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Loss spectra of graphite-related systems: A multiwall carbon nanotube,
a single-wall carbon nanotube bundle, and graphite layers
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The p-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 is thep plasmon, and the others are the interband plasmons. The latter
are absent in graphite layers. Thep plasmon depends on the number of carbon nanotubes or graphite layers
~N!, the transferred momentum~q!, and the transferred angular momentum~L!. The intertube or interlayer
Coulomb interactions clearly enhancep-plasmon frequency and oscillator strength asN increases. A multiwall
carbon nanotube can exhibitL-decoupledp plasmons. For theL50p 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, higherp-plasmon frequency, and relatively rapid increase of
plasmon frequency withq. The calculated results are compared with experimental measurements.
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I. INTRODUCTION

Iijima reported observation of multiwall carbon nanotub
~MWNT’s! in 1991.1 The number of nanotubes in a mult
wall carbon nanotube can vary fromN52 to ;100.1–5 The
smallest inner radius isr;5 Å and the largest outer radius
r;300 Å. Single-wall carbon nanotubes~SWNT’s!, with a
small radius r;3.5– 20 Å, have also been produced.6–8

When they are closely packed together, a carbon nano
bundle is formed. There are about 10–600 single-wall na
tubes in a carbon nanotube bundle.9–12 Multiwall carbon
nanotubes and carbon nanotube bundles are closely relat
graphite layers. These graphite-related systems might ex
similar physical properties. For example,p-electronic collec-
tive excitations ~p plasmons! exist in carbon
nanotubes2,3,11,12 and graphite.13–15 In this work, we study
primarily the p-electronic excitations in a multiwall carbo
nanotube, a single-wall carbon nanotube bundle with fin
nanotubes, and graphite layers. The dependence of thp
plasmons on the number of carbon nanotubes or grap
layers, the transferred momentum (q), the transferred angu
lar momentum (L), and the nanotube geometry~radiusr and
chiral angleu! is investigated. The graphite-related syste
are compared with one another. Comparison with exp
mental measurements2,12,16 is discussed.

Electron-energy-loss spectroscopy~EELS! can be utilized
to observep plasmons in graphite-related systems. Th
have been some measurements on multiwall car
nanotubes.2,3,11 Kuzuo et al.2 reported that multiwall carbon
nanotubes withN;21– 44 exhibit a pronouncedp-plasmon
peak in the loss spectrum atvp;5.1– 5.4 or;6.2–6.4 eV.
That is to say, there are two kinds ofp-plasmon mode in
multiwall carbon nanotubes. Kuzuo, Terauchi and Tanak12

also measured the loss spectra of a single-wall carbon n
tube bundle withN;600. A 5.8 eVp plasmon is found to
exist in the finite-size nanotube bundle. Friedleinet al.16 re-
PRB 620163-1829/2000/62~12!/8508~9!/$15.00
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cently measuredq-dependent loss spectra for multiwall ca
bon nanotubes withN;12, single-wall nanotube bundle
with N;10– 100, and graphite layers. Theirp-plasmon fre-
quencies depend linearly on momentum at largeq. The q
dependence of thep-plasmon frequency is stronger for mu
tiwall carbon nanotubes or graphite layers than for sing
wall nanotube bundles. Moreover, the former have hig
p-plasmon frequencies except at very smallq. On the theo-
retical side, thep plasmons in a single-wall carbon nanotu
or an infinite single-wall carbon nanotube bundle have b
studied within the random-phase approximation~RPA!.17

Due to the cylindrical symmetry, a single-wall carbon nan
tube can exhibit L-decoupled p plasmons with strong
q-dependent dispersion relations.18 The L-decoupled plas-
mon modes are expected to be present also in a multi
carbon nanotube. For an infinite single-wall carbon nanot
bundle,19 the p plasmon is strongly affected by the magn
tude and direction of the transferred momentum.

The graphite-related systems are modeled as superla
systems. Graphite has highly anisotropic conductivity. T
parallel to the graphite planes is several orders of magnit
higher than that along thec axis (sa /sc;33103).20 Hence
the p-electron states are mainly localized on the graph
planes. The covalent bonds in a graphite layer are m
stronger than the van der Waals interactions between gr
ite layers. When the weak interlayer interactions are ta
into account, they modify thep-band structure near th
Fermi level. A graphite layer is a zero-gap semiconduc
and graphite is a semimetal with a small number of fr
carriers (;1019e/cm3). Nanotube systems are similar, e.g
multiwall carbon nanotubes.21,22 The weak interactions be
tween graphite layers mainly affect the low-frequency~,0.1
eV!,23 but not the high-frequencyp plasmon~.5 eV!. The
former is caused by thep-electron states near theK point
~the corner of the hexagonal Brillouin zone!, and the latter is
associated with those near theM point ~the middle point
8508 ©2000 The American Physical Society
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betweenK andK8!. A model in which the layered graphite i
regarded as a two-dimensional~2D! superlattice should be
reasonable first approximation for the study of the hig
frequencyp-electron excitations. Graphite layers are ind
pendent of each other, while there are Coulomb interacti
for electrons in different layers. This model had been s
cessfully used to investigate high-frequencyp-electron exci-
tations in graphite, e.g., optical properties24–27 and elemen-
tary excitations28 at high frequencies. It could provide
reasonable explanation for the measured optical spec15

