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Dielectric response of isolated carbon nanotubes investigated by spatially resolved electron
energy-loss spectroscopy: From multiwalled to single-walled nanotubes
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To investigate the dielectric response of isolated single-walled carbon nanof@&ENT9, spatially
resolved electron energy-loss spectroscopy measurements have been carried out using a scanning transmission
electron microscope in a near-field geometry. Spectra have been compared with those acquired on multiwalled
carbon nanotube@®IWCNTs) made of different numbers of layers, and with simulations performed within the
framework of the continuum dielectric theory, taking into account the local anisotropic character of these
nanostructures and adapted to the cylindrical geometry. Experimental data show a dispersion of mode energies
as a function of the ratio of the internal and external diameters, as predicted by the continuum dielectric model.
For thin MWCNTSs, two polarization modes have been identified at 15 and 19 eV, indexed as tangential and
radial surface-plasmon modes, respectively, resulting from the coupling of the two surface modes on the
internal and external surfaces of the nanotubes. We finally show that the dielectric response of a SWCNT,
displaying a single energy mode at 15 eV, can be understood in the dielectric model as the thin layer limit of
surface-plasmon excitation of MWCNTSs.
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[. INTRODUCTION geometry® in a scanning transmission electron microscope
(STEM) can be used to measure the dielectric response of
Optical properties of nanoparticles and nanostructuredndividual carbon nanotubes made of a well-defined number
materials nowadays constitute a very exciting field of invesof layers down to a single one. We show that the dielectric
tigation for applications, such as the realization of integratedesponse of a single-walled carbon nanotdB8/CNT) is
optical circuits. Many recent efforts concern the wave guid-characterizedbesides ther plasmon by an isolated mode at
ing of subwavelength excitations in the surface polaritonl5 €V: Although reported previously in the literatdfe’this
band-gap materidl,the development of photonic band-gap mode. has not been interpreted SO far. By comparing the di-
devices in the visible domafhor the possibility of tuning the electric response of a SWCNT with th'at of multiwalled car-
plasmon frequency of nanostructured materials.such a  P°n nanotubesMWCNTSs) made of different numbers of

context, a detailed understanding of the plasmon excitatio n{ﬁ:r? V\clgssg?)\livstsz;:h; T’g;?ﬁ:}%rr]nquoedEsﬁillﬁwg&s_ﬁgothna
modes of isolated nanostructures, as well as their evolutiof g P

and coupling when nanostructures form arrays, is of primeOnly .the tangential modg remains. Beyond ;he interp(etation
interest. Among nanostructures, anisotropic rylanoparticleOf th|_s spec_trum, we \_/aI|date one (-)f the major predictions of
' : ! . . e dielectric theory, i.e., the/R ratio dependencévherer

have been less gxtens!vely studied. S_O far, dlelgctrlc mode dR are, respectively, the inner and outer radii of the nano-
for locally anisotropic nanosphef&$  and ISOLrOpIC  heg of the energy position of the surface-plasmon excita-
nar_locyllr;dlgré have been proposed and experimentallyiong in hollow nanoparticles. We also point out the counter-
validated:™ We have therefore extended the dielectricinyitive result that in this situation the notion of dielectric
model to anisotropic cylindetsand first numerical data are continuum remains relevant for the description of such a tiny
used in the present contribution in order to interpret our exphject(SWCNT) made up of a monoatomic layer.
perimental data.

