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p plasmons in carbon nanotube bundles
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The p-electronic collective excitations~p plasmons! in carbon nanotube bundles are studied within the
linear-response approximation. The intertube Coulomb interactions significantly affect the electronic excita-
tions, so that thep plasmons in nanotube bundles are quite different from those in a single nanotube. Thep
plasmons strongly depend on the direction and magnitude of the transferred momentum. They clearly exhibit
the anisotropic behavior. Moreover, thep plasmon frequencies are lower for bundles made up of larger
nanotubes.@S0163-1829~98!04815-2#
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Iijima1 recently reported observation of carbon nanotub
which are graphite sheets rolled up in a cylindrical form.
carbon nanotube consists of either a single-shell nanotub
multishell nanotubes with a radius 10–150 Å. Such a qu
one-dimensional system has motivated many studies on
electronic structures2–7 and excitations.8–20 When carbon
nanotubes are packed together, they would form a th
dimensional~3D! system, a carbon nanotube bundle~CNB!.
CNB’s, which are made up of different multi-shell21,22 or
single-shell23 nanotubes, have been produced. It is curren
possible to produce a uniform CNB composed of the sa
single-shell nanotubes.24,25 Moreover, carbon nanotube
with armchair structures, are found to be located in acc
with a 2D triangular lattice. Metallic atoms and molecul
could be further intercalated into CNB’s. Experimental me
surements demonstrate that the intercalation has a stron
fect on conductivity26 and the Raman spectrum.27 In this
work we mainly study thep-electronic collective excitations
~p plasmons! of a uniform CNB by evaluating the longitu
dinal dielectric function~e!. Their dependence on the tran
ferred momentum@qt5(q,q')# and the nanotube radius (r )
is investigated.

We use the tight-binding model4 to calculate thep band
formed by 2pz orbitals. Thep-electronic response functio
of a uniform CNB is evaluated within the linear-respon
approximation.28 Carbon nanotubes are coupled by the Co
lomb interactions among electrons. The intertube Coulo
coupling would significantly affect the characteristics of t
p plasmons. A single carbon nanotube is predicted to exh
the decoupledp plasmons of different angular momen
(L).17–20However, thep plasmons in CNB’s are associate
with the superposition of the variousL-mode excitations of
all nanotubes. Our study shows that thep plasmons strongly
depend on the magnitude and the direction of the transfe
momenta as well as the nanotube radius. The calculated
sults could be verified from the measurements of
momentum-dependent electron-energy-loss spect
~EELS!.

A single-layer nanotube could be regarded as a rolled
graphite sheet. Its structure is uniquely characterized by a
lattice vectorRx5ma11na2 , wherea1 anda2 are primitive
570163-1829/98/57~16!/10183~5!/$15.00
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lattice vectors of a graphite sheet andm andn are integers.29

The radius and the chiral angle of a (m,n) nanotube are

r 5
uRxu
2p

5
bA3~m21mn1n2!

2p

and

u5tan21
2)n

~2m1n!
,

respectively.14 b51.42 Å is the C-C bond length. Armcha
(m,m) nanotubes, as found in a uniform CNB,24,25 are taken
for a model study. Thep band is calculated from the neares
neighbor tight-binding Hamiltonian.4 The wave function and
the energy dispersion are denoted, respectively, byCJ,kv

h and

EJ,kv

h (h5v,c).20,29 ky is the wave vector along the tubula

axis andJ is the angular momentum.h5v (h5c) corre-
sponds to the occupied valence band~the unoccupied con-
duction band!. Thep-electronic excitations@Eq. ~6!# are the
interband excitations from thev band to thec band or vice
versa.

We consider a uniform CNB in which the same sing
shell nanotubes are packed into a triangular lattice with
lattice constantd (53.15 Å).24 The nanotube number pe
area isNa52/)(2r 1d).2 The tight-binding wave function
of the nanotube bundle is

ua&5uk' ;J,ky ,h&

5C (
R',m

exp~ ik'•R',m!CJ,ky

h ~y,r'2R',m!, ~1!

whereC is the normalization factor andR',m is the 2D lat-
tice vectors.' represents the direction perpendicular to t
tubular axis, for example,k' is perpendicular toky .

The dielectric function of a CNB is calculated within th
linear-response approximation. The bundle is assumed t
perturbed by the time-dependent potentialVex(q,q' ,v). The
p electrons on all nanotubes would screen this external fi
10 183 © 1998 The American Physical Society
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which thus causes the charge fluctuations. The induced
tential due to the induced charges is directly obtained fr
the Poisson equation

Vin~q,q' ,v!5V~q,q'!nin~q,q' ,v!. ~2!

V(q,q')54pe2/(q21q'
2 ) is the Fourier component of th

3D bare Coulomb interaction. The approximation, which
similar to the self-consistent-field approach,28 is used to
evaluate the induced charge density. Within the line
response approximation we get

nin~q,q' ,v!5x~q,q' ,v!Veff~q,q' ,v! ~3!

and

x~q,q' ,v!52 (
a,a8

z^a8ueiqyeiq'•r'ua& z2

3
f 0~Ea8!2 f 0~Ea!

