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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 thaatiter + o 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 reflection EELS at different geometries and electron beam
energies, additional features were observed in the loss func-
In 1992 Ugarte discovered concentric shell carbon clustion, and were explained by tangential and radial surface
ters after intense electron irradiation of carbon soot in glasmons. In addition simulations using a generalized model
transmission electron microsco&EM).! These so-called based on nonrelativistic local dielectric response theory were
“carbon onions” consist of concentric spherical layers of used to simulate spatially resolved EELS measurements of
carbon with an interlayer distance of 0.34 nm, which is closgndividual shells. A good agreement was observed, taking
to that of graphite. TEM has also been used to demonstraigto account the anisotropy of the electronic properties via
an interesting application of these nanostructures as nanthe frequency dependent dielectric tensor of graphife.
scopic pressure cells which can be used to produce nanodia- In this paper we present momentum-dependent EELS in
mond in their coré. Although further production techniques transmission of concentric-shell fullerenes which have been
of concentric-shell fullerenes, like annealing of diamondproduced by ion implantation and which have a uniform di-
nanoparticle%or carbon black or high-dose carbon ion im- ameter distribution. These measurements are conducted in a
plantation into silver substrates held at elevatedpurpose-built machine with a high- energy and -momentum
temperaturé,have been developed, most of the work on theresolution but with no spatial resolution, and are therefore
solid-state physics and chemistry of these systems has beeéamplementary to the spatially resolved EELS measure-
hindered by the low production rate and reproducibility, asments reported previously. Our results are compared to those
well as the broad size distribution of the produced carborfrom Cqo, as an example of single-shell fullerenes, and to
nanostructures. Only the ion implantation method has beegraphite. We show that the and =+ o plasmons in these
shown to have the main advantage to produce films of unisystems exhibit a finite dispersion, in contrast to single-shell
formly distribution of concentric-shell fullerenes with a nar- fullerenes. Furthermore, we present the optical properties of
row diameter distributioi.A narrow diameter distribution is those films of concentric-shell fullerenes, which have been
needed to identify the intrinsic physical properties of bulkderived performing a Kramers-Kronig analygisKA ). Our
samples of these concentric-shell carbon nanostructures. Regsults show that concentric shell fullerenes are intermediate
cently, Fourier transform infrared spectroscopy was used tbetween fullerenes and graphite, and support their descrip-
characterize such carbon nanostructures produced by idipn as spherical graphitic nanostructures.
implantation’ From an analysis of the infrared allowed vi-
brations, it was shown that these carbon nanostructures con-
sist of concentric spheres of fulleren@s (n=60, 240, .. .)
in agreement with the proposed structfiréhe electronic Three different batches of carbon onigmgich had mean
properties of such carbon onions were characterized by spaiameters of 4, 5, and 8 nm, respectivelyere synthesized
tially resolved electron energy-loss spectroscOpizLS) in by implantation of carbon ions with 120 keYoses: 5
transmission®°and by EELS in reflectioh! From a com- X 10, 1x10Y, and 3x 10/cm™2) at 500 °C into thin sil-
parison of the plasmon positions in transmission EELS ander films that were deposited onto fused silica substrates.

II. EXPERIMENT
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FIG. 1. Electron diffraction profiles of {5 (®), concentric-shell FIG. 2. C Is core excitation spectra of concentric-shell

fullerenes (), and graphite in th€100) direction (¢). The inset  fyjlerenes (), graphite(momentum transfer parallel to t601)
to the figure shows a typical TEM image of the investigated con-gjrection (¢ ), and G, (®).

centric shell fullerenes.

These concentric-shell fullerenes studied here are identical fa2nostructures. Generally, the concentric-shell fullerene
those previously studied in Ref. 13. In order to produce freefilms studied here have a diffraction pattern which is very
standing films for the EELS experiments, the silver wasSimilar to that of strongly disordered graphite.
evaporated by annealing the sample in high vacuum for 10 h. In or_der to study the unoccup_led electronic states and the
at 850°C, and the exposed onions were then transferred witielectric response of concentric-shell fullerenes we have
an effective film thickness of about 1000 A onto standardcarried out measurements of the G dore-level excitations
copper electron microscopy grids. and the low-energy-loss function Im(l/e), respectively.
EELS in transmission was carried out in a purpose-builtAgain, the response of the concentric-shell fullerenes was
high-resolution spectrometérwhich combines both good found to be independent of their mean diameter. Therefore,
energyand momentum resolution. For the data shown here W€ only show representative spectra stemming from samples
energy and momentum resolutions of 160 meV andVith @ mean diameter of 5 nm.