and loss spectra.13,14A single-wall carbon nanotube is only
graphite sheet rolled up in cylindrical form. The superlatt
model is thus expected to be suitable for thep plasmons in
multiwall carbon nanotubes and single-wall carbon nanot
bundles.

The tight-binding model29,30 is used to calculate thep
band and the RPA to evaluate the loss spectra of
graphite-related systems. The intertube or interlayer C
lomb interactions have a strong effect on thep-plasmon fre-
quency and the oscillator strength of collective excitatio
The study shows that thep plasmons in graphite layers be
have like those in a multiwall carbon nanotube, but not l
those in a single-wall carbon nanotube bundle. The ca
lated results can explain thep plasmons observed by EELS
the ;5.1–5.4 or the;6.2–6.4 eVp plasmon in a multiwall
carbon nanotube,2 the 5.8 eVp plasmon in a single-wal
carbon nanotube bundle,12 and theq-dependentp-plasmon
frequencies in graphite-related systems.16

This paper is organized as follows. In Sec. II, the diele
tric response including the intertube or interlayer Coulo
interactions is calculated within the RPA. The loss spec
are studied for a multiwall carbon nanotube, a single-w
carbon nanotube bundle, and graphite layers in Sec. III. C
cluding remarks are given in Sec. IV.

II. DIELECTRIC RESPONSE OF GRAPHITE-RELATED
SYSTEMS

A cylindrical carbon nanotube can be built from a grap
ite sheet.31 Its geometric structure is fully specified by a la
tice vectorRx5ma11na2 , wherea1 and a2 are primitive
lattice vectors of the graphite sheet, andm andn are integers.
An ~m,n! carbon nanotube has radiusr 5uRu/2p
ha
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5bA3(m21mn1n2)/2p and chiral angleu5tan21@2)n/
(2m1n)#. b51.42 Å is the C-C bond length. Thep-band
structures of a graphite layer and a single-wall carbon na
tube have been given for easy reference in the Appen
The energy dispersions and the wave functions@Eqs.~A1!–
~A5!# are used directly to calculate the dielectric response
graphite-related systems.

We first consider a multiwall carbon nanotube withN
shells. Thep electrons are localized on individual nanotube
As a result of the cylindrical symmetry,32–34 the transferred
momentum and angular momentum are conserved in
electron-electron interactions. Electronic excitations hav
well-defined (q,L,v), and so does the dielectric respons
An N-shell multiwall nanotube is assumed to be perturbed
a probing electron via the time-dependent poten
vex(q,L,v). This external field induces charge fluctuatio
on all coaxial nanotubes. The screening charges build up
induced potentialv in(q,L,v). Within the RPA,17 the in-
duced potential is proportional to the effective potential, t
proportionality coefficient having the response function. T
effective potentialveff(q,L,v) is the sum of the external po
tential and the induced potential from screening charges
all nanotubes.v i

eff(q,L,v) on the i th shell is given by the
linear relation32–35

e0v i
eff~q,L,v!5v i

ex~q,L,v!1v i
in~q,L,v!

[v i
ex~q,L,v!

1(
j 51

N

Vi j ~q,L !v j
eff~q,L,v!x j~q,L,v!.

~1!

e0 is the background dielectric constant contributed fro
high-energy excitations~other than those excitations withi
the p bands!. Vi j (q,L)54pe2I L(qr,)KL(qr.) is the bare
Coulomb interaction of two electrons on thei th and j th
nanotubes, with radiir i and r j , respectively.I L (KL) is a
modified Bessel function of the first~second! kind of orderL.
r ,(r .) represents the smaller~larger! of r i and r j .
v j

eff(q,L,v)xj(q,L,v) is the screening charge density on t
j th nanotube. The response function of thej th nanotube at
T50 is18
x j~q,L,v!5
24

~2p!2 (
J
E dky

Ec~J1L,ky1q!2Ev~J,ky!

