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Short-range correlation effects on the plasmons in cylindrical tubules
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We study the collective excitation of single and coaxial cylindrical tubules in the very low density regime.
Exchange-correlation effects neglected in the random-phase approximation are shown to be important for
plasmon modes. We also calculate the spectral weight functidrl/ifg,w)] to investigate the collective
modes as measured in electron energy-loss spectroscopy experiiBeis3-18207)06804-5

The recent developments in the synthesis techniques hawestance, that the xc effect on the plasmon dispersion de-
led to the fabrication of hollow tubules of graphitic creases with increasing cluster size.
materialst A graphene tubule is essentially a graphitic sheet A free-electron gas model for cylindrical tubules was de-
rolled up in the cylindrical form. Charge carriers may beveloped by several research&f§:'’ The one-dimensional
introduced onto the tubules in a controlled manner through1D) nature of the system has similarities to other quasi-one-
intercalatioR as in the case of graphite intercalated dimensional electron-gas models commonly used to describe
compounds. The typical radius of such cylindrical tubules is the semiconducting quantum wirsA notable feature of
several nanometers, which results in a one-dimensional chaghe hollow tubule model is that the angular momentum quan-
acter of the motion of these carriers. Experimentally it hagum number L completely decouples the intrasubband
been found that the synthesized tubules can be open éndequo) and intersubband L(#0) excitations from each
Metallic or semiconducting behavior of single tubules isgther.

predictec? From a theoretical point of view carbon-based  The collective excitations of a single tubule are deter-
microstructures offer opportunities to study the effects of di-pyined  from the zeros of the dielectric function

mensionality on the collective excitatiohsVloreover, the (g, @:L)=1-V(q;L)[1-G(q:L) | x(q,@:L), where the
carbon nanotubules have caused considerable excitement ae%qulo}nb interactié)n betweer,l electr,onzs o’n a tubuld is

activity because of possible device applicatiéns. V(L) = (4m€2/ eg)l (QRIKL(GR), in which 1 (x) and

The charge carriers on a tubule may be modeled by & o . A
L : ) . ~ K (x) are the modified Bessel functions of the first and sec-
quasi-one-dimensiond1D) electron-gas as a first step to ond kind, respectively. The local-field fact@(q;L) modi-

wards the full understanding of complicated excitation spec-

tra of graphitic materials. The elementary excitations in Cy_fies the bare Coulomb interaction by describing the xc effects

lindrical tubules were studied by Lin and Shéngsing the ~ N€glected in the RPA. The density response function
random-phase approximatiéRPA). Longe and Bosthave x(d,w;L) appropriate for electrons on a tubule is derived by
presented semiclassical calculations for metallic graphene tgeveral author$!®*’It has contributions from occupied sub-
bules. A more systematic study of the excitation spectrum opands (=0,=1,%2,...), thus giving rise to a rich excita-
multishell fullerenes and coaxial nanotubules appearetion spectrum for the collective modes. In the following we
recently® A microscopic approach utilizing the symmetry shall concentrate on the most energetic plasmon mode, since
properties is also reported for carbon fibEt&and-structure  the oscillator strength is dominated by this m&dghe local-
effects have recently been considetédhe plasma modes field factorG(q;L) is calculated using the 1D version of the
in coaxial carbon tubules have been observed experimental§TLS schem¥& self-consistently with the static structure fac-
by means of electron energy-loss spectroscdpy. tor S(q) as obtained from the frequency integral of the
Our aim in this paper is to examine the collective excita-flyctuation-disspation theorem.
tions of very low density electrons on single and coaxial e first discuss the results of our calculations for a single
tubules. We include the short-range correlation effectgypyle. For illustration purposes we take the radius of the
through the local-field corrections. A similar approach wasy pyle R=11 A, the effective mass of the electrons

taken by Miesenbtk and Tosi in their study of layered m* =m,/4, and the background dielectric constagt=2.4,

metal intercalated graphite. The previous works on the COl'so that a graphene tubule is closely described. We assume

Iec_tlve excitations of graphene t_ubules h{;\ve_used the RP'At‘hat the electrons are introduced through intercalation. The
which takes into account dynamic screening in the electron-

P ; *
gas but does not include the corrections due to exchang(lz!-near electrorl Qen5|ty IS ghosen to bgDale{(er)
correlation (xc) effects. The local-field theot§ of Singwi ~ —0-5, Whereag is the effective Bohr radius and is the
et al. (STLS) uses the static pair-distribution function to ap- dimensionless electron-gas coupling parameter. This corre-
proximate the short-range electronic correlations. It has beepponds to a sheet density ofh,p=n;p/(27R)~
noted that corrections to the RPA become more important ifk.45x 10" cm~2, low enough to make the short-range cor-
one- and two-dimensional systems than that in the bulk. Syselation effects appreciable. For the above parameters we
tems with finite number of particles also show strong depenfind the Fermi energy to bE-=0.14 eV, so that only the
dence on the many-body effedfsit has been found, for lowest three subbands are occupied, Miz0,+1.
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FIG. 1. (8 The intrasubbandl(=0) and(b) the intersubband FIG. 3. (a) The intrasubbandL(=0) and(b) the intersubband
(L=1) plasmon dispersions for a single tubule. Solid and dotted|_=1) plasmon dispersions for two coaxial tubules. Solid and dot-

lines are with and without local-field factors, respectively. Theted lines are with and without local-field factors, respectively.
dashed line represents the long-wavelength approximation.

