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We performed angle resolved electron energy-loss specthe unique identification and assignment of these two

troscopy on vertically aligned single wall carbon nan- orientations is derived from their dispersion relations.

otubes. We observe two distinct loss-peaks in the energyhe available momenta are aligned on the nanotube axis

range from 4.6V to 5.1eV. This duplet of loss-peaks and reflect the confinement of a particle on a wire. The

is attributed to the collective on-axis and crossed plasmabserved angle resolved loss-peaks are a gapless exten-

oscillations of ther electrons in spcarbon. sion of polarized optical spectroscopy into finite mo-
menta.
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1 Introduction  Single-wall carbon nanotubes (SWNT) within the feasible Drude-Lorentz model. The distinct on-
are archetypes of low dimensional systems with stronglyaxis as well as crossed dispersiar(gy) of ther plasmon
anisotropic and unique electronic properties, which makeenergies expose a localized crossed as well as a propagat-
them interesting for fundamental research and as buildingng on-axis signature.
blocks in nanoelectronic applications([L,2]. SWNT exhibit
two d|s(§|nct|ult_ra t\_/|ole_t abs?_rpt:onbpeakts_ for on-atX|s and 5 \iethods Forests of VA-SWNT were directly
cgf;e : pg alﬂza |on||n tohp Ical a .SOfpl'Of‘ sdpec ri390p¥grown from a binary CoMo catalyst on quartz substrates
( 4 5)éVr][3] l;m dsiir?/gr?iialIyeaﬂghae)gsse\c/)l\??%\e/A-g(\a/\?N'll'? aand alcohol vapor. The film thickness was monitored in
an additional cross-polarized peak is observed &t2 ¢V’ situ via optical absorption. The current batch comprises

: o 2um to 7um thick films. The as prepared films were
[.4]' T_he_ full elet_:tro_nlc excitation spectrum beyond the op- floated off in hot water and recaptured onto Cu grids [9].
tical limit of vanishing momentum for all itinerant, namely

the = and theo electrons, is accessible by electron en The nematic order as well as optical properties [4,10] and
’ _local hol 11] of the VA-SWNT h i
ergy loss-spectroscopy (EELS) [5]. Angle resolved EELS ocal morphology/LL1] of the VA-S ave been studied

; ; : arlier. The VA-SWNT are aligned withi@5° and typi-
(AR'EELS? assesses the detaﬂed pla;mon d|sperS|op [6’7gally packed in thin bundles with less than 10 nanotubes.
8] and retrieves fundamental information on the available

t i structural i i The diameter of the individual tubes is typically 2 nm.
momentum space, viz. structurai confinement. The angle resolved loss function of the VA-SWNT was

The present work addresses AR-EELS studies on theneasured in a purpose built EELS spectromételr [12]. The
momentum(q) dependent electronic excitations of verti- primary probe beam of high-energy electrons traverses the
cally aligned SWNT (VA-SWNT). The one to one match freestanding VA-SWNT perpendicularly and the inelastic
of the optical limitqg — 0 of the plasmon dispersions to scattering events are registered. Earlier comparative EELS
the = peak positions in polarized OAS is fully described studies were performed on a cleaved single crystal of
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2 C. Kramberger et al.: Plasmon response of isolated SWNT

graphite [13] or bundled and magnetically aligned SWNT  The noticeable shift in the plasmon frequencies is not
(MA-SWNT) [14[7]. In the present study we set an energyonly an independent confirmation of the low density by
and momentum resolution @H0 meV and0.05 A-1. a bulk sensitive method, but it also motivates further mo-
mentum resolved studies at larger momentum trangfers
The loss-function at different fixed momentum transfgrs
(viz. scattering geometries) is exposed in [Fig. 4. The fol-
lowing discussion will be focused on the (more clear) ob-
servations on ther region, but we still want to point out
that the same arguments also apply to the o region.
rConsistently, all collective electronic excitations share the

ther inh int | structure i &1 same universal behavior. The loss-function at high momen-
a rather inhomogeneous internal structure in Higs[Tb&1cy 1 reveal a twofold plasmon dispersion. The individual

MOSt.Of t.he ﬁ”!"s internal space is jEJSt empty and the entiredispersions of the two independenplasmons are traced
genksgy IS E/plcally <|:once|ntr?<t_ed|:|n t?g nanolmert]er Iélllrgﬁby dashed arrows. Apparently there is fundamental distinc-
har gts.k dn even closer I(I)Obm dlm . re}/ea Sé;[/v?\;['? ho tion between a dispersive and a non-dispersive plasmon re-
these dark dots are actually bundies of a few tha ponse. The individual behaviors are well known, either

are qhu'f freqlﬁn:!y patsst!ntg tr;e foclzal tplanef ct))f thdel MICIO-55 dispersive plasmons that are propagating in solids or as
graph. A quantitative statistical evaluation of bundie SIzes,,,_qgispersive plasmons that are confined on a molecule

can be found in Ref[[11]. The local morphological investi- . The intriguing aspect is that these two fundamentally

gations do further suggest a really low macroscopic densityjige rent hehaviors are observed simultaneously in the very

as well as a fairly poor percolation. From the optical ab- : : P

: . , .~ same loss-functions. The direct conclusion is that the VA-
sorbance and film height the density of VA-SWNT masterlal SWNT inherently bear properties of molecubesd solids
has been estimated to be roughly ~ 3 - 10° mol/m?.

The latter corresponds ta ~ 0.04 g/cm?®. Hence, the
bulk density of VA-SWNT is less than 2% of the bulk
density of graphiteg ~ 2.3 g/cm?.

