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The m-electron excitations are studied for a multiwall carbon nanotube, a single-wall carbon nanotube
bundle with finite nanotubes, and graphite layers. The loss spectra of the nanotube systems exhibit several
plasmon peaks. The most prominent one isdtidasmon, and the others are the interband plasmons. The latter
are absent in graphite layers. Theplasmon depends on the number of carbon nanotubes or graphite layers
(N), the transferred momentuiia), and the transferred angular momentdio). The intertube or interlayer
Coulomb interactions clearly enhangeplasmon frequency and oscillator strengtti\aisicreases. A multiwall
carbon nanotube can exhiliitdecoupleds plasmons. For th& =0= plasmon, the multiwall nanotube be-
haves like graphite layers, but not like a single-wall carbon nanotube bundle. The radius dependence is
negligible for a multiwall nanotube, while it is strong for a single-wall nanotube bundle. Furthermore, the
former exhibits stronger collective excitations, higheplasmon frequency, and relatively rapid increase of
plasmon frequency witlky. The calculated results are compared with experimental measurements.

[. INTRODUCTION cently measured-dependent loss spectra for multiwall car-
bon nanotubes witiN~12, single-wall nanotube bundles
lijima reported observation of multiwall carbon nanotubeswith N~10-100, and graphite layers. Theifplasmon fre-
(MWNT’s) in 1991 The number of nanotubes in a multi- quencies depend linearly on momentum at laggéThe q
wall carbon nanotube can vary frofi=2 to ~1001~°The  dependence of the-plasmon frequency is stronger for mul-
smallest inner radius is~5 A and the largest outer radius is tiwall carbon nanotubes or graphite layers than for single-
r~300A. Single-wall carbon nanotub¢SWNT’s), with a  wall nanotube bundles. Moreover, the former have higher
small radiusr~3.5-20A, have also been produdefl. m-plasmon frequencies except at very sntplOn the theo-
When they are closely packed together, a carbon nanotubetical side, ther plasmons in a single-wall carbon nanotube
bundle is formed. There are about 10—600 single-wall nanoer an infinite single-wall carbon nanotube bundle have been
tubes in a carbon nanotube bundté? Multiwall carbon  studied within the random-phase approximatitRPA).!’
nanotubes and carbon nanotube bundles are closely related@we to the cylindrical symmetry, a single-wall carbon nano-
graphite layers. These graphite-related systems might exhikitibe can exhibitL-decoupled = plasmons with strong
similar physical properties. For exampleelectronic collec-  g-dependent dispersion relatiolfsThe L-decoupled plas-
tive excitations (7 plasmons exist in carbon mon modes are expected to be present also in a multiwall
nanotubed®*2 and graphité3*° In this work, we study carbon nanotube. For an infinite single-wall carbon nanotube
primarily the 7-electronic excitations in a multiwall carbon bundle!® the 7 plasmon is strongly affected by the magni-
nanotube, a single-wall carbon nanotube bundle with finitaude and direction of the transferred momentum.
nanotubes, and graphite layers. The dependence ofrthe  The graphite-related systems are modeled as superlattice
plasmons on the number of carbon nanotubes or graphitgystems. Graphite has highly anisotropic conductivity. That
layers, the transferred momentum) ( the transferred angu- parallel to the graphite planes is several orders of magnitude
lar momentum (), and the nanotube geometnadiusr and  higher than that along theaxis (o,/0.~3x 10%).2° Hence
chiral angleé) is investigated. The graphite-related systemsthe m-electron states are mainly localized on the graphite
are compared with one another. Comparison with experiplanes. The covalent bonds in a graphite layer are much
mental measuremenrt¥®is discussed. stronger than the van der Waals interactions between graph-
Electron-energy-loss spectroscof@ELS) can be utilized ite layers. When the weak interlayer interactions are taken
to observes plasmons in graphite-related systems. Therento account, they modify ther-band structure near the
have been some measurements on multiwall carbofermi level. A graphite layer is a zero-gap semiconductor,
nanotube$:>! Kuzuo et al? reported that multiwall carbon and graphite is a semimetal with a small number of free
nanotubes witiN~21-44 exhibit a pronounced-plasmon  carriers (~10'%/cn). Nanotube systems are similar, e.g.,
peak in the loss spectrum at,~5.1-5.4 or~6.2-6.4 eV. multiwall carbon nanotubes:** The weak interactions be-
That is to say, there are two kinds afplasmon mode in tween graphite layers mainly affect the low-frequefiey.1
multiwall carbon nanotubes. Kuzuo, Terauchi and Tafaka eV),? but not the high-frequencyr plasmon(>5 eV). The
also measured the loss spectra of a single-wall carbon nanérmer is caused by ther-electron states near th€ point
tube bundle withN~600. A 5.8 eV plasmon is found to (the corner of the hexagonal Brillouin zonand the latter is
exist in the finite-size nanotube bundle. Friedletral'® re-  associated with those near thé point (the middle point
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betweerK andK’). A model in which the layered graphite is =p./3(m?+mn+n?) /27 and chiral angled=tan Y —v3n/
regarded as a two-dimension(@D) superlattice should be a (2m+n)]. b=1.42A is the C-C bond length. The-band
reasonable first approximation for the study of the high-structures of a graphite layer and a single-wall carbon nano-
frequency m-electron excitations. Graphite layers are inde-tube have been given for easy reference in the Appendix.
pendent of each other, while there are Coulomb interaction¥he energy dispersions and the wave functigggs. (Al)—
for electrons in different layers. This model had been suc{A5)] are used directly to calculate the dielectric response of
cessfully used to investigate high-frequeneglectron exci-  graphite-related systems.
tations in graphite, e.g., optical properfi&€’ and elemen- We first consider a multiwall carbon nanotube with
tary excitation&® at high frequencies. It could provide a shells. Ther electrons are localized on individual nanotubes.
reasonable explanation for the measured optical spéctraAs a result of the cylindrical symmetj;3*the transferred
and loss spectr&:** A single-wall carbon nanotube is only a momentum and angular momentum are conserved in the
graphite sheet rolled up in cylindrical form. The superlatticeelectron-electron interactions. Electronic excitations have a
model is thus expected to be suitable for thelasmons in  well-defined @,L,»), and so does the dielectric response.
multiwall carbon nanotubes and single-wall carbon nanotubén N-shell multiwall nanotube is assumed to be perturbed by
bundles. a probing electron via the time-dependent potential
The tight-binding modéP*° is used to calculate ther  v®{(q,L,w). This external field induces charge fluctuations
band and the RPA to evaluate the loss spectra of then all coaxial nanotubes. The screening charges build up the
graphite-related systems. The intertube or interlayer Couinduced potentialv™(q,L, ). Within the RPA! the in-
lomb interactions have a strong effect on th@lasmon fre-  duced potential is proportional to the effective potential, the
quency and the oscillator strength of collective excitationsproportionality coefficient having the response function. The
The study shows that the plasmons in graphite layers be- effective potentiab®"(q,L,) is the sum of the external po-
have like those in a multiwall carbon nanotube, but not liketential and the induced potential from screening charges on
those in a single-wall carbon nanotube bundle. The calcuall nanotubesy™(qL,w) on theith shell is given by the
lated results can explain the plasmons observed by EELS, |inear relatiod?—3°
the ~5.1-5.4 or the~6.2—6.4 eV plasmon in a multiwall :
carbon nanotub®,the 5.8 eV plasmon in a single-wall eovf"(g,L,0)=vf(q,L,0) +vi"(q,L,0)
carbon nanotube bundté,and theg-dependentr-plasmon