@Ec~J1L,ky1q!2Ev~J,ky!#22~v1 iG!2 3 z^J1L,ky1q,cueiLf8eiqyuJ,ky ,v& z2,

~2a!
he
oc-

-

where

z^J1L,ky1qy ,cueiLf8eiqyuJ,ky ,v& z2

5
1

4 U12
H12~J1L,ky1q!H12* ~J,ky!

uH12~J1L,ky1q!H12* ~J,ky!uU
2

. ~2b!

G is the energy width due to various deexcitation mec
nisms.J andky in Eq. ~2a! change with the nanotube geom
-

etry (r j ,u j ). The response function describes t
p-electronic excitations. Electrons are excited from the
cupiedp subbands to the unoccupiedp* subbands atT50,
i.e., they exhibit inter-p-band excitations. The excitation en
ergy is denoted byvvc5Ec2Ev. The product of the bare
Coulomb interaction and the response function,Vi j x j in Eq.
~1!, determines the features of thep plasmon, e.g., itsr
dependence.
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8510 PRB 62F. L. SHYU AND M. F. LIN
The external potentialv i
ex(q,L,v) is required for the

study of thep-electronic excitations. From the recent me
surements of plasmons,36 the momentum resolution of EELS
is Dq;0.06 Å21. The wave-packet width (.1/Dq) of the
probing electron is much larger than the intertube distan
The density distribution of the probing electron can
roughly estimated to be uniform inside the system. Such
approximation might somewhat overestimate thep-plasmon
frequency~;0.1g0 at largeN!.28 However, it does not affec
the main features of thep plasmons. From the known exte
nal potential, we can obtain the effective potentialv i

eff(q,L,v)
in Eq. ~1! by solving anN3N matrix. According to the
Fermi golden rule, the probability per unit timeP that the
probing electron transfers (q,L,v) to the nanotube system i

P5(
i 51

N

2Im~x i !uv i
effu2

[K (
i 51

N

v i
exL ImS 21

e D . ~3!

2Im(xi) describes all inter-p-band excitation channels. Th
external Coulomb potential is screened by thep electrons in
the system. The effective Coulomb potential experienced
the p electrons isv i

eff . ^S i 51
N v i

ex& is the average externa
potential. Equation~3! defines a dimensionless quanti
Im(21/e), which can be interpreted as the intensity of lo
spectrum. It will be used to identify thep plasmon from the
most prominent peak in the loss function. The dielect
function of an N-nanotube system can be defined
S je i j v j

eff5vi
ex, i.e.,e i j 5e0d i j 2Vi j x j . det(eij)50 is not suit-
lo
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able for determining thep-plasmon frequency, since ther
are strong inter-p-bande-h excitations or Landan damping
Moreover, we cannot get the loss spectrum frome i j . e i j
might not be useful in studying thep plasmons in graphite-
related systems.

A finite-size bundle is made up of parallel, identica
single-wall carbon nanotubes. For convenience, car
nanotubes are assumed to be located in accordance w
triangular lattice9 with the smallest intertube distanced
53.4 Å. The number of nanotubes in a closely packed na
tube bundle isN51,7,19,37,61, etc. Here we focus only o
the case that the external electric field is parallel to the na
tube axis. The transferred momentum is only along the na
tube axis for longitudinal dielectric response. TheL50 ex-
citations in each nanotube predominate in the excitat
spectrum, as indicated by results from an infinite nanotu
bundle @Eq. ~5!#.19 Other cases are very complicated, sin
the electronic excitations of differentL’s in separate carbon
nanotubes are coupled with one another.

As for a multiwall carbon nanotube, the linear respon
approximation is used to get the relation between the ef
tive potential and the external potential:

e0v i
eff~q,L50,v!5v i

ex~q,L50,v!

1(
j 51

N

Vi j ~q,L50!v j
eff~q,L50,v!

3x j~q,L50,v!, ~4a!

where the bare intertube Coulomb interaction is given by
Vi j ~q,L50!52e2E
0

2p

dfE
0

2p

df8K0$qA2r 2@12cos~f2f8!#1di j
2 22rdi j ~cosf2cosf8!%. ~4b!
onal

-

se
di j is the distance between two nanotube centers. The
spectrum Im(21/e) is calculated from Eqs.~3! and ~4!. For
an infinite nanotube bundle, the loss spectrum can be dire
obtained from the dielectric function:18

e~q,v!5e02
8p2e2

q2 Nax~q,L50,v!, ~5!

whereNa is the nanotube number per area.
The p-electron response of graphite layers is calculat

A single graphite layer is a zero-gap semiconductor.28,30The
p band is anisotropic in the plane. The excitation spec
depend on the magnitude~q! and direction~f! of the trans-
ferred momentum.f is the angle between the transferr
momentum and the vectorG-K , where theK point corre-
sponds to the corner of the first Brillonin zone~see the
Appendix!.31 0°<f<30° is sufficient to characterize th
ss

tly

.

a

direction-dependent excitations because of the hexag
symmetry. A study of graphite28 indicates that thef depen-
dence of thep plasmons is weak atq,1 Å21. f50° is
used in this study.

