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Localized and Delocalized Electronic States in Single-Wall Carbon Nanotubes
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We present momentum-dependent measurements of the density response function of bulk samples
of purified single-wall nanotubes probed by electron energy loss spectroscopy. Carbon nanotubes
support excitations between both delocalized and localized electronic statess plasmon exhibits
a q dependence similar to that of the graphite plane, signaling the graphitelike nature of the nanotube
electron system along the tube axis. In contrast, the interband excitations between the singularities in
the nanotube electronic density of states observed at low energy have vanishingly small dispersion in
and can be used to show that our samples contain significant quantities of semiconducting and metallic
single-wall nanotubes. [S0031-9007(98)06196-1]

PACS numbers: 71.20.Tx, 73.20.Mf, 78.20.Ci

Carbon nanotubes are a promising extension of théerpreted in terms of the vibrational modes of nonchiral
growing family of novel fullerene-based materials, and“armchair’ SWNTSs [14], which would appear to be in con-
represent ideal building blocks for nanoengineering asgrast to the results from scanning tunneling microscopy in
a result of their special electronic [1,2] and mechanicalwhich chiral as well as nonchiral (armchair and “zigzag”)
[3] properties. Nanotubes can be envisaged as rolled-upanotubes were positively identified [8].
graphene sheets which are capped with fullerenelike struc- In this contribution we present high resolution
tures. Their electronic properties are predicted to varymomentum-dependent EELS of purified SWNTSs, in
depending upon the wrapping angle and diameter of thevhich we show that they support two types of electronic
graphene sheet, thus giving either metallic or semiconducexcitations. The first group of excitations are nondis-
ing behavior [4-6]. persive, whereby their energy position is characteristic

Single wall nanotubes (SWNTs) are the best sysof the separation of the van Hove singularities in the
tem in which to investigate the intrinsic properties of electronic density of states (DOS) of the different types
this new material class. However, macroscopic nanoef nanotubes. The second type of excitation shows
tube samples generally contain a distribution of tubesonsiderable dispersion, which parallels that observed in
with different diameters and chirality and thus presenthe graphite plane, and is related to a collective excitation
the experimentalist with an averaged picture of theirof the 7-electron system polarized along the nanotube.
properties. One approach which has been successfully SWNTs were produced by a laser vaporization tech-
used to overcome this problem is to study individualnique [15]. The material consists of up to 60% SWNTs
SWNTs. Consequently transport measurements [7] andith approximately 1.4 nm mean diameter and was pu-
scanning tunneling spectroscopic (STS) and topographidfied as described in Ref. [16]. Freestanding films for
(STM) studies ofsingle nanotubes [8] have done much EELS of thickness about 1000 A were prepared on stan-
in the recent months to advance our knowledge regarddard copper microscopy grids via vacuum filtration of a
ing the properties of SWNTSs, for example, by experi-nanotube suspension in a 0.5% surfactant (Triton X100)
mentally verifying the remarkable relationship betweensolution in deionized water, with a SWNT concentration
nanotube geometry and their electronic properties [8]of ~0.01 mg'ml. The surfactant was then rinsed off, and
In addition, spatially resolved electron energy-loss specthe grid was transferred into the spectrometer. EELS was
troscopy (EELS) has been performed on individual multi-carried out in a purpose-built high-resolution spectrometer
wall nanotubes (MWNT) [9—11] or on a single bundle of [17] which combines both good energynd momentum
SWNTSs [12]. resolution. For the data shown here, an energy and mo-

