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We develop a model in which the ultraviolet dielectric tensor of planar graphite is transported to the
spherical geometry of a nanoscale multishell fullerene with a central cavity. This is accomplished by as-

signing to every point of the multishell fullerene a local dielectric tensor identical to that of graphite
with its c axis aligned along the local radial direction. The dynamic, multipolar polarizabilities of the
model fullerene are obtained from the exact solutions of the nonretarded Maxwell equations. The ultra-
violet absorption spectrum of the hollow fullerene is calculated as a function of the ratio of the inner and

0
outer radii. Comparisons of the theoretical absorption spectra with the 2175-A interstellar extinction
hump and with recent absorption measurements for synthetic multishell fullerenes indicate that the
dielectric properties of graphite are qualitatively adequate for understanding the optical data. However,
difficulties persist with both the astrophysical and laboratory absorption peaks which lead us to consider
the possible role of multishell fullerene aggregation into small or large clusters. It is found that the effect
of clustering is important and reduces but does not remove completely the quantitative difficulties of the
graphitic multishell model. Finally theoretical electron-energy-loss spectra (EELS) of these structures
with an empty or filled cavity are calculated from the multipolar polarizabilities of the model. The re-

sults indicate that spatially resolved EELS measurements should be ideally suited to study the dielectric

properties of individual multishell fullerenes and to ascertain to what extent they differ from those of
planar graphite.

I. INTRODUCTION

The recent discovery of the closed-cage fullerene mole-
cules C„(Refs. 1 and 2) has precipitated several surpris-
ing observations in the science of pure-carbon materials.
Transmission electron microscopy (TEM) has re-
vealed that multishell fullerenes of tubular or globular
shapes can grow under a large variety of conditions.
Such particles constitute highly stable forms of pure-
carbon clusters down to the nanoscopic and angstrom
size range: the formation of curled-up, multilayer parti-
cles appears to be energetically favored in the growth
process because of the elimination of the dangling bonds
by closure of the graphene sheets. Thus, perfectly spher-
ical, multishell fullerenes have been observed by Ugarte
to form under a high dose of energetic electrons in TEM.
The exceptional stability of these structures suggests the
possibility that the spheroidal graphite particle might
represent the ultimate form of carbon nanoclusters most
resistant to disorder in a large variety of harsh but chemi-
cally inert conditions.

Soon after their discoveries, it was speculated that ful-
lerene molecules and multishell fu11erenes are present in
interstellar space as constituents of carbon-containing
dust or meteorites ' (one should remember that it was
the study of interstellar carbon which led to the serendi-
pitous discovery of the fullerenes in the laboratory' ). A
necessary condition for proving the existence of ful-
lerenes in space is that their optical properties be found
consistent with those of interstellar dust in the galaxy,
most particularly the ubiquitous broad absorption band

at 2175 A (5.7 eV, 4.6 pm ),which is believed to origi-
nate in the graphitic carbon content of the dust. '" A
strong contribution to this band from the most stable,
monolayer fullerenes C60 and C70 appears to be excluded

by the observation that these molecules have a charac-
teristic doublet absorption in this energy region (the so-
called camel spectrum), whereas the observed band has a
single peak. Regarding the possible contribution of car-
bon multishells, as no laboratory data existed until very
recently, several theoretical models had already been con-
structed' ' to compare their ultraviolet spectrum with
the interstellar hump. The model that we proposed'
consisted of a hollow spherical shell with adjustable inner
and outer radii and with dielectric properties transported
from planar graphite and adapted to the spherica1
geometry. This model gave encouraging but not corn-
pletely satisfactory results: while the hollow multishel1
model reproduced the interstellar peak position and aver-

age width quite accurately, it did not provide an explana-
tion for the lack of correlation between the fixed hump
position and the variable hump widths in different lines of
sight in the galaxy. '

Very recently, de Heer and Ugarte' succeeded in pre-
paring multishell samples in an amount sufhcient for a
direct measure of their ultraviolet absorption when
suspended in water. A broadband was obtained with a
spectral shape similar to the interstellar hump. Particu-
larly significant for the discussions of the present paper
were the observations that (i) practically all nanoscopic
multishells prepared by heat treatment were indeed hol-
low and (ii) while the absorption bandwidth varied with
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the sample heat treatment, the peak position remained
essentially constant.

In the light of these results, which are highly
significant for the interstellar dust problem, we wish to
reconsider the theoretical model introduced in Ref. 14
and interpret the new laboratory data' from it. We find
that the multishell model with graphitic dielectric prop-
erties is qualitatively justified. However, there remain
features which cannot be fully explained from the proper-
ties of isolated multishells, namely, a systematic redshift
of the observed peak and the same uncorrelated width
characteristic of the interstellar hump. We show that
both of these effects are likely due, at least partly, to the
average effect of multishell clumping in the water suspen-
sion.