When the interlayere-e interactions among graphite lay
ers are taken into account, the effective potential on thei th
layer is given by

e0v i
eff~q,f50°,v!5v i

ex~q,f50°,v!1(
j 51

N

Vi j ~q!v j
eff

3~q,f50°,v!x~q,f50°,v!. ~6!

Vi j (q)5(2pe2/q)exp(2qui2juIc) is the interlayer Coulomb
interaction, whereI c is the interlayer distance. The respon
function of a single graphite layer is
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x~q,f50°,v!5
24

~2p!2 E E dkx8dky8
Ec~kx81q,ky8!2Ev~kx8 ,ky8!

@Ec~kx81q,ky8!2Ev~kx8 ,ky8!#22~v1 iG!2 3 z^kx81q,ky8 ,cueiqx8ukx8 ,ky8 ,v& z2,

~7a!
-
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z^kx81q,ky8 ,cueiqx8ukx8 ,ky8 ,v& z2

5
1

4 U12
H12~kx81q,ky8!H12* ~kx8 ,ky8!

uH12~Kx81q,ky8!H12* ~kx8 ,ky8!uU
2

. ~7b!

Equations~6! and ~3! determine the excitation spectra of fi
nite graphite layers. As to graphite withN5`, the electronic
excitations are described by the dielectric function28

e~q,f50°,v!5e02
2pe2 sinh~qIc!

q@cosh~qIc!21#
x~q,f50°,v!.

~8!

III. LOSS SPECTRA

The calculations are principally based on the followi
parameters. The background dielectric constant15 e052.4
and the energy widthG50.04g0 . The intertube distance o
carbon nanotubes isd53.4 Å,1,37 and the interlayer distanc
of graphite layers isI c53.35 Å.38 The ~10,10! armchair
nanotube is chosen as the innermost nanotube of a multi
nanotube, or the single-wall nanotube in a nanotube bund9

The radius and chiral angle of the~10,10! nanotube are, re
spectively,r 56.67 Å andu5230°. Thep-band structure is
given in Eq. ~A5!. Moreover, all nanotubes in a multiwa
nanotube are chosen to be~m,m! armchair nanotubes. Effect
due to changes in chiral angles will be proved to be ne
gible. A multiwall nanotube and a finite-size nanotu
bundle might have the same size, e.g., the former withN
511 @Fig. 2~a! below# and the latter withN519 @Fig. 2~b!#.
The calculated results are given in the following subsectio

A. A multiwall carbon nanotube

Figure 1~a! presents the loss spectra of multiwall carb
nanotubes atL50, q50.1 Å21, and differentN’s. Each ex-
citation spectrum exhibits several peaks. Such peak st
tures are related to 1D subbands with divergent density
states. They can be considered as plasmons. The most p
nent peak is identified as thep plasmon. As has bee
discussed,18 the p plasmon is induced by inter-p-band exci-
tations from the concave-upward subbands atEv(ky);2g0
to the concave-downward subbands atEc(ky1q);g0 ~see
the Appendix!. The p plasmon is the quantum of collectiv
p-electron oscillations. This plasmon also exists in graph
layers @see Fig. 4~b! below#. The plasmon frequency an
oscillator strength clearly increase asN increases. That is to
say, thep-electronic collective excitations are obviously e
hanced by intertube Coulomb interactions. We also no
that the loss spectra are almost independent of the nano
number for largeN, e.g.,N.50. The main reason is that th
bare intertube Coulomb interaction@Vi j (q,L# is very weak at
large intertube distance. The other peaks in the loss spe
all
.

i-

s.

c-
of
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e
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are associated with inter-p-band excitations except th
above-mentioned excitations atv;2g0 . They are called in-
terband plasmons.39 These plasmons do not exist in graph
owing to the absence of 1D subbands. The number of in
p-band excitation channels increase with the nanotube ra
or the number of 1D subbands; therefore, there are m
interband different nanotubes reduces the oscillator stren
of the interband plasmons. However, the mixing effe
hardly affects the interband plasmon frequencies. This st
is mainly focused on the features of thep plasmons.