Nevertheless, there is still a paucity of experimental in-mentum resolution of 115 meV aid)5 A~! was chosen.
formation regarding the electronic properties of purifiedUnlike many electron spectroscopies, this method has the
SWNTSs, in particular, using methods which can be appliecdhdvantage of being volume sensitive. In addition, by set-
to macroscopic samples. Combined electron spin resding the energy loss to zero, we are able to characterize
nance, microwave, and dc resistivity measurements [13he films using electron diffraction. A Bragg spectrum
have led to the conclusion that bulk SWNT material isconsistent with the triangular SWNT lattice as published
metallic. Resonant Raman measurements have been im Ref. [15] was found.
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In Fig. 1 we show the loss functidim( — 1/e(g, E))]  in the measured loss function should be considered as
for the purified SWNTs measured as a functiongofaf-  plasmons. These peaks can, however, have different ori-
ter the subtraction of the quasielastic line and the effectgins such as charge carrier plasmons and interband or in-
of multiple scattering. The inset shows the loss functionraband excitations. From thg dependence of the loss
for ¢ = 0.15 A~ over a wide energy range, in which the function, we can distinguish directly between features
a plasmon, which represents the collective excitation ofarising from localized or delocalized electronic states.
the 7-electron system, can be clearly seen at an energlyocalized states give rise to a vanishingly small disper-
of 5.2 eV, and ther + 7 plasmon (the collective exci- sion of peaks in the loss function as has been observed,
tation of all valence electrons) at 21.5 eV. These value$or example, for the features related to the interband exci-
for SWNTs are in agreement with the spatially resolvedtations and both ther and# + o plasmons of &, [21].
EELS data mentioned above [12] and confirm theoreticaDn the other hand, excitations between delocalized states
predictions that ther plasmon should occur in the energy generally exhibit a band structure dependent dispersion
range of 5—7 eV in the EELS of these materials [18—20]relation. Bearing these points in mind, the identification
Figure 1 shows that we are able to reliably measuregthe of excitations between localized and delocalized states in
dependence of excitations in SWNTs with energies as IovBWNTSs is straightforward. At low momentum transfer,
as 0.5 eV, which will be shown in the following to be vital features in the loss function are visible at about 0.85,
to the understanding of their dielectric response. We noté&.45, 2.0, 2.55, 3.7, 5.2, and 6.4 eV whose origin lies in
that these data provide a wealth of information not accesthe 7 electron system of the SWNTs [22]. However,
sible in spatially resolved EELS measurements, in whichwo distinct behaviors of these features as a function
the study of momentum dependence is excluded and th&f q are observed. Ther plasmon disperses strongly
broad quasielastic tail of the direct beam has only allowedrom 5.2 eV atg = 0.1 A™! to 7.4 eV atg = 0.6 A~!,
the extraction of reliable information for energies abovewhereas all the other peaks have a vanishingly small
~3 eV [9-12]. dispersion.

The loss function measured in an EELS experiment is The momentum dependence of the peaks in the loss
a direct probe of the collective excitations of the sys-function resulting from the four lowest-lying interband
tem under consideration. Thus, by definition, all peakdransitions of the SWNTs, as well as those of theand
7 + o plasmons, is shown in Fig. 2. For comparison we
also show the dispersion of theand# + o plasmons of

graphite withq parallel to the planes. In low-dimensional
/\/\ systems, the nature of the plasmon excitations depends on

their polarization. This has been shown, for example, for
0 10 20 30 40 oriented transpolyacetylene, whereby a dispersive plasmon

Energy (eV) is only visible in the one-dimensional direction [23].

Thus, in combination with the well-known one dimen-
sionality of nanotubes, we arrive at the following picture:

g A S | q (A the nondispersive peaks in the loss function are due to ex-
g i citations between localized states polaripedpendicular
3 Pl 0.1 to the nanotube axis and thus resemble molecular inter-
;% b o AN 0.15 band transitions such as those qf,C In contrast, ther
g M N 0.2 plasmon (at 5.2 eV for lovg) represents a plasma oscil-
z Yl o 0.25 lation of delocalized states polarizedbng the nanotube
e 3 0.3 axis. As can be seen from Fig. 2, the dispersion relations
o g ; \ - 8'25 of both thes and thewr + o plasmons in SWNTs and
SV A\ R 05 graphite are very similar, which confirms the graphitic na-
uf , 06 ture of the axial electron system in carbon nanotubes.