Finally, the same model is used here to make predic-
tions for possible results obtained by electron-energy-loss
spectroscopy (EELS) of graphitic multishells with empty
or filled inner cavities. Such a spectroscopy could indeed
be used in the future to explore the spatially resolved ex-
citations of one single hollow multishell throughout the
energy range from the infrared to the far ultraviolet. '

Such an investigation would be invaluable in ascertaining
more precisely the transferability of graphite properties
to curved carbon structures of nanoscopic radii.

II. DIELECTRIC MODEL

The spherical shell morphology of nanoscopic-size
multishells precludes the use of the highly anisotropic op-
tical properties of planar graphite in the way customarily
applied to small graphite spheres, namely, by simply
averaging over the three possible directions of the c axis
with respect to the electric field. ' It is necessary to solve
the Maxwell equations and the associate boundary condi-
tions for the actual, spherical anisotropy of the multi-
shell. This turns out to be an exercise in classical electro-
dynamics that is especially straightforward when the
nonretarded approximation is applicable, as is the case
here for multishells of outer radii R (-10 nm) much
smaller than the wavelengths of interest (A, —100 nm).

Referring to Fig. 1(a), we write the continuum, uniaxial
graphite dielectric tensor as

(ar) e~(co)(xx+yy +tll(Q))zz,

where the unit vector z coincides with the graphite c axis
and x, y are orthogonal unit vectors parallel to the graph-
ite sheets. The principal components ej(co) and e~~(co)

have been measured by several methods which unfor-
tunately do not fully agree throughout the UV spectral
range. '

We now transfer e(co) to the spherical multishell of
Fig. 1(b) by assuming that the multishell material is also a
dielectric continuum, locally identical to graphite. At
every point, we simply write a local dielectric tensor tak-
en from Eq. (1) where x, y, and z are replaced by the local
unit vectors r, 8, and P of the spherical coordinates [Fig.
1(b)]:

( )= ( )(ee+yy)+ ~[( )

z
(b)

x, y

FIG. 1. Dielectric model for (a) graphite and (b) graphitic
multishells. The dielectric tensor of graphite, which is diagonal
in the Cartesian coordinates in (a), is transposed to the spherical

geometry of model (b) as explained in the text.

dius r of the multishell is very much larger than the mul-
tishell interlayer distance co -3.4 A (about the same as in
planar graphite ). Clearly, for r not much larger than co,
atomistic effects are likely to bring about modifications in
the dielectric function such as a nonlocal character, radi-
al inhomogeneity, extra damping, etc. Note that a major
part of the nonlocality, i.e., that arising from the curva-
ture, is already incorporated in the mere writing of Eq.
(2). Additional, plausible radial dependencies
e~(r, co), Fl(r, co) and enhanced damping could easily be in-

troduced in the model if empirical data were to make
such refinements necessary. Angular nonlocality associ-
ated with the atomicity of the individual multishell layers
is, however, outside the scope of the present model. For
simplicity, in this paper we shall rigidly transfer the local
dielectric constants as indicated in Eqs. (1) and (2).

We further assume that the multishell may be hollow
[inner radius r; see Fig. 1(b)], possibly contain a second
material, and be surrounded by a third material. These
internal and external media will be taken to be isotropic
and homogeneous continua with local dielectric functions
e;(co) and e, (co), respectively. This will be useful in inter-

preting the observations of UV absorption of multishells
suspended in water' and also in calculating optical prop-
erties of hollow graphitic multishells formed around
amorphous carbon or metallic cores.

III. MULTIPOLAR POLARIZABILITIES

In the nonretarded approximation, it suffices to solve
Gauss's equation div[e(r)E(r)]=0 for the irrotational
electric field E= —gradV(r) and to impose the usual
boundary conditions. The spherical symmetry of the
problem dictates that one write the solution in terms of a
spherical harmonics V(r)YI (8,$). The radial equation
for V(r) is then easily found to be

r d V/dr +2rdV/dr —(e~/e~~)1(1+1)V=0 . (3)

This will be formally identical to the radial equation of
the completely isotropic problem if we introduce the
effective azimuth quantum number u defined via

u (u + 1)= (c~/E1 )I (l + 1)

Therefore, the general solution within the multishell is
ll + LCBr ++Cr, where B and C are integration constants

and where

This procedure becomes rigorous when the internal ra- u+ =
—,
'

[
—1+[1+41(I +1)6~/E~~]'~ } . (4)
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Inside and outside the multishell, the regular solutions
are Ar' and Dr ' +", respectively, with A and D two
new constants.