0.06 A1 (valence-band excitationsnd of 340 meV and In Fig. 2, the C & core-level excitation spectrum of such
0.12 A1 (core-level excitationswere chosen. All spectra concentric-shell fullerenes is depicted in comparison to those

well-known 77* resonance at about 285 eV andrathresh-
old at about 291 eV® For G, below theo™* onset at about
290 eV, several structures appear, which can be assigned to
A first characterization of the samples was performed byexcitations into the unoccupiedr*-derived molecular
measuring the electron-diffraction profiles. Figure 1 showsstates:® The core excitation spectra of the concentric-shell
typical electron-diffraction profiles of concentric-shell fullerenes show a broad resonance related tonthelerived
fullerenes in comparison to those of graphite in tA€0) states at about 285.2 eV, andra threshold at 291 eV. The
direction and Gy. All studied films of concentric-shell overall shape of the C slcore-level excitation spectrum of
fullerene showed electron diffraction patterns similar to thathese carbon nanostructures is very similar to that of a
in Fig. 1, in particular no changes were observed as a funcstrongly broadened spectrum of graphite. Comparedgto C
tion of their mean diameter. The inset to the figure shows ao fine structure related to transitions into narrow molecular
typical TEM image of the investigated concentric shell states is observed. This is a first indication that the electronic
fullerenes. Two very broad diffraction features are observedtructure of the carbon concentric-shell fullerenes is essen-
at about 1.8 and 3 Al. Whereas the latter can be assignedtially derived from the band structure of graphite. A com-
to a remainder of the “in-plane” graphite Bragg peaks, theparison to directional-dependent GCs 1 excitation
peak at 1.8 Al is related to the axis (001) peak of graph- measurement§'® of graphite reveals that the Cslspec-
ite, and thus arises from the shell structure of these carbomum of concentric-shell fullerenes is reminiscent of an iso-

IIl. RESULTS AND DISCUSSION
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FIG. 3. The loss function of concentric-shell fullerenes from  F!G. 4. The dispersion of ther and m+o plasmons of

EELS in transmission as a function gf The arrows indicate the ~Cconcentric-shell fullerenes{) from EELS in transmission mea-
dispersion of ther plasmon and ther+ o plasmon. surements. When invisible, the error bars are within the size of the

symbols. For comparison the dispersion of theand 7+ o plas-

tropic average of the in-plane and out-of-plane graphite Specrpons in graphite for momentum transfers parallel to the plagek (

tra. In graphite, the features at thé (Ref. 19 ando™ (Ref. and G, (@) are depicted.
18) onsets are both strongly excitonic in nature, and it is
reasonable to assume that the same holds for the concentrigicroscope:**® Recent reflection EELS measurements on
shell fullerenes. similar carbon concentric-shell fullerenes, which were con-
The momentum-dependent optical properties can be deducted at different primary energies, revealed additional fea-
rived from the energy-loss spectrum in the energy region ofures at 13.5, 14.5, and 16.7 eV, which have been assigned to
the valence excitations. In an EELS experiment, the features-#* interband transitions, the surface radial plasrmer™,
in the measured loss function are a direct probe of the coland the surface tangential-o* plasmont' However, the
lective excitations of the system under consideration. Fostrong interaction with the silver substrate complicated the
energies below about 50 eV these features are related eithenambiguous identification of ther surface and volume
to charge-carrier plasmons or interband or intraband excitgplasmons in the highly surface sensitive high-resolution
tions. On performing a Kramers-Kronig analysis the dielec-EELS experiments. In the transmission EELS measurements
tric response functiope(q,E)] and the optical conductivity presented here, the total absence of silver in the samples,
can be derived. From the momentum dependence of the los®mbined with the negligible surface scattering contribution
function, the degree of localization of the electronic excita-to the measured loss function, even at Ig%* means that
tions can be probed. Transitions between localized statesne arrives at the true, representative volume dielectric prop-
give rise to a vanishingly small dispersion of the corresponderties of concentric-shell fullerenes.
ing features in the loss function, as has been observed, for As already mentioned above, the momentum dependence
example, for the features related to the excitations betweeaof the loss function also yields information about the degree
the molecular orbitals of £.2° On the other hand, excita- of localization of the electronic states between which the
tions between delocalized states generally exhibit a bandexcitations take place, as recently demonstrated for other car-
structure-dependent dispersion relation, as found for instandgon nanostructures like bundles of single-wall carbon
in the case of graphit&- In Fig. 3 the loss function of the nanotube$? Figure 4 compares the energy position of the
concentric-shell fullerenes, measured as a function of thand 7+ o plasmons of concentric-shell fullerenes, graphite
momentum transfeq, is depicted. The arrows indicate the (in plang, and G as a function of momentum transfgrin
position of the so-calledr plasmon, which represents the small molecular nanostructures like;fC the = and 7+ o
collective excitation of themr-electron system, and the plasmons exhibit a vanishingly small dispersion as they are
+ o plasmon(the collective excitation of all valence elec- related to interband transitions between localized molecular
trong as a function of momentum transfer. The energy posi-orbitals. In graphite, the dispersion afand«+ o plasmons,
tion of these plasmons at 6 and 24 eV for a momentunwhich are related to interband transitions at about 4.5, 13,
transfer of 0.15 A! confirms theoretical predictions that and 15 eV, is directly correlated with the band structure of
the 7r-plasmon should occur in the energy range of 5-7 eVthe graphene she#t.For a semimetal-like graphite, a gap
and therr+ o plasmon at about 25 eV in the EELS spectra ofopens in the excitation spectrum at finite momentum transfer
isolated concentric carbon sheffs'? Furthermore, our re- which leads to the observed dispersion of the plasmons.
sults are in good agreement with those from previously rekeeping these points in mind, the observed dispersion of the
ported spatially resolved transmission EELS data, whichr and ther+ o plasmons demonstrates the graphitic nature
were taken on similar samples but with lower energy andf these spherical carbon nanostructures with a significant
momentum resolution using a transmission electrordelocalization of ther electrons. The observed plasmon dis-
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bon systems show peaks due to transitions between the
(/o) and the @*/c*) electronic states. In § these peaks
are very pronounced which is consistent with the high sym-
metry of the molecule and the weak van der Waals interac-
tions in the solid staté® making G, a prototypical zero-
dimensional solid. In graphite three broad features are