Ea82Ea2~v1 iG!
. ~4!

The factor of 2 accounts for the spin degeneracy.f 0 is the
Fermi-Dirac function.G is the energy width due to the dee
citation mechanisms.Ea5EJ,ky

h is the energy dispersion o

each nanotube. The induced potential is proportional to
effective potential, in which the coefficient is the respon
function x(q,q' ,v). The effective potential is the sum o
the external potential and the induced potential, so the
electric function defined byVex/Veff is

e~q,q' ,v!5e02V~q,q'!x~q,q' ,v!. ~5!

e0(52.4) ~Ref. 20! is the background dielectric constant.
The response function of the nanotube bundle is the

perposition of those of separate nanotubes. By a deta
analysis, the response function is reduced to

x~q,q' ,v!

52Na (
J,J8,ky ,h,h8

z^J8,ky1q,h8ueiqyeiq'•r'uJ,ky ,h& z2

3
f 0~EJ8,ky1q

h8 !2 f 0~EJ,ky

h !

EJ8,ky1q
h8 2EJ,ky

h 2~v1 iG!
. ~6!

The above summation is only related to the states of an
lated nanotube. Hencex(q,q' ,v) of a CNB is associated
with that @x(q,L,v)# of a single-shell nanotube.20 The
square of the matrix element in Eq.~6! is further evaluated
from the series expansion

exp~ iq'•r'!5(
L

~ iq'r !L

L!
S eif81e2 if8

2
D L

, ~7!

where f8 is the azimuthal angle andL is the transferred
angular momentum. Finally, the dielectric function is a
proximately given by
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e~q,q' ,v!'e02
8p2e2Na

~q'
2 1q2!

H F11
r 4q'

4

16
1

r 8q'
8

4096G
3x~q,L50,v!1F r 2q'

2

2
1

r 6q'
6

128Gx~q,L51,v!

1F r 4q'
4

32
1

r 8q'
8

4608Gx~q,L52,v!

1
r 6q'

6

1152
x~q,L53,v!

1
r 8q'

8

73 728
x~q,L54,v!J . ~8!

Such an approximation is good except thatq'r is very large.
Equation ~8! could be generalized to describe a CN
threaded by magnetic fluxf if x(q,L,v) is changed into
x(q,L,f,v). Moreover, it is suitable for other bundles, e.g
intercalated CNB’s~Refs. 26 and 27! and electron-gas cylin-
der bundles.

The dielectric function markedly depends on the direct
and the magnitude ofqt . The EELS is thus expected t
exhibit the anisotropic behavior. The polar angle betweenqt
and the axial direction is specified byu. The two simple
casesq'50 (u50°) andq50 (u590°) are discussed. Th
dielectric function withoutq' is

e~q,v!5e02
8p2e2Na

q2 x~q,L50,v!. ~9!

When the external electric field is parallel to the axial dire
tion, the dielectric response of the CNB is the superposit
of theL50 excitations of all carbon nanotubes. Equation~9!
is similar to that @e(q,L50,v)5e0
24pe2I L50(qr)KL50(qr)x(q,L50,v)# of a single-shell
nanotube.20 I L50 (KL50) is the first~second! kind of modi-
fied Bessel function of orderL50. However, the different
Coulomb interactions is the main difference between the
On the other hand, for theq50 case, the dielectric function
at smallq' is

e~q' ,v!'e024p2e2r 2Nax~q50, L51,v!

2
1

4
p2e2r 4q'

2 Nax~q50, L52,v!. ~10!

The dielectric response at the long-wavelength limit (q'

→0) is the superposition of theL51 excitations, which con-
trasts greatly with that in theq'50 case@Eq. ~9!#. This
result further illustrates that the CNB is an anisotropic s
tem.

The EELS, defined as Im@21/e(q,q' ,v)#, is calculated
at G50.5 eV for the study of thep plasmon. Figure 1 pre-
sents the EELS of the~5,5! nanotube bundle atu50° and
variousqt’s. There exists a very pronounced peak in each
the spectra, which is identified as thep plasmon. This plas-
mon is due to the superposition of theL50 collective exci-
tations of all nanotubes@Eq. ~9!#. Thep plasmon frequency
(wp) clearly increases with the transferred momentum, i
thep plasmons exhibit the strong momentum dependence
addition to the transferred momenta, the EELS, as see
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57 10 185p PLASMONS IN CARBON NANOTUBE BUNDLES
Fig. 2, changes with the nanotube radius. For a bundle w
smaller nanotubes, the EELS intensity is stronger and thp
plasmon frequency is higher. That the dielectric respons
CNB’s @Eq. ~6!# is proportional to the nanotube density is t
main reason. Also notice that a single nanotube exhibi
similar p plasmon peak in theL50 excitation spectrum, bu
such a peak would vanish at the long-wavelength limitq→0
~inset in Fig. 3!.20 The long-wavelength collective excita
tions in the CNB, which correspond to the plasma osci
tions along the axial direction, are indicated to be mai
supported by the intertube Coulomb interactions.

