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Plasmon excitations in graphitic carbon spheres measured by EELS
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The determination of the physical properties of individual nanometer-size particles has made rapid progress
with the availability of local probe techniques during the past years. Electron energy-loss spectroscopy in a
high-resolution transmission electron microscope is one experimental tool that can give insight into the in-
triguing properties of such small particles. The interpretation of the experimental data of the plasmon excita-
tions is well established in the case of isotropic particles of different geometries. For the case of anisotropic
particles such as multiwall fullerenes~carbon onions!, the interpretation schemes had to be reviewed. In a
recent publication, we have proposed a formalism based on nonrelativistic local dielectric response theory for
high-energy transmission electron microscopy electrons penetrating or passing close by an anisotropic particle
@Stöckli et al., Phys. Rev. B57, 15599~1998!#. Here we report a detailed comparison of experimental data
with the excitation probabilities obtained within this formalism. We show that there is an excellent agreement
between theory and experiment. In consequence, we are able to interpret the plasmon loss data of multiwall
fullerenes and draw conclusions on their physical properties.
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I. INTRODUCTION

Nested concentric-shell fullerenes1 ~carbon onions! con-
sist of several graphene sheets rolled up into spheres. T
are arranged concentrically in a way that the intershell d
tance is approximately equal to the interlayer spacing of
bostratic planar graphite.1,2 Like single-wall fullerenes,3,4

single-wall nanotubes,5,6 and multiwall nanotubes,7 nested
concentric-shell fullerenes belong to the so-called car
nanostructures. These molecular structures of pure ca
have a variety of intriguing properties different from th
other allotropic forms of carbon, graphite and diamond.

The first clue that the physical properties of carbon na
structures differ from those of diamond and graphite ca
from fullerene C60. By means of molecular-beam exper
ments it has been established that these molecules
semiconducting.8 When bulk production methods becam
available,9 it was found that fullerite~crystalline form of
C60) is semiconducting when pure10,11and that it can even be
superconducting when doped.12 Upon the discovery of tubu
lar structures7 theoretical considerations hinted for more su
prising properties. Single-wall carbon nanotubes were p
dicted to be either semimetallic or semiconducti
depending on their geometry.13–15 Furthermore, coiled
tubules16 are proposed to be candidates for superconduc
nanowires.17 Not only the electronic properties of carbo
nanostructures are predicted to be particular. Simulati
carried out for single-wall carbon nanotubes suggest
their magnetic18,19 and elastic properties20 are different from
those of graphite and diamond.
PRB 610163-1829/2000/61~8!/5751~9!/$15.00
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Unlike the case of single-wall fullerenes, for which th
experimental determination of the physical properties sta
with the development of bulk-size crystal productio
methods,9 the characterization of the multiwall spherical an
the single- and multiwall tubular structures is difficult. Eve
though important progress has been made recently, the p
required for a comparison of data obtained from bulk ch
acterization techniques with simulations carried out for in
vidual particles has not yet been obtained. The stand
production21–23 and purification methods24,25 still yield a
mixture of particles of different geometries.

Recently, experiments using local probe techniques s
as field emission,26 atomic force,27 and scanning tunnelling
microscopy28–31 have been designed to determine the phy
cal properties of individual particles. For tubular structur
there is now a lot of data available, giving important info
mation on their electronic properties and confirming theor
ical predictions to a great extent. However, only little
known about the physical properties of multiwall spheric
structures. In our approach, we have used a somewhat
popular local probe technique, electron energy-loss spect
copy ~EELS! in a high-resolution transmission electron m
croscope~HRTEM!, to get some insight into the electron
properties of spherical structures. EELS in this configurat
offers the same advantages as the techniques just mentio
one single particle can be selected, its structure can be d
mined, and measurements can be carried out as a functio
the position of the probe on the particle. Moreover, t
nested concentric-shell fullerenes can be produced direct
the microscope1 so that bulk production methods requiring
5751 ©2000 The American Physical Society
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5752 PRB 61THOMAS STÖCKLI et al.
different experimental setup32,33 are not necessary.
Even though the synthesis and the EELS measurem