— . X
frequencies in graphite-related systeths. =vi(a.L,o)
This paper is organized as follows. In Sec. Il, the dielec- N
tric response including the intertube or interlayer Coulomb +E Vij(q,L)vfﬁ(q,L,w)Xj(q,L,w)-
interactions is calculated within the RPA. The loss spectra i=1
are studied for a multiwall carbon nanotube, a single-wall (1)

carbon nanotube bundle, and graphite layers in Sec. Ill. Con- . . . :
cluding remarks are given in Sec. IV. €o is the background dielectric constant contributed from

high-energy excitationgother than those excitations within
the 7 bands. Vij(q,L)=47-re2IL(qr<)KL(qr>) is the bare
Coulomb interaction of two electrons on théh and jth
nanotubes, with radif; andr;, respectively.l (K.) is a

A cylindrical carbon nanotube can be built from a graph-modified Bessel function of the firésecond kind of orderL.
ite sheef! Its geometric structure is fully specified by a lat- r-(r~) represents the smalleflargey of r; and r.
tice vectorR,=ma;+na,, wherea; anda, are primitive vfﬁ(q,L,w)Xj(q,L,w) is the screening charge density on the
lattice vectors of the graphite sheet, anéndn are integers. jth nanotube. The response function of fltle nanotube at
An (m,) carbon nanotube has radius=|R|/2mr T=0 is®

Il. DIELECTRIC RESPONSE OF GRAPHITE-RELATED
SYSTEMS

-4 ES(I+ Lk, + ) — E°(J k)
X(aLe)= 5o 2 fde[E°(J+L,ky+q)—E”(J,ky)]z—(a)+iF)2

X I+L,ky+0q,cle? D]k, vy,

(29)
|
where etry (rj,0;). The response function describes the
o ) m-electronic excitations. Electrons are excited from the oc-
[(3+L,ky+aqy,cle-" e[ ,k,,v)| cupied 7 subbands to the unoccupiesf subbands at =0,
n + * 2 ie., they exhibit inters-band excitations. The excitation en-
1 1— HiAJ+L Ky q)HiZ(‘]’ky) . (2b)  ergy is denoted bys,.=E°—E". The product of the bare
417 [Hy(I+ Lk, +a)HTH k)| Coulomb interaction and the response functigpy; in Eq.