We impose the conditions that V(r) and e~~~dV(r)/dr be
continuous at the outer (R) and inner (r) interfaces, and
the compatibility condition of the resulting set of homo-
geneous equations gives the dispersion relation of the
nonretarded excitations, given a set of dielectric func-
tions. We want here to obtain the multipolar polarizabil-
ities a&(co) of the multishell when subject to an external

I

electric field E,„,(r)e
' '. We then need to add to the

outside potential an inhomogeneous term corresponding
to the lth multipolar order of the external excitation. For
l = 1, for instance, the external potential is

Vext
= Eoz = —Eor cose

and the term —Eor is added to the outside I =1 radial
potential. The dipole polarizability of the multishell is
then given by 4meo—A /Eo. For an arbitrary I, the result
of that cumbersome algebra is found to be

(G~~u IE& )(Elu+ lEe ) —P(e()u+ —le'; )(eiu le—, )
al =4meoe, R '+'

«)l~)~u++(l+1)~. ] p(~()u+ l~ )(el' —+(~+1)~.1

(5)

where

p=(r/R) +
(6)

IV. UV ABSORPTION

Obviously, the multishell multipolar polarizabilities are
scalar due to the spherical rotational invariance of the
model. Equation (5) reduces to all the well-known elec-
trostatic formulas for particular situations such as the
plain (r =0) isotropic sphere (@~=e ) and the hollow iso-

tropic shell in vacuum ( e; =e, = 1).'

Alternatively, the "external" source field could be ap-
plied from the interior of the multishell, e.g. , by the pas-
sage of a charged particle or by the fluctuating field of an
atom trapped in the cavity. In that case, the same set of
equations can be used to compute such quantities as the
monopolar and multipolar responses of the multishell to
the presence of the charged particle or the shift and
broadening of the energy levels of an endohedral atom. '

effect thinner shells tend to have their peak positions
redshifted and to have narrower peaks. Figure 2 illus-
trates the dependence of the peak position and width on
r/R By de. finition, the former is the first moment of the
absorption spectrum between 3 and 9 eV and the latter is
the full width at half maximum of the peak.

The dielectric functions of the graphite used in the
present calculations are those proposed by Draine and
Lee. ' There is no fundamental difference between this
figure and Fig. 4 of Ref. 14 where Klucker's dielectric
functions were used. The position of the absorption peak
is indeed controlled by the vanishing of the real part of
ei(co) around 6 eV and all the authors agree in their mea-
surements of this component. For that reason, the peak
position is not too sensitive to the particular set of dielec-
tric data used in the calculations. For instance, the pla-
teau in the curve of the peak position for small r/R ratios
is shifted upwards by only 0.2 eV in the present calcula-
tions, and as r/R increases, the curve of Fig. 2(a) comes
even closer to that in Ref. 14. Considering the simplicity

A. Calculations

If carbon multishells were present in interstellar dust,
they would contribute to the stellar excitation in propor-
tion to their relative abundance and their scattering and
absorption cross sections. For particles of nanoscopic

0
sizes (R —100 A) such as those considered in this paper,
scattering in the UV is negligible' and the contribution
to the stellar extinction curve is dominated by absorption.
The absorption cross section is directly given by the
imaginary part of the dipole dynamic polarizabilty of the
multishell according to
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The cross section divided by the outer geometrical cross
section defines the absorption efficiency Q =cr /m R
Q(o~) shows a resonance around 6 eV for hollow multi-
shells in vacuum. ' The peak is attributable to the ~-
plasmon resonance in e~ of graphite at this energy.

From the formal results contained in Eqs. (5) and (6),
the important geometrical parameter which controls the
spectrum appears to be the r/R ratio, whereas the exter-
nal radius R merely controls the absolute absorption
strength. The presence of the cavity has an important
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FIG. 2. The (a) position and (b) width of the absorption
peaks of graphitic multishells are plotted against the ratio r/8
of the internal and external radii of the dielectric shell model.
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of the model, we do not regard this uncertainty in the po-
sition of the peak as a severe limitation of our approach.
As for the width of the peak, its calculation involves the
imaginary parts of both e~ and e~~

which are mixed in the
absorption by the effects of the multishell curvature.
Since Im(e~~) shows no particular features in the 6-eV re-

gion in the two experimental determinations under dis-
cussion here, the two sets of dielectric data lead to the
same general behavior of the width of the absorption res-
onance of the multishells. The rise of the peak width for
small values of r/R (thin multishells) is not an intrinsic
property of the present continuum model but results from
the peculiar behavior of the graphite dielectric tensor.