can be carried out in one working step in an adequa
equipped TEM, only one transmission EELS study on in
vidual multiwall fullerenes has yet been reported.34 The au-
thors analyze the changes in the bonding between the ca
atoms as a multiwall fullerene is transformed into diamo
when irradiated with 1.25-MeV electrons.35 However, the
excitation of plasmons is not addressed in detail. This
probably due to the fact that the interpretation of plasm
loss EEL data of individual nanometer-size particles re
on the comparison with simulated spectra. Unfortunately,
standard interpretation framework of the energy loss o
TEM probe electron due to plasmon excitations of small p
ticles ~nonrelativistic local dielectric response theory36! can-
not be used for the interpretation of the data of carbon na
particles. The formalism assumes the particles to
isotropic, which is clearly not the case for nested concent
shell fullerenes. As for planar graphite, it must be assum
that the electronic properties in the directions parallel or p
pendicular to the grapitic shells are different. For the case
TEM electrons passing close by an isolated spherical
phitic particle Lucaset al. have expanded the basic interpr
tation scheme to take into account this anisotropy.37 This
formalism has been used by Henrardet al. to interpret
plasmon-loss spectra of a square millimeter size area of
films of multiwall fullerenes32 obtained by reflection
EELS.38

In a recent publication39 we have generalized the forma
ism for anisotropic particles to include the case of penet
ing electrons. Now, we are able to report a detailed comp
son of the simulated excitation probabilities wi
experimental data. Our measurements have been carrie
on individual particles in transmission geometry and
therefore particularly well suited for a comparison with t
model.

II. EXPERIMENTAL DETAILS

A. Specimen preparation

Nested concentric-shell fullerenes have been preparein
situ by intense electron irradiation of polyhedral graphi
particles1 as obtained in the standard arc deposition met
used for the production of carbon nanotubes.3 A small quan-
tity of the black powder contained in the deposit was ult
sonically dispersed in ethanol. For TEM observations a ho
carbon grid was dipped into the resulting dispersion and t
left to dry, leaving enough carbon particles for the expe
ments. In order to synthesize multiwall fullerenes, a cou
of polyhedral particles of reasonable size were selected
the electron beam was focused onto the zone of interes
the same time all limiting apertures were opened in orde
maximize the electron flux. In one of the microscopes~Hita-
chi HF 2000! a heating specimen holder has been used
order to accelerate the formation process.2

B. Electron Microscopy

In this paper, we have used two techniques for the an
sis of the energy loss of the TEM probe electrons. In the fi
a very small region of the sample (,2 nm2) is selected and
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the loss spectrum of the selected spot is recorded on a d
tor array after passage through the energy-dispersive m
netic prism. The spot of interest can be selected either
irradiation with a nanometer-size electron probe or by
use of a small spectrometer aperture at high magnificatio40

In the second experiment, a sophisticated electron opt
system at the exit of the energy-dispersive device is use
form an image of the sample with electrons that have los
given amount of energy.40 In an ideal case, this allows th
localization of the origin of a feature of the loss spectrum
the sample, for instance at an interface or in regions of
ferent chemical compositions.36,40 The measurements hav
been carried out at the Centre Interde´paremental de Mi-
croscopie Electronique at the Swiss Federal Institute
Technology in Lausanne, where two experimental setups
available: a Hitachi HF 2000 field emission microsco
equipped with a Gatan parallel detection EEL spectrome
~model 666! and a Philips CM 300 Schottky emitter micro
scope with a Gatan Imaging Filter.