In a recent paper, we havg analyzgd the eI.ectros.tatlc I|m|t Il EXPERIMENTS AND SIMULATIONS
of the surface-plasmon coupling of thin and thick anisotropic
WS, nanocylinders$? We have concluded that in the very SWCNT samples were synthesized by arc discharge as
thin shell limit, the two collective surface modes occurringdescribed in Ref. 16. MWCNTs were synthesized by chemi-
from the coupling between the internal and external surfacesal vapor deposition as described in Ref. 17. They exhibit the
of the hollow cylinder can be indexed as a tangen®gm-  peculiarity of being made up of a very small number of lay-
metric and a radialantisymmetri¢ mode as defined in the ers, typically from two to six. It corresponds to the ideal
isotropic case. Moreover, each mode can be separately assoerphology for evidencing surface-plasmon coupling in hol-
ciated with a specific component of the dielectric tensor oflow cylinders.
the corresponding lamellar W®ulk material*? EELS measurements were performed in a STEM VG

In the present paper, we show that electron energy-losslB501 with a field-emission gun operated at 100 keV and
spectroscopy (EELS measurements in a near-field fitted with a Gatan 666 parallel-EELS spectrometer. Such a
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well sampled, the step size being about half the probe size.
Each individual spectrum was recorded with a 0.4-s acquisi-
tion time and a 0.5-eV resolution. An unambiguous identifi-
cation of the impact-parameter value was made possible by
the simultaneous acquisition of the HADF profile. Specific
5 10 15 20 25 spectra corresponding to grazing incidence, or to penetrating
Energy LossisY) or nonpenetrating geometry, can then be discriminated. The
HADF profile [Fig. 1(d)], a bright field imagdFig. 1(c)], as

well as two selected EELS spectra for a penetrating and a
nonpenetrating geometfyig. 1(b)] are also shown.

For studying surface-plasmon modes on isolated nano-
tubes, we have selected spectra recorded in a nonpenetrating
geometry for which no contribution of bulk modes is ex-
pected. From a classical point of view, for nanotubes as well
as for all nanoparticles, the measured energy loss can be
understood as follows: an electron traveling along the par-
ticle aloof a classical trajectory excites its surface dielectric
modes, which gives rise to an induced field acting back on
the electron and therefore responsible for a given energy
loss. The electromagnetic response of such nanopatrticles is

¥ L i 26 described by their response functigg(w) (whereQ is the
i Scanned distance (nm) momentum transfer which is defined as the proportionality
coefficient connecting the induced electric potential to the

FIG. 1. (a) Series of EELS spectra acquired while scanning theexternal applied one. Particularly, in the case of tubular
STEM probe across an isolated SWCNR) Two spectra for pen-  nanoparticles, the momentum transfer decomposes into a
etrating (top) and nonpenetratingbottom) geometry. (c) Bright  component parallel to the direction of the tube axis ¢om-
field image.(d) HADF profile. ponenj and an angular componerhf component Due to
STEM instrument delivers a 0.5-nm electron probe of highth® Symmetry of the problerm takes discrete integer values,
brightness for local analysis at the nanometer scale. EEL®hile K is a continuous variable. The surface-plasmon exci-
spectra were recorded with a charge-coupled device Camepgtlor]s are descnbeq in terms of resonances in the response
optically coupled® to a scintillator in the imaging plane of a function. More specifically, in a nonpenetrating geometry
Gatan magnetic sector. The specificity of a STEM is to pro-2nd for a given impact parameter the EELS spectrum can
vide multisignal detection from a nanovolume of analysis. InP€ expressed as
these experiments, a high angle annular dark fieldDF)
detector has been used, for simultaneous dark field imagin _
in parallel with the EELS analysis. This imaging modegisg Pm"‘(w’b)_% fdkcm'k(w’b)lm[ym'k(w)]’
very useful when applied to nanotubes, because of the simple
interpretation of the recorded contrast. Indeed, the signal inwhere C, \(w,b) is a kinematical factor depending on the
tensity is directly proportional to the projected ma3t the  experimental conditions(impact parameter, momentum
case of simple objects, straightforward information on theirtransfer, and acceleration voltagét large impact param-
topography and morphology can then be extracted. In thetersb, C, «(w,b) decreases exponentially with Thus, as
present study, HADF profiles have been exploited to deterwe probe in such a nonpenetrating geometry the evanescent
mine the values of the inner and outer radiand R of the  electromagnetic field decaying from the surface of the nano-
investigated nanotubes. For nanotubes made of a small nurparticle into vacuum, these measurements are also referred to
ber of layers(less than three bright field images were also as near-field EELS spectroscdpyneasurements.
recorded for improving the nanotube structural parameters In order to interpret our data, we have performed the
identification. EELS spectra simulation within the nonretarded continuum