Let us stress that the increasing redshift predicted for
thinner shells [Fig. 2(a)] arises from an enhanced cou-

pling of the ~-plasmon density fluctuations on the inner
and outer surfaces of the hollow multishell. This is the
spherical version of the redshift observed for the optically
active surface plasmon in thin planar films when the film

thickness decreases. Notice that, in an isotropic dielec-
tric, one could expect two distinct dipolar modes, associ-
ated with, respectively, tangential and radial density fluc-
tuations ' ~ [both of which are optically active on a
sphere while only the "radial" mode (i.e., transverse to
film) is active in a film~s]. However, these modes cannot
be so easily isolated in the anisotropic case and, more-
over, such fine structure turns out to be smoothed out by
damping effects.

B. The interstellar hump

The present calculations of the absorption efficiency of
the multishells reproduce the average interstellar absorp-
tion around 2175 A quite well, as was already the case
with Klucker's dielectric data. ' It has been stressed
that while there are large variations (+25% of the aver-
age) in the absorption peak width from star to star, the
peak position remains independent of the line of sight to
within less than 1%. Figures 2(a) and 2(b), however, pre-
dict that in the 5.7-eV region, there are substantial corre-
lated variations in both position and width when the ratio
r/R is changed. If we therefore attempt to attribute the
hump to multishells with a cavity size which is fine tuned
to the peak position, we shall fail to account for the vari-
ations of the peak width (see Ref. 14 for a discussion).

In view of these conflicting results, and if the transfera-
bility of graphite properties proves correct, one cannot
conclude that nanoscopic-size multishells are an impor-
tant constituent of interstellar dust, at least as isolated
particles. We shall see below that the contradictions are
somewhat eased, but not completely removed, by the
effects of multishell aggregation. Alternatively, if nano-
scopic multishells prove to be abundant enough to dom-
inate the hump, their strong curvature must alter the
dielectric functions of planar graphite to the extent of in-
validating the present rigid transfer procedure. To
resolve the issue, one will need further laboratory data on
the UV absorption of nanoscopic carbon particles of the
large fullerene family. One notes that C60 fullerite shows
two split absorption peaks at 4.8 and 5.8 eV (Refs. 2 and
25) of about equal strengths, averaging to 5.3 eV. This
could be an indication that the most strongly curved, in-
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FIG. 3. (a) Solid curve: experimental UV absorption spec-

trum of a suspension of multishell particles in water (Ref. 16).
(b) Theoretical absorption efficiency of an isolated multishell in
water for r/R =0.6. (c) Absorption efficiency of a compact ag-
gregate of hyperfullerenes in water for the same r/R ratio. (d)
Dotted curve: same as (c), shifted by 0.32 pm '. A linear back-
ground has been added to the computed spectra (b)—(d).

nermost multishell layers will tend to have their ~-
plasmon excitations strongly shifted downwards from the
6.2-eV plateau region of Fig. 2(a) characteristic of the
properties of planar graphite. If this were confirmed by
experiment for multishell fullerenes, then the plateau re-
gion for small plain or nearly plain multishells would
occur closer to the 5.7-eV interstellar peak than predicted
here, thereby eliminating much of the peak-position vari-
ation while maintaining variable width.

Furthermore, the variation of the width of the absorp-
tion efficiency by interstellar dust for different lines of
sight would have to be associated with different growth
conditions and the chemical composition of the environ-
ment. De Heer and Ugarte's data which are discussed
below' have shown that the annealing temperature of
carbon soot does influence the inner and outer radius and
the shape of the multishells as well.

C. Laboratory data

Recently, de Heer and Ugarte' have succeeded in pro-
ducing macroscopic amounts of multishells with a rela-
tively monodispersed distribution in the few-nanometer-
size range. By contrast to the plain, well-ordered spheri-
cal particles formed under TEM electron irradiation, the
multishells produced by heat treatment of carbon soot in
an inert atmosphere' were found to be systematically
hollow and presented a generally globular, but po-
lyhedral, structure. Their average ratio r/R appears to
lie within rather narrow bounds. For instance, a visual
inspection of Fig. 1(d) of Ref. 16 indicates an average ra-
tio between 0.5 and 0.7. The visible-UV absorption spec-
tra of suspensions of this material in water' revealed a
m-plasmon band quite similar to the 4.6-pm interstellar
feature, albeit with a peak position at 3.8 pm . Curve
(a) in Fig. 3 shows one such spectrum. The heavy red-
shift was due in part to the water environment and,
indeed, correction for the water dielectric constant
brought the absorption peak to 4.3 pm ' as discussed



2892 A. A. LUCAS, L. HENRARD, AND PH. LAMBIN 49

below. The peak position in this and other samples was
found to be fairly constant, but the peak width could vary
from sample to sample, depending on the average number
of layers in the multishell. These results are obviously of
extreme interest for discussing the interstellar dust prob-
lem. In particular, they make it possible to confront
anew the predictions of carbon dust models with new lab-
oratory data.