We show the dispersion df=0 intrasubband plasmons mon modes in coaxial tubules is obtained from the solution

for a single graphene tubule in Figal The solid and dotted ©f de{e(d,w;L)[=0, where the elements of the di-
lines correspond te,(q) with and without(RPA) the short- electric matrix are given by &;(q,0;L)=4;
range correlations, respectively. It is observed that the local-. Vij(q?L)[l_GiJ(q;L)]Xi(q’f*’;Lﬁ)b- In the above expres-
field effects onw,,(q) become noticeable fay=0.3 . We sion, we may use the general_|za of Fhe STLS metho.d to
also show(dashed lingthe approximate plasmon dispersion & two-component system to include m;ratubule and intertu-
obtained by long-wavelength expansion. The intersubbanfule local-field correction§;; (q;L). SettingG;; =0 one re-
(L=1) plasmon dispersions are displayed for the same sy&0Vers the RPA expression fef(q,@;L). xi(q,w;L) is the
tem in Fig. 1b). The short-range correlation effects move the"®SPonse function of thith tubule. The fully self-consistent
dispersion curve down roughly by a constant amount for thélete_rmm.atmn of mtratubule and mtertub.ule local-field cor-
range of wave vectors of interest. The electron-energy-losiections is computationally more demanding. We further em-
spectroscopyEELS) experiment®’ on multilayer carbon tu- Ploy the Hubbard approximatiofHA) to the local-field cor-
bules reveal information on the collective excitations. We€ctions that use the Hartree-Fock static structure factor as
calculate the quantity Ifn-1/s(q, w;L)] measured in EELS INPut. Approximately, one obtains
experiments. Figures (@ and Zb) show the spectra at
g=0.5%g for L=0 andL=1 plasmons, respectively. The o
solid and dotted lines are obtained with and without the 1Vii( a°+ke1))
local-field corrections. To identify the collective modes we Gi']-'A(q;L)z Eﬁﬁij . (D)
have introduced a small broadening paraméter0.01E, i(a:L)
along the lines discussed by Let al!' In both cases the
plasmon peak is clearly identified. The short-range correlaThe Hubbard approximation takes exchange into account but
tion effects described by the local-field corrections move theneglects Coulomb correlations in calculating the local-field
peak position towards the low-energy side. The spectratorrection between the particles within the same tubule.
weight due to the particle-hole continuum is typically small Since the intertubule interaction is typicdligmaller than the
compared to that of plasmons. intratubule interaction at lovg, RPA could be used in the
We now consider two coaxial tubules with ra@i and  former case. In the following calculations we taRg=11
R, (Rz>R;). Assuming that intertubule hopping or tunnel- A and R,=14.4 A, and assume that both tubules are at the
ing is negligible, the Coulomb interaction between two elec-same linear electron densityp. This implies that the areal
trons is given byV;;(q;L)=(4me’/ €o)l (qR-)KL(qR.),  density of electrons on each tubule will be different. In the
whereR- (R-) denotes the smalldtarge) of R, andR,.  examples below we také"=1 andr{¥’=0.61. We assume
Herei andj (i,j=1,2) label the tubules. The coupled plas- that the charge carriers may be introduced onto the tubules
by means of intercalation at the desired densities.

0.4 prrrerrT T T 0.4 The coupled intrasubband plasmon modés=Q) in a
E (a) 16 two-coaxial tubule system are shown in Figa)3 As before,
0.3 [ =05k 03 we only exhibit the two most energetic plasmon branches

[ L=0

since the other modes have much weaker oscillator strength.
0.2

The solid and dotted lines indicate,(q) with and without

the local-field factors, respectively. In the case of RPA
(Gjj=0) there exist two plasmon modes corresponding to
the in and out-of phase oscillations of the charges. The effect
of short-range correlations on these modes is such that the
in-phase mode is softenefupper curves in Fig. @]

FIG. 2. (@ The intrasubband andb) intersubband spectral Whereas the out-of-phase mode is hardetedter curves in
weight function Inil/e(q,)] for a single tubule ag=0.5-.  Fig. 3@]. It is also noted that the out-of phase mode is truly
The solid and dotted lines are with and without local-field correc-acoustic in character, and is affected by the local-field effects
tions, respectively. more than the in-phase mode. Figuf@)3displays the inter-
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subband plasmon modes £ 1). We observe that the optical single-particle spectra would be needed to determine criti-
plasmon modes are affected by the short-range correlatiorsally the importance of many-body effects. Increased ad-
for densities ofr~ 1. vances in semiconductor technology also make possible the
In summary, we have considered the collective excitationgabrication of quantum-well wires in a tubulelike structure.
in single and coaxial graphene tubules. The charge carriend particular, quantum wires of GaAs surrounded by
are assumed to be introduced by intercalation. The lowgaAl,_,As with very small dimensions have been
density electron-gas formed on the surface of tubules is studychieved? Our calculations may be applied to the analysis

ied beyond the usually employed RPA. The local-field ef-of gych systems, as well as the recently discussed drag effect
fects describing correlations beyond the simple RPA seem tQ, -oaxial cylindrical quantum welf&

be very important for low densities. It is found that the short-

range correlation effects modify both the intrasubband and This work is partially supported by the Scientific and
intersubband plasmon dispersions significantly. More realisTechnical Research Council of TurkéfUBITAK) under
tic calculations, such as the time-dependent local-density agsrant No. TBAG-AY/77. We thank Professor Siréri for
proximation approaclt incorporating the xc effects in the useful discussions.
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