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7r plasmons in carbon nanotube bundles
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The m-electronic collective excitationgér plasmong in carbon nanotube bundles are studied within the
linear-response approximation. The intertube Coulomb interactions significantly affect the electronic excita-
tions, so that ther plasmons in nanotube bundles are quite different from those in a single nanotube. The
plasmons strongly depend on the direction and magnitude of the transferred momentum. They clearly exhibit
the anisotropic behavior. Moreover, the plasmon frequencies are lower for bundles made up of larger
nanotubes[S0163-18208)04815-2

lijima® recently reported observation of carbon nanotubeslattice vectors of a graphite sheet amcandn are integerg?®
which are graphite sheets rolled up in a cylindrical form. AThe radius and the chiral angle of ) nanotube are
carbon nanotube consists of either a single-shell nanotube or

multishell nanotubes with a radius 10—-150 A. Such a quasi- IR, by3(m?+mn+n?)
one-dimensional system has motivated many studies on the r=5-" o

electronic structurés’ and excitation§72° When carbon

nanotubes are packed together, they would form a threexnd

dimensional(3D) system, a carbon nanotube bundBNB).

CNB’s, which are made up of different multi-stif? or —v3n

single-sheff® nanotubes, have been produced. It is currently f=tan ! (2m—+n)

possible to produce a uniform CNB composed of the same

single-shell nanotubé8* Moreover, carbon nanotubes, respectively** b=1.42 A is the C-C bond length. Armchair

w!th armcha!r structures, are founq to be located in accor m,m) nanotubes, as found in a uniform CN&25 are taken

with a 2D tnang_ular lattice. Metalllc rfltoms an.d moleculesfor a model study. Ther band is calculated from the nearest-

gﬁ;’é‘:ﬂgﬁgggﬁ;g;ﬁg}iiﬁ; Itrr]1tg iﬁg?cz'la'fi)é%eg';nsegtgtlrgnnza'r}]eighbor tight-binding HamiltoniahThe wave function and

fect on conductivit® and the Raman spectruth.In this 1 heenergy dlsggr;lon.are denoted, respecnvelylfﬁyv and

work we mainly study ther-electronic collective excitations Esx, (h=v,c).”“"k, is the wave vector along the tubular

(7 plasmong of a uniform CNB by evaluating the longitu- axis andJ is the angular momentunh=v (h=c) corre-

dinal dielectric function(e). Their dependence on the trans- sponds to the occupied valence bdite unoccupied con-

ferred momentunig,=(q,q, )] and the nanotube radius)(  duction bangl The 7-electronic excitation$Eq. (6)] are the

is investigated. interband excitations from the band to thec band or vice
We use the tight-binding modeto calculate ther band  versa.

formed by 2, orbitals. Thew-electronic response function We consider a uniform CNB in which the same single-

of a uniform CNB is evaluated within the linear-responseshell nanotubes are packed into a triangular lattice with the

approximatiorf® Carbon nanotubes are coupled by the Couattice constand (=3.15 A).2* The nanotube number per

lomb interactions among electrons. The intertube Coulomiarea isN,=2//3(2r +d).? The tight-binding wave function

coupling would significantly affect the characteristics of theof the nanotube bundle is

7 plasmons. A single carbon nanotube is predicted to exhibit

the decoupleds plasmons of different angular momenta la)=1k, ;J.ky,h)

(L).1-2However, therr plasmons in CNB'’s are associated

with the superposition of the variolsmode excitations of _ ik -R. )wh “R 1
all nanotubes. Our study shows that ta@lasmons strongly C%m explik, R, m) 3k YolL tm) (D

depend on the magnitude and the direction of the transferred
momenta as well as the nanotube radius. The calculated rg¢hereC is the normalization factor ang;, , is the 2D lat-
sults could be verified from the measurements of thdice vectors.L represents the direction perpendicular to the
momentum-dependent electron-energy-loss spectrurtubular axis, for examplek, is perpendicular tdk, .
(EELS). The dielectric function of a CNB is calculated within the

A single-layer nanotube could be regarded as a rolled-ufinear-response approximation. The bundle is assumed to be
graphite sheet. Its structure is uniquely characterized by a 2Pperturbed by the time-dependent potenti&f(q,q, ,»). The
lattice vectorR,=ma; + na,, wherea; anda, are primitive  ar electrons on all nanotubes would screen this external field,
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which thus causes the charge fluctuations. The induced po- 822N, rigt  r8q®
tential due to the induced charges is directly obtained frome(Q,0, ,w)~€y— —>5—>+ —+
; : (g7 +99) 16 4096
the Poisson equation
A | r’g?  rbqf
V(.4 @) =V(9,0.)n"(q,0. ). @ “x(QL=00)F 5+ glx(@ L =1w)
V(q,q,)=4me?/(q?>+q?) is the Fourier component of the rfq?  r8q’
3D bare Coulomb interaction. The approximation, which is 1732 T 2608 x(q,L=2,0)
similar to the self-consistent-field approathis used to
evaluate the induced charge density. Within the linear- rﬁqf
response approximation we get + 1152)((q,L=3,w)
n"(q,q, ,®)=x(a,9, ,©)V(q,q, ,0) (3) riq?
+oa7ogX (AL =4w) . (8
and