Notwithstanding the polyhedral appearance of the
multishells in Fig. 1(d) of Ref. 16, we believe that our
spherically uniaxial model does capture the essential
effect of their globular, concentric layer structure. In
Fig. 3 we compare the prediction of this model [curve
(b)] with the experimental spectrum [curve (a)] (Ref. 16)
for a suspension of multishells in water. In the applica-
tion of Eqs. (5) and (6), we took e; = 1 (empty cavity) and
e, =e„„„astabulated in Ref. 27 in the energy range un-
der consideration.

A linear background was added to the multishell ab-
sorption efficiency Q(co) to represent an unknown pro-
portion of residual raw soot and glassy carbon particles
in the suspension. ' The parameters for curve (b) in Fig.
3 were adjusted so as to best reproduce the observed peak
strength and the overall increase in absorption towards
the vuv. The theoretical absorption efficiency Q(co) is
computed for r/R =0.6 as directly averaged from a visu-
al sampling of the multishells in Fig. 1(d) of Ref. 16. One
sees that the predicted efficiency [curve (b)] peaks at
higher energy and is somewhat narrower than the experi-
mental curve [curve (a)]. This residual redshift and
broadening are tentatively assigned to the effect of parti-
cle clumping in the water suspension, as explained below.

Before we discuss the effects of the multishell cluster-
ing in Sec. V, let us return to the background of the spec-
tra of Fig. 3 which was attributed to additional absorp-
tion by soot fragments and amorphous carbon particles in
the suspension. Since the dielectric function of glassy
carbon has been measured, we can use the electrostatic
model to evaluate the contribution of such amorphous
particles. In Fig. 4 we compare the absorption efficiency

of our 100-A hollow multishell (r/R =0.6) with that of a
plain spherical, amorphous particle of the same outer ra-
dius. Due to the more pronounced sp character of the
bands in glassy carbon, the multishell is four to five times
more efficient in the ~-plasmon region. The amorphous
carbon particles, as well as the original soot fragments,
are expected to have all sorts of irregular shapes which
should further smear out their m-plasmon hump and con-
tribute a rather smooth background.

V. MULTISHELL CLUMPING

Clustering of the multishell material is likely to subsist
in water suspension where neither the water dielectric
screening nor the applied ultrasonic dispersion' seem
sufficient to break the relatively strong (van der Waals)
adhesion bonds between the particles (it should be
remembered that C6o fullerite is already solid at room
temperature with a 1.6-eV binding energy per mole-
cule ). Since particle clumping originates from van der
Waals forces and since the latter stem from the shift of
the UV energy levels caused by the interparticle
electron-electron interactions, clustering should be ac-
companied by changes in the frequencies of the optically
active transitions. In a description of the particles in
terms of harmonic oscillators, the van der Waals interac-
tion energy ' results from a lowering of the zero-point en-

ergy of the oscillators. It is then obvious that there must
be an overall redshift of UV absorption frequencies. We
thus attempt to interpret the residual frequency misfit in
Fig. 3 between curves (a) and (b) as a particle clumping
effect.

Unfortunately, the statistical distribution of cluster
shapes and sizes in the experiment' is unknown. Ac-
cording to whether the water-suspended clusters are large
or small on the scale of the wavelength (1000 A), two
strategies can be followed to evaluate the clustering
effect.

A. Large clusters

1.2—
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C3~ 0.6
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5 6 7

We shall first consider the case where the clusters have
micrometer sizes, i.e., much larger than the vr-plasmon
wavelength. The absorption should then be viewed as a
bulk phenomenon governed by the complex dielectric
function of the clustered particles. We shall assume that
the latter form a compact fcc aggregate of identical mul-
tishells of density n =4/a, where a =2&2R is the fcc
cube edge. We can then construct the bulk dielectric
function by writing the Clausius-Mosotti formula

e, (co)= e [1+z/(1 —z/3) ],
0.2

0.0
3 4 5 6 7 8

hu (ev)

l I

10 11 12

where z(co)=na(co)/e eo, a(co) being the polarizability
of an isolated multishell and e the dielectric constant of
the host material. Bulk absorption which is proportional
to (co/c)Im+e, (iU) takes place in the vr-plasmon polari-
ton gap

FIG. 4. The absorption efficiency of a graphitic multishell
0 O

{r=60 A, R =100 A) in water (solid curve) is compared with
the absorption of a spherical, glassy carbon particle (dashed
curve) having the same external radius.

no'o~3&o) ~ ~ ~ ~„(1+2noo~3&o)

where cu„ is the peak absorption frequency of an isolated
multishell and o.o is its static dipole polarizability. The
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maximum absorption should occur near the lower end of
the gap, where e, (co) tends to diverge (z =3), i.e, at a po-
sition considerably redshifted with respect to the isolated
multishell case.