A multiwall carbon nanotube can exhibitL-decoupled
loss spectra. TheL51 loss spectra are shown in Fig. 1~b! at
q50.1 Å21 and differentN’s. The loss spectra are simila
for differentL’s, as seen in Figs. 1~b! and 1~a!. The similari-
ties include the most pronouncedp-plasmon peak in each
loss spectrum, and the enhancement of plasmon freque
and oscillator strength by intertube Coulomb coupling. T
L50p plasmon corresponds to collectivep-electron oscilla-
tions along the nanotube axis. But for theLÞ0p plasmons

FIG. 1. ~a! The loss spectra are shown for multiwall carbo
nanotubes with differentN’s at L50 andq50.1. The~10,10! nano-
tube is the innermost nanotube of the multiwall nanotubes. The
of q is Å21, here and henceforth.~b! Same plot as~a!, but shown at
L51. The~20,20! nanotube is also chosen as the innermost na
tube. The calculated results are shown in the insets for compar
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8512 PRB 62F. L. SHYU AND M. F. LIN
there are transverse plasma oscillations in addition to lo
tudinal plasma oscillations. The inter-p-band excitation en-
ergy increases with increasesL, and so does thep-plasmon
frequency. vvc(L) is lower for larger carbon nanotube
Consequently, the frequency differences among
L-decoupled plasmons become small asN grows.

In addition toN and L, the loss spectra are strongly a
fected by q. Figure 2~a! shows the loss spectra of theN
511 multiwall nanotube atL50 and differentq’s. vp
clearly increases withq. This result directly reflectsp-band
characteristic, the strong wave-vector dependence. Theq de-
pendence of thep plasmon means that the collective plasm
oscillations along the nanotube axis behave like a propa
ing wave, with a wavelength 2p/q.

Carbon nanotubes in a multiwall nanotube can have
ferent chiral angles. u’s of the coaxial nanotubes are ra
domly chosen. Thep-plasmon peaks in the loss spectra,
shown in the inset of Fig. 2~a!, are independent of chira
angle. All carbon nanotubes have concave-upward subb
at Ev;2g0 . Furthermore, the density of states is almost
same for carbon nanotubes with differentu’s. These two
p-band features can explain the negligibleu dependence. We
change the inner radius of a multiwall nanotube to exam
the r dependence. For theL50p plasmons, the plasmo
peaks are hardly affected by the nanotube radius, e.g.,
L50 loss spectra shown in the inset of Fig. 1~a!. This result

FIG. 2. ~a! The loss spectra are shown for a multiwall carb
nanotube atN511, L50, and differentq’s. All carbon nanotubes
are armchair nanotubes withu5230°. ~b! Same plot as~a!, but
shown for a single-wall carbon nanotube bundle atN519. These
two systems have the same size. Also shown in the insets ar
results for carbon nanotubes with random chiral angles.
i-

e

t-

f-

s

ds
e

e

he

remains true for anyN. The p-plasmon peak in the los
spectrum is mainly determined by the magnitude of the b
Coulomb interaction@Vi j in Eq. ~1!# and the excitation chan
nels and the inter-p-band excitation energy included in th
response function@x j in Eq. ~2a!#. The Coulomb interaction
decreases with nanotube radius, while the response func
exhibits the opposite behavior. The weaker interaction j
cancels with stronger response function, which thus lead
negligible r dependence. Very weakr dependence. is also
obtained for theL51p plasmon, as shown in the inset o
Fig. 1~b!. However, ther dependence might be strong atN
<7 andL>3. Roughly speaking, the dependence of thep
plasmon on the nanotube geometry is weak except at smaN
and largeL.

The dispersion relation of theL50p plasmon frequency
with momentum is shown in Fig. 3~a! at differentN’s. vp
approaches a finite value 2g0 at q→0, when the nanotube
number is finite. This result further illustrates that thep plas-
mon is associated with the inter-p-band excitations of the
concave-upward-subbands atEv(ky);2g0 . Thep plasmon
is an optical plasmon becausevp(q50,L50)52g0 . At
small q, vp grows rapidly withq, and theN dependence of
vp is strong. On the other hand, at largeq, vp exhibits linear
q dependence, and theN dependence ofvp becomes weak.
Whethervp strongly depends onN is mainly determined by
the intertube Coulomb interactions.

the

FIG. 3. The momentum-dependentp-plasmon frequencies o
multiwall carbon nanotubes with differentN’s. They are shown for
~a! theL50 mode and~b! theL51 mode. Also shown in the inse
of ~b! are thep-plasmon frequencies of differentL’s for an N
511 multiwall carbon nanotube.
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The L51p plasmon frequencies of multiwall nanotub
are shown in Fig. 3~b!. There are several important diffe
ences betweenL51 and L50 plasmons. vp(q,L51) is
the oscillation frequency of mixed plasma oscillations par
lel and perpendicular to the nanotube axis, whilevp(q,L
50) is that of only the longitudinal plasma oscillations. A
q50, vp(L51) differs appreciably from vp(L50)
(52g0). The former is higher than 2g0 , and it increases
with N. Moreover, at smallq, the q dependence ofvp is
weaker for theL51p plasmon. As to otherLÞ0 plasmons,
the q-dependent plasmon frequencies are similar to tha
the L51 plasmon, e.g., thevp’s of the L-decoupled plas-
mons shown in the inset of Fig. 3~b!. Also note that allp
plasmons are optical plasmons, and theq dependence ofvp
is linear at largeq.