T is the energy width due to various deexcitation mecha{l), determines the features of the plasmon, e.g., ity
nisms.J andk, in Eq. (2a) change with the nanotube geom- dependence.
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The external potentiabi™(q,L,w) is required for the able for determining ther-plasmon frequency, since there
study of them-electronic excitations. From the recent mea-are strong interr-bande-h excitations or Landan damping.
surements of plasmori8the momentum resolution of EELS Moreover, we cannot get the loss spectrum frem
is Aq~0.06 A1, The wave-packet width¥1/Aq) of the  might not be useful in studying the plasmons in graphite-
probing electron is much larger than the intertube distancegelated systems.

The density distribution of the probing electron can be A finite-size bundle is made up of parallel, identical,
roughly estimated to be uniform inside the system. Such asingle-wall carbon nanotubes. For convenience, carbon
approximation might somewhat overestimate thplasmon  nanotubes are assumed to be located in accordance with a
frequency(~ 0.1y, at largeN).22 However, it does not affect triangular lattic8 with the smallest intertube distanag

the main features of the plasmons. From the known exter- =3.4A. The number of nanotubes in a closely packed nano-
nal potential, we can obtain the effective potentifli(q,L,w)  tube bundle iN=1,7,19,37,61, etc. Here we focus only on

in Eq. (1) by solving anNXN matrix. According to the the case that the external electric field is parallel to the nano-
Fermi golden rule, the probability per unit tinfe that the tube axis. The transferred momentum is only along the nano-

probing electron transferg|(L,w) to the nanotube system is tube axis for longitudinal dielectric response. The 0 ex-
citations in each nanotube predominate in the excitation

spectrum, as indicated by results from an infinite nanotube

N bundle[Eq. (5)].1° Other cases are very complicated, since
P:Z =Im(x;)|of"? the electronic excitations of differeifs in separate carbon
=t nanotubes are coupled with one another.
N -1 As for a multiwall carbon nanotube, the linear response
E<E viex> Im(—) (3) approximation is used to get the relation between the effec-
=1 tive potential and the external potential:

—Im(x;) describes all interr-band excitation channels. The
external Coulomb potential is screened by thelectrons in off x

the system. The effective Coulomb potential experienced byoVi (9,L=0,0)=v;(q,L=0,0)

the 7 electrons isvf". (SN ,v®) is the average external N

potential. Equation(3) defines a dimensionless quantity + 2 Vij(q,L=0)vfﬁ(q,L=0,w)
Im(—1/e), which can be interpreted as the intensity of loss =1

spectrum. It will be used to identify the plasmon from the
most prominent peak in the loss function. The dielectric
function of an N-nanotube system can be defined as
Ejeijvje“=viex, i.e., €= €00~ Vijx; - det(g;)=0is not suit-  where the bare intertube Coulomb interaction is given by

Xxj(q,L=00), (48

Vij(q,L=0)=2e2f02ﬂd¢J:Wd¢'Ko{q\/2r2[1—cos(¢>— )]+ 02 —2rd; (cos—cosg')}. (4b)

d;; is the distance between two nanotube centers. The logirection-dependent excitations because of the hexagonal
spectrum Im¢1/€) is calculated from Eqg3) and (4). For ~ symmetry. A study of graphﬁémdmates thatltheb depen-
an infinite nanotube bundle, the loss spectrum can be directi§ence of thew plasmons is weak ag<1A~'. #=0° is

obtained from the dielectric functiof: used in this study.
When the interlayee-einteractions among graphite lay-

ers are taken into account, the effective potential onithe

87262 layer is given by
e(q.w)=eo——qz—NaX(q,L=0,w). 5
whereN, is the nanotube number per area. N

The m-electron response of graphite layers is calculated. (g, $=0°,0)=v"(q,$#=0°,0)+ >, Vij(q)u;.Eff
A single graphite layer is a zero-gap semicondué?df.The =1