Two cases have to be envisaged depending on whether
or not water is excluded from the space between the mul-
tishells in the clusters. Since the surface tensions of water
and of the graphite basal surface are very similar ( -0.07
I/m ), it is difficult to decide whether or not water does
wet the multishells and percolate throughout the clusters.
In the first case (dry clusters), the multishell polarizability
a(co} to be used in the Clausius-Mosotti formula is that of
a multishell in vacuum. In the second case (wet cluster),
a(co) must be the polarizability of an isolated multishell
in water as in Fig. 3(b). Figures 5(a) and 5(b) gather the
results obtained in various situations.

We first note that the curves of Fig. 5(a) that represent
the position of maximum absorption all converge towards
a single point when r/R —+ 1, as if neither the water back-
ground nor the clustering had any effect on the m.-

plasmon absorption of very thin multishells. This is an
immediate physical consequence of the fact that, in this
limit, the multishells have a vanishing volume and hence
a vanishing oscillator strength which effectively decou-
ples them from any environment and from each other.

Figures 5(a) and 5(b) confirin that multishell clustering
into micrometer-sized particles has massive redshifting
and broadening effects on the absorption peak. The dry-
cluster curve [the circles in Fig. 5(a)] now has its plateau
around 5.6 eV. The 5.7-eV interstellar hump is bracketed
by the results of the isolated multishells [reproduced by
the squares in Fig. 5(a)] and the micrometer-sized dry

clusters (circles). Could it be that the interstellar dust
contains multishell clusters of intermediate size or densi-
ty (as would be expected for fluffy aggregates due, e.g., to
irregular multishell radii R or polyhedral shapes)? The
corresponding widths in the plateau region
[0~ r IR ~ 0.5 in Fig. 5(b)] do show strong variability but
are twice as large as the average width of the interstellar
absorption hump indicated by the arrows marked IH.
The wet-cluster curve [Fig. 5(a), diamonds] predicts a
peak being centered at 4.1 JJm ' for r IR =0.6, i.e, quite
close to the observed 3.8 pm '. ' Assuming that water
does indeed percolate through the suspended particles, it
is remarkable that the combined clustering and water
effects reduce considerably the dependence of the posi-
tion of maximum absorption on the parameter r IR and,
simultaneously, bring the range of peak positions and
widths within the observed values indicated by the arrow
marked LD in Fig. 5.

The effect of clustering is further illustrated in Fig. 3,
where curve (c) shows the absorption efficiency of a wet
cluster of carbon multishells, whereas curve (b} is for
noninteracting particles. Curve (d) is curve (c) redshift-
ed by 0.3 pm ' so as to make its peak position coincide
with the observed one. One can see that the peak now
has the correct width (1.6 pm '). The residual 0.3-pm
redshift between curves (c) and (a) in Fig. 3 remains
unexplained. We consider that, given the extreme sirnpli-
city of our spherical dielectric model, it would be un-
reasonable to expect better agreement between theory
and experiment.

B. Small clusters

In the opposite size limit where the clusters comprise
but a few multishells, the absorption of each individual
cluster must be calculated, e.g., as in Refs. 29 and 30
where the efFect of clustering on the infrared optical
properties of small particles has been studied in the
nonretarded approximation. The model, applied in these
papers to NiO soot, was designed to study the dipole-
dipole interaction between touching dielectric spherical
particles arranged in a large variety of cluster shapes
whose sizes were much smaller than the wavelength. A
similar strategy could be developed for the present prob-
lem since our multishells are also described as polarizable
dielectric spheres.

A cluster comprising N multishells will have its 3N res-
onance frequencies given by

co„=co (o1+fA„/E )'i,
The A,„'s are the 3)V eigenvalues of a real symmetric ma-
trix T whose nondiagonal elements are the 3X3 dipolar
tensors

1.0
0.0 0.2 0.4 0.6

r&R
0.8 1.0 T,i =(1—3R,JR,J )/(R, /R)3

FIG. 5. Absorption peak (a) position and (b) width versus
r/R for a single multishell in vacuum (0), a dry multishell clus-
ter (O), a single multishell in water ( X ), and a wet multishell
cluster (0). The arrows marked IH indicate the average data of
the interstellar hump (Ref. 26). The arrows marked LD indicate
the laboratory data for hyperfullerenes in water (Ref. 16).

constructed from all the vectors R;- separating pairs of
multishells (i,j= 1, . . . , N) and the diagonal elements are
zero. R," is the unit vector in the R;- direction and R is
the radius of the polarizable sphere. In Eq. (8), coo is the
resonance frequency of the isolated multishell and f
stands for the dimensionless static polarizabilty



2894 A. A. LUCAS, L. HENRARD, AND PH. LAMBIN 49

a(0)/4m@OR, i.e., the 1=1 term of Eq. (5) at low fre-
quency. The A,„'s are real, dimensionless numbers which
depend only on the cluster geometry and which are distri-
buted in the range —m. /3&2 A,„~2'/3&2 (the polari-
ton gap of a large cluster discussed above). Only a limit-
ed number of eigenvalues are of interest here, namely,
those which correspond to optically active polarization
eigenmodes of the cluster. The optical strength (normal-
ized to the unit sphere absorption) of each mode A.„ is
A„=~+, q~~, where the (q";) are the normalized eigen-
vectors of T (a single sphere is taken to have unit absorp-
tion strength). So, each cluster c is described, at the dipo-
lar level, by its characteristic "comb" IA,„,g„,A„I„
where g„ is the mode multiplicity. The absorption spec-
trum of the multishell suspension is then given by the sta-
tistical average

3.0—

0.0

'l&h (p)m ')
3.6 4.4

0

(E.V)

A ( co ) = g p, g g„A „6(co—co„),
C P

(9)

TABLE I. Optically active modes for different geometry of
small-size polarizable sphere aggregates. The first column gives
the multiplicity and the second column, the oscillator strength
relative to the single sphere absorption. In columns three and
four, the eigenvalues A,„and the corresponding resonance fre-

quencies co„are listed. The last column gives the maximum of
the absorption cross section coo when 6 functions are broadened
to Lorentzians of width fiy„=1.3 eV (see Fig. 6). The reso-
nance energy %coo of an isolated multishell was fixed at 5.25 eV.

Pair

Triplet

Tetrahedron

2.0
2.0
3.0
2.17
0.83
2.23
1.77

—0.250
0.125
0.250

—0.241
0.178

—0.236
0.298

5.12
5.32
5 ~ 38
5 ~ 12
5.34
5.12
5.40

5.21

5.20

5.19

where the p, 's describe the cluster probability distribu-
tion and where the 5 functions are broadened to
Lorentzians of width y„.

For illustration purposes, we shall only show here the
active modes of a pair, an equilateral triplet, and a
tetrahedron of multishells, as the simplest one-
dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) clusters, respectively. The correspond-
ing "combs" are listed in Table I. The average absorp-
tion of Eq. (9) is shown in Fig. 6, assuming p, =1, succes-
sively for the three cases mentioned above and the width
of each cluster mode is taken as Ay„=1.3 eV, i.e, of the
same order as that of an isolated particle. One sees from
Table I that, for each configuration, there are redshifted
and blueshifted resonance frequencies but the net absorp-
tion band is redshifted as compared to the isolated multi-
shells. This shift is, however, far too small as compared
to the observed 0.5-pm ' onset in Fig. 3 lbetween curves
(a) and (b)].

The van der Waals cohesion energy calculations, i.e.,
the zero-point energy shift due to aggregation, requires
higher multipolar (up to I =5) terms. Considering these

FIG. 6. Absorption efficiency for clusters of %=2 (solid
curve), 3 (dashed curve), and 4 (dot-dashed curve) touching gra-
phitic rnultishells.

terms in the interaction between the multishells, the total
dipole resonance is again redshifted but by an amount
which is found to be rather small. Clearly, further ex-
perimental (other solvent or growth conditions) and
theoretical works are needed to distinguish the relative
influence of multishe11 clustering and that of the solvent.
We conclude that clustering into aggregates that are
small compared to the m.-plasmon wavelength cannot ex-
plain the observed residual redshift.

VI. ELECTRON-ENERGY-LOSS SPECTROSCOPY

Finally, we want to briefly discuss the UV optical prop-
erties of multishells as they could further be investigated
by means of spatially resolved EELS. This technique,
combined with scanning transmission electron microsco-

py (STEM), has been demonstrated' in the past ten years
to be capable of performing a local analysis of the excita-
tion processes of a target by fast electrons. The spatial
resolution is such that one single nanoscopic particle
( —10 nm size) can be scanned by varying the impact pa-
rameter of the narrow electron beam ( —1 nm size) with
respect to the particle center.

The theory of the excitation process of a spherical
dielectric target has also been developed by a number of
authors so that we can directly use the existing formu-
las to discuss the EELS spectra of individual multishells.
We shall restrict our calculations to the case where the
impact parameter is larger than the multishell radius.
This is because, for that case, the only theoretical quanti-
ties required are just the multipolar polarizabilities of the
particle which we have established in Eq. (5). The case
where the electron beam penetrates the particle is much
more complicated and requires the correct treatment of
the "begrenzung effect" ' which expresses a sum rule
of the relative scattering probabilities by bulk and surface
excitations. %'hile this effect is included in the dielec-
tric theory of EELS by isotropic spheres, it has not yet
been explored for the special type of "spherically uniaxi-
al" anisotropy exhibited by our multishell model.
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%hen the electron beam travels outside the particle,
bulk modes are not excited and the EELS spectrum P (co)

involves only the surface modes of multipolar order (1,m)
via the particle dynamic polarizabilities, according to the
formula given by Echenique, Howie, and Wheatley:

) 0.

