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Collective excitations in a single-layer carbon nanotube
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The inters-band response function of a single-layer carbon nanotube is calculated within the random-phase
approximation. Such a cylindrical system exhibits rich intelband excitations. The decoupledplasmons of
different angular momentd._’s) strongly depend on the transferred mome(gfa). Furthermore, they exhibit
a dimensionality crossover as the nanotube radius is increased. Fog&valdL's, the 7w plasmon frequency
is ~6—8 eV, which is insensitive to the nanotube geometry such as the radius and chiral angle. Comparison
with recent experiments is discuss¢80163-182006)02823-9

A system purely made up of carbons, namely, carborare many decoupled plasmons, each with a spdcifMore-
nanotubes, was recently discovered by lijinA carbon  over, the plasmon frequencies strongly dependyofirefs.
nanotube consists either of a single tubule or of several cot2—17 and the applied magnetic fldz***"The 7 plasmon
axial tubules with a radius 10-150 A. Furthermore, carborfrequency’ is predicted to be-8 or 22—-25 eV, and the
atoms are arranged on each cylindrical tubule in a helicahlasmort® to exhibit a dimensionality crossover when the
fashion. Such a cylindrical nanotube represents an interestingimber of sheets is increased. It should be noted that the
class of qua§i—0ne—dimensior(aJD) sys_tem, and rlas stirred axistence of ther plasmon above 20 eYRef. 17 has been
many studies on the electronic strucfi®e and  guestioned. The real band structér&however, is not taken

. . 7-17 . . .
excitations.™" The band property is predicted to be eitherniq account in these theoretical studies. Electronic excita-
metallic or semiconducting, which depends on the radius anff

: °6 77 ; o ons directly reflect characteristics of band structuesd,
ph|ral anglgz. Sdtud|e§ di of erl]ectr;)nlc excitations are very therefore, should be included in the study.
important in understanding the electron interactions in car- "\~ & "y o tight-binding mode® to calculate ther
bon nanotubes as well as the characteristics of their bangand and the RPA to evaluate the dielectric function
structure. Electronic excitations due to optical processe !
have been studied theoretically for a 3D nanotube bundle bEE(qZL’W)]‘ The band-structur_e .effeCtS are strong_, an_d ap-
evaluating the transverse dielectric functiom this work ~ Preciably affect the characteristics @(q'l‘_'ﬂ)' which is
the intere-band excitations of a single-layer carbon nano-Very different from that of an electron g&:*"In fact, our
tube are further investigated by evaluating the longitudinaftudy shows that the plasmon, which is the most prominent
dielectric function within the random-phase approximationP€ak in EELS, mainly reflects the characteristics of the
(RPA).® We mainly study them-band plasmons with fre- band. Also found is that ther plasmon frequencies for dif-
quencies larger than 5 eV, and their dependence on momefgrentL’s steadily increase ag increases. Ther plasmon
tum (q), angular momentuml(), and nanotube geometry. frequency is~6-8 eV at small’s andL’s, which is insen-

The 7+ and o bands in a Carbon-basapz System are sitive to the nanotube geomet@.g., the radii and the chiral
formed, respectively, by [, and (,2p,,2p,) orbitals. angles. This finding_ could essentially explain the5—7-eV
There have been some experim&mts on the electron- Plasmon observed in EELS™M
energy-loss spectrurfEELS) of a multilayer carbon nano- As has been discusséla single-layer carbon nanotube is
tube. These measurements show that thg@lasmon fre- @ rolled-up graphite sheet, the structure of which is thus fully
quency is ~5-7 eV® 1! the w+o plasmon frequency specified by a 2D lattice vectét,=ma; +nay, wherea; and
~22-27 e\B 1% and the surface plasmon frequeneyl5 & are primitive lattice vectors of a graphite sheet. The pa-
eV.1% The plasmon frequencies of carbon nanotubes are clog@meters in,n), therefore, uniquely define a single-layer car-
to those[~7 and 25 eV(Ref. 19] of graphite. On the theo- bon nanotube. The chiral angle and the radius ofran{
retical side, the elementary excitations in a cylindrical nanohanotube are, respectivelg=tan [ —\/3n/(2m+n)] and
tube are studied within the 1D electron-gas model, either by =|R,|/27=[b\/3(m?+mn+n?)/27]. Hereb=1.42 A is
neglecting® 6 or including’ (within the Hartree-Fock ap- the C-C bond length. Ther band is calculated with the
proximatior) the electron interactions. These studies, respecaearest-neighbor tight-binding Hamiltonian like the one em-
tively, focus on the conductidf™* and valenc®!’ elec-  ployed for a graphite she&t but here with the properly pe-
trons of therr band, and ther electrons-® Due to cylindrical  riodical boundary condition along the transverse direction.
symmetry,q in the axial direction andl about the nanotube The energy dispersions of then(n) nanotube, obtained by
axis are conserved in the electron interactions. Hence themiagonalizing the Hamiltonian, aré'