Due to the difference in design and, in consequence,
formance of the two energy analyzers, energy filtered ima
and spectra contain complementary information. With
available instruments and in the particular case of our lo
loss study the spectroscopic method gives better energy r
lution while the energy filtered imaging method gives bet
spatial resolution. When small probes are used to acq
spectra of a selected zone, the spatial resolution is de
mined by the size of the electron probe. Under optimu
conditions probes as small as 2-nm diameter can be prod
with the Hitachi microscope. When the zone is selected b
limiting spectrometer entrance aperture, the spatial resolu
is determined by the diameter of the aperture, chromatic
errations, and the image magnification. In the plasmon
gion, where chromatic aberrations can be neglected,41 the
Hitachi can be operated in conditions, which produce a co
parable spatial resolution: the smallest spectrometer ape
of 1 mm and a magnification of 700 000 times allow one
select areas as small as 1.7 nm2. In the imaging technique
the spatial resolution is limited by the imperfections of t
electron optics. In the plasmon region, we have been abl
achieve atomic resolution on the carbon nanostructures.
means that under these operating conditions the poin
point resolution is better than 0.36 nm. The energy resolu
of our spectroscopy setup is given by the full width at h
maximum of the zero-loss intensity, which is between 0
and 0.55 eV. In the imaging setup the energy resolution
determined by the chromatic aberrations of the optical s
tem. For the Gatan energy filter mounted on the CM 300
smallest possible energy window imposed by these abe
tions is 4 eV.

C. Determination of the plasmon excitation probability from
the experimental data

In order to compare the experimental data from EEL m
surements~filtered images and spectra! with the simulations
of the plasmon losses of multishell fullerenes, it is necess
to find the relation between the observed intensity and
excitation probability. The observed signalJ(v) is the su-
perposition of the signal of the electrons that have pas
through the sample without energy lossJ0(v), the signal of
the electrons that have undergone one collisionJ1(v), and
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of the signal of the electrons that have interacted sev
times with the sampleJ2(v), J3(v) etc.

J~v!5J0~v!1J1~v!1J2~v!1••• . ~1!

The integrated intensitiesI n originating from the same
number of collisions in the sample follow the Poiss
distribution40

I n5I tot
1

n! S t

l D n

expS 2
t

l D , ~2!

where I tot is the total number of incident electrons,t is the
thickness of the sample where the electron passes, andl is
the mean free path of the excitation. In an ideal experim
without any instrumental broadening the zero-loss inten
can be represented by a delta function

J0~v!5I 0d~v!5I tot expS 2
t

l D d~v!. ~3!

The intensity of the electrons having undergone o
single scattering event is proportional to the plasmon exc
tion probabilitydP(v)/dv as obtained from the nonrelativ
istic local dielectric response theory (a constant!:

J1~v!5a
dP~v!

dv
. ~4!

For the case of nested concentric-shell fullerenes and, in
eral, of any nanometer-size particle the excitation probab
is composed of two contributions:

dP~v!

dv
5

dPsurface~v!

dv
1

dPvolume~v!

dv
. ~5!

dPsurface(v)/dv is the surface plasmon excitation probabili
anddPvolume(v)/dv is the excitation probability of the vol
ume plasmon. It is given for an electron passing at a gi
impact parameter through a particle of given size. When s
eral components contribute to the total excitation probabi
the mean free pathl in the Poisson distribution can be re
placed by the average mean free pathlav:42

1

lav
5

1

lsurface
1

1

lvolume
, ~6!

where 1/lsurfaceand 1/lvolume are defined as

1

lsurface
5

1

t E0

`dPsurface~v!

dv
dv ~7a!

and

1

lvolume
5

1

t E0

`dPvolume~v!

dv
dv, ~7b!

respectively. Integrating the expression ofJ1(v) over the
energy and using the Poisson distribution for the integra
intensities, the constanta is determined andJ1(v) becomes

J1~v!5I tot
dP~v!

dv
expS 2

t

lav
D5I 0

dP~v!

dv
. ~8!
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The nested concentric-shell fullerenes investigated in
study are sufficiently small that it is reasonable to supp
that no multiple scattering occurs, so that allJn(v) with n
>2 become negligibly small and the observed signal is i
good approximation given by

J~v!5I 0Fd~v!1
dP~v!

dv G . ~9!

Equation~9! is the starting point for any direct compariso
of EELS data to simulated excitation probabilities. After e
traction of the zero-loss peak and division by the zero-l
intensity the experimental spectra acquired from a small
gion of the sphere can directly be compared to the simula
plasmon excitation probability at a given impact parame
The energy filtered images acquired with a given ene
window divided by the no-loss image give the excitati
probability integrated over the energy window as a funct
of the impact parameter.

It has to be noticed that Eq.~9! has been established a
suming ideal experimental conditions. TEM’s are not ide
instruments in the sense that the incident electrons hav
finite energy distribution and that the illuminating electro
beam is not perfectly parallel. In consequence, the exp
mental absorption features will be broader than the peak
the simulated excitation probabilities. Image acquisition c
introduce further errors. In our experimental setups the e
trons were detected via a scintillator on a slow scan cha
coupled diode~CCD! camera. The conversion from th
probe-electron to a photon in the scintillator and from t
photon back to an electron in the CCD device is a statist
process. Two electrons incident on the same spot of the s
tillator must not necessarily be detected by the same diod
the camera. Moreover, the detective quantum efficiency
the camera and noise introduced by its electronics can lea
differences between the actual number of incident electr
and the counts recorded on the CCD camera.43

For the comparison of our experimental data with t
simulations we have taken into account the effects of
energy distribution of the incident electrons. All spectra ha
been deconvoluted with the experimentally determined
ergy distribution of the incident electrons~loss spectrum ac-
quired without a specimen!. The other factors affecting a
direct comparison are experimentally hard to access and h
not been taken into account.

III. EXPERIMENTAL DATA COMPARED TO
SIMULATIONS

The discussion of the experimental data of multiw
fullerenes is divided into two parts. In the first part, the ov
all tendencies of intensity line profiles across energy filte
images and energy-loss spectra are compared with the s
lated curves obtained from nonrelativistic local dielectric
sponse theory39 ~Sec. III A!. All excitation probabilities
shown here have been simulated using the dielectric te
determined by EELS measurements. The differences
tween the dielectric tensor determined by optical methods
compared to EELS and the resulting deviations in the sim
lations have been discussed in Ref. 39. In the second p
more detailed analysis of the important characteristics of
loss data is given~Sec. III B!. Of particular interest is the
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5754 PRB 61THOMAS STÖCKLI et al.
size dependence of these features, especially as the sp
become smaller. Section III C discusses the features of
experimental data that cannot be explained with our mod

A. General tendencies

Figure 1~a! displays a series of energy filtered images
the indicated region of the nested concentric-shell fuller
shown in Fig. 1~b!. The sphere has a radius of 12.6 nm a
was suspended over a hole in the holey carbon microsc
grid. The images in Fig. 1~a! have been taken with an 4 e
window centered at the indicated energies.

As discussed in Sec. II C, the filtered images have b
divided by the image taken with the energy window cente
on the zero-loss peak. In consequence, the gray levels a
direct measure of the plasmon excitation probability a
given position of the image integrated over the energy w
dow. It can be observed that the intensity distributi
changes as the window is shifted from 30 to 10 eV. At e
ergies close to 27 eV the intensity is clearly maximal in t
center of the sphere. At around 17 eV the intensity is dist
uted much more uniformly over the entire sphere.

FIG. 1. ~a! Series of energy filtered images of the nest
concentric-shell fullerene shown in~b!. The energy window was 4
eV, centered at the values indicated on the corresponding filt
image.
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A quantitative comparison with the simulations can
accomplished when intensity line profiles across the ene
filtered images are analyzed. Due to the rotational symm
of the particles we have restrained the analysis to the por
between the center of the particle and the sphere bounda
couple of nm into the vacuum.

Figure 2 shows intensity line profiles of four selected e
ergy windows out of those shown in Fig. 1. They are co
pared to simulated profiles of an anisotropic sphere of 1
nm radius. Note that the scales in Fig. 2 are absolute and
the experimental data has not been adjusted to the simu
curves in any way. It can be seen that the dielectric treatm
of the problem leads to the right order of magnitude of t
excitation probability. Moreover, the simulated curves rep
duce well the observed tendency, namely that the inten
distribution is peaked in the center of the sphere at 27.5
and that it becomes uniform over the entire sphere as
energy window is successively placed at lower energies. T
is a clear piece of evidence in favor of the anisotropic f
malism we have developed. In fact, the simulations39 and the
experimental data show that for this size of particle the c
rections of the volume excitations due to the surface p
mons ~Begrenzungseffect44! are rather weak. The shape o
the intensity line profile of an isotropic sphere would the
fore in good approximation be determined by the volum
contribution of the total plasmon excitation probability. Th
in term would be proportional to the distance the electr
travels in the medium, i.e.,P(x0)}Aa22x0

2, with a the ra-
dius andx0 the impact parameter. The behavior observed
multiwall fullerenes is clearly different and only the anis
tropic formalism allows to explain it.

The intensity line profiles in Fig. 2 furthermore conta
evidence for the presence of surface excitations. This
comes apparent when the region close to the interf
sphere-vacuum is investigated in more detail~Fig. 3!. It can
be seen that the excitation probability just outside the sph
does not immediately drop to zero. This can only by e

ed

FIG. 2. Intensity line profiles for several selected energy w
dows of the filtered images displayed in Fig. 1. They are compa
with the simulated line profiles obtained from non-relativistic loc
dielectric response theory~dotted line!.
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plained by the excitation of surface plasmons since volu
plasmons cannot be excited when the probe electrons
outside the particle. Figure 3 shows that our model rep
duces very well the experimental data just outside the p
ticle. At the surface plasmon resonance energy of 17 eV
simulated curve is nearly identical to the observed behav

The small periodic oscillations in the profiles shown
Figs. 2 and 3 are an artifact arising from the division of t
raw image by the zero-loss image. The zero-loss image c
tains phase contrast fringes~atomic planes! resulting in a
modulation of the intensity with a period determined by t
interlayer distance of the graphitic shells~atomic resolution!.
The division operation propagates these modulations into
maps of the excitation probabilities. Images formed of
elastically scattered electrons may also show ph
contrast45,46 and we have observed it in the case of carb
nanostructures~see Ref. 41!. The contrast is however muc
weaker than the diffraction contrast in the zero-loss filte
image and does not result in any visible effects in the im
of the excitation probability or in the corresponding intens
profiles.

The minimum width of the energy window~4 eV! is im-
posed by the chromatic aberrations of the energy analyze
order to study the energy dependence of the plasmon ex
tion probability in more detail, we have acquired spectra o
sphere of approximately the same radius~9.7 nm! as the one
analyzed in Figs. 1 to 3 at various impact parameters@Fig.
4~a!#. The spectra are compared with the simulated excita
probabilities of a sphere of 10 nm radius as shown in F
4~b!. The most prominent feature of the spectra is the br
peak at 27 eV when the electrons pass through the cent
the sphere. Its resonance energy clearly changes as the
tron probe is moved towards the sphere boundary. This
havior can be explained by the dielectric response the
which correctly reproduces the energy shift from 27 to 17
@Fig. 4~b!# ~for more details about the simulations, see R
39!. Using the results of the simulations, we can say that