P(co)= g C&Im[ar(co)/4meoR '+'], (10)

where a&(co) is the multipolar polarizability and the
coeScient CI are given by

C&=(e R/m eoh v )(coR/v) '

Xg(2 —8 o)K (cob/v)[(l —m)!(I+m)!],

I=5
t=4

p

E
()

+
(3
QJ
CL

U)

p. —

O

where e is the electron charge, U the electron velocity, b
the impact parameter, and E is a cylindrical Bessel
function of the second kind.

Figure 7 shows the EELS spectrum computed for a
dielectric multishell with an inner radius r equal to the

C60 radius and for incident-electron kinetic energy of 100
keV and 110 A as impact parameter (the sphere radius is
still 100 A). This example is meant to illustrate what
could be observed by EELS of a single multishell of the
type observed by Iijima and Ugarte.

One can clearly see two loss features associated again
with the m -plasmon (around 6 eV) and the 0 -plasmon
(around 15 eV) excitations. As in the optical spectrum,
due to the large damping, the multiresonance structure
gives rise to a single feature in the energy-loss spectrum.
The relative intensity of the two peaks (m and o ) is, how-
ever, reversed with respect to the absorption spectrum
(see Fig. 3 of Ref. 14) and is in qualitative agreement with
EELS experiments on C60 molecules in the gas phase.
Since our macroscopic model does not describe correctly

E

U)
p

O

0.5

C
UJ

I I I I I I I I

6 9 12 15 18 21 24 27 30

Energy t.'eV)

FIG. 8. Same as in Fig. 7 for r =40 A (solid curves). The
dashed curves illustrate the effects of filling the inner cavity of
the multishells with gold.

a single-shell fullerene (C60) and since we take account
only of losses due to collective motions of the electrons,
detailed structures are not expected to closely correspond
to experiment on C60.

We note that multipolar terms contribute significantly
up to I =4. The expected evolution of multipolar relative
strengths is observed: increasing the impact parameter
and the kinetic energy enhances the relative weight of the
dipolar term.

The solid curve of Fig. 8 shows the EELS spectrum for
a multishell with an inner radius of 40 A. The overall
shape of the loss spectrum is very similar to the previous
one apart from a narrower width of the m-plasmon peak.
The dashed curve is the loss spectrum of the same parti-
cle with Au Slling the inner cavity (the dielectric proper-
ties of Au were taken from Ref. 38). No drastic change is
observed due to the presence of this material. One ob-
serves a decrease of the m.-plasmon resonance intensity,
but hardly any change elsewhere. This is due to the as-
sumed impact parameter being larger than the particle
radius, so that the electrons are not very sensitive to the
innermost structure of the multishell. Since experimental
STEM lass spectra are nat available for comparison, we
do not believe it would be useful to discuss in further de-
tail our theoretical spectra.

VII. CONCLUSIONS

0. I I I I I I I

3 6 9 12 15 18 21 24 27 30

Energy (eV)

FIG. 7. Electron-energy-loss spectrum of an isolated multi-
shell (r =3.5 A, R =100 A) for 100-keV electron with impact

0
parameter b = 110 A. The contribution of the first five
multipolar-order terms are shown.

In this paper we have e1aborated a dielectric model of
hallow graphitic multishells of nanascopic size. The
model which .uses the observed planar graphite aptical
constants was introduced previously' ta discuss the
2175-A absorption hump of interstellar carbon dust. The
model is further exploited here in an attempt ta interpret
new laboratory absorption data on synthetic multishe11
soot' in the m.-plasmon spectral region around 6 eV. %'e



2896 A. A. LUCAS, L. HENRARD, AND PH. LAMBIN 49

find that single, isolated rnultishe11s with graphitic prop-
erties cannot fully explain the laboratory observations.
Including the effects of multishell clumping does improve
the agreement between calculated and measured
plasmon line shapes. Uncertainty in the dielectric data of
graphite is a possible source of unreliability of the com-
puted absorption bands, but this has been shown not to
affect greatly the general features of the spectra. The re-
sidual small disagreement in the peak position is attribut-
ed to some unknown degree of nontransferability of the
optical properties of graphite from planar geometry to
curved graphitic networks with curvature radii in the
atomic size range. Finally, we briefly discuss, on the
basis of our simple graphitic multishell model, calculated

electron-energy-loss spectra which could be obtained by
STEM operated in the spatially resolved EELS mode and
applied to individual multishells.
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