The p-plasmon frequencies obtained from the tigh
binding model depend on the value of the resonance i
gral. g053.033 eV has been used29 to evaluate the
p-plasmon frequencies in previous studies.18,19 This value is
suitable only when the overlap integral~sppp in Ref. 29! is
included in the calculations of thep and s bands. g0
;2.6– 2.7 eV is used in other tight-binding calculations.40–42

Estimations obtained from comparison between the tig
binding model and the local-density-functional approach
g0;2.4– 2.5 eV.43,44The reasonable range ofg0 seems to be
2.4–2.7 eV. This range is the same as that of graphite.45 g0
52.5 eV, as employed for graphite,28 will be used to explain
the measuredp-plasmon frequencies of the graphite-relat
systems.

For multiwall nanotubes withN521– 44, theL50 and
L51 plasmon frequencies are, respectively,vp(L50)
55 – 6 eV andvp(L51)56.4– 6.6 eV atq50 – 0.01 Å21.
The average values arevp(L50)55.5 eV andvp(L51)
56.5 eV. The calculated results are consistent with the m
suredp-plasmon frequencies,2 ;5.2–5.4 and;6.2–6.4 eV.
The consistency suggests that there areL50 and L51p
plasmons in the experimental loss spectra. The detaileq
dependence of the measuredp-plasmon frequency is neede
for a complete comparison. Theq-dependent plasmon fre
quencies were recently measured by Friedleinet al.16 for a
multiwall nanotube with N;12. vp;5.1 eV at q
50.02 Å21. At small q, vp rapidly increases withq. More-
over, theq dependence ofvp is linear at largeq. These
features are well explained by the calculatedL50p plasmon
frequencies@Fig. 3~a!#. Theq dependence of theL-decoupled
p plasmons needs further experimental verification.

B. A single-wall carbon nanotube bundle with finite nanotubes

The loss spectra of single-wall carbon nanotube bund
are shown in Fig. 4~a! at q50.1 Å21 and differentN’s. Each
spectrum exhibits a pronouncedp-plasmon peak. This pea
comes from the superposition of theL50 collective excita-
tions in all carbon nanotubes. Thep-plasmon frequency and
the oscillator strength clearly increase with nanotube nu
ber. The longitudinal plasma oscillations on different carb
nanotubes are coupled by the intertube Coulomb inte
tions. The in-phase plasma oscillations lead to enhancem
of p-plasmon frequency and oscillator strength.

The product of the intertube Coulomb interaction and
response function is obviously reduced by increasing
l-

f

e-

t-
t

a-

s

-
n
c-
nt

e
e

nanotube radius. Therefore, thep-plasmon frequency and
oscillator strength decrease asr increases@inset in Fig. 4~a!#.
The r dependence is strong for a nanotube bundle, while
negligible for a multiwall nanotube@inset in Fig. 1~a!#. The
main reason is that the intertube Coulomb interaction of
former is much weaker than that of the latter. This might a
explain why a finite-size nanotube bundle exhibits low
p-plasmon frequency and weaker oscillator strength@Fig.
2~b!# than a multiwall nanotube@Fig. 2~a!#. A nanotube
bundle9 might be composed of single-wall nanotubes w
different chiral angles.46–48u affects the low-frequency inter
band plasmons, but not thep plasmon@inset in Fig. 2~b!#. A
similar result is obtained for a multiwall nanotube@inset in
Fig. 2~a!#. The u dependence of thep plasmon is insignifi-
cant for all nanotube systems.

The q-dependentp-plasmon frequencies of a single-wa
nanotube bundle are shown in Fig. 5~a! at L50 and different
N’s. At smallq, theq dependence ofvp becomes stronger a
N increases. vp is equal to 2g0 at q→0 for finite N, while
it is ;2.5g0 for N5`. This difference is because the Co
lomb interactions have the 1D@Eq. ~4b!# and 3D @Eq. ~5!#
forms, respectively, for finite N andN5`. At largeN, much
computer time is needed to get theq-dependentp-plasmon
frequency, e.g., for theN;600 nanotube bundle used in th
experiments.12 The p-plasmon frequency isvp55 – 5.8 eV
at q50 – 0.02 Å21. The measured 5.8 eVp plasmon should
correspond to theL50p plasmon at very smallq.

FIG. 4. ~a! The loss spectra are shown for single-wall carb
nanotube bundles atL50, q50.1, and differentN’s. ~b! Same plot
as ~a!, but shown for graphite layers atf50° andq50.1.
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The main similarities between a single-wall nanotu
bundle and a multiwall nanotube includevp(q50,L50)
52g0 for finite N and the linearq dependence ofvp at large
q @Figs. 5~a! and 3~a!#. On the other hand, there are tw
important differences. The single-wall nanotube bundle
lower p-plasmon frequencies, and it exhibits weakerq de-
pendence at smallq. In addition, when the nanotube numb
of the single-wall nanotube bundle is much larger than t
of the multiwall nanotube, the former has higher plasm
frequency atq<0.03 Å21. The similarities or differences
between these two systems can explain the experime
measurements.16

C. Graphite layers

Figure 4~b! shows the loss spectra of graphite layers
f50°, q50.1 Å21, and differentN’s. There are onlye-h
excitations atv,2g0 . The p-plasmon peak is induced b
the inter-p-band excitations of the states near theM point
~see the Appendix!.28 The interlayer Coulomb interaction
clearly enhance thep-plasmon frequency and the oscillat
strength asN increases. Graphite layers exhibits high
p-plasmon frequency and stronger oscillator strength co
pared with single-wall nanotube bundles@Fig. 4~a!#. How-
ever, graphite layers and multiwall nanotubes have alm
the samep-plasmon peak atL50, e.g., the loss spectr
shown in the inset of Fig. 4~b!. The p plasmons in graphite
layers or multiwall nanotubes are relatively easily observ
in experimental measurements.

FIG. 5. The momentum-dependentp-plasmon frequencies ar
shown at differentN’s for ~a! single-wall carbon nanotube bundle
and ~b! graphite layers.
s

t
n

tal

t
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The relationship between graphite and multiwall nan
tubes deserves a closer investigation. That graphite layer
not have the interband plasmons and theLÞ0p plasmons is
the most important difference. On the other hand, thep plas-
mons in graphite layers completely correspond to theL
50p plasmons in a multiwall carbon nanotube. The ma
reasons are as follows. A single-wall carbon nanotube
concave-upward subbands atEv(ky50);2g0 . Such sub-
bands are sampled from the states near theM point of a
graphite layer. These two kinds of state are the critical po
in energy–wave-vector space.28,18 The inter-p-band excita-
tions due to them inducep plasmons. Theq-dependent ex-
citation energies, which are included in the response fu
tions@Eqs.~2a! and~7a!#, are the same for these two system
at L50. The interlayer distance38 (I c53.35 Å) is very close
to the intertube distance (d53.4 Å).1,37 Moreover, the prod-
uct of the response function and the interlayer or intertu
Coulomb interaction is almost equal for the two systems
v.2g0 . Graphite layers and multiwall nanotubes thus e
hibit similar p plasmons atL50 and variousN’s. They have
identicalp-plasmon frequencies. For finiteN, thep-plasmon
frequencies rapidly increase from 2g0 at smallq and display
linear q dependence at largeq @Figs. 5~b!/3~a!#. TheL50p
plasmon frequencies of an infinite multiwall nanotube can
deduced from those of graphite. Also note thatvp respec-
tively, approaches 2g0 and 2.97g0 , at q→0 for finite N and
N5`. For graphite withN5`, a detailed comparison be
tween the calculated results and the experimen
measurements13,14 is given in Ref. 28.

IV. CONCLUDING REMARKS

In this work, we have calculated thep plasmons in a
multiwall carbon nanotube, a single-wall carbon nanotu
bundle with finite nanotubes, and graphite layers. The l
functions of the nanotube systems exhibit the most pro
nent p-plasmon peak as well as several interband plasm
peaks. The latter do not exist in graphite layers, mainly o
ing to the absence of 1D subbands. Thep plasmon is an
optical plasmon. Dependence on the chiral angle is ne
gible. However, thep plasmon is significantly affected b
the transferred momentum, the transferred angular mom
tum, and the number of carbon nanotubes or graphite lay
The intertube or interlayer Coulomb interactions apparen
enhance plasmon frequency and oscillator strength for
creasingN.

A multiwall carbon nanotube can exhibitL-decoupledp
plasmons. Thep-plasmon frequency clearly increases asL
grows. For theL50p plasmon, multiwall carbon nanotub
completely corresponds to graphite layers, but not to
single-wall carbon nanotube bundle. The similarities b
tween a multiwall carbon nanotube and a single-wall carb
nanotube bundle includevp52g0 at q50 and the linearq
dependence ofvp at large q. However, there are severa
important differences between them. The radius depende
is negligible for a multiwall carbon nanotube, while it
strong for a single-wall carbon nanotube bundle. Moreov
the former exhibits stronger collective excitations, high
p-plasmon frequency, and relatively rapid increase ofvp
with q at smallq.

The calculated results can explain the experimental m
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surements, two kinds of plasmon modes in a multiw
nanotube,2 the 5.8 eVp plasmon in a large single-wall nano
tube bundle,12 and the similarities or differences between
single-wall carbon nanotube bundle and a multiw
nanotube.16 EELS can be utilized36 to verify the predicted
results: theq- andN-dependentp plasmons in the graphite
related systems, and theL-decoupledp plasmons in a mul-
tiwall nanotube. Only thep band is included in the presen
calculations. When thes band is taken into account,42 it is
useful in understanding the overall excitation properties
v50 – 40 eV, e.g., thep1s plasmon withvp.20 eV.11–16

This problem will be investigated in further studies.

ACKNOWLEDGMENTS

We thank R. Friedlein for communicating experimen
results prior to publication. This work was supported in p
by the National Science Council of Taiwan, Republic
China under Grant No. NSC 89-2112-M-006-011.

APPENDIX

The p-band structures of a graphite layer and a sing
wall carbon nanotube are briefly reviewed here. A graph
sheet has two carbon atoms in a primitive cell. The Blo
states are described by two tight-binding functions built fro
the 2pz orbitalsfz(r 8):

Uik8~r 8!5C(
Rn

eik8•~Rn1t i !fz~r 82Rn2t i !, i 51,2.

~A1!

C is the normalization factor,k8 is the 2D wave vector, and
Rn is the lattice vector. t1 andt2 define the positions of the
two basis atoms. The single-orbital nearest-neighbor tig
binding Hamiltonian is used to calculate thep band. The
energy dispersions of a graphite layer, obtained by diago
izing the Hamiltonian, are given by

Ec,v~kx8 ,ky8!56g0F114 cosS 3bky8
2 D cosS&bkx8

2 D
14 cos2S&bkx8

2 D G1/2

, ~A2!

and the wave functions are

Ck8
c,v

~r 8!5
1

)
S U1k8~r 8!7

H12* ~kx8 ,ky8!

uH12~kx8 ,ky8!u
U2k8~r 8! D .

~A3!
l

ll

l

t

l
t
f

-
e
h

t-

l-

The superscriptc(v) represents the antibondingp* band
~the bondingp band! above ~below! the Fermi levelEF
50. g0 @;2.3–2.7 eV~Ref. 45!# is the nearest-neighbo
resonance integral.H1252g0S i 51

3 e2 ik8•r i is the nearest-
neighbor Hamiltonian matrix element. Thep band strongly
depends on the direction of the wave vector. Energy vanis
at the corners~K andK8! of the first Brillouin zone. Further-
more,Ec5g0 andEv52g0 for the middle pointM between
K andK8. The electronic excitations from the states near
M point are associated with thep plasmon.28

A similar tight-binding calculation is applied to a cylin
drical carbon nanotube, but with the periodic boundary c
dition along the rolled~transverse! direction. A carbon nano-
tube samples thep-electron states of a graphite sheet, whi
satisfies the periodic boundary condition. The angle betw
the rolled direction~the x axis! and thex8 axis is defined as
the chiral angleu.22 The relationship between wave vecto
(kx ,ky) of a carbon nanotube and those (kx8 ,ky8) of a graph-
ite layer is described by

kx85kx cosu2ky sinu ~A4a!

and

ky85kx sinu1ky cosu. ~A4b!

Equations~A2! and ~A3!, together with the above transfor
mation, describe thep band of a carbon nanotube. The axi
wave vectorky is confined within the first Brillouin zone
The transverse wave vector needs to satisfy the perio
boundary condition. It is given bykx5J/r , where J
51,2,...,Nu/2; Nu is the number of atoms in a primitive un
cell. J is the angular momentum of electrons circulating t
nanotube. It can serve as the subband index. Thep-band
structure has three main features. There are many 1D
bands with strongky dependence. The subbands are conc
upward ~downward! for Ev(ky50)<2g0 @Ec(ky50)
>g0#. The subbands withEv(ky50);2g0 @Ec(ky50)
;g0# correspond to the states near theM point of a graphite
layer. They induce thep plasmon. Moreover, the density o
states hardly depends on the chiral angle except at low e
gies. For an armchair~m, m! nanotube, the energy dispe
sions are given by

Ec,v~J,ky!56g0F114 cosS&bky

2 D cosS Jp

m D
14 cos2S&bky

2 D G1/2

, ~A5!

whereJ51,2, . . . ,2m.
.
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