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Finite-size effect on the Raman spectra of carbon nanotubes
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Using nonresonant bond polarization theory, we have calculated the Raman intensity of a single-wall carbon
nanotube of finite length. The calculations show that the Raman peaks in the intermediate frequency range
(500—-1200 cm?) have no intensity for infinite nanotubes, but do have some intensity for finite nanotubes.
These intermediate frequency modes, which are sensitive to the nanotube length, correspond to vibrations
along the nanotube axis. We also found an edge state of the breathing phonon mode at an open end of the
carbon nanotube, which is Raman actil®0163-1829)08603-9

I. INTRODUCTION and we hereafter call these tubes “achiral nanotubes.” The
irreducible representations of the Raman-active modes cor-
Carbon nanotubes of finite length have become an imporrespond tdA;4,E;4,Eoq} Or {Ag,E;,E;} vibrational modes
tant subject for nanotube physics, especially in connectioffior achiral or chiral nanotubes, respectively. The correspond-
with the single-wall carbon nanotube field-effect transistor,ing basis functions of the representatiois,, E;4, and
TUBEFET! In a previous paper, we have calculated RamarE,g} are x*+y?, {xzyz}, and{x*~y?xy}, for which the
intensities for an infinite length single-wall carbon nanotubeamplitudes of the vibrations have zero, two, and four nodes
as a function of chirality and diameter within the nonreso-in the xy plane, respectively. Since there are two carbon
nant, bond polarization mod@l.Specifically, we have atoms in the 2D unit cell of the hexagonal lattice, the

reported Raman intensities in the low-frequendyelow  9raphene phonon modes consist of either in-phase or out-of-
500cmY) and the high-frequency regiongbetween phase vibrations for which the two atoms vibrate in the same
or in opposite directions, respectively. The in-phase and out-
of-phase Raman modes correspond to the low- and high-
try is a mode that is special for the nanotube geometry, angequency regions, res_p_ectlvely. Furth_er, because of the an-

Isotropy of the graphitic plane, the in-plane mode has a

the frequency of this mode has been used to assigmy higher frequency than the out-of-plane modes. Thus the

|nd|ces_; to the na_no_tube, since the f_requency of the radi raphene phonon modes are divided into in-phase or out-of-
breathing mode is inversely proportional to the nanotub hase modes, and into in-plane or out-of-plane modes

diameter Higher-frequency Raman-active modes of a car- Correspondingly, for the intermediate frequency modes

bon nanotube originate from tH&,, Raman mode of graph- o carbon nanotubes, which are obtained from zone folding
ite, which as a result of zone-folding splits infgy, Eqq, of the 2D graphite phonon dispersion relations, nanotubes
and E,q modes in the symmetry of the nanotube. Kasuyahave “in-phase-and-in-plane” and “out-of-phase-and-out-
et al3 and Pimentaet al*® have reported a diameter depen- of-plane” modes. In this paper we show that thg; mode
dence of the high-frequency modes that arises from the zonghose polarization is parallel to tteaxis is relevant to the
folding of the phonon dispersion relations of 2D graphite inweak Raman intensity observed in the intermediate fre-
the circumferential direction of the nanotube. As for thequency region. This breathing mode in thdirection should
modes with intermediate frequencies, no Raman peaks wetg silent for an infinite nanotube, since there is no end to be
found in the previous calculatidgnalthough the experiments polarized in this case. A Raman-actizalirection breathing
reported weak peaks at intermediate frequencies betweanode should, however, be possible for finite nanotubes of
500 to 1200 cm.® In this paper we consider the reason why finite length, and this result is confirmed in this paper.
previous calculations did not obtain any Raman intensity for The synthesis of single-wall carbon nanotub®¥/CN'’s)
this intermediate frequency region. is now successful with high yield using either the laser abla-
The group theory for carbon nanotubes predicts that thergon method''° or the arc discharge methBdvith transition
are 15 or 16 zone-center Raman-active modes for all armmetal catalysts, in which a bundle of SWCN's forms a trian-
chair (n,n), zigzag €,0), and chiral A,m) (n#m) gular lattice of nanotubes, known asape®° Although the
nanotube<:® Armchair and zigzag nanotubes have mirror nanotubes are aligned in the rope sample, the nanotubes in
symmetry along the nanotube axis taken in thdirection, the rope are not always straight nor infinitely long. Thus the