3 Results & Discussion  Figure[] shows a compi-
lation of transmission electron microscopy (TEM) mi-
crographs of the freely suspended VA-SWNT mate-
rial. Typically the film does not entirely span the open
hexagons of the Cu grid, but leaves an open area in the ce
ter. Zooming in on the light gray film from Fif. [la reveals

The wide open channels, facing the electron beam, an
the remarkable low density of the VA-SWNT films account
for the clear electron transparency of thwe: thick films.
The excellent electron transparency not only enables TEN
imaging but also prepares the ground for AR-EELS. Inelas-
tic electron scattering probes the electronic loss-functio
which is connected to the complex dielectric function via
I « Im(e~') [15]. The most feasible description of the
dielectric function comes in the framework of the classi-
cal Drude Lorentz model. Therein the longitudinal plasma®) 20 #m
frequenciesvr, of the loss-peaks are with respect to the
transversal optical absorption peaks upshifted by the
plasma frequency? = (n - e?)/(m* - gy) according to |
w? = wi + wi. As a consequence of the latter state-}
ment loss-peaks are always measured at higher energie
than the corresponding absorption peaks. While this up?
shift is always present in regular bulk material, it can van-§
ish for quasi isolated nano-objects with a low bulk density.}
Archetypical examples of dielectric function and the re- §
lated spectral functions of these two cases are provided il
Fig.[2. e U e R s

Indeed, the fairly different densities of bulk graphite ©)2007nm d) 50 nm
and the sparsely arranged VA-SWNT are reflected in very ) o
different plasmon energies for theand the more struc- Figure 1 TEM micrographs of freestanding films of VA-
turedw + o plasmons. The loss-functions of graphite and SWNT. The macroscopic shape is a holey film on the TEM
VA-SWNT at a momentum transfer= 0.14- are given  9"id. The local morphology consists of thin bundles of a
in Fig.[3. We observe the plasmons of bulk graphite and few (< 10) individual SWNT. The bundles are preferably
sparse VA-SWNT at 6.9 ¢V and~ 5.1 eV, respectively. orle.nte'd'perpendmular to thg imaging plane. The length _of
The broader and more structured- o shows an even big-  the individual scale bars is given underneath the respective
ger shift from~ 27.3 ¢V to ~ 17.6 V.. micrographs.

=
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Figure 2 Characteristic features of the dielectric function Figure 4 Angle resolved loss-functions of VA-SWNT at
of a single electronic Lorentz oscillatefw) = e, +  various momentum transfefsl A-* < ¢ < 1.0A-. The
w3 /(w2 —w? —iwy) with e, = 1 an oscillator frequency dispersions of the twar plasmons are traced by dotted
h-wp = 4.5 ¢V and a dampingi - v = 0.5 V. In  guides to the eye.
the upper panel the oscillator strength is typical for bulk
systemsh - wp = 3.5 eV and in the lower panel the
oscillator strength is lowered to illustrate the coincidencedles of VA-SWNT are well separated from one another and
of loss- and absorbtion spectroscopy in isolated object@ppear as one-dimensional quantum wires to the collective
h-wp = 0.8 ¢V. In either one case the real partofs ~ plasmon modes.
dash-dotted, the imaginary is plotted dashed and the loss- The plasmon frequenay;, in the optical limitg — 0
function is the solid line. is not directly accessible in the experiment due the prox-
imity to the direct electron beam. Still experiments at fi-
nite ¢ allow one to identify the shape of the dispersion
and enable tracing the experimental plasmon frequencies
Graphite back onto their origin ay = 0. The dispersion of the two
7 plasmons are presented in Fig. 5. At small momentum
transfers only one peak is resolvable and only the disper-
sion of the joint peak can be evaluated. These joint posi-
tions comprise both underlying individual plasmon disper-
. sions in an indiscernible way. The non-dispersive plasmon
VA-SWNT is found to be fully localized, there is no observable band-
width up to2. 5A-1. The dispersiver plasmon is found
to be strictly linear. In the optical limit the dispersive on-
axis w plasmon would be at- 4.6 eV and the crossed
3 ‘ plasmon would be at 5.1 ¢V'. These values meet the two
0 10 20 30 40 50 peak positions that are found by OAS for parallel polariza-
Energy loss (V) tions along the SWNT axis or perpendicular polarization
crossing the SWNT axis, respectively. Murakaehal. [4]
identified the on-axis and cross polarized absorption peaks
Figure 3 The loss-function/ o Im(s~!) as probed by of the electronicr system att.5 eV and5.25 V. Hence,
AR-EELS on bulk graphite (solid line) and sparse arrayseither spectroscopic method, namely AR-EELS and po-
of aligned nanotubes (dotted line) at a finite momentumiarized OAS, provide their own self contained identifica-
transfer; = 0.1 A-*. The positions of the respectiweand  tion of the on-axis and the crossed response. The inde-
7 + o plasmons are marked by vertical lines. pendent cross-confirmation of the identification of the on-
axis and crossed excitations in isolated nanotubes is a firm
experimental finding. The actual absorption features do
at the same time. The tubular symmetry splits the collec-even quantitatively reproduce the optical limit of the plas-
tive  plasmon in two, a propagating mode wijparallel  mon dispersions. This is only possible if the upshift due
to the nanotubes axis and a fully localized crossed modeto lower plasma frequenayp is negligible in VA-SWNT.
The first mode disperses with along the nanotubes axis Indeed the low density as well as the morphology of iso-
and the latter does not show any dispersion. The thin bunlated quantum wires in the VA-SWNT account for both

Intensity (arb. u.)
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analogy to the famous ‘particle in a box’, the confined on-
axis plasmons are a prime example of ‘particles on a wire'.
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