7 band is anisotropic in the plane. The excitation spectra —Qno — Qo

depend on the magnitudg) and direction(¢) of the trans- *(0,¢=0%0)x(0,¢=0"). (6)
ferred momentumy is the angle between the transferred

momentum and the vectdr-K, where theK point corre- Vij(q)=(Zwezlq)exp(—qli—j|lc) is the interlayer Coulomb
sponds to the corner of the first Brillonin zorisee the interaction, wheré. is the interlayer distance. The response
Appendi®.®! 0°<$=<30° is sufficient to characterize the function of a single graphite layer is
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—4 E°(kj,+a,k}) — E*(k} k) -,
—N° — ’ ’ >< /+ ’ igx ’ ’ 2
x(3.6=0%w) <2#>?JJdkxdky[EC(k;+q,k§)—Ev<k;,k;>]2—<w+ir>2 Kot auky cle ko by )
(7a)

where are associated with inter-band excitations except the
- above-mentioned excitations at-2vy,. They are called in-
(ks +a,ky ,cle' [k kg )? terband plasmon®. These plasmons do not exist in graphite
, e 2 owing to the absence of 1D subbands. The number of inter-
_} _ HlZ(kx‘Lq’ky)le(kx’ky) ‘ (7b) m-band excitation channels increase with the nanotube radius
4 [H1a(Ky+a,ky) HIA(k, ,k§)|\ ' or the number of 1D subbands; therefore, there are more
interband different nanotubes reduces the oscillator strength
of the interband plasmons. However, the mixing effect
hardly affects the interband plasmon frequencies. This study
is mainly focused on the features of theplasmons.
A multiwall carbon nanotube can exhibit-decoupled
- X(q,¢=0°,). loss spectra. Thla'= 1 loss spectra are shown in Figb)..ay
qlcoshqle) —1] q=0.1A"* and differentN's. The loss spectra are similar
® for differentL’s, as seen in Figs.(th) and Xa). The similari-
ties include the most pronouncetplasmon peak in each
. LOSS SPECTRA loss spectrum, and the enhancement of plasmon frequency
and oscillator strength by intertube Coulomb coupling. The
L =07 plasmon corresponds to collectiveelectron oscilla-
tions along the nanotube axis. But for thet 07 plasmons

Equations(6) and (3) determine the excitation spectra of fi-
nite graphite layers. As to graphite wilh=, the electronic
excitations are described by the dielectric functfon

2me? sinh(gl
€(0,6=0° w) = eg— oo Sl

The calculations are principally based on the following
parameters. The background dielectric constaet=2.4
and the energy widtlh'=0.04y,. The intertube distance of
carbon nanotubes =3.4 A" and the interlayer distance
of graphite layers isl,=3.35A3% The (10,10 armchair

MWNT's; L=0; q=0.1

nanotube is chosen as the innermost nanotube of a multiwa —_N i
nanotube, or the single-wall nanotube in a nanotube bithdle. - 7
The radius and chiral angle of t{&0,10 nanotube are, re- 1.0 UV 1
spectivelyr =6.67 A andd= —30°. Then-band structure is Q' oenn 44
given in Eq.(A5). Moreover, all nanotubes in a multiwall N

w
nanotube are chosen to bm,m armchair nanotubes. Effects N
due to changes in chiral angles will be proved to be negli-'E"’-5
gible. A multiwall nanotube and a finite-size nanotube =
bundle might have the same size, e.g., the former \With
=11[Fig. 2(a) below] and the latter witiN= 19 [Fig. 2(b)].

The calculated results are given in the following subsections -0

T T T T T 0 T T T O T A B I O M S 1
-
N

0
A. A multiwall carbon nanotube ] MWNT'?“; L=11: q=0.1

Figure Xa) presents the loss spectra of multiwall carbon i 4
nanotubes at =0, q=0.1 A%, and differentN's. Each ex- 03 - "
citation spectrum exhibits several peaks. Such peak struc _ ] e ii
tures are related to 1D subbands with divergent density o w ] 2
states. They can be considered as plasmons. The most pron } ] 08 J a1
nent peak is identified as the plasmon. As has been ._'_.o 5 ] 04 :/J\
discussed?® the 7 plasmon is induced by inter-band exci- & 3 0o TN
tations from the concave-upward subband&'qk,) ~ — o = 1 2 4
to the concave-downward subbandsEafk,+q)~ vy, (see ] <
the Appendix. The 7 plasmon is the quantum of collective 0 3 v
m-electron oscillations. This plasmon also exists in graphite ¢ g gl
layers [see Fig. 4b) below]. The plasmon frequency and @ (7,)

