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Electronic structure and optical properties of concentric-shell fullerenes
from electron-energy-loss spectroscopy in transmission
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We present momentum-dependent measurements of the loss function of bulk samples of concentric-shell
fullerenes using electron-energy-loss spectroscopy in transmission. It is shown that thep andp1s plasmons
of these so-called carbon onions exhibit a significant momentum dependence, with a dispersion coefficient of
about two-thirds of that of the corresponding plasmons in graphite. The optical properties derived from a
Kramers-Kronig analysis are reminiscent of those found for polycrystalline disordered graphite. Furthermore,
we find no changes of the electronic properties by alternating the average diameter of these carbon nanopar-
ticles between 4 and 8 nm. Consequently, concentric-shell fullerenes can be regarded as spherical graphitic
nanoparticles, whose electronic structure and optical properties, down to a particle size of at least 4 nm, are
strongly governed by the band structure of graphite.
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I. INTRODUCTION

In 1992 Ugarte discovered concentric shell carbon cl
ters after intense electron irradiation of carbon soot in
transmission electron microscope~TEM!.1 These so-called
‘‘carbon onions’’ consist of concentric spherical layers
carbon with an interlayer distance of 0.34 nm, which is clo
to that of graphite. TEM has also been used to demonst
an interesting application of these nanostructures as n
scopic pressure cells which can be used to produce nano
mond in their core.2 Although further production technique
of concentric-shell fullerenes, like annealing of diamo
nanoparticles3 or carbon black,4 or high-dose carbon ion im
plantation into silver substrates held at eleva
temperature,5 have been developed, most of the work on t
solid-state physics and chemistry of these systems has
hindered by the low production rate and reproducibility,
well as the broad size distribution of the produced carb
nanostructures. Only the ion implantation method has b
shown to have the main advantage to produce films of u
formly distribution of concentric-shell fullerenes with a na
row diameter distribution.6 A narrow diameter distribution is
needed to identify the intrinsic physical properties of bu
samples of these concentric-shell carbon nanostructures
cently, Fourier transform infrared spectroscopy was use
characterize such carbon nanostructures produced by
implantation.7 From an analysis of the infrared allowed v
brations, it was shown that these carbon nanostructures
sist of concentric spheres of fullerenesCn (n560, 240, . . . )
in agreement with the proposed structure.8 The electronic
properties of such carbon onions were characterized by
tially resolved electron energy-loss spectroscopy~EELS! in
transmission5,9,10 and by EELS in reflection.11 From a com-
parison of the plasmon positions in transmission EELS
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in reflection EELS at different geometries and electron be
energies, additional features were observed in the loss fu
tion, and were explained by tangential and radial surfa
plasmons. In addition simulations using a generalized mo
based on nonrelativistic local dielectric response theory w
used to simulate spatially resolved EELS measurement
individual shells. A good agreement was observed, tak
into account the anisotropy of the electronic properties
the frequency dependent dielectric tensor of graphite.9,12

In this paper we present momentum-dependent EELS
transmission of concentric-shell fullerenes which have b
produced by ion implantation and which have a uniform
ameter distribution. These measurements are conducted
purpose-built machine with a high- energy and -moment
resolution but with no spatial resolution, and are theref
complementary to the spatially resolved EELS measu
ments reported previously. Our results are compared to th
from C60, as an example of single-shell fullerenes, and
graphite. We show that thep and p1s plasmons in these
systems exhibit a finite dispersion, in contrast to single-sh
fullerenes. Furthermore, we present the optical propertie
those films of concentric-shell fullerenes, which have be
derived performing a Kramers-Kronig analysis~KKA !. Our
results show that concentric shell fullerenes are intermed
between fullerenes and graphite, and support their desc
tion as spherical graphitic nanostructures.

II. EXPERIMENT

Three different batches of carbon onions~which had mean
diameters of 4, 5, and 8 nm, respectively! were synthesized
by implantation of carbon ions with 120 keV~doses: 5
31016, 131017, and 331017/cm22) at 500 °C into thin sil-
ver films that were deposited onto fused silica substra
©2001 The American Physical Society15-1
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These concentric-shell fullerenes studied here are identic
those previously studied in Ref. 13. In order to produce fr
standing films for the EELS experiments, the silver w
evaporated by annealing the sample in high vacuum for 1
at 850°C, and the exposed onions were then transferred
an effective film thickness of about 1000 Å onto standa
copper electron microscopy grids.