0163-1829/96/5@3)/154934)/$10.00 53 15493 © 1996 The American Physical Society



15494 BRIEF REPORTS 53

3b(k,cosh+ k,sing) €'(q,L,w+il’)
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=€yt 2
x cog y/3b(k,Sind— k,cos)/2] 0 2

+ 4col V/3b(k,sind—k,coss) | | '* XJ dky 2w,c(J,ky;q,L)
co 2 ' 1stBZ(27T)2 (ch(Jyky;qiL))z_(W+iF)2
| (1a) XV(q,L)KI+L,ky+a;cle Vel ?'| 3.k, ;o)
and the wave functions are (23

1 Ha(ky Ky)
c,v — - 2
WKy, ky) \/E[Ul(kx,ky)+|H12(kX’ky)|Uz(kx,ky) . wheré

(1b)

. . . i iLo' . 2
The superscript (v) represents the conductiowalence |<J"''-vky"‘q’C|e'qyeI ¢ |J*ky’v>|
band. The nearest-neighbor Hamiltonian matrix element is

Hi,=—vo3>_ ,e i, where the resonance integral 1 ) ) s
¥=3.033 eV? The axial wave vectok, is confined within =a{l+la™(L/r)7)/36}
the first Brillouin zone. The transverse wave vector is Hy(J+L,ky+aq)HIA(I,Ky) 2

k,=J/r, whereJ=1,2,...N,/2; N, is the atom number in a (2b)
primitive unit cell (details in Ref. 2L J is the angular mo-
mentum of electrons, and serves as the subband index. The
occupied valence bands are symméttitto the unoccupied W,c(J.Ky:0,L)=E°(J+L,k,+q)—E°(J,ky) is the inter-
conduction bands about the Fermi le#l=0, as obtained band excitation energy,=2.4 is the background dielectric
from Eq. (1a). Calling all bands belowE; valence bands constant®V(q,L)=4me’l (qr)K-(qr) is the Coulomb in-
needs some clarification in the metallic case, e.g., in armteraction of an electron ga8,andT is a phenomenological
chair nanotubegf=+30°. Metallic nanotubes, upon intro- level broadening parametéy. (K, ) is the first(second kind
ducing a magnetic field through the tube, develop a gap aif modified Bessel function of the ordér. The electron
Er .6 It is thus convenient to treat them as “gapless” semi-interaction is given by the second term in the integrand of
conductors, since the result can then be easily modified t&g. (2a). It includes two partsV(q,L), which describes the
include a magnetic field. With this terminology, the inter- Coulomb interaction for an electron gas, and the inter-
band excitations from the valence to the conduction bandband matrix element, which is given by EQb). The latter
would be the only excitation channel &t 0—even for the is similar in form to that of a graphite sheétThe band-
metallic nanotubes. structure effects due to the latter are found to be very impor-
Excitations of the system have a well-defined momentuntant. They modify the Coulomb interactithand, conse-
(q) and angular momentumL] transfer, and so does the quently, produce noticeable effects on the physical properties
dielectric function. To within the RPAS the dielectric func-  of carbon nanotubes, e.g., EELS and screening propétties.
tion, which includes all inters-band excitations, is evaluated While calculating EELS, the corrected form of the dielectric
atT=0: function, suggested by Mermff,will be used:

CH3+ Lk HII k)|

€(q,L,W)=eo+ {(1+iT/W)[ €' (q,L,w+iT)— eo]}/{1+ (iT/W)[ €' (q,L,w+iT)— eo]/[€' (L0 —l}. (3

Such a correction does not lead to significant changes in theainly from the 1D band effect, which has a divergent joint
final result. density of state$JDOS. The integration ofik, in Eq. (23
We take the single-layg23,0) nanotube(a zigzag nano- could be expanded a®D(J,w,.;q,L)dw,., where D
tube with #=0° andr=9 A) as a model system to study the =[[aw,c(J.k, ;q,L)]/akyl’l is the JDOS at differenty’s
basic features of intef~band excitations. The dielectric and L's. The JDOS is divergent at certain frequencies
functions corresponding to the=0 and 1 excitations are (wy's), e.g., awg’s corresponding to statég= —q/2 for the
shown, respectively, in Figs.(d and Xb) at I'=0 and L=0 excitations of the rn,0) nanotube. Furthermore, their
q=0.2 A", The real parie;(q,L,w) is shown by the solid divergent forms(not shown are similar to those of the
curve, and the imaginary paw,(qg,L,w) by the dashed DOS®*’ The dielectric functions thus exhibit rich divergent
curve. They exhibit similar features, namely, many divergenstructures there.
structures below 10 eV, and a featureless spectrum above The band dispersions have other important consequences
that. The inters-band matrix element of Eq2b) is very  as to the form ofe; and ,. The conduction subbands are
small for the high-frequency excitations, so th&tv) be-  found to concave upwards at the band edge=0) for
comes featureless there. The divergent structures arig€®<y,, and downwards foE®> y, [see Fig. 1b) in Ref. 7];
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FIG. 1. The dielectric function of the(23,0 nanotube.
€(q,L,w) (solid curve and €,(q,L,w) (dashed curveare calcu-
lated atl'=0, q=0.2 A", and(a) L=0 and(b) L=1. The unit of
q is A™L, here and henceforth.
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FIG. 2. The EELS of the23,0 nanotube are calculated at
['=0.5 eV, (@ q=0.2 A* and differentL’s, and (b) L=1 and
differentq’s.
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found in other nanotubes. Figure 3 exemplifies the EELS

the valence subbands are symmetric to them aBget0. It
is for these basic features that, in geneegalbecomes nega-
tive and divergent only atv>21y,, which involves excita-

from nanotubes of a wide range of chiral angles and radii.
Some of these nanotubes are metallic and some are semicon-
ducting, but they exhibit nearly the same plasmon frequen-

tions related to those concave-downward conduction sukeies atq=0.2 A™! andL=1. The insensitivity of the plas-

bands abovey,. Since plasmons are found whesg=0 and
€, is small, negative and divergent structuresejrat above
27y, cause plasmons at, and only at>2vy,. These plas-
mons are found to cause a pronounced peak in EEZ&0s
in € at smallw’s are associated with large. They merely
modify thee-h excitations.

The EELS, defined as [m1/e(q,L,w)], is calculated at
I'=0.5 eV for a closer study of the plasmon. The results
for five differentL’s atq=0.2 A" are shown in Fig. @). A
pronounced peak, identified as theplasmon, exists in each
of the spectra. Ther plasmon frequencyw,) clearly in-
creases at grows, maybe with the exception of the=0
and 1 modes which are close to each other. Tfependent
plasmon excitations also depend gnTheL =1 spectra at
different g’s are shown in Fig. @). Again, w, increases
with g, similar to the case shown in Fig(&. This result
confirms the early finding thatq andL play similar roles in
a smaller nanotub®.All L-dependent plasmons also exhibit
such a strongy dependencé In short, a carbon nanotube
has a set oL-dependent plasmon modes, and each exhibits a
strongq dependence.