1550—-1650 cmt). Among the low-frequency modes, the
strong Raman-active radial breathing mode vty symme-
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nanotube bending and the presence of nanotube ends should
affect the polarization caused by the laser light in the Raman
experiment. In order to understand this effect, we have in the
present paper calculated the Raman intensity for a nanotube
of finite length. We find that the intermediate frequency
Raman modes are ascribed to the nanotube end polarized
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In Sec. Il we briefly explain the method for calculating
the Raman intensity, and in Sec. Ill the calculated Raman
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nanotubes with different lengths. Finally a summary of the
findings is given in Sec. IV.

IIl. METHOD
E, 66
The phonon modes for a nanotube of finite length are
obtained by tight-binding molecular dynami¢¥BMD), fggegga 1;‘97

which we have previously used for a periodic sysfefor “o 400 800 1200 1600
simplicity we use the same atomic force constant parameters Raman Shift [cm ]
that ar;? Gulged to calculate the phonon modes in the per,'Od'C FIG. 1. Calculated Raman intensities for ar2@0,10 nanotube
systent.™ The_ number of Carb_or_1 atoms in the calculatlor!for (@ VV and (b) VH configuration of polarizations.
becomes large in the case of a finite nanotube compared with
that in the periodic case. By solving the dynamic matrix
once, we get all the phonon modes. Because of the lower ll. CALCULATED RESULTS FOR THE
symmetry of the finite system relative to the periodic system, RAMAN INTENSITY
many Raman-active modes are possible from group theoret-
ical considerations. Using the same bond polarization param- In Fig. 1, we show the calculated Raman intensities for
eters that we used in the previous papee simply calculate the (10,10 armchair nanotubes of Z0length. Figures (&)
the Raman intensity for all phonon modes for the case of @nd Xb) correspond to th¥V andVH configurations for the
nanotube of finite length. polarized light, respectively. The Raman intensity is normal-
In the present calculation, we consider only the case of &ed to unity for the maximum intensity for each configura-
(10,10 armchair nanotube. According to the previous calcu-tion. The ratio of the maximum intensity of théV polariza-
lation, there is no chiral angle dependence of the Ramation to that of thevVH polarization is about the same order of
intensity, but the frequencies depend only on the tubemagnitude ¢-0.6) for (10,10 armchair nanotubes of differ-
diamete Nanotubes of up to 2D are considered in the ent lengths.
calculation, wherd is the translation vector for th@0,10 Because of the symmetry lowering of the nanotube due to
nanotub€’:® Using the same notation as for tti0,10 chiral  finite-size effects, many Raman-active modes appear in both
vector, the translation vector is expressed by—<1). The polarization configurations, as shown in Fig. 1. In particular,
actual length of 20 corresponds to 49.2 A. Although most we can see som&;, modes in the intermediate frequency
of the single-wall carbon nanotubes observed in the rope areegion between 500 to 1000 crhand at 1217 cm!, which
much longer than this length, we can see the effect of thavere silent(had essentially zero intensjtyn the case of
finite size of the nanotube on the Raman intensity even foinfinite nanotube$.Although the intensity of these interme-
such a small length. For a Zdength and the corresponding diate Raman modes are relatively weak compared with the
800 atoms for 10,10 nanotube, the Raman intensity of lower- and higher-frequency modes, the appearance of the
2400 phonon modes are directly calculated in this work. Agpeaks comes from the finite-size effect, which we will show
for the edges, we simply cut the nanotube in the computer sbelow.
that open ends without any terminations are used in the cal- When we examine the normal mode displacements asso-
culation. ciated with theA;; modes, these modes consist @) r
The Raman-active modes in the carbon nanotubes are cdireathing modes whose vibrations are in the radial direction,
culated at a phonon temperature of 300 K, which appears iand (2) z breathing modes whose vibrations are along the
the formula for the Bose distribution function for phonons. nanotube axis. The breathing modes appear in the lower-
We consider two configuration®V andV H) for the polar-  frequency region, since we see the breathing mode in the
ized light, in which the incident and scattered polarizationsnfinite nanotube. The breathing modes appear mainly in
are parallel and perpendicular to each other for\héand the intermediate-frequency region. Tkebreathing modes
VH configurations, respectively. As for the orientation of theshould be silent for the infinite nanotube, because of the
nanotube axis, we consider a random distribution of nanoabsence of polarization of the molecule alongzfeis for a
tube axes, for which the Raman intensities of the nanotubesanotube without any ends. Among the; modes shown in
along various directions are averaged out. Fig. 1, the modes at 153, 157, 166, 167, 183, and 211cm
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FIG. 3. Displacements far breathing modes for a 20(10,10

FIG. 2. Displacements far breathing modes for a 20(10,10 hanotube.

nanotube. The graphs shows the amplitude of the vibration as a

function of the position of carbon atoms along the nanotube axis.
mixture ofn=1 andn=3 standing waves in which the two

standing waves superimpose in the opposite and same phase,

correspond to the breathing modes, and those at 68, 499,respectively, so that the amplitude of this vibration is per-
636, 766, 887, and 994 cm correspond to the breathing  turbed. Since the-breathing mode for an infinite nanotube
modes. The reason why we get several Raman-active modéss a large intensity at 165 crh the 167 cm* modes also
is the symmetry-lowering effect associated with the finiteshow a large intensity. It is because of this coupling that the
tube length. In fact, we can see standing waves associatgubsitive and negative amplitudes do not cancel each other’s
with the vibrations for the open ends in which the amplitudepolarizations. Furthermore, we can see the coupling between
of vibration gives a local maximum at the ends. the r-breathing and:-breathing modes in the 153 crhand

In Figs. 2 and 3 we show theandz breathing modes for 224 cni ! modes. In fact, the mode displacement vectors for
several standing waves, respectively. In the figures we alsthe 153 cm* mode are tilted from the horizontal direction at
show plots of the amplitude of the vibration as a function ofthe ends as is shown in Fig(a2. The mixedA,, modes can
the z coordinate of the atoms. In the Raman-activiereath-  be seen both ivV andVH configurations of Fig. 1.
ing modes, the atoms at both ends of the nanotube move in Next we explain the Raman-active breathing modes.
the same phasé+r and +r), while in the z breathing The lowest-frequency breathing mode appears at 68 cm
modes, the atoms at both ends move out of piiaseand  for a 49-A length nanotube and the intensity is calculated to
—2z). This is a symmetry requirement for the vibration, in be even larger than for the 167 ctnmode. Since the fre-
which all Raman-active vibrations should have displace-quency depends on the length, this mode becomes an acous-
ments corresponding to the second-rank tengé#-/2,z2). tic mode with 0 cmt in the limit of an infinite length nano-
Thus the wavelength for the standing waves becom&#r?0 tube. If we can prepare short nanotubes with the same
and 20rx2/(2n—1) for ther and z breathing modes, re- common lengths, we should be able to easily observed this
spectively, wheren=1,2,3 . ... Thecorresponding values mode. It is important to observe the standing wave using
of n for ther breathing modes at 153, 157, 166, 167, 183,nanotubes with larger since the frequencies are expected to
and 211 cm! aren=1, 2, 3, 3, 4, and 5, respectively. The occur in the intermediate frequency region. Although the ex-
values ofn for the z breathing modes at 68, 499, 636, 766, pected intensity is weak, there should be no other Raman-
887, and 994 cm! aren=1, 4, 5, 6, 7, and 8, respectively. active mode near this frequency, and for this reason, it
Whenn becomes large, the positive and negative polarizashould be relatively easy to find the standing wave in the
tions due to the standing wave cancel each other, and thispectra.
the Raman intensity becomes small. We think that the experimental peaks observed in the in-

