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We study the dielectric response function of an electron-gas cylinder
bundle. The electron—electron interactions among different cylinders are
taken into account. The electronic excitations are associated with those of
an isolated cylinder. However, a cylinder bundle exhibits the three-
dimensional characteristics, but a single cylinder the one-dimensional
characteristics. The excitation properties are highly anisotropic. The
plasma oscillations perpendicular and parallel to the axial direction quite
differs from each other. The ratio between their oscillation frequencies is

generally smaller than 1/

2, which depends on the cylinder radius and the

effective mass. © 1997 Elsevier Science Ltd
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A cylinder bundle, which is made up of the identical
hollow cylinders, could form a two-dimensional (2D)
lattice, e.g. a triangular lattice (Fig. 1). An isolated
cylinder is a mesoscopic metal tube [1] or a carbon
nanotube {2]. The metallic carbon nanotube bundle was
recently reported by Thess et al. [3]. The objective of this
work is to investigate the electronic excitations of the
cylinder bundles by evaluating their dielectric function e.

Here the charge carriers confined on a hollow cylinder
are modelled as an electron gas (EGS) [1, 4-7]. The
eigenstates are

Yy(r1,6,2) = e e™(r, —a)l /75, (1)
and the eigenvalues are
Eg = K*2m" + 1°2m"a?, )

where |8) = |k,I). k is the wave vector along the axial
direction, [ the angular momentum or the subband index,
m" the effective mass and a the cylinder radius. Due to
the cylindrical symmetry, the transferred momentum (g)
and angular momentum (L) are conserved in the electron—
electron (e—e) interactions. Hence each EGS cylinder
exhibits the L-decoupled electronic excitations, with
the strong g-dependence [4-7].

The Bloch functions of a cylinder bundle, which have
the 2D lattice vector R | ,, are expressed by

lok.,B)=C Y exp (k. -Rin)¥s(r. — R, 2).
Rl-"
3)

C is the normalization factor. 1 denotes the vector
perpendicular to the axial direction. For example, k ; is
perpendicular to k. The cylinder bundle is assumed to be
perturbed by an external potential V**(q_, g, w). It would
induce charge fluctuations on all cylinders. The induced
potential due to the screening charges could be obtained
from the Poisson’s equation

V™(qy,q.w) = V(gL q)n™(q., g, w). @

V(q.,q) = 4xe’l(g’ + ¢*) is the Coulomb interaction of
a 3D EGS. The e—e interaction has changed from the 1D
{4-7] to the 3D form, when the quasi-1D cylinders are
packed into the crystalline bundle.

The approximation, which is similar to the self-
consistent-field approach [8], is used to calculate the
induced charge density (n™). Within the linear response
approximation, we obtain

(@, w)=2 Y VI (q;, w)a'le ") (e ™ Flo)

aa’.qy

fUES) —FUE,)
Ey—-E,—(w+ i6)’

where q; = (q_, ). The factor of 2 accounts for the spin
degeneracy. VYL = V¥ + V" is the effective potential.
fY is the Fermi-Dirac function. The many-body effects
due to exchange-correlation holes are neglected within
the linear response. As a result of the periodicity of the
Bloch functions, the matrix elements in equation (5) is

X

5)
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Fig. 1. The hollow cylinders are packed into a two-
dimensional triangular lattice.

(a'leiq"’rla) =6(kI_L -k, - q'_L - G’,.)vS(k' - k—q)

X ML(q'l )s (63)
where
M (q') = ,f dr e T ¥ (e, O (ry, )
x
- J e —il¢ eiq],a cos ¢ eiq;a sin ¢ dé. (6b)
0
(g% 9%) = q's. G, is a 2D reciprocal-lattice vector. The

effects from the Umklapp scattering are included in
equation (6a). M, which is derived from the e—e inter-
actions of Bloch states, only depends on the difference
of angular momentum L =1[—1['. This result clearly
illustrates that the dielectric response of a cylinder
bundle is associated with the various L’s excitations of
separate hollow cylinders.

A ntinrn smmtbnmtind Altas

The &
The effective potential ovtained iroim egu

is

-y off . . ~ “r€X,
V>qL +Unqw)=V QL

+ Gy, g, W) + V(qy + G, g, W), (72)
and
V(qL + G g, W) = V(@ +Grg) D D

. G,y L

X Mi(q, + GML(q, + G»)

X VL(q; + Gy, qwixelg.w), (7b)
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where
2N,
xL(g:w) = =3 Z
ew)
o (g LB+, 1+ D]~ f(EG, D]
JYEk+ .1+ L)~ Ek 1) = (w+ i)
TN
\iv)
g, in equation (7a) is confined within the first

Brillouin zone. xi(q,w) is the response function of
an isolated cylinder [4-7]. N, is the cylinder number
per area. The dielectric function, which satisfies
VT = v, is

[€lG, G, (1.9, W) = €0dG,G — V(QL + Gn @) DM}
L

X (q.+ GIM(qL+ Gr)xe(g, w),
3

where ¢, is the background dielectric constant. [e] in
equation (8) remains the similar form, when each
cylinder is threaded by a uniform magnetic flux ¢, It
only needs to change x.(g, w) into xz(g, w, 9 [4].