! : By carrying out a Kramer-Kronig analysis (KKA) of
L the loss function we can derive the regj)Yand imaginary

' parts €,) of the dielectric function. The results of such
0123 45467389 a KKA are depicted in the upper panels of Fig. 3 for
Cs0, SWNTs, and graphite (measured in the plane). In
the lowest panel the corresponding real part of the optical
FIG. 1.. The loss fun(;tion of purified SWNTs from EEL.S in conductivity is plotted, Wherebwr(E) = (E/ﬁ)éo € is
transmission for the differeny values shown. The contribu- at measure of the joint density of states. For the KKA
tions from the elastic peak have been subtracted. The INS€Le . SWNTs the | f . lized usi
contains the loss function over an extended energy range for' e s the loss function was normalized using an
g = 0.15 A=, showing thew plasmon and ther + o plas- €stimatece,(¢,0) [24]—a procedure which has been used
mon at around 5 and 22 eV, respectively. successfully in the past for graphite [25,26].

Energy (eV)
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FIG. 2. The dispersion of the, 7 + o plasmons ¢), and of ~ FIG. 3. The real and imaginary parts of the dielectric function
the features arising from interband transitions between localizefMpPper panels) and the real part of the optical conductivity
states ¢) in purified SWNTs from EELS in transmission (o) at low momentum transfer: SWNTs-j at g = 0.1 A/,
measurements. When invisible, the error bars are within th&s (= - —) and graphite [polarized in plane-()] at ¢ =
size of the symbols. For comparison the dispersion of thd).15 A~', respectively. The inset shows. for the four lowest-

7 and 7 + o plasmons in graphite for momentum transfer lying interband transitions of SWNTs in an expanded range.
parallel to the planes is also shown &3.(

is known from x-ray diffraction that these samples of
In general, the optical conductivity of thesg? conju- SWNTs have a narrow diameter distribution around a

gated carbon systems shows peaks due to transitions b@ean value of 1.4 nm [15]. The fact that we observe well
tween the ¢ /o) and the ¢*/o*) electronic states. In defined nondispersive features in the EELS data confirms
Ceo these peaks are very pronounced which is consisterst narrow diameter distribution, as otherwise the sheer
with the high symmetry of the molecule and the weak, vamumber of energetically different interband transitions
der Waals interactions in the solid state [27], making C would wash out all fine structure in this energy range,
a prototypical zero-dimensional solid. In graphite threeboth in the loss function or in the optical conductivity.
broad features are observed @b * 0.05, 13 = 0.05, The feature at lowest energy (0.65 eV) is unambigu-
and15 = 0.05 eV. Their breadth is an expression of the ous—for the nanotube diameter range relevant here, only
bandlike nature of the electronic states in the graphitéhe gap transition in semiconducting nanotubes is pre-
plane. For the SWNTs we also find three broad feadicted to lie at such low energies [4—6]. STS experi-
tures at energies slightly lower than those in graphite—i.e.ments on single nanotubes, which were characterized
43 £ 0.1, 11.7 = 0.2, and14.6 = 0.1 eV. Importantly, using STM, have recently confirmed these predictions [8].
the optical conductivity of the SWNTSs also exhibits addi- The peak appearing in the optical conductivity at 1.8 eV,
tional structures at low energy. This region is shown incorresponds directly to the “gap” between the DOS sin-
detail in the inset of Fig. 3, where three pronounced intergularities straddlingr which have been observed ex-
band transitions are seen at energied&f + 0.05,1.2 =  perimentally in STS of metallic chiral and zigzag tubes
0.1, and1.8 = 0.1 eV. Three further features, which are [8]. Thus the feature at 1.8 eV in the optical conductivity
less pronounced, are located2a¢ + 0.2, 3.1 = 0.2, and clearly originates from metallic nanotubes. The origin of
6.2 = 0.1 eV. the feature at 1.2 eV is less clear-cut. This energy cor-
As the SWNT data in the lowest panel (and inset)responds to the separation observed between the second
of Fig. 3 represent joint densities of states, we carpair of singularities in semiconducting, chiral nanotubes
directly relate the energy position of the features with[8], but is also consistent with a predicted energetic sepa-
the energetic separation of the one-dimensional van Hovetion of the first pair of singularities in metallic, armchair
singularities in their electronic density of states. Itnanotubes [14]. For the features at higher energies, an
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