oscillator strength clearly increase ldsncreases. That is to

say, themr-electronic collective excitations are obviously en- g5 1. (a) The loss spectra are shown for multiwall carbon
hanced by intertube Coulomb interactions. We also note@anotubes with differerit's atL =0 andq=0.1. The(10,10 nano-
that the loss spectra are almost independent of the nanotulige is the innermost nanotube of the multiwall nanotubes. The unit
number for IargeN, eg,N>50 The main reason is that the of qis A71, here and hencefortlib) Same plot asa), but shown at
bare intertube Coulomb interactifk;(q,L] is very weak at L =1. The(20,20 nanotube is also chosen as the innermost nano-
large intertube distance. The other peaks in the loss specttabe. The calculated results are shown in the insets for comparison.
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FIG. 2. (a) The loss spectra are shown for a multiwall carbon
nanotube aN=11, L=0, and differenty’s. All carbon nanotubes FIG. 3. The momentum-dependentplasmon frequencies of
are armchair nanotubes with=—30°. (b) Same plot aga), but multiwall carbon nanotubes with differehs. They are shown for
shown for a single-wall carbon nanotube bundleNat19. These (& theL=0 mode andb) theL =1 mode. Also shown in the inset
two systems have the same size. Also shown in the insets are ti@§ (b) are the w-plasmon frequencies of differetts for an N
results for carbon nanotubes with random chiral angles. =11 multiwall carbon nanotube.

there are transverse plasma oscillations in addition to longiremains true for anyN. The m-plasmon peak in the loss
tudinal plasma oscillations. The interband excitation en- spectrum is mainly determined by the magnitude of the bare
ergy increases with increasksand so does the-plasmon  Coulomb interactioV;; in Eq. (1)] and the excitation chan-
frequency. w,c(L) is lower for larger carbon nanotubes. nels and the inter~band excitation energy included in the
Consequently, the frequency differences among thé&esponse functiofiy; in Eq. (2a]. The Coulomb interaction
L-decoupled plasmons become smallNagrows. decreases with nanotube radius, while the response function

In addition toN and L, the loss spectra are strongly af- exhibits the opposite behavior. The weaker interaction just
fected byq. Figure Za) shows the loss spectra of thé  cancels with stronger response function, which thus leads to
=11 multiwall nanotube al.=0 and differentg’s. w, negligible r dependence. Very weak dependence. is also
clearly increases witlg. This result directly reflectsr-band ~ obtained for theL = 1= plasmon, as shown in the inset of
characteristic, the strong wave-vector dependenceqidee  Fig. 1(b). However, ther dependence might be strong Mt
pendence of ther plasmon means that the collective plasma=<7 andL=3. Roughly speaking, the dependence of the
oscillations along the nanotube axis behave like a propagaplasmon on the nanotube geometry is weak except at $inall
ing wave, with a wavelength2/q. and largeL.

Carbon nanotubes in a multiwall nanotube can have dif- The dispersion relation of the=07 plasmon frequency
ferent chiral angles. ¢'s of the coaxial nanotubes are ran- with momentum is shown in Fig.(8) at differentN's. w,
domly chosen. Ther-plasmon peaks in the loss spectra, asapproaches a finite valueyg at g—0, when the nanotube
shown in the inset of Fig. (2), are independent of chiral number is finite. This result further illustrates that thelas-
angle. All carbon nanotubes have concave-upward subbandson is associated with the inter-band excitations of the
atE’~ — vy,. Furthermore, the density of states is almost theconcave-upward-subbandsEit(k,) ~ — y,. The 7 plasmon
same for carbon nanotubes with differefis. These two is an optical plasmon because,(q=0L=0)=2y,. At
m-band features can explain the negligibldependence. We smallg, w, grows rapidly withg, and theN dependence of
change the inner radius of a multiwall nanotube to examinev, is strong. On the other hand, at largew, exhibits linear
the r dependence. For the=0n plasmons, the plasmon g dependence, and th¢ dependence ob, becomes weak.
peaks are hardly affected by the nanotube radius, e.g., th&hetherw, strongly depends oN is mainly determined by
L =0 loss spectra shown in the inset of Figa)l This result  the intertube Coulomb interactions.
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The L=17 plasmon frequencies of multiwall nanotubes 1.2

are shown in Fig. ®). There are several important differ- SUNT's; L=0; q=0.1 (a)
ences betweeh =1 andL=0 plasmons. wy(q,L=1) is Y { E’f“’-“’]
the oscillation frequency of mixed plasma oscillations paral- 4  --—--- s 20,20

lel and perpendicular to the nanotube axis, whilg(q,L v
=0) is that of only the longitudinal plasma oscillations. At ~
d=0, wy(L=1) differs appreciably from w,(L=0) ","
(=2vp). The former is higher than 2, and it increases 'E'
with N. Moreover, at smally, the g dependence obv, is e
weaker for thel =17 plasmon. As to othel # 0 plasmons,

the g-dependent plasmon frequencies are similar to that of
the L=1 plasmon, e.g., the,’s of the L-decoupled plas-

preaadyaaaly

[ T8 G N T N Y T N S T A

mons shown in the inset of Fig(l. Also note that allr 0.0 1 2 3 4
plasmons are optical plasmons, and ¢théependence ob,,
is linear at largey. graphite; ¢=0% q=0.1 (b)

N= 1

The m-plasmon frequencies obtained from the tight-
binding model depend on the value of the resonance inte 12
gral. y,=3.033eV has been us@dto evaluate the
m-plasmon frequencies in previous studi®& This value is <
suitable only when the overlap integr@,,, in Ref. 29 is o8
included in the calculations of ther and o bands. vy, —
~2.6-2.7eV is used in other tight-binding calculatihz*? B
Estimations obtained from comparison between the tight- 0.4
binding model and the local-density-functional approach put
Yo~ 2.4-2.5 eV The reasonable range 9f seems to be

ottt ra b s adaaran

2.4-2.7 eV. This range is the same as that of graghite, 0.0 e T e
=2.5eV, as employed for graphitewill be used to explain 4
the measuredr-plasmon frequencies of the graphite-related W(7) -
systems.
For multiwall nanotubes witiN=21-44, theL=0 and FIG. 4. (a) The loss spectra are shown for single-wall carbon

L=1 plasmon frequencies are, respectively,(L=0)  nanotube bundles &t=0,q=0.1, and differenN's. (b) Same plot
=5-6eV andw,(L=1)=6.4-6.6eV atq=0-0.01 A", as(a), but shown for graphite layers gt=0° andq=0.1.
The average values a®@,(L=0)=5.5eV andwy(L=1)

=6.5eV. The calculated rgsults are consistent with the meayanotube radius. Therefore, theplasmon frequency and
sured7-plasmon frequencies~5.2-5.4 and~6.2-6.4 eV.  qcillator strength decrease rmamcreasesinset in Fig. 4a)].

The consistency suggests that there are0 andL=1m  1par dependence is strong for a nanotube bundle, while it is
plasmons in the experimental loss specira. Th? detajled negligible for a multiwall nanotub@nset in Fig. 1a)]. The
?ependenc? of the megsurseblasrgon frzquen(;y IS neefded main reason is that the intertube Coulomb interaction of the
Oureic(i;gsmv?/eertg r%%rgr?ﬁnsrgn' Tl"qadeg)er:: grgjtmp]? alslrg1]?n " former is much weaker than that of the latter. This might also
9 y measured by Friedelial.— for a explain why a finite-size nanotube bundle exhibits lower

multiwall nanotube with N~12. w,~5.1ev at g m-plasmon frequency and weaker oscillator strendfiy
=0.02A°1 A Il idly i itly. More- § . . ;
0.0 t smallq, wp rapidly increases wity. More 2(b)] than a multiwall nanotubgFig. 2@)]. A nanotube

over, theq dependence ofv, is linear at largeq. These . . .
features are well explained by the calculated 07 plasmon b_undlé’ m|g_ht be COQPfssed of single-wall nanotubgs with
different chiral angle§°-8 ¢ affects the low-frequency inter-

frequencie$Fig. 3@)]. Theq dependence of the-decoupled : o
7 plasmons needs further experimental verification. band plasmons, but not theplasmon(inset in Fig. Zb)]. A
similar result is obtained for a multiwall nanotubeset in

Fig. 2@]. The 6 dependence of the plasmon is insignifi-
B. A single-wall carbon nanotube bundle with finite nanotubes  cant for all nanotube systems.

The loss spectra of single-wall carbon nanotube bundles The g-dependentr-plasmon frequencies of a single-wall
are shown in Fig. @) atq=0.1 A~ ! and differentN’'s. Each  nanotube bundle are shown in FigapatL =0 and different
spectrum exhibits a pronouncedplasmon peak. This peak N's. At smallq, theq dependence ab, becomes stronger as
comes from the superposition of the=0 collective excita- N increases. w, is equal to 2, atq—0 for finite N, while
tions in all carbon nanotubes. Theplasmon frequency and itis ~2.5y, for N=c«. This difference is because the Cou-
the oscillator strength clearly increase with nanotube numlomb interactions have the 1[Eq. (4b)] and 3D[Eq. (5)]
ber. The longitudinal plasma oscillations on different carbonforms, respectively, for finite N an=<. At largeN, much
nanotubes are coupled by the intertube Coulomb interagsomputer time is needed to get thedependentr-plasmon
tions. The in-phase plasma oscillations lead to enhancemefrequency, e.qg., for thél~600 nanotube bundle used in the
of a-plasmon frequency and oscillator strength. experiments? The -plasmon frequency igo,=5-5.8eV

The product of the intertube Coulomb interaction and theat q=0-0.02 A", The measured 5.8 e¥ plasmon should
response function is obviously reduced by increasing theorrespond to thé =04 plasmon at very smatj.
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SWNT's; L=0 (a) The relationship between graphite and multiwall nano-
N= = tubes deserves a closer investigation. That graphite layers do
not have the interband plasmons and the0# plasmons is
the most important difference. On the other hand,#ty@as-
mons in graphite layers completely correspond to the
=0 plasmons in a multiwall carbon nanotube. The main
reasons are as follows. A single-wall carbon nanotube has
concave-upward subbands &t(k,=0)~ —y,. Such sub-
bands are sampled from the states near Nh@oint of a
graphite layer. These two kinds of state are the critical points
in energy—wave-vector spafe!® The interar-band excita-
2.0 T T T T T T tions due to them induce plasmons. Thej-dependent ex-
0.0 0.2 0.4 0.8 0.8 citation energies, which are included in the response func-
tions[Eqgs.(2a) and(7a)], are the same for these two systems
atL=0. The interlayer distané®(l,=3.35A) is very close
to the intertube distancel& 3.4 A).13" Moreover, the prod-
uct of the response function and the interlayer or intertube
Coulomb interaction is almost equal for the two systems at
w>27vy. Graphite layers and multiwall nanotubes thus ex-
hibit similar 7= plasmons at. =0 and various\'s. They have
identical r-plasmon frequencies. For finit¢ the 7-plasmon
frequencies rapidly increase fromyg at smallg and display
linear g dependence at largg[Figs. §b)/3(a)]. TheL=0mx
plasmon frequencies of an infinite multiwall nanotube can be
2.0 Y e deduced from those of graphite. Also note tlgf respec-
0.0 0.2 0.4 0.6 0.8 tively, approaches ¢, and 2.9%,, atq— 0 for finite N and
01 N=o. For graphite withN=o, a detailed comparison be-
q (A7) ; :
ween the calculated results and the experimental
measurementd'#is given in Ref. 28.

3.5

g = 0)

3.5

FIG. 5. The momentum-dependentplasmon frequencies are
shown at differenf\'s for (a) single-wall carbon nanotube bundles
and (b) graphite layers. IV. CONCLUDING REMARKS

In this work, we have calculated the plasmons in a
multiwall carbon nanotube, a single-wall carbon nanotube
bundle with finite nanotubes, and graphite layers. The loss

q [Figs. 5a) and 3a)]. On the other hand, there are two functions of the nanotube systems exhibit the most promi-

important differences. The single-wall nanotube bundle hag€nt 7-plasmon peak as W,e” as several interband plasmon
lower -plasmon frequencies, and it exhibits wealkgde- peaks. The latter do not exist in graphite layers, ma_mly ow-
pendence at smafj. In addition, when the nanotube number IN9 {0 the absence of 1D subbands. Theplasmon is an
of the single-wall nanotube bundle is much larger than thaPPtical plasmon. Dependence on the chiral angle is negli-

of the multiwall nanotube, the former has higher plasmongiPle. However, ther plasmon is significantly affected by
frequency atq=<0.03A~L. The similarities or differences the transferred momentum, the transferred angular momen-

between these two systems can explain the experiment m,_and the number of carbon nanot_ubes or graphite layers.
measurements he intertube or interlayer Coulomb interactions apparently
enhance plasmon frequency and oscillator strength for in-
creasingN.

A multiwall carbon nanotube can exhiditdecoupleds

Figure 4b) shows the loss spectra of graphite layers atplasmons. Ther-plasmon frequency clearly increaseslas
$»=0°,q=0.1A"1, and differentN’'s. There are onlye-h grows. For theL =0 plasmon, multiwall carbon nanotube
excitations atw<<27y,. The m-plasmon peak is induced by completely corresponds to graphite layers, but not to a
the intersr-band excitations of the states near tepoint  single-wall carbon nanotube bundle. The similarities be-
(see the AppendixX® The interlayer Coulomb interactions tween a multiwall carbon nanotube and a single-wall carbon
clearly enhance ther-plasmon frequency and the oscillator nanotube bundle include,=2y, atq=0 and the lineaq
strength asN increases. Graphite layers exhibits higherdependence ofv, at largeq. However, there are several
m-plasmon frequency and stronger oscillator strength comimportant differences between them. The radius dependence
pared with single-wall nanotube bundlgSig. 4@)]. How- is negligible for a multiwall carbon nanotube, while it is
ever, graphite layers and multiwall nanotubes have almositrong for a single-wall carbon nanotube bundle. Moreover,
the samem-plasmon peak at =0, e.g., the loss spectra the former exhibits stronger collective excitations, higher
shown in the inset of Fig.#). The 7 plasmons in graphite m-plasmon frequency, and relatively rapid increasewgf
layers or multiwall nanotubes are relatively easily observedvith g at smallg.
in experimental measurements. The calculated results can explain the experimental mea-

The main similarities between a single-wall nanotube
bundle and a multiwall nanotube include,(q= 0. =0)
=21, for finite N and the lineag dependence ab, at large

C. Graphite layers
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surements, two kinds of plasmon modes in a multiwallThe superscript(v) represents the antibonding® band
nanotubé the 5.8 eVar plasmon in a large single-wall nano- (the bondings band above (below) the Fermi levelEg
tube bundlé? and the similarities or differences between a=0. 1y, [~2.3-2.7 eV(Ref. 45] is the nearest-neighbor
single-wall carbon nanotube bundle and a multiwallresonance integral.H;,= — y,33_ ;e % i is the nearest-

nanotube® EELS can be utilize®f to verify the predicted neighbor Hamiltonian matrix element. Theband strongly

results: theg- and N-dependentr plasmons in the graphite- depends on the direction of the wave vector. Energy vanishes
related systems, and thedecoupledr plasmons in @ mul- 4t the corner¢k andK’) of the first Brillouin zone. Further-
tiwall nanotube. Only ther band is included in the present more E¢= 1, andEY= — v, for the middle poini between

calculations. When ther band is taken into accoufftitis K andK’. The electronic excitations from the states near the
useful in understanding the overall excitation properties aj, point are associated with the plasmor?®
w=0-40eV, e.g., ther+ o plasmon withw,> 20_eV.11_16 A similar tight-binding calculation is applied to a cylin-
This problem will be investigated in further studies. drical carbon nanotube, but with the periodic boundary con-
dition along the rolledtransversgdirection. A carbon nano-
ACKNOWLEDGMENTS tube samples the-electron states of a graphite sheet, which
satisfies the periodic boundary condition. The angle between
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China under Grant No. NSC 89-2112-M-006-011 (kx,ky) of a carbon nanotube and those(,k,) of a graph-
' ' ite layer is described by

APPENDIX Ky =k, cosf#—k, sin 6 (Ada)

The 7-band structures of a graphite layer and a single-and
wall carbon nanotube are briefly reviewed here. A graphite

sheet has two carbon atoms in a primitive cell. The Bloch Kyr=kysin6+ky cosd. (A4b)
states are described by two tight-binding functions built fromEquations(A2) and (A3), together with the above transfor-
the 2p, orbitals ¢,(r'): mation, describe the band of a carbon nanotube. The axial
wave vectork, is confined within the first Brillouin zone.
oy = ik (Ry+7) = P The transverse wave vector needs to satisfy the periodic
Ui (1 )_C% € ¢ ~Ro=m), 1=1.2. boundary condition. It is given byk,=J/r, where J
(A1) =1,2,...Ny/2; N, is the number of atoms in a primitive unit

; it ’ II. J is the angular momentum of electrons circulating the
is the normalization f; is the 2D wave v r,and ©€ .
Cis the normalization factok' is the ave vector, and nanotube. It can serve as the subband index. #H®mnd

R, is the lattice vector. 7, andr, define the positions of the structure has three main features. There are manv 1D Sub-
two basis atoms. The single-orbital nearest-neighbor tight: : y

binding Hamiltonian is used to calculate theband. The bandsdwitz strong, defpendEeUn?(e._T(;m;siJbbandEsCal:e_cgncave
energy dispersions of a graphite layer, obtained by diagonaHpWar (downward  for (ky=0)<—7o [E'(ky=0)

izing the Hamiltonian, are given by =70]. The subbands WitrE"(ky=0)~—_yo [Ec(kyzo.)
~ o] correspond to the states near Mepoint of a graphite
3bk, V2bk,, layer. They induce ther plasmon. Moreover, the density of
E®Y(ker Ky )= yo| 1+4 COE{ 5 )CO< 5 ) states hardly depends on the chiral angle except at low ener-
gies. For an armchaifm, m nanotube, the energy disper-
V2bk, | 112 sions are given by
+4 cog ” , (A2)
2 o . v2bk,|  [Jm
and the wave functions are E**(J.ky) == 70/ 114 co 2 co m
co, 1 o HIa(ker  Kyr) , ) 4ol \/ibky”uz N
WE(r >—f3(ulkr<r ) o) V2 ) 2 || (A5)
(A3) wheredJ=1,2,...,2n.
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