It is noted here that the modes at 166 and 167 care a  termediate frequency range are associated with this standing
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cap states will appear in the same region.
In Fig. 5 we plot the intermediate Raman frequencies for
FIG. 4. Displacements for the phonon edge state mode foffa 20(10 10 nanotubes for different lengths of nanotube 5, 10,
(10,10 nanotube. and 20. The number of nodes for the same frequency
region is different for different lengthis. When we connect
a similar vibrational wavelength in the standing waves for
wave mode. When the nanotubes exist in the form of ropedfifferent lengths of nanotubes, we get similar frequencies.
the vibration is not so complicated because the coupling befhe calculated frequencies increase or decrease with increas-
tween nanotubes is very weak. Since the internanotube inteiag L for a very small length, which reflects the discrete
action should be on the order of 10 to 100 ¢mthis inter-  values of the wave vector along the nanotube axis and the
action would be expected to perturb the lower RamarPhonon dispersion relations of infinite nanotubes in the
frequency modes. When we look at the vibration shown inintermediate-frequency region. Since the change of the fre-
Fig. 3, we see that only a small part of the vibration contrib-quency as a function df is small compared with the diam-
utes to the net polarization. Thus if we have a free end of £ter dependence of thebreathing modes, we therefore ex-
nanotube, we should be able to observe the lacdbration ~ pect that the frequency change will be small for larger
which has a Raman intensity in the intermediate-frequencyengths of carbon nanotubes. The observed low intensity
range. Raman peaks in the intermediate frequency range is deter-
When we look at the other Raman-active modes, we findnined by the finite wavelength of the local structure in a
interesting edge modes at 1217 ¢hvas shown in Fig. 4. long nanotube. This might be one reason why we observe
This mode is an edge state of théreathing mode in which low-intensity peaks experimentally.
a vibrational amplitude appears only at the two ends. This When we compare the Raman spectra for th& 2ano-
frequency does not depend on the length of the nanotube. fiibe with those of 10 or 5T nanotubes, there is almost no
the electronic structure calculation of finite graphene sheetslependence of the relative intensity of the intermediate-
it is known that there is an edge state fetonding, which ~ frequency modes with respect to the low-frequenty,
appears near the zigzag edges of graphite at the Ferrmodes. On the other hand, the absolute intensity for these
level1* This phonon mode corresponds to the phonon edggiodes is proportional to the nanotube length. This is because
states that appear even at the armchair edges. If the nanotubeth low and intermediate frequencies correspond to long
has an open end, the intermediate frequency Raman peaksWw#velength comparable to the length of nanotube and that
the edge states should be observable experimentally. Athe Raman intensities of both low and intermediate frequen-
though we did not try to calculate the phonon modes for thegies are proportional to the number of atoms within the bond
closed cap, we think that the corresponding edge Ramapolarization theory. We expect that tizebreathing Raman
modes appear in a different frequency region. One possibl@tensity will appear for the infinite nanotube if the nanotube
frequency is the Raman frequency for the fullerenes, and this bent since there should be no cancellation of the polariza-
Raman-active modes for fullerenes have been calculated féion for the vibration along nanotube axis. This may contrib-
the well-known G, and G, molecules. The characteristic ute to the enhancement of the Raman intensity for the inter-
Raman modes depend much on the shape and size of tieediate modes.
fullerene. Thus it may be difficult to observe Raman modes
associated with edge states for nanotube caps unless the
shape of the cap is the same for the same chirality. It is
known in graphite, however, that graphite defects give rise to In summary, our calculations predict the observation of
a broad Raman peak around 1350 ¢mit is likely that the =~ Raman-active modes in finite-length carbon nanotubes in the

IV. SUMMARY
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