Such an approximation is good except that is very large.
Equation (8) could be generalized to describe a CNB

x(0,q, ,0)=22 [(a'|eWe% |a)]? threaded by magnetic flug if x(q,L,) is changed into
a.a’ x(q,L,¢,w). Moreover, it is suitable for other bundles, e.g.,
fO(E,.)—f°(E,) intercalated CNB’gRefs. 26 and 27and electron-gas cylin-

(4) der bundles.
The dielectric function markedly depends on the direction
and the magnitude of;. The EELS is thus expected to

g ) . : exhibit the anisotropic behavior. The polar angle betwgen
Fermi-Dirac functionI is the energy width due to the deex- and the axial direction is specified by The two simple

citation mechanismsE ,= EJVky is the energy dispersion of casesy, =0 (6=0°) andg=0 (6=90°) are discussed. The
each nanotube. The induced potential is proportional to th@jelectric function withouty, is

effective potential, in which the coefficient is the response
function x(q,q, ,w). The effective potential is the sum of a
the external potential and the induced potential, so the di- €(q,w)=€o— T x(q,L=00). ©)
electric function defined by®/ Ve is

“E.—E,—(0til)’

The factor of 2 accounts for the spin degenerdyis the

m2e?N

When the external electric field is parallel to the axial direc-
(5) tion, the dielectric response of the CNB is the superposition
of theL =0 excitations of all carbon nanotubes. Equati®n

eo(=2.4) (Ref. 20 is the background dielectric constant. 1S , similar to that [e(a,L=0,0)=¢€
The response function of the nanotube bundle is the su=47€ 1L =o(aN)K_-o(qr)x(q,L=0,w)] of a single-shell

O . . . .
perposition of those of separate nanotubes. By a detaile@@NOtUbE’ I _o (K| ) is the first(second kind of modi-

Coulomb interactions is the main difference between them.
On the other hand, for thg=0 case, the dielectric function

€(9,9, ,0)=€—V(q,q,)x(d,9, ,®).

X(Q.41,@) at smallq, is
=2N, X [3'ky+aq,h'[eVed |k, ,h)? e(q, ,w)~ey—47%e’r’N,x(q=0,L=1,0)
3,9" ky ,h,h’
0 : o gh —szle“qu x(q=0,L=2,w). (10
y f(EJ,Yqu)—f (EJ,ky) © 4 ' Na , o).
ES‘ K +q—E5‘k —(w+iF)' The dielectric response at the long-wavelength lingt (
Yy Yy

—0) is the superposition of the=1 excitations, which con-

The above summation is only related to the states of an isdfasts greatly with that in thej, =0 case[Eq. (9)]. This
lated nanotube. Hence(q,q, ,») of a CNB is associated result further illustrates that the CNB is an anisotropic sys-

with that [x(q,L,®)] of a single-shell nanotuf®. The €M _ _
square of the matrix element in E¢F) is further evaluated The EELS, defined as |m 1/e(q,q, ,»)], is calculated
from the series expansion atI'=0.5 eV for the study of ther plasmon. Figure 1 pre-
sents the EELS of thé,5) nanotube bundle a#=0° and
) L (g 4 aid'\L variousq;'s. Thgre gxi;ts a very pronounced peak .in each of
expliq, r)=S (ig,r)” [e” +e ) (77 the spectra, which is identified as theplasmon. This plas-
T L! 2 ' mon is due to the superposition of the=0 collective exci-

tations of all nanotubekEq. (9)]. The 7 plasmon frequency
where ¢’ is the azimuthal angle ant is the transferred (wp) clearly increases with the transferred momentum, i.e.,
angular momentum. Finally, the dielectric function is ap-the 7 plasmons exhibit the strong momentum dependence. In
proximately given by addition to the transferred momenta, the EELS, as seen in
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FIG. 1. The EELS of thé5,5 bundle is calculated at various FIG. 3. The momentum dependence of thplasmon frequency
transferred momentag() along the tubular axisd=0°). Theunit s shown for various nanotube bundle®at0°. TheL =0 plasmon
of g, is A~* henceforth. frequency of a singl¢5,5 nanotube is also shown in the inset for

comparison.