We have also studied the dependence ofithasmon on
the nanotube geometry, such as its radius and chiral angle.
The 7 plasmon frequency is lower at smalkgs andL’s. As
shown in Fig. 2w, is ~6-8 eV atg<0.3 A™%, andL <2 for

Im[-1/e(q,L,w)]
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mon structure to the nanotube geometry is mainly due to the
characteristics of ther-band structure. Essentially, the con-
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FIG. 3. The EELS of four carbon nanotubd3,0, (40,10,
(70,39, and(78,78. They are calculated at=0.2 Al L=1, and
the (23,0 nanotub&® The ~6-8-eV plasmons are also I'=0.5 eV.
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frequency for the zigzag and armchair nanotubejat0.2

85 1 (m,0) (a) A~! as functions of the radius. Cleanly,’s of differentL’s
] q=0.2; I'=0.5 eV merge together at larger. Roughly speaking, the
1 ocooo L=0 r-dependence becomes insignificantratL/q; the dimen-
R PRGOSO ot sionality crossover also depends on the momentum transfer.
> i - xxxxx L=3 Our results provide a reasonable explanation for the mea-
= s seses =4 sured EELS. The EEL8Refs. 8—1] from a multilayer car-
3“ R bon nanotube shows that theplasmon frequency is-5-7
17 . eV. If the intertube interactions are neglected due to the large
1= . separation between the tubes, the total EELS is only the su-
3Egzéééééééééééuuuuu perposition of the spectra from several independent nano-
6.5 tubes. Then the measured plasmon structure agrees with our
S VS A U VA predicted 6—8-eV plasmon modes which exist for all carbon
nanotubes at smalj and L. Intertube coupling could en-
8.5 ] (m,m) (b) hance the plasmon frequency somewfidiyt is unlikely to
1° q=0.2; I'=0.5 eV alter the conclusion reached above. It should be noticed that
] ocooo L=0 the predicted plasmon frequency is a function of the reso-
] cocoo L=l nance integralhere y,=3.033 eV is usex" since plasmons
— B cocce =2 0
> 1° xxoxxx 1=8 lie at w>21y, as explained earlier. Some estimatiopsit
‘:7.5 ] seree L=4 vo~2.4-2.7 eV. Smalleryy's could then bring down the
3 Jox* plasmon frequency to the measured value-8t-7 eV?® The
1 ", value ofy, can be independently determined from band mea-
TS e, surement, e.g., using photoemission. The effects concerning
bol8nesestitisstsssssssssnd the intertube coupling, the resonance integyg) and the
8.5 Jrerrrrrrrrrrrrrreprrrerrrr——TT magnetic field, will be discussed elsewhere.
5 25 45 , 85 85 In conclusion, for carbon nanotubes we have calculated

r (A)
FIG. 4. The relation between radii’'s) and 7 plasmon frequen-
cies(my’s) of differentL’s, calculated ag=0.2 A landl'=0.5eVv
for (a) zigzag nanotubes, ar) armchair nanotubes.

the longitudinal dielectric function, which is thie depen-
dent. The predicted 6—8-e¥ plasmons and their behavior,
e.g., the crossover to 2D plasmons at large radius, could be
experimentally checked with EELS or other optical spectra.

. _The existence of a prominent 6—8-eV plasmon structure is
duction bands are concave-downward only for those Withyg regyt of the unique-band structure, and is supported by

E*(k,=0)>yo. Such a structure is a consequence of#he ho__5_7_ev plasmons observed in EEBSL The predicted
band of a graphite sheet, and is only marginally modified du%trongL andq dependence have vet to be identified experi-
to the nanotube geometfy. mentally. The coupling effects in a multilayer nanotube, and

For a small nanotube as the one shown in Fi@).9las- 5 petter determination of,, are needed for a closer study of
mon modes of differenL’s are easily discernible in the 4 problem.

EELS. However, thd. dependence in EELS becomes in-

creasingly insignificant as the radius becomes larger; i.e., it This work was supported in part by the National Science
crosses over from being a 1D nanotube to a 2D graphit€ouncil of Taiwan, Republic of China under Grant Nos.
sheet. Figures(4) and 4b), respectively, show the plasmon NSC 85-2112-M-009-020 and NSC 85-2112-M-007-027.
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