FIG. 3. Details of the interface sphere vacuum~at 12.6 nm! of
the intensity line profiles shown in Fig. 2. It can be seen that
intensity does not drop to zero immediately which is a clear sign
the presence of surface excitations.
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shift is principally due to the continuous change in orien
tion of the graphitic layers as the impact parameter is
creased from zero to the sphere radius. When the elec
passes through the center of the sphere, it crosses grap
layers oriented with thec axis parallel to the electron trajec
tory. Therefore, the spectrum is essentially identical to t
of planar graphite of the same thickness oriented accordin
and the peak at 27 eV can be assigned to the collective r
nance of thes1p electrons. When the electron passes s
inside the sphere but close to the boundary, thec axis of the
graphitic layers is oriented perpendicular to the traject
and the spectrum is very similar to the one of planar grap
with thec axis perpendicular to the optical axis of the TEM
The spectrum at this moment presents a rather large pea
19 eV, which is due to the excitation of interband transitio
involving the threes electrons per carbon atom.47

e
f

FIG. 4. ~a! Electron energy-loss spectra of a multi-wall fulleren
of 9.7 nm diameter compared to~b! simulated spectra for an aniso
tropic sphere of approximately the same size~10 nm!. The different
curves represent spectra taken at different impact parameters
curves are obtained in the center of the sphere and bottom cu
just outside the sphere.
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5756 PRB 61THOMAS STÖCKLI et al.
The area selected spectra shown in Fig. 4 confirm
presence of surface excitations. As it was the case for
intensity line profiles~Fig. 2! surface effects can be observe
best when electrons that have passed just outside the pa
are analyzed. From the spectrum taken at an impact pa
eter of 10.8 nm@Fig. 4~a!, bottom curve# the surface plasmon
resonance energy of this nested concentric-shell fulleren
found to be 17 eV, exactly the value predicted by the diel
tric theory model of anisotropic spheres@Fig. 4~b!, bottom
curve#. The effect of the presence of surface excitations
not only an additional peak in the spectrum, but also a
duction of the intensity of the volume excitation. As the im
pact parameter is increased from zero to the radius of
sphere, the surface contribution steadily increases and, w
the electron passes outside the particle, only the surface r
nance can be observed. At the same time the volume co
bution is corrected to lower values~Begrenzungseffect43!.
Experimentally this is not directly visible, but the effect r
inforces the shift of the electron plasmon peak from 27 to
eV as the probe is moved from the sphere center towards
boundary of the particle~see Refs. 39 or 41 for more details!.

The other dominant feature in the loss spectrum of mu
wall fullerenes is the peak at 6.5 eV. The spectrum ta
close to the center of the sphere can be compared to
excitation probability of planar graphite with thec axis par-
allel to the optical axis so that the peak can be attributed
the collective resonance of thep electrons. As the probe i
moved closer to the sphere boundary the resonance ener
this peak is also shifted to lower values. The reason for
shift is again the change in orientation of the graphitic lay
and the presence of surface effects.

B. Size dependence and particular features

Figure 5 shows the spectra of three different size mu
wall fullerenes acquired at zero impact parameter. This s
range is representative of the multiwall fullerenes that w
accessible experimentally. Smaller particles could not be

FIG. 5. Spectra acquired at zero impact parameter for three
ferent size multiwall fullerenes:r 514.5 nm, r 59.7 nm, andr
55.6 nm.
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vestigated because of the limits of the experimental meth
their response is hidden in the surface excitations of the s
port ~see Ref. 41 for more details!. On the other hand, large
concentric-shell fullerenes could not be produced sinc
more intense electron beam would have been necessary

Figure 5 shows that in the investigated size range all sp
tra have the same shape. The only visible difference is
scaling of the excitation probability proportional to the si
of the particles. This is somewhat surprising. One wo
expect the effects of the curvature of the graphitic shells
become gradually stronger as the particle size is decrea
In the case of larger multiwall fullerenes the contribution
the the outer and hence flatter layers to the EELS signal
expected to be similar to the response of planar graphite
the diameter decreases, the influence of the high curvatur
the innermost shells should become observable. Our m
surements clearly show that for the investigated size ra
no such size dependence is detected.

We have analyzed in detail the peak position as a func
of the impact parameter for the three sizes of multiw
fullerenes discussed in Fig. 5. The resonance energies
been determined from area selected spectra of the multi
fullerenes after removal of the zero-loss peak. The results
shown in Fig. 6.

Comparing the experimental values of the resonance
ergy of thes1p plasmon peak~squares! as a function of the
impact parameter with the theoretical curve~line with
squares! it can be observed that the experimental energy s
occurs more gradually than it could be expected from
simulations. This tendency can be observed throughout
investigated size range. The difference between the exp
mental and simulated values is probably principally due
the fact that the electrons are not collected from an infinit
small area. The electrons entering the spectrometer c
from a finite area of approximately 1.5 nm in diameter.
consequence the rather abrupt transition which is predicte
an impact parameter of about one third of the particle rad
is smeared out over a larger distance. Comparing thes1p
plasmon resonance energy close to the center of diffe
size particles it can be noticed that the resonance is shifte
lower energies as the spheres become smaller. This i
contradiction to what is observed in the case of small me
lic particles48–50 where the volume plasmon resonance e
ergy has tendency to rise to higher values. In the case
metallic particles, this blueshift is ascribed to the effect
dispersion in a finite medium. A detailed theoretical analy
of the problem based on hydrodynamic theory51 confirms
this interpretation and shows that such effects are likely
occur for spheres of radii smaller than 4 nm. It is therefo
likely that the behavior we observe for multiwall fullerene
is due to the size of the analyzed portion of the sphere ra
than to dispersion effects. The zone that is analyzed ha
diameter of 1.5 nm. If the nested concentric-shell fullerene
small and if the center is not precisely placed over the sp
trometer entrance aperture, the zone where the resonanc
ergy is expected to drop to lower values contributes to
signal that is analyzed. This might be sufficient to make
resonance frequency in the center of the sphere appear
lower than the actual value.

Concerning the comparison between the simulated
experimental values of thep plasmon resonance it can b
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said that the measured values are systematically lower fo
impact parameters than those predicted by dielectric the
In the frame of a free electron model the resonance
quency is given by the relation

vp
25

ne2

e0me
~10!

FIG. 6. Evolution of thep ~circles! and thes1p ~squares!
plasmon peak position as a function of the impact parameter
three different sizes of particles:~a! 15 nm,~b! 10 nm and~c! 5 nm.
The continuous lines represent the values obtained from the s
lations.
all
y.
-

so that a lower resonance energy can result from eithe
reduced number of electrons participating in the oscillat
or from a higher effective electron mass. Both of the
changes would result from a modified electronic struct
due to the curvature of the graphitic layers. One might exp
this effect to be more pronounced in the center of the sph
but the impact parameter dependence of the resonance
quency is well reproduced by our model~Fig. 6!. This means
that even if the electron is passing through the center of
sphere the energy loss in the outer~less curved! layers domi-
nates the signal and what we observe is a constant~mean!
shift of the resonance frequency at any impact paramete

C. Differences between the experimental data
and the simulations

The comparison of the simulations with the experimen
data reveals that the behavior of the most prominent feat
of the spectra as well as the shape of the intensity line p
files at different loss energies are correctly reproduced by
model. Most of the observed tendencies of the experime
data can therefore be interpreted. However, the experime
data differ from the simulations in a few aspects.