The momentum-dependentp plasmon frequencies ar
shown in Fig. 3 for the transferred momenta along the a
direction. The frequencies of thep-electronic collective ex-
citations are higher than 6 eV even at vanishing moment
Thep plasmons in CNB’s belong to optical plasmons, whi
behave as that of a 3D electron gas. Their frequencies
pend on the transferred momenta and the nanotube radii.

FIG. 1. The EELS of the~5,5! bundle is calculated at variou
transferred momenta (qt) along the tubular axis (u50°). Theunit
of qt is Å21 henceforth.

FIG. 2. The EELS of the different nanotube bundles is cal
lated atqt50.25 Å21 andu50°.
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radius dependence is relatively strong at small moment
The obvious dispersions in momenta are due to the intert
Coulomb interactions and the strong wave-vector dep
dence of thep band.2–6 The p plasmon frequencies in vari
ous CNB’s are;6 – 8 eV at small momentum. They ar
close to that (;7 eV) of graphite.30,31The predicted momen
tum dispersions could be experimentally verified with t
momentum-dependent EELS, as done for graphite.31

We also compare thep plasmon in a CNB with that in a
single nanotube~the L50 plasmon; inset in Fig. 3!. In gen-
eral, the frequency of the former is higher at small mome
and lower at large momenta. This result is principally det
mined by the 3D Coulomb interaction (8p2e2Na /q2) in a
CNB and the 1D Coulomb interactio
@4pe2I L50(qr)KL50(qr)# in a single nanotube since the
dielectric functions are similar to each other except the C
lomb interactions. Compared to the 1D interaction, the
interaction quickly diverges at vanishingq and decays at
largeq. The dimensionality-dependent Coulomb interactio
could explain the above result.

The excitation properties, EELS, and plasmon frequenc
would reflect the structure anisotropy of the CNB; that
they alter with the direction~u! of the transferred momen
tum. The EELS intensity in Fig. 4 and the plasmon fr
quency in Fig. 5 apparently display the anisotropic char
teristic. At smallqt , the EELS intensity is stronger and th
plasmon frequency is higher for smaller polar angles. T
electronic excitations of the CNB at smallqt are mainly de-
rived from the superposition of theL50 and 1 excitations
@Eq. ~8!# of separate nanotubes. TheL50 excitations are
stronger than theL51 excitations. Moreover, the forme
~the latter! are the main excitations for smaller~larger! polar
angles. These excitation properties could explain why
p-electronic collective excitations at smallqt become weak
asu increases. On the other hand, theL52 and 3 excitations
@Eq. ~8!# are not negligible at largeqt . For example, the
plasmon frequency for the plasma oscillation perpendicu
to the axial direction is principally due to theL51 excita-

-

FIG. 3. The momentum dependence of thep plasmon frequency
is shown for various nanotube bundles atu50°. TheL50 plasmon
frequency of a single~5,5! nanotube is also shown in the inset fo
comparison.
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10 186 57M. F. LIN AND D. S. CHUU
tions at smallqt ~inset in Fig. 5!. However, it is significantly
affected by theL.1 excitations at largeqt . TheL52 and 3
excitations would make the relatively important contributi
to the dielectric response with largeu. Hence, at largeqt ,
there is no simple relation between the plasmon freque
~or the EELS intensity! and the polar angle, as seen in Fig.

The EELS, without the momentum dependence, has b
measured for a multishell nanotube8–11 and a nanotube
bundle made up of different single-shell nanotubes.12 The p
plasmon frequency is;5 – 7 eV for the former and;5.8 eV
for the latter. The predicted;(6 – 8)-eV plasmon at small
momentum could essentially explain the measured plas
structures. The measurements of the momentum-depen
EELS on a uniform CNB are needed to make a more deta
comparison.

In this work we have calculated the dielectric function
the CNB within the linear-response approximation. Thep-

FIG. 4. Same plot as Fig. 1, but shown for the transferred m
menta along the different directions andqt50.25 Å21.
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electronic excitations of the CNB are associated with th
of an isolated carbon nanotube. However, they are quite
ferent from each other, mainly owing to the intertube Co
lomb coupling. Thep plasmons strongly depend on the d
rection and the magnitude of the transferred momentum.
structure anisotropy of the CNB is directly reflected in t
electronic excitations. The obvious momentum dispersi
are related to the Coulomb interactions and the strong wa
vector dependence of thep band. Furthermore, thep plas-
mon frequencies are lower for CNB’s made up of larg
nanotubes. The measurements of the momentum-depen
EELS ~Ref. 31! are available in verifying the predicted re
sults. Similar studies could be generalized to understand
excitation properties of the intercalated CNB’s.26,27
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-
FIG. 5. Same plot as Fig. 3, but shown for thep plasmon fre-

quencies of the~5,5! nanotube bundle in various directions.
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