope. Raman peaks arourid0 cm™! corresponding to acoustic

The peak splitting depends also on the chirality of nanphonons. These peaks are also found to be strongly diame-
otubes, but the dependence is very small because LO-T@r dependent, and are shifted to arotiadl cm™! in nano-
splittings do not depend much on the directiomofearl’,  tubes made with Co. Such strong diameter dependencies
being largest alond’-M (armchair case, plotted in Fig. 2) come from the fact that the acoustic phonon branch is much
and smallest alonfj-K (zigzag case, not shown but almost more sensitive to the wave vector/¢adius) than the op-
superposed of’-M) [13,16]. Hence, nanotubes having tical one. These peaks also show strong resonant effects.
any chiral direction with the same diameter exhibit nearly The rich and characteristic spectral features of nanotubes
equal peak splittings. The information on chirality is bestrevealed newly in the present investigation as compared
obtained by examining the vibrational modes nelgpoint  with graphite show that the Raman scattering may be
which is folded ontd” for armchair and zigzag tubes, and the most specific and informative spectral tool to analyze
its vibrational modes become Raman active [10]. Figure hanometer-scale properties in terms of size and symmetry
does not show strong peaks in the spectral range of thdependent vibrational and electronic states.
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