Most important, the simulations systematically overes
mate the excitation probability. As pointed out, the simu
tions have been carried out for ideal experimental conditio
It can be expected that the experimental peaks are bro
and at the same time less intense than the simula
probabilities.52 However, the non-interacting electron bea
has a full width at half maximum of only 0.5 eV in the cas
of the Hitachi HF 2000 microscope and of 0.9 eV in th
Philips CM 300 microscope. This small energy spread c
by no means explain the observed differences. A poss
explanation for this might be found in the theoretical wo
by Yannouleaset al.53,54 Their results suggest that the exc
tation of thes1p and thep electron plasmons are heavil
damped in the case of nested concentric-shell fulleren
This is attributed to the fact that due to curvature, the c
pling between the electrons on the spherical shells is dif
ent from the coupling in the planar case. Our experimen
data might contain evidence for this phenomenon, but
present it is too early to conclude on this point. In fact, t
model of the plasmon excitations of multishell fullerenes
based on three main assumptions. First, the theory has
developed in the nonrelativistic approximation. Garc
Molina et al. have shown that the excitation probabilitie
simulated within this restriction are typically lower tha
those obtained when relativistic effects are considered.55 The
effect is more pronounced when the real part of the dielec
function is large and depends on the impact parameter of
incident electron. Second, the model does not take into
count diffraction effects. The probe electrons do not mo
through the particle on a straight line as assumed in
model. Diffraction causes the electrons to deviate from
assumed trajectory and, in consequence, the investigated
is larger than initially assumed. Diffraction effects main
affect the volume plasmon and are more pronounced
thicker regions of the sample. Some of the differences
tween the experimental data and the simulations could
due to this two phenomena. The third assumption that
been made is the neglect of quasielastic scattering due to
excitation of phonons. In the case of thin specimen such
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the investigated carbon particles, this should not lead to
significant errors in the simulated excitation probabilities.
possibility to determine if the observed differences are a c
sequence of plasmon damping or whether they are due to
assumptions made in our calculations might be a comp
tive study between the plasmon-loss EEL data of spher
and tubular structures. In their study Yannouleaset al. have
also analyzed the case of carbon nanotubes.53,54 The com-
parison between the expected behavior of spherical and
bular structures suggests that the plasmons in the tube
should be damped to a lesser extent. An comparative s
of the experimentally determined plasmon excitation pr
ability of multiwall fullerenes and multiwall carbon nano
tubes based on nonrelativistic local dielectric response the
of spherical39 and cylindrical56 anisotropic particles could
give valuable information about this point. However, ev
though EEL spectra of individual carbon nanotubes have
ready been published, a direct comparison with our data
spheres is not possible at the moment since the plas
excitation probability has not been derived from the r
data.

Another difference between the experimental data and
simulations can be found in the energy range between 8
15 eV. The model predicts a small feature at around 10
and a local minimum of the excitation probability at 14 e
Comparing with the experimental data, this cannot be
served: the minimum is at 10 eV and from there thes1p
plasmon peak starts to rise. Moreover, a small local ma
mum can be observed at 14 eV when the electron pa
close to the sphere boundary. It has been outlined in Ref
that in the energy range in question the controversy abou
dielectric tensor of graphite results in minor differences
the simulations if EELS or optical data is used as input
the numerical evaluation. However, neither data set can
produce the experimental data. In consequence, we attri
the difference between the simulations and the experime
data in this energy range to a change of the electronic p
erties of graphite resulting from the curvature of the shee

IV. CONCLUSION

The comparison of the experimental data of nes
concentric-shell fullerenes with the simulations carried ou
s
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the frame of the nonrelativistic local dielectric response
anisotropic spheres has allowed us to gain a detailed un
standing of the plasmon excitations of these particles. T
origin of the prominent features of the spectra, the variatio
of the resonance energies as a function of the impact par
eter as well as the evolution of the intensity line profil
across the energy filtered images for different energy w
dows could thus be explained.

Interestingly, we observe several differences between
model and the simulations. In particular, the simulatio
overestimate the excitation probabilities of both thes1p
and thep electron volume plasmons. This might be attri
uted to the damping of the plasmons which was predic
from theoretical considerations for spherical carbon na
structures. At present this interpretation is still speculati
However, the comparison of the plasmon losses of car
nanotubes with those of the multiwall fullerenes based
our models might give further evidence for this in the futu
We suggest that the remaining differences in the ene
range between 10 and 15 eV arise from intrinsic change
the electronic properties of nested concentric-shell fullere
due to the curvature of the graphitic shells.

For the sizes of particles that were experimentally acc
sible we have not been able to determine any major s
dependent variations of the electronic properties. They
seem to be in the size range where the electromagnetic p
erties are still determined by the bulk properties of the m
terial. The observed differences are mainly due to the p
ence of a limiting surface and not to the intrinsic changes
the properties of the material~quantal size effects!.
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