EELS in transmission was carried out in a purpose-b
high-resolution spectrometer14 which combines both good
energyand momentum resolution. For the data shown he
energy and momentum resolutions of 160 meV a
0.06 Å21 ~valence-band excitations! and of 340 meV and
0.12 Å21 ~core-level excitations! were chosen. All spectra
were recorded at room temperature.

III. RESULTS AND DISCUSSION

A first characterization of the samples was performed
measuring the electron-diffraction profiles. Figure 1 sho
typical electron-diffraction profiles of concentric-she
fullerenes in comparison to those of graphite in the~100!
direction and C60. All studied films of concentric-shel
fullerene showed electron diffraction patterns similar to t
in Fig. 1, in particular no changes were observed as a fu
tion of their mean diameter. The inset to the figure show
typical TEM image of the investigated concentric sh
fullerenes. Two very broad diffraction features are obser
at about 1.8 and 3 Å21. Whereas the latter can be assign
to a remainder of the ‘‘in-plane’’ graphite Bragg peaks, t
peak at 1.8 Å21 is related to thec axis ~001! peak of graph-
ite, and thus arises from the shell structure of these car

FIG. 1. Electron diffraction profiles of C60 (d), concentric-shell
fullerenes (s), and graphite in the~100! direction (L). The inset
to the figure shows a typical TEM image of the investigated c
centric shell fullerenes.
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nanostructures. Generally, the concentric-shell fullere
films studied here have a diffraction pattern which is ve
similar to that of strongly disordered graphite.

In order to study the unoccupied electronic states and
dielectric response of concentric-shell fullerenes we h
carried out measurements of the C 1s core-level excitations
and the low-energy-loss function Im(21/e), respectively.
Again, the response of the concentric-shell fullerenes w
found to be independent of their mean diameter. Theref
we only show representative spectra stemming from sam
with a mean diameter of 5 nm.

In Fig. 2, the C 1s core-level excitation spectrum of suc
concentric-shell fullerenes is depicted in comparison to th
of graphite and C60. The spectrum of graphite shows th
well-known p! resonance at about 285 eV and as! thresh-
old at about 291 eV.15 For C60 below thes! onset at about
290 eV, several structures appear, which can be assigne
excitations into the unoccupiedp!-derived molecular
states.16 The core excitation spectra of the concentric-sh
fullerenes show a broad resonance related to thep!-derived
states at about 285.2 eV, and as! threshold at 291 eV. The
overall shape of the C 1s core-level excitation spectrum o
these carbon nanostructures is very similar to that o
strongly broadened spectrum of graphite. Compared to C60,
no fine structure related to transitions into narrow molecu
states is observed. This is a first indication that the electro
structure of the carbon concentric-shell fullerenes is ess
tially derived from the band structure of graphite. A com
parison to directional-dependent C 1s excitation
measurements17,18 of graphite reveals that the C 1s spec-
trum of concentric-shell fullerenes is reminiscent of an is

-

FIG. 2. C 1s core excitation spectra of concentric-she
fullerenes (s), graphite~momentum transfer parallel to the~001!
direction (L), and C60 (d).
5-2



e

i
nt

d
o
r

co
Fo
it
it
c

lo
ta
at
nd
, f
e
-
n
n

th
e
e

-
s
um
t
V
o

re
ic
n

ro

on
n-
ea-
d to

the

ion
ents
les,

ion

op-

nce
ree
the
car-
on

ite

are
ular

13,
of
p
sfer
ns.
the

ure
ant

is-

m
-
the

ELECTRONIC STRUCTURE AND OPTICAL PROPERTIES . . . PHYSICAL REVIEW B 63 155415
tropic average of the in-plane and out-of-plane graphite sp
tra. In graphite, the features at thep! ~Ref. 19! ands! ~Ref.
18! onsets are both strongly excitonic in nature, and it
reasonable to assume that the same holds for the conce
shell fullerenes.