We have operated the STEM in the so-called “spectrumdielectric model. This approach has been developed so far
imaging” mode?>?! which consists of acquiring spectro- for spherical anisotropic particlésEELS spectra simulation
scopic information(in our case combined with topographic in this spherical geometry has already proved to give a good
information for every position of the subnanometer probe,agreement with experimental near-field EELS data on carbon
typically of 0.5-nm diameter, as it is scanned along a prenanotubes and oniorisin order to better account for the
defined line across the selected nano-object. Figye# 1 object geometry, simulations based on an extension of this
shows an example of such a spatially resolved EELS experimodel to cylindrical geometry are presented. Therefore,
ment on a SWCNT. The beam was scanned from vacuum dhese simulations account for both an accurate description of
a large impact parametéhe impact parameter is defined as the dielectric properties of the constitutive matefiah the
the distance between the electron probe position and the axi®ntinuum dielectric model and the dielectric tensor of
of the nanotubgto the center of the nanotube, with spatial graphitg and the exact cylindrical geometry of the experi-
increments of 0.25 nm. Note that in this case the signal isnent. A detailed description of the analytical and computa-

Scanned distance

\”
HADF intensity
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FIG. 2. The dielectric tensor of graphite, as compiled by Draine 10 15 20 25 30
(Ref. 2)). The real and imaginary parts of each component are Energy Loss (eV)

displayed, respectively, with solid and dashed lines.
. ) . . . FIG. 3. Experimental EELS spectra recorded at grazing inci-
tional details can be found in Ref. 11. The starting hypothesigence on C nanotubes with differentR ratios. (a) Spectra sub-

of the continuum dielectric model is that the response funCyacted from the elastic peak by spatial differengs.Second de-
tion of the nanoparticle is obtained using the local bulk di-rivative mode in the energy range 10—30 eV.

electric properties of the material constituting the nano-

object. The nanotube is then considered as a hollow [ll. RESULTS AND DISCUSSION
nanocylinder made of a continuous medium, consistent with
the fact that the transferred wavelength is very long as com-
pared to the interatomic distance in graphite lattice. Here, as In the following, an interpretation for the near-field EELS
we are dealing with C nanotubes, the input dielectric conspectrum of a SWCNT is put forward. It issues from a de-
stant for the simulation was introduced through tabulatedailed analysis of spectra recorded on a collection of indi-
values obtained from compiled optical and EELS measurevidual C nanotubes with different numbers of layers and
ments on graphifé (see Fig. 2 Because graphite is an an- andR values where andR are defined for MWCNTSs as the
isotropic material, a tensorial description of the dielectricinternal and external radii, respectively.

properties is necessary. We define the anisotropyaassthe Figure 3a) shows near-field EELS spectra acquired at
axis perpendicular to the basal planes. Thgngorresponds grazing incidence for different C nanotubes made of one to
to the tensor component associated with the response forfave coaxial graphene layers and the second derivative of the
momentum transfer perpendicular to tkisixis. The excita- spectra are shown in Fig(l3. Ther/R ratio values reported
tions associated with, will also be named in-plane excita- on the figures increase from top to bottom. For SWCNTSs, an
tions. Similarly,e, is the component associated with a mo- estimation of the /R value is not straightforward. As labeled
mentum transfer parallel to theaxis, referred to as out-of- in Fig. 3, this ratio is approximated by taking the limitR
plane excitations. Finally, the specificity of carbon —1. This point will be discussed more extensively later in
nanotubes, which constitute cylindrical locally anisