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Plasmons in layered nanospheres and nanotubes investigated by spatially resolved electron
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We present an extensive electron energy loss spectroscopy study of the low-loss energy region, recorded on
multishell carbon and boron-nitride nanotubes and carbon hyperfullerenes. Collections of spectra were re-
corded in a scanning transmission electron microscope by scanning a subnanometer probe from vacuum into
the center of the nano-objects. This experimental technique provides the unique ability of disentangling and
identifying the different excitation modes of a nanoparticle. We concentrate on the study of surface modes
excited in a near-field geometry where the coupling distance between the electron beam and the surface of the
nano-objects is accurately monitored. Similarities between surface collective excitations in the different layered
nanostructures~cylindrical or spherical, boron nitride, or carbon constituted! are pointed out. Two surface
modes at 12–13 eV and 17–18 eV are experimentally clearly evidenced. We show that these modes are
accurately described by a classical continuum dielectric model taking fully into account the anisotropic char-
acter and the hollow geometry of the nanoparticles. These two modes are shown to be directly related to the
in-plane and out-of-plane components of the dielectric tensor. The higher-energy mode~in-plane mode! is
shown to shift to higher energy with decreasing impact parameter, as a result of an increase in the weights of
the high-order multipolar modes while reaching the surface of the nano-objects.
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I. INTRODUCTION

The initial discovery of C60 by Kroto et al.1 arose from
studies on interstellar dust formation, and since then a la
variety of new carbon closed shell structures have been
thesized leading to a revolution in the physical chemistry
carbon. Amongst these, let us mention onions and nanot
made of carbon,2,3 boron nitride,4,5 or a mixture of B, C, and
N.6–8 From a structural point of view, all of these nanostru
tures can be described as the counterparts of layered p
materials within a spherical or cylindrical geometry. The
new nanostructures were predicted to exhibit exciting pr
erties. For example, while theoretical studies suggested
the band gap of carbon nanotubes should depend on
helicity and diameter,9 boron nitride ~BN! nanotubes were
expected to have a constant band gap, independently of
helicity or diameter.10 Such predictions were confirmed d
rectly by transport spectroscopy measurements,11 and the
consequences for transport properties were pointed o12

More detailed descriptions of the properties of carb
onions13,14and nanotubes14,15can be found in recent reviews
PRB 610163-1829/2000/61~20!/13936~9!/$15.00
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On the other hand, the collective excitations in nanostr
tures have increasingly attracted the attention of the scien
community with the recent improved availability of prepar
controlled nanoparticles or arrays of nanoparticles. For
ample, photonic devices such as photonic band-gap st
tures are now extensively studied and arrays of cylindri
holes have been shown to exhibit an extraordinary opt
transmission due to coupled plasmon excitations.16,17 Plas-
mon excitations are also related to the van der Wa
interactions18 that govern small particle self-organization an
are also supposed to play a major role in new spectrosc
methods such as surface enhanced raman spectros
~SERS!.19 The present paper deals with the study of colle
tive excitations~plasmons! in layered nanoparticles by elec
tron energy loss spectroscopy~EELS! and their interpretation
relying on simulation based on a semiclassical dielec
theory.

EELS is a powerful tool for the study of both the ele
tronic structure and the dielectric properties of nano-obje
Low-loss energy spectra~in the 0–50 eV range! from small
particles have been recorded by many authors studying
13 936 ©2000 The American Physical Society
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face plasmons.20–23 As far as plasmon excitations of carbo
nanostructures are concerned, bulkp andp1s plasmons in
C and BN nanotubes and C onions have been reporte
several studies in transmission mode24–28 and reflection
mode,29 but no global interpretation has been proposed
reconcile the different results. A surface plasmon mode w
detected in C onions in reflection EELS~Ref. 29! and in
carbon nanotubes in transmission EELS.27

The description of plasmon excitations as a solution
Maxwell’s equations has been known since the pionee
work of Mie30 and is the subject of many textbooks~see, for
example, Ref. 31!. The limit of validity of this theory for
small atomic clusters has been studied more recently32,33giv-
ing rise to the conclusion that large nanoparticles, such as
ones studied in the present paper, can be described u
dielectric bulk properties. Anisotropic layered structur
have also been studied within the framework of Maxwe
equations.34 However, the specificity of the spherical an
cylindrical locally anisotropic particles under considerati
here is to require an adapted extension of macroscopic t
ries. The peculiarity of the curved layered nano-objects is
coupling between the in-plane and the out-of-plane exc
tions, since the relative orientation of an external electrom
netic field ~generated by an incident light or a charged p
ticle! with the principal axis of the layers, is no longe
defined over the entire particle. Recently, a dielectric mo
has been developed for this case and used to propose
tions to the initial interstellar dust puzzle35 and to simulate
EEL spectra.36 Other approaches~i.e., hydrodynamic
model,37 multilayer two-dimensional electron ga
approach,38 and discrete dipoles approximation39! have also
been developed, but a complete EELS simulation has o
been realized within the dielectric theory36 and, for small
clusters, within the discrete dipoles approximation.40

In this paper, we present a detailed study of the low-l
energy region acquired across multishell carbon and BN
ions and nanotubes in the context of a scanning transmis
electron microscope~STEM!. Collections of spectra were re
corded while scanning a subnanometer probe under c
puter control ~spectrum-image or spectrum-line modes41!
from outside of the particle into the center of the partic
This mode allows a study of the excitation probability for t
different modes as function of the impact parameter defi
with an accuracy of 1 or 2 Å. In particular, the contributio
of surface modes observed for a nonpenetrating beam ca
disentangled from the whole EELS spectrum. In such n
penetrating configurations, we probe the near-field decay
from the particle out into vacuum, with a fine control of th
coupling distance between the electron beam and the su
of the nano-object. We find a very clear similarity betwe
the excitations observed in spherical onions and in cylin
cal nanotubes. We also underline the intensity and posi
variation of the EELS resonances with respect to the imp
parameter. We interpret these valence excitations as co
tive surface modes within the framework of a classical c
tinuum dielectric model, taking fully into account the anis
tropic character and the hollow geometry of the objects.

II. EXPERIMENT

A. Samples description

In order to investigate the size and geometry effects
EEL spectra, we have analyzed a large collection of na
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tubes and onions. The nanotubes were made of carbon
boron nitride. Carbon multiwall nanotubes~CMWNT! exhib-
ited typical by 20–30 nm and 2–10-nm outer and inner ra
which corresponds to more than 15 layers. The boron nitr
multiwall nanotubes~BNMWNT! were made of a much
smaller number of layers, typically 4 or 5 layers. The carb
onions have a narrow range of diameters, namely, 15 nm
a vanishing inner cavity.

B. Samples production

The CMWNT’s were produced by a conventional ar
discharge method.3 The formation of carbon onions on silve
substrates has been achieved using an ion-implanta
technique.42 The silver substrate was then thinned from t
free surface until a hole was drilled. BN nanotubes we
synthesized by arc-discharge between HfB2 electrodes in a
nitrogen atmosphere.5

After ultrasonic dispersion in an ethanol solution, t
nanotube containing powder is deposited on a holey car
film for observation and spectroscopic measurements i
scanning transmission electron microscope.

C. Experiment

Measurements were performed on a STEM VG HB5
field emission gun operating at 100 keV and fitted with
Gatan 666 parallel-EELS spectrometer and a couple of h
angle annular detectors for simultaneous dark field mode
aging. Collections of spectra were acquired by scanning
0.5–1-nm probe across a chosen isolated nano-object w
morphology ~schematically described by an inner radiusr
and an outer radiusR!, was first identified by means of in
tensity profiles calculated from annular dark field~ADF! im-
ages@see Fig. 1~a!#. The beam was scanned from vacuum
large impact parameters into the object with spatial inc
ments of 2.5 or 6 Å@Fig. 1~b!#. In order to obtain a high
accuracy in the definition of the successive impact para
eters, the annular dark field profile was simultaneously
quired. An unambiguous identification of the specific spe
trum, in the line scan, corresponding to grazing incidence
then possible. Each individual spectrum was recorded wi
0.4-s acquisition time and a 0.7-eV energy resolution. T
objective and collection apertures were, respectively, 50mm
and 2 mm corresponding to a 7.5-mrad convergence a
and a 16.5-mrad collection angle, respectively. A typical

FIG. 1. ~a! Definition of outer and inner radii~R and r, respec-
tively! for a nanoparticle. High angle annular dark field~HADF! is
shown as the way to accurately determine them.~b! Line spectrum
across a multishell carbon nanotube of 20 nm outer diameter
corresponding scattering geometry.
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quence of spectra acquired by scanning the probe per
dicular to the axis of a 26-shell carbon nanotube with ex
nal and internal radii of 20 nm and 11 nm, respectively,
displayed in Fig. 2~a!. For an easier identification the sam
spectra are shown in the second derivative mode on the
of Fig. 2~a!. A similar line scan across an onion with a radi
of 15 nm is displayed in Fig. 2~b!. Figure 3 shows the inten
sity profiles for the different energy features in the carb
nanotube case together with the annular dark field pro
They were calculated by selecting a narrow energy wind
centered on each mode position. An intensity profile th
results in the number of counts integrated over a given
ergy window~of a few eV! as a function of the probe pos
tion. From such an analysis, it is then possible to have ac
to the spatial dependence of the excitation probability of

FIG. 2. Selections of spectra from line scans across a ca
multishell carbon nanotube~CMWNT! in ~a! and a carbon onion in
~b!. Both nano-objects have similar external radii~150–200 Å!. The
values of the impact parameters are mentioned. In inset are sh
the corresponding spectra in the second derivative mode for
same CMWNT. The different modes are labeled from~i! to ~v!.

FIG. 3. Intensity profiles associated with the different mod
seen in Fig. 2, when the beam is scanned across the carbon MW
shown together with the HADF profile. The profiles of surfa
modes~ii ! and~iii ! have four maxima located at the inner and ou
surfaces of the nanotube. The profile of peak~i! shows both behav-
iors of surface and volume excitation.
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modes and then to classify modes into bulk and surface~eva-
nescent! excitations by analyzing the decay into vacuum. F
nally, results from a BN multishell nanotube with a 4-n
external radius are displayed in Fig. 4 in both normal a
second derivative modes.

First, a general behavior of the evolution of the EEL spe
trum can be identified for the whole set of analyzed na
objects~C onions, BN, and C MWNT! as the electron beam
is scanned across them. Three main energy features ar
tected for nonpenetrating geometries while three extra
tures~or four in case of BN! occur when the beam intersec
the nano-objects. Later we will claim their common physic
origin. Beyond this general behavior, the strong similar
between both results from carbon onions and carbon na
tubes in terms of mode energies has to be stressed. We
come back in Sec. III Å to the interpretation of this similari
between valence electronic excitations in graphitic partic
of spherical and cylindrical geometries, respectively.

Let us start with the features occurring only for a penetr
ing beam into the solid. The corresponding pixels are co
lated with a nonzero intensity in the ADF profile. As seen
Fig. 2, three main modes are detected around 6 eV~i!, 23 eV
~iv!, and 27 eV~v! for carbon nano-objects~onions and
MWNT!. In the case of BN nanotubes~see Fig. 4!, four main
modes are detected at 7 eV~ii !, 23 eV ~v!, 30 eV ~vi!, and
38 eV ~vii !.

For a nonpenetrating beam geometry, and when dea
with carbon nanotubes and carbon onions, three main en
peaks are observed at 6 eV~i!, 13 eV ~ii !, and 17 eV~iii ! at
large impact parameters~more than 10 nm!. The mode at 17
eV is shifting about 1 eV to higher energies when the bea
surface coupling distance is decreasing. Three main feat
are detected for small~3–4 walls! BNMWNT. Counter to the
carbon case, the low-energy feature at 5.5 eV~i! can be
resolved from the bulk loss at 7 eV~ii !. Two features are
clearly visible at higher energies, namely, 12 eV~iii ! and 17
eV ~iv! and do not exhibit any noticeable shift while varyin
the impact parameter.

The line scan mode coupled with usual EELS faciliti
permits more than a simple determination of the differe
mode energies. The intensity profiles displayed in Fig. 3 p
vide a useful representation of the spatial dependence o
excitations probabilities and therefore valuable informat
about the nature of the excitations modes. By compari

on

wn
he

s
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r

FIG. 4. Valence EEL spectra in the normal mode~a! and in the
second derivative mode~b! extracted from a line scan across
BNMWNT that consists of 3–4 layers.
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with the ADF profile it can be seen that bulk modes~i!, ~iv!,
and ~v! ~occurring for an electron beam penetrating the o
ject! are localized in the nano-object, and no extension o
side is observed.

The situation is different for modes occurring in a no
penetrating geometry. First, the excitation probability is no
zero outside the particle and decays roughly exponenti
into vacuum. Each mode shows a maximal probability
both the inner and outer surface of the tube, leading to
identification of these modes as surfaces modes. We w
like to stress here the very large coupling distance betw
the electron beam and the particle~typically a few nanom-
eters!.

Finally, from these profiles we note that all surface mod
are excited simultaneously~with different intensity prob-
abilities! whatever the position of the electron probe in
vacuum. Therefore, a simple interpretation where mo
would be associated independently with inner or outer s
faces is demonstrated to be invalid here. We will come b
to a further analysis of the experimental results in Sec.
after the description of the dielectric model thereafter.

III. CLASSIC CONTINUUM DIELECTRIC MODEL FOR
SURFACE PLASMON EXCITATIONS IN HIGHLY

ANISOTROPIC CURVED NANOSTRUCTURES

In the present section we recall the main features of
dielectric approach for the simulation of plasmon excitatio
of anisotropic materials with hollow spherical or cylindric
morphology. This approach is based on the description of
‘‘spherical’’ or ‘‘cylindrical’’ anisotropy by a dielectric ten-
sor, locally diagonal in spherical or cylindrical coordinates36

The dielectric tensor of the particle is transferred from tha
the planar to

«J~v!5« i~v!rr 1«'~v!~uu1ww! ~1!

in the spherical case, and to

«J~v!5« i~v!rr 1«'~v!~zz1ww! ~2!

in the cylindrical case.
«'(v) and« i(v) are, respectively, the in-plane and ou

of-plane dielectric functions~respectively, perpendicular an
parallel to the anisotropy axis! of the planar material and
(rr ,uu,ww) and (rr ,zz,ww) are, respectively, the local bas
in spherical and cylindrical coordinates.

For a hollow anisotropic spherical particle, the knowled
of «J(v) leads to an analytic expression for the dynam
multipolar polarizability a1(v) by resolving the non-
retarded Maxwell equations and matching the boundary c
ditions. a1(v) is defined as the response function of t
molecule at a multipolar field of order 1~see Refs. 35 and
36!. The same procedure can be applied to an infinitely lo
hollow anisotropic cylindrical shell and a multipolar dynam
cal polarizability per unit lengtham(v) can be defined40 ~m
is the azimuthal quantum number in cylindrical coordinate!.
am(v) is obtained analytically if scattering events witho
momentum transfer along the tube axis (kx50) are consid-
ered. However, the solution for finite momentum trans
(kxÞ0) was carried out for an isotropic cylinder witho
internal cavity (r 50).43,44
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The EEL spectrum can then be computed for a given
pact parameter outside the particle within the semiclass
approximation. As a matter of fact, the Coulomb field of
electron moving near the surface of a medium polarizes
medium. This induced electromagnetic field acts back on
electron, which suffers an energy loss. The induced elec
magnetic~em! field is related to the known quantitya1(v).
Thus, assuming that the STEM electron probe is made u
classical electrons moving in a straight line, it is possible
compute the work of an electron along its trajectory as

W~b!52qE
2`

1`

dt v•Eind@re~ t !#5E
0

`

\vP~v!d~\v!,

~3!

whereW is the energy loss,b the impact parameter@see Fig.
1~a!#, Eind the induced field,re the position of the electron
andv is the classical velocity of the electron.

The EEL spectrum follows from the Fourier transform
the work with respect to time, which leads in the spheri
case to45

P~b,v!5(
l 51

l max

Cl~b,v!Im@a l~v!#,

~4!

Cl~b,v!5
q2

4p«0\2n2 ~v/n!2l (
m50

l
22dm,0

~ l 2m!! ~ l 1m!!

3Km
2 ~vb/n!,

whereKm is the modified Bessel function of the second ki
of orderm.

In cylindrical geometry, the description of the em intera
tion between the electron probe and the particle is ana
cally more complex. And as far as we know, semianalyti
solutions have only been proposed for isotropic cylinders46

One of the main inputs to our model is the dielectric te
sor component@Eqs. ~1! and ~2!#. We took this information
from tabulated values for planar graphite47 and hexagonal
BN.48 In order to be able to separate easily the contribut
from each component, we have also considered a Lorent
model for the dielectric function~see Fig. 5!. We consider
that the dielectric data are locally valid at any point in t
material even if there is a local curvature. Such curvat
effects on the local electronic polarizability have been sho
to be noticeable only for small radii~less than 0.5 nm!.49

FIG. 5. Real and imaginary parts of the in-plane and out-
plane components of the dielectric constant tabulated~Ref. 47! and
in their simplified behavior within a Lorentzian model.
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IV. DISCUSSION

A. Bulk modes

First of all, we discuss briefly the nature of the ener
features occurring when the beam intersects the na
objects.

In the case of carbon similar to the nanoparticles,
three main modes mentioned in Sec. II are well-known b
excitations in planar graphite. The 6–7-eV peak is co
monly described as arising from the excitations of valen
electrons of thep character. Thep1s mode requires more
extensive discussion. From the second derivative mode~inset
Fig. 2! it is obvious that the broad resonance around 25
has to be decomposed into two modes at 23~iv! and 27 eV
~v!. The shift observed for this broad mode in the norm
mode as the probe is scanned from the external part of
particle to the center of the particle is then interpreted
resulting from the variation of the contribution of the tw
modes at 23 and 27 eV. Indeed, when compared with
ADF profile, which is correlated to the thickness profile o
hollow cylinder, the 23-eV mode intensity is found to b
dominant at the edge of the object~where on average, th
curved layers are oriented parallel to the beam! and relatively
less intense at the center of the object~where the curved
planes of the coaxial cylinder—or concentric spheres—
on average oriented perpendicular to the beam!. The 27-eV
mode intensity profile follows the opposite law, namely, it
dominant when the electron trajectory goes through the c
ter of the object and becomes less intense at the edge.
clear that the variation in the respective weights is due to
anisotropic effect. The 23-eV mode is associated to
« i(v) component and the 27-eV mode to the«'(v) compo-
nent of the dielectric tensor. This anisotropy of the bulk e
citations has already been reported for graphite50 and exten-
sively studied within the framework of a dielectric model f
a beam penetrating a graphitic spherical particle.27 More-
over, similar anisotropic effects on the intensity variation
the carbonK-edge fine structures have been reported w
moving a probe along a line scan perpendicular to a mu
shell carbon nanotube.49 Finally we believe that this anisot
ropy effect is responsible for the discrepancies reported
the literature24,25 concerning the energy position of the bu
p1s plasmon with respect to the size of the nanotubes.
a matter of fact, the recorded spectrum arises from a con
lution of the nano-objects’s response with the finite size
the probe, both quantities being of the same order of ma
tude. Consequently, a change of the particle size modifies
relative weight of the contributions from the side and fro
the core area of the particle in the total spectrum.

With BN tubes, the same analysis can be applied. Inde
hexagonal BN is isoelectronic to graphite51 and collective
excitations can also be described byp andp1s plasmons.
They occur at 7 eV~ii !, 23 eV ~v!, and 30 eV~vi! in the
present EELS spectra~Fig. 4!. So far, we do not have an
comprehensive interpretation for the energy feature at 38
Again the same anisotropic effect involving the 23- a
30-eV modes is observed. We also interpret this effect~com-
bined with the surface plasmon contribution! to be respon-
sible for the shift in thep1s bulk mode from 21.7 to 22.4
eV observed in Ref. 28 when comparing EELS spectra fo
8-nm-diameter and a 28-nm-diameter BN nanotube.
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B. Surface modes

The following part of the discussion is devoted to t
interpretation of the surface energy losses that occur w
the electrons do not cross the nanoparticles. The similar
of the EELS results from the different structures studied~cy-
lindrical or spherical, BN or C constituted! have already
been stressed and we analyze here the nature of the obs
modes relying on the classical continuum dielectric mode
summarized previously.

1. Onions

Let us start with the case of carbon onions for which t
calculation has been completely analytically driven. In F
2, we clearly observe three surface modes@~i!, ~ii !, ~iii !#.

Figure 6 shows, the simulation using the dielectric mod
of the EELS spectra of onionlike particles (r 51.8 Å, R
5150 Å, E05100 keV) for various impact parameters whe
the beam is not intersecting the onion. A tabulated dielec
tensor was used. Following our previous analysis,35,40 we
interpret these spectra as follows: for each family of allow
interband transitions there exists a plasmon mode for
bulk as well as for the surface. Consequently, the 6-eV~i!
peak is attributed to a surface collective excitation ofp elec-
trons associated withp-p* transitions for the in-plane di-
electric function of graphite; the 17–18-eV~iii ! resonance is
attributed to the surface excitation ofs electrons associate
with s-s* transition. The weak peak at 14 eV~ii ! is attrib-
uted to bothp-s* and s-p* transitions.52,53 The inset in
Fig. 6 shows the EELS simulation when a Lorentzian mo
with a vanishingly small damping~0.1 eV! is used. This
curve clarifies the origin of the major resonances observe
the simulation based on tabulated dielectric data, as resu
from the convolution by a lifetime broadening.54,56 This be-
havior is somewhat different from the isotropic hollo
spherical shell case where two surface modes~called tangen-
tial and radial resonances! are clearly separated.30 Note also
that the excitation scheme of a spherical shell can be rel
to the more studied problem of a self-supported dielec
film response. For example, an isotropic dielectric film p
sents two surface modes related to symmetric and antis
metric eigenvectors that can be directly related to the tang

FIG. 6. Simulated EEL spectra of a 150-Å radius carbon on
for different impact parametersb computed with tabulated dielectri
function. Impact parameter is ranging from 150 Å~surface! to 300
Å. Inset: Calculated EELS spectrum with vanishing small dampi
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tial and radial modes of a spherical dielectric shell.55 For
anisotropic materials, the multipeak spectra observed w
spherical shells~inset Fig. 6! are similar to the complex
mode structures found for an anisotropic dielectric film.34 A
further discussion on this point will be proposed in a for
coming paper.56

We now further discuss how far the agreement betw
experiment and calculation can be good. In the inset of F
7, we show an experimental EELS spectrum obtained foR
5150 Å, b5168 Å, andE5100 keV~upper curve!, and the
corresponding spectra simulated with tabulated dielec
data ~lower curve! and with a Lorentzian model for«~v!
~intermediate curve!.

The intenses plasmon around 17 eV is very well repro
duced by the simulations. The 15-eV mode appears a
shoulder on the increasing slope of the 17-eVs plasmon but
it is found without ambiguity in all spectra. The discrepa
cies in intensity and position observed for this out-of-pla
mode when using dielectric data coming from differe
sources are related to the discrepancies found in the litera
for what concerns the out-of-plane component of graph
However, we would like to emphasize that this out-of-pla
mode is always observed experimentally.

A striking behavior of the STEM-EELS spectra of carb
onions is their dependence upon the impact parameter. F
we observe an exponential decay of the surface plasmon
tensity. Second, from Fig. 2~experimental! and Fig. 6~simu-
lation!, we can emphasize the down shift in energy of t
in-plane~iii ! surface mode and the constancy of the out-
plane~ii ! surface mode position whenb increase. In order to
highlight this phenomenon, a comparison of the peak p
tions of experimental and theoretical EELS spectra on c
bon onionlike particles is shown in Fig. 7. We note that n
only is a quantitative agreement found for the position of
peaks consecutive to the excitation of surface plasmons~ex-
cept for the out-of-plane excitation described by the ta
lated dielectric tensor as mentioned above! but also the shift
of the in-plane mode excitation is well reproduced, as is
constancy of the out-of-plane mode with respect to imp
parameter.

At this point, to account quantitatively for the near-fie
spectroscopy of the nanostructures, a more refined ana
of these EELS spectra features based on the dielectric th
can be developed. Coming back to Eq.~4!, we see that the
total loss is the sum over multipolar polarizabilities (a1) and

FIG. 7. Experimental~open dots and squares! and calculated
~filled dots! energy positions of the different surface modes ver
impact parameter for a 150 Å radius carbon onion.
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the weight of each term is given by the coefficientC1 . On
Fig. 8, we plottedR2111 C1 ~sincea1 scales withR2111, see
Ref. 40! as a function ofb. As expected, far from the surface
the induced field acting back on the electron is mainly
dipolar field, and with decreasingb the multipolar compo-
nent with larger 1 becomes more important.21 Furthermore, it
is not only the relative intensities but also the peak positio
(v1) in Im(a1), which depends on 1:v1 increases with 1 for
the in-plane resonance while it is nearly constant for
out-of-plane plasmon.40 This change in the multipolar de
composition of the electron field thus explains the shift
the in-plane mode as a consequence of an increase in
contribution of high momentum modes with decreasing i
pact parameter.

The asymptotic behavior of the Bessel function is resp
sible for the intensity decrease at largeb. As b@v/v ~100 Å
for \v510 eV) the C1 dependence onb, is restricted to
exp(2vb/v) for all 1 and then, the loss peak intensity d
crease is governed by an exponential function, as is w
known for most of the surface losses.20

A similar shift to that reported here has been evidenced
other authors investigating the properties of the Si/SiO2 pla-
nar interface.57 A relativistic description of the electron-soli
interaction was necessary to account for this behavior; wh
has been explained in terms of varying contributions weig
of different modes with impact parameter, corresponding
different momentum transfers. We propose a similar int
pretation here for spherical particles. Due to the finite size
the particles, a variation in the relative contribution of term
related to various kinetic momentum transfers is already
scribed without including any relativistic effect. Furthe
more, a relativistic counterpart of the dielectric model h
been developed recently for an isotropic dielectric sphere
was proved that forka,1, wherek is the excitation wave
vector, a the typical size of the particle, andv/c,1, the
relativistic effects are negligible.58 In the present study of the
s1p surface plasmon excitation in a 150-Å radius onio
ka'0.2 andv/c'0.5. As to the impact parameter depe
dence, the full relativistic calculation also leads to a Bes
function dependence and to the fact that the relative weig
of the first multipolar terms do not vary sensibly forv/c
,0.5. Thus, the present non-retarded discussion fully ho
for our experimental conditions.

s FIG. 8. Relative weights of the first multipolar terms contribu
ing to the 15-eV mode for a carbon onion with a 150-Å extern
radius. The same simulation is shown in inset for a carbon on
with a 15-Å external radius.
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2. Nanotubes

We now turn to the discussion on STEM-EELS on carb
nanotubes. We have shown in Sec. II that experimental s
tra from nanotubes are very similar to those on onions. T
similarity is related to the similarity of the modes that occ
in both nanotubes and onions when the electric field is p
pendicular to the tube axis. Indeed, in-plane and out-of-pl
modes involve very similar restoring forces and can be
composed intom51,2,3,..., modes for nanotubes as it w
into l 51,2,3,... for onions~m is here the azimuthal quantum
number!. We can then attribute the 6-eV~i! and 17–18-eV
~iv! modes to thep-p* ands-s* in-plane surface plasmo
excitations and the 14-eV~iii ! mode to thep-s* and the
s-p* out-of-plane excitations. Moreover, the shift of th
s-s* in-plane mode with impact parameter as observed
perimentally for tubes can also be attributed to a variation
the relative contribution of the modes associated with diff
ent azimuthal quantum numbersm.

However, it is worth noting that a full interpretation of th
EELS spectra from infinite long anisotropic cylinders
much more complex than that from spherical particles. T
main reason is that cylindrical nanostructures can be
scribed as nanoparticles in the direction perpendicular to
tube axis but they are~nearly! infinite periodic materials
along the tube axis. A first consequence is that the mom
tum transferred by the incoming electrons to the nanotub
quantified~by the integerm! across the tube axis and is co
tinuous along the tube axis. From the geometry of the sp
trometer~see Sec. II!, we can deduce that the maximum m
mentum transfer is of the order of 2 Å21. Such a large
momentum transfer certainly leads to a dispersion of p
mons. In fact, a dispersion of a few eV has been measu
for by EELS the volume plasmon in bundles of SWCNT26

The dispersion relations for MWCNT have been simula
for a curved multilayer electron gas by Yannouleas a
co-workers32,38 and in SWCNT~see, i.e., Ref. 59 and refer
ences therein!. Both computations have led to a dispersion
several eV of the plasmon excitations for a momentum tra
fer up to 2 Å21. This dispersion along the tube axis has th
to be included in a full description of STEM-EELS spect
for cylindrical structures, even if cinematic effects favor t
excitations with a low momentum transfer. Another implic
tion of the dispersion along the tube axis, which should b
feature of a more complete description, lies in the like
relativistic effects similar to those discussed for the pla
interfaces by Moreauet al.57

The above interpretation accounts for the observed s
tra of large size carbon nanotubes~more than 15 layers!. For
smaller nanotubes~four layers!, we have not observed an
systematic shift of the in-plane mode energy with the imp
parameter, and the intensity of modesI (b) does not show a
clear exponential decrease. Indeed, for such tubesR
515 Å), the dipolar contribution very rapidly become
dominant whenb decreases as demonstrated in the inse
Fig. 8. One can see that the far-field~dipolar! contribution to
the total loss is already dominant forb520 Å. The width of
the electron beam~5 Å! is far from being negligible in the
present case. As a result, the average on the width and pr
of the beam blurs the expected tendency, and consequen
n
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is then not possible to obtain any experimental evidence
such shifts.

The interpretation of BN data is based on the descript
of BN onion surface modes. As already quoted for bulk pl
mons, collective excitations in BN nanotubes are very sim
lar to those of carbon nanostructures as far as classifica
of the modes is concerned. Figure 9 shows a compar
between a simulated EEL spectrum from a BN onion a
experimental data from a BN multishell nanotube. We p
pose an interpretation following the scheme already int
duced for carbon nano-objects: thep surface plasmon~asso-
ciated withp-p* transition! and the in-planep1s surface
plasmon ~associated withs-s* transition! can be distin-
guished at 5.5 and 17 eV, respectively, and an out-of-pl
plasmon associated with as-p* andp-s* transition is also
observed at 12 eV.

V. CONCLUSION

We have performed an extensive EELS-STEM study
the plasmon excitations in spherical and cylindrical laye
particles ~carbon onions and carbon and BN nanotube!.
More specifically, we have stressed the prime importance
the anisotropy of the material in the analysis of both volu
and surface excitations. Similarities in the interpretation
spherical and cylindrical compounds have been stressed
though the interpretation for nanotubes is more complex
to their one-dimensional character.

A shift of the volume plasmon from 23 to 27 eV is ob
served when the focussed electron beam is scanned from
edge to the center of the particle. This ‘‘shift’’ has bee
interpreted as a geometrical effect originating from the c
tinuous change of the relative orientation of the layers w
respect to the electrons during the scan, and consequent
a variation of the relative contribution of two volume pla
mon modes usually referred to two orientations of the lay
~parallel and perpendicular to the beam!.

When the beam does not intersect the particles, evide
for surface plasmons was found. Combining simulatio
based on a dielectric theory~which fully takes the anisotropy
into account!, we have emphasized the prime influence of t
anisotropic character of the nanoparticles on the spec
High-energy losses~17–18 eV for carbon particles and 1
eV for BN nanotubes! were related to thes-s* type of
excitations associated with in-plane excitations in pla
compounds. As for the surface resonances at 13 eV~carbon!
and 12 eV~BN!, they have been attributed tos-p* and

FIG. 9. Simulated EEL spectrum for a BN onion~lower curve!
compared with experimental data from a BN nanotube~upper
curve!. The outer diameter for both objects is 4 nm.
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p-s* excitations referred to as out-of-plane excitations
planar compounds. A further description of the norm
modes associated with plasmon excitation in anisotro
nanostructures will be presented shortly.56

Another striking feature of our results is the shift of thes
surface plasmon when the impact parameter increases.
semiclassical dielectric theory leads us to attribute this p
nomenon to changes in the weight of the different multipo
contributions as the impact parameter changes.

The present study has been devoted to objects made
rather important number of layers~MWCNT or onions! and
the results could therefore be explained within a classi
model involving a tensor of dielectric constants. The chang
-
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in the structures of smaller sizes~i.e., SWNT and bundles o
those! will be discussed in a forthcoming paper.60
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21M. Achèche, C. Colliex, H. Kohl, A. Nourtier, and P. Trebbia

Ultramicroscopy20, 99 ~1986!.
22D. Ugarte, C. Colliex, and P. Trebbia, Phys. Rev. B45, 4332

~1992!.
23P. E. Batson, Phys. Rev. Lett.49, 936 ~1982!.
.

.

,

,

d

.

.

.

.

24P. M. Ajayan, S. Iijima, and T. Ichihashi, Phys. Rev. B47, 6859
~1993!.

25L. A. Bursill, P. A. Stadelmann, J. L. Peng, and S. Prawer, Phys
Rev. B49, 2882~1994!.

26T. Pichler, M. Knupfer, M. S. Golden, J. Fink, A. Rinzler, and R.
E. Smalley, Phys. Rev. Lett.80, 4729~1998!.
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