The momentum-dependent optical properties can be
rived from the energy-loss spectrum in the energy region
the valence excitations. In an EELS experiment, the featu
in the measured loss function are a direct probe of the
lective excitations of the system under consideration.
energies below about 50 eV these features are related e
to charge-carrier plasmons or interband or intraband exc
tions. On performing a Kramers-Kronig analysis the diele
tric response function@e(q,E)# and the optical conductivity
can be derived. From the momentum dependence of the
function, the degree of localization of the electronic exci
tions can be probed. Transitions between localized st
give rise to a vanishingly small dispersion of the correspo
ing features in the loss function, as has been observed
example, for the features related to the excitations betw
the molecular orbitals of C60.20 On the other hand, excita
tions between delocalized states generally exhibit a ba
structure-dependent dispersion relation, as found for insta
in the case of graphite.21 In Fig. 3 the loss function of the
concentric-shell fullerenes, measured as a function of
momentum transferq, is depicted. The arrows indicate th
position of the so-calledp plasmon, which represents th
collective excitation of thep-electron system, and thep
1s plasmon~the collective excitation of all valence elec
trons! as a function of momentum transfer. The energy po
tion of these plasmons at 6 and 24 eV for a moment
transfer of 0.15 Å21 confirms theoretical predictions tha
the p-plasmon should occur in the energy range of 5–7 e
and thep1s plasmon at about 25 eV in the EELS spectra
isolated concentric carbon shells.22,12 Furthermore, our re-
sults are in good agreement with those from previously
ported spatially resolved transmission EELS data, wh
were taken on similar samples but with lower energy a
momentum resolution using a transmission elect

FIG. 3. The loss function of concentric-shell fullerenes fro
EELS in transmission as a function ofq. The arrows indicate the
dispersion of thep plasmon and thep1s plasmon.
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microscope.5,9,10 Recent reflection EELS measurements
similar carbon concentric-shell fullerenes, which were co
ducted at different primary energies, revealed additional f
tures at 13.5, 14.5, and 16.7 eV, which have been assigne
s-p! interband transitions, the surface radial plasmons-p!,
and the surface tangentials-s! plasmon.11 However, the
strong interaction with the silver substrate complicated
unambiguous identification of thep surface and volume
plasmons in the highly surface sensitive high-resolut
EELS experiments. In the transmission EELS measurem
presented here, the total absence of silver in the samp
combined with the negligible surface scattering contribut
to the measured loss function, even at lowq,23 means that
one arrives at the true, representative volume dielectric pr
erties of concentric-shell fullerenes.

As already mentioned above, the momentum depende
of the loss function also yields information about the deg
of localization of the electronic states between which
excitations take place, as recently demonstrated for other
bon nanostructures like bundles of single-wall carb
nanotubes.24 Figure 4 compares the energy position of thep
and p1s plasmons of concentric-shell fullerenes, graph
~in plane!, and C60 as a function of momentum transferq. In
small molecular nanostructures like C60, the p and p1s
plasmons exhibit a vanishingly small dispersion as they
related to interband transitions between localized molec
orbitals. In graphite, the dispersion ofp andp1s plasmons,
which are related to interband transitions at about 4.5,
and 15 eV, is directly correlated with the band structure
the graphene sheet.21 For a semimetal-like graphite, a ga
opens in the excitation spectrum at finite momentum tran
which leads to the observed dispersion of the plasmo
keeping these points in mind, the observed dispersion of
p and thep1s plasmons demonstrates the graphitic nat
of these spherical carbon nanostructures with a signific
delocalization of thep electrons. The observed plasmon d