observed at 450.05, 13:0.05, and 150.05 eV. Their
breadth is an expression of the bandlike nature of the elec-
tronic states in the graphite plane. In addition, a strong peak
occurs at the low energy end of the optical conductivity. At
zero momentum transfer this peak would give rise to the
charge-carrier plasmon in graphite; at finite momentum
transfer it corresponds to the gap transition in the
semimetaf! For the concentric-shell fullerenes we also find
a strong peak at 1.7 eV and three broad features at energies
slightly lower than those in graphite, i.e., at 4.0.2, 12.2
+0.3, and 14.30.3 eV. This furthermore underlines the
similarity of concentric-shell fullerenes with diameters larger
than 4 nm, and graphite as regards the electronic properties
of these systems. In analogy to intercalated graphite com-
pounds, one thus can also expect further interesting proper-
FIG. 5. The real and imaginary parts of the dielectric function ties of concentric-shell fullerenes upon intercalation vgith
(upper panelsand the real part of the optical conductivity,) at ~ Or n-type dopants.
low momentum transfer =0.15 A~1) for concentric-shell
fullerenes (solid line) , Csy (—-—), and graphite[polarized in
plane (---)].

Energy (eV)

IV. CONCLUSION

In summary, we have demonstrated that momentum-
persion is about two-thirds of that measured for graphitedependent high-resolution EELS in transmission measure-
with a momentum transfer parallel to the graphene sheetsnents of concentric-shell fullerenes with a narrow diameter
The reduced plasmon dispersion compared to in-plane graplistribution can provide insight into their electronic and op-
ite can be explained by a reduced effective momentum trangical properties. No change of the electronic properties of the
fer ges in the concentric-shell fullerenegess can be envis- carbon concentric-shell fullerenes is observed within the
aged as an average of the projections of the momentumesolution of the measurements upon varying their mean di-
transferg onto the carbon shells. As this projection is only ameter between 4 and 8 nm. From electron diffraction we
parallel to the graphitic shells for two directionge; is  find a similarity to strongly disordered polycrystalline graph-
smaller thang in graphite parallel to the plane. Concentric- ite. The C I absorption spectra, which give a measure for
shell fullerenes can therefore be envisaged as spherical gritie matrix element weighted unoccupied density of states,
phitic nanoparticles with a band structure which strongly re-most closely resemble an average of the in-plane and out-of-
lated to that of graphite itseff plane graphite spectra, as one would expect for polycrystal-

The real €;) and imaginary &) parts of the dielectric line graphite. In contrast to single-shell fullerenes, a finite
response function and the optical properties can be derivedispersion of ther and thew+ o plasmons, which is about
by a KKA of the measured loss function. The results of suchtwo-thirds of that in graphite, is observed. The optical con-
a KKA are depicted in the upper panels of Fig. 5 for theductivity shows electronic transitions at energy positions
concentric-shell fullerenes, ¢& and graphite(momentum slightly lower than in graphite. Therefore, these concentric-
transfer parallel to the graphene sheelis the lowest panel shell fullerenes can be seen as a link inbetween fullerenes
the corresponding real part of the optical conductivity,and graphite. Their electronic properties are strongly related
o, (E), is plotted, wherebyr, (E) = (E/%) epe,(E) is a mea- to those of graphite, and they deserve the name spherical
sure of the joint electronic density of states. For the KKA thegraphitic nanoparticles.
loss function was normalized te(0). For theconcentric-
shell fullerenes we have taker,(0) to be 10
=0.15 A1), which corresponds to the dielectric constant
of polycrystalline graphite a=0.15 A~ following the This work was partly supported by the European Union
spherical average of the extrapolated values of in-planaithin the TMR network FULPROP (ERBFMRX-
graphite[Ref. 21 and out of plane graphit®ef. 25]. In  CT970155. T.P. thanks the @W for an APART program
general, the optical conductivity of thesesmnjugated car- and the FWRP14146 for funding.
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