Fig. 2, changes with the nanotube radius. For a bundle with
smaller nanotubes, the EELS intensity is stronger andrthe radius dependence is relatively strong at small momentum.
plasmon frequency is higher. That the dielectric response ofhe obvious dispersions in momenta are due to the intertube
CNB’s[Eqg.(6)] is proportional to the nanotube density is the Coulomb interactions and the strong wave-vector depen-
main reason. Also notice that a single nanotube exhibits dence of ther band?~® The 7 plasmon frequencies in vari-
similar 7 plasmon peak in the =0 excitation spectrum, but ous CNB’s are~6-8 eV at small momentum. They are
such a peak would vanish at the long-wavelength lgni-0  close to that {7 eV) of graphite’*®** The predicted momen-
(inset in Fig. 3.2° The long-wavelength collective excita- tum dispersions could be experimentally verified with the
tions in the CNB, which correspond to the plasma oscilla-momentum-dependent EELS, as done for grapfiite.
tions along the axial direction, are indicated to be mainly We also compare the plasmon in a CNB with that in a
supported by the intertube Coulomb interactions. single nanotubéthe L=0 plasmon; inset in Fig.)3In gen-

The momentum-dependent plasmon frequencies are eral, the frequency of the former is higher at small momenta
shown in Fig. 3 for the transferred momenta along the axiahnd lower at large momenta. This result is principally deter-
direction. The frequencies of the-electronic collective ex- mined by the 3D Coulomb interaction t8e?N,/g?) in a
citations are higher than 6 eV even at vanishing momentunCNB and the 1D Coulomb interaction
The 7 plasmons in CNB'’s belong to optical plasmons, which[47e?l, _,(qr)K__o(qr)] in a single nanotube since their
behave as that of a 3D electron gas. Their frequencies delielectric functions are similar to each other except the Cou-
pend on the transferred momenta and the nanotube radii. Themb interactions. Compared to the 1D interaction, the 3D
interaction quickly diverges at vanishing and decays at
largeq. The dimensionality-dependent Coulomb interactions

0.8 -

q:=0.25; 6=0° could explain the above result.
e ?65)10 | The excitation properties, EELS, and plasmon frequencies
1 1515) ;% would reflect the structure anisotropy of the CNB; that is,
064 . gggg o they alter with the directior{d) of the transferred momen-
o ’ tum. The EELS intensity in Fig. 4 and the plasmon fre-
> quency in Fig. 5 apparently display the anisotropic charac-
i 1 ' teristic. At smallq;, the EELS intensity is stronger and the
_ﬁ 0.4 1 | plasmon frequency is higher for smaller polar angles. The

electronic excitations of the CNB at smalll are mainly de-
DA\ S rived from the superposition of the=0 and 1 excitations
0.2 1 D :;,/ [Eg. (8)] of separate nanotubes. The=0 excitations are
1 ’ ' ANRRY stronger than thd.=1 excitations. Moreover, the former
NN (the lattey are the main excitations for small@argen polar
1 _____ angles. These excitation properties could explain why the
0.0 =57 T S m-electronic collective excitations at smaj] become weak
(eV) asdincreases. On the other hand, the 2 and 3 excitations
[Eqg. (8)] are not negligible at large;. For example, the
FIG. 2. The EELS of the different nanotube bundles is calcu-plasmon frequency for the plasma oscillation perpendicular
lated atq,=0.25 A"! and #=0°. to the axial direction is principally due to tHe=1 excita-
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FIG. 4. Same plot as Fig. 1, but shown for the transferred mo- .
menta along the different directions agg=0.25 A-L. FIG. 5. Same plot as Fig. 3, but shown for theplasmon fre-
guencies of the€5,5 nanotube bundle in various directions.

tions at small; (inset in Fig. 5. However, it is significantly electronic excitations of the CNB are associated with those
affected by the.> 1 excitations at largg,. TheL=2 and 3  of an isolated carbon nanotube. However, they are quite dif-
excitations would make the relatively important contributionferent from each other, mainly owing to the intertube Cou-
to the dielectric response with large Hence, at largey,,  !0mb coupling. Thew plasmons strongly depend on the di-
there is no simple relation between the plasmon frequenc{gction and the magnitude of the transferred momentum. The
(or the EELS intensityand the polar angle, as seen in Fig. 5. Structure anisotropy of the CNB is directly reflected in the

The EELS, without the momentum dependence, has becflectronic excitations. The obvious momentum dispersions
’ . ’ are related to the Coulomb interactions and the strong wave-
measured for a multishell nanotd&' and a nanotube

bundle made up of different single-shell nanotulfeshe = vector dependence of the band. Furthermore, ther plas-

; mon frequencies are lower for CNB’'s made up of larger
plasmon frequency is-5-7 eV for the former and-5.8 8V ano hes. The measurements of the momentum-dependent
for the latter. The predicted- (6 —8)-eV plasmon at small

EELS (Ref. 3] are available in verifying the predicted re-

momentum could essentially explain the measured plasmogiis. Similar studies could be generalized to understand the
structures. The measurements of the momentum-dependetl iiation properties of the intercalated CNEBS&

EELS on a uniform CNB are needed to make a more detailed
comparison. This work was supported in part by the National Science

In this work we have calculated the dielectric function of Council of Taiwan, Republic of China, under Grant Nos.
the CNB within the linear-response approximation. The NSC 87-2112-M-006-019 and 87-2112-M-009-009.
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