FIG. 4. The dispersion of thep and p1s plasmons of
concentric-shell fullerenes (s) from EELS in transmission mea
surements. When invisible, the error bars are within the size of
symbols. For comparison the dispersion of thep and p1s plas-
mons in graphite for momentum transfers parallel to the planes (L)
and C60 (d) are depicted.
5-3
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persion is about two-thirds of that measured for graph
with a momentum transfer parallel to the graphene she
The reduced plasmon dispersion compared to in-plane gr
ite can be explained by a reduced effective momentum tra
fer qe f f in the concentric-shell fullerenes.qe f f can be envis-
aged as an average of the projections of the momen
transferq onto the carbon shells. As this projection is on
parallel to the graphitic shells for two directions,qe f f is
smaller thanq in graphite parallel to the plane. Concentri
shell fullerenes can therefore be envisaged as spherical
phitic nanoparticles with a band structure which strongly
lated to that of graphite itself.22

The real (e1) and imaginary (e2) parts of the dielectric
response function and the optical properties can be der
by a KKA of the measured loss function. The results of su
a KKA are depicted in the upper panels of Fig. 5 for t
concentric-shell fullerenes, C60, and graphite~momentum
transfer parallel to the graphene sheets!. In the lowest panel
the corresponding real part of the optical conductivi
s r(E), is plotted, wherebys r(E)5(E/\)e0e2(E) is a mea-
sure of the joint electronic density of states. For the KKA t
loss function was normalized toe r(0). For theconcentric-
shell fullerenes we have takene r(0) to be 10 (q
50.15 Å21), which corresponds to the dielectric consta
of polycrystalline graphite atq50.15 Å21 following the
spherical average of the extrapolated values of in-pl
graphite @Ref. 21 and out of plane graphite~Ref. 25!#. In
general, the optical conductivity of these sp2-conjugated car-

FIG. 5. The real and imaginary parts of the dielectric functi
~upper panels! and the real part of the optical conductivity (s r) at
low momentum transfer (q50.15 Å21) for concentric-shell
fullerenes ~solid line! , C60 (2•2), and graphite@polarized in
plane (•••)#.
15541
,
ts.
h-
s-

m

ra-
-

ed
h

,

t

e

bon systems show peaks due to transitions between
(p/s) and the (p!/s!) electronic states. In C60 these peaks
are very pronounced which is consistent with the high sy
metry of the molecule and the weak van der Waals inter
tions in the solid state,16 making C60 a prototypical zero-
dimensional solid. In graphite three broad features
observed at 4.560.05, 1360.05, and 1560.05 eV. Their
breadth is an expression of the bandlike nature of the e
tronic states in the graphite plane. In addition, a strong p
occurs at the low energy end of the optical conductivity.
zero momentum transfer this peak would give rise to
charge-carrier plasmon in graphite; at finite moment
transfer it corresponds to the gap transition in t
semimetal.21 For the concentric-shell fullerenes we also fin
a strong peak at 1.7 eV and three broad features at ene
slightly lower than those in graphite, i.e., at 4.460.2, 12.2
60.3, and 14.360.3 eV. This furthermore underlines th
similarity of concentric-shell fullerenes with diameters larg
than 4 nm, and graphite as regards the electronic prope
of these systems. In analogy to intercalated graphite c
pounds, one thus can also expect further interesting pro
ties of concentric-shell fullerenes upon intercalation withp-
or n-type dopants.

IV. CONCLUSION

In summary, we have demonstrated that momentu
dependent high-resolution EELS in transmission meas
ments of concentric-shell fullerenes with a narrow diame
distribution can provide insight into their electronic and o
tical properties. No change of the electronic properties of
carbon concentric-shell fullerenes is observed within
resolution of the measurements upon varying their mean
ameter between 4 and 8 nm. From electron diffraction
find a similarity to strongly disordered polycrystalline grap
ite. The C 1s absorption spectra, which give a measure
the matrix element weighted unoccupied density of sta
most closely resemble an average of the in-plane and ou
plane graphite spectra, as one would expect for polycrys
line graphite. In contrast to single-shell fullerenes, a fin
dispersion of thep and thep1s plasmons, which is abou
two-thirds of that in graphite, is observed. The optical co
ductivity shows electronic transitions at energy positio
slightly lower than in graphite. Therefore, these concent
shell fullerenes can be seen as a link inbetween fullere
and graphite. Their electronic properties are strongly rela
to those of graphite, and they deserve the name sphe
graphitic nanoparticles.
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