The dielectric function in equation (8) is an n X n
matrix. The term G, = G, = 0 is mainly related to the
intensity of the exciiation speciruiii.
calculations are mainly focused on

g o/ FPRERRY . JNY | [P S,
The following

[eloo = €0 — V(@L,9) D x(g, WIML@L)). ©
L

My (qy) in equation (6b) could be evaluated from the

series expansion of exp(iq -r\ ). By the deiailed analysis,
[elog is approximately given by

8xle’ { [ a4q‘1 asqi]
=z — 1 ]
[eloo= €0 rrvall t45 1 2096 X1=0(g, W)
2.2 6 6
+ [a E a_ff]ngl(q, w)
[ 2 128 |
[a*¢t  a*¢%]
+ [_-ﬁ_+ 4608JXL=2W’W)
a®q} 1
+ Te¥=3@ w)}. (10)

The approximate expression in equation (10) is good
at ag, < 3. The dielectric function markedly depends
on the direction and the magnitude of q, The angle
between q, and the axial direction is characterized by 6.
Hence the excitation spectrum (Im{—1/[e]op}) of a
cylinder bundie would exhibit the highly anisotropic

L1
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The two simple cases, q; =0 and ¢=0, are
discussed. The dielectric function in the absence of q;
@=0)is

22
T
[eloo(g, w) = €0 — 7

xXL=0(q, W). an
The response function of a cylinder bundle is indicated to
be the superposition of the L =0 excitations of all
cylinders, if the external electric field is parallel to the
axial direction. The dielectric function in equation (11)
is similar to that of an isolated cylinder. However,
the Coulomb interaction of the former belongs to
the 3D form and the latter the 1D form [4-7]. The
excitation properties of a cylinder bundle, e.g. plasmons,
should contrast greatly with those of a single cylinder.
The plasmon frequency w, could be obtained from
Refelop =0. w,(6 = 0°,g — 0) = \/4xNe?/egm” at long-
wavelength limit, since x;_o(g— 0,w) = aneNqulm' w?
[4]. n. is the carrier number per area in each cylinder
and N is the total carrier number per volume. This result
is similar to that of a 3D EGS. Hence the plasma
oscillations along the tube axis are suggested to behave
as that of a 3D EGS. This plasmon belongs to an optical
plasmon, which is completely different from the 1D
acoustic plasmon (the L = 0 mode) in a single cylinder
[4-7]. That the thorough change of the e—e interactions
is the main reason.

For the ¢ = 0 case (f = 90°), the dielectric function
at small q is

[eloo(qL,w) ~e — 41rze2a2xL=1(q =0,w)
2.2 42

xea
- T g = 0w

The dielectric response at long-wavelength limit
(gL —0) mainly comes from the superposition of
the L =1 excitations, which quite differs from that
in the case of q, =0 [equation (11)]. This result
further illustrates that the cylinder bundle owns the
highly anisotropic characteristics. If the plasmon fre-
quency is much higher than the single-particle excitation
energy (|E(k =gq,l4+1)—Ek,D)), x1=1(¢ =0,w)=
neNaim'w? [4). Under such a condition, the plasmon
frequency at long-wavelength limit is w,(6 = 90°,
q. —0) = \/2xNel/egm’. Moreover, there is a special
ratio 1/\/5 between the plasmon frequencies for
the plasma oscillations perpendicular and parallel to
the axial direction. In addition, a similar ratio 1/4/2
could also be found in the relation between the
surface plasmon and the bulk plasmon of normal
metals. In general, the ratio w,(f =90°q, — 0y
wp(0 = 0°%q—0), as shown in Fig. 2, is smaller
than l\/f. It depends on the nanotube radius and the
effective mass. The plasmon in the g=0 or q, =0

(12)
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Fig. 2. The ratio between the long-wavelength plasmon
frequencies for the plasma oscillations perpendicular and
parallel to the axial direction. It is shown as a function of
the total carrier density ata =17 Aand m = m,.

case belongs to an optical plasmon, which implies that
the charge carriers in a cylinder bundle would behave as
a 3D EGS for any q,.

In short, we have calculated the dielectric function of
an electron-gas cylinder bundle. It could be further used
to study the excitation properties of metal tube bundles
[1] and carbon nanotube bundles [3]. For example, the
electron-gas cylinder bundle is suitable in understanding
the collective excitations of the conduction electrons in
the intercalated carbon nanotube bundles [9, 10].
The details will be studied elsewhere. The cylinder
bundles would exhibit the highly anisotropic behavior
and the three-dimensional characteristics. The plasma
oscillations perpendicular and parallel to the nanotube
axis are very different from each other. The ratio between
their_oscillation frequencies is generally smaller than
1/\/5, which depends on the nanotube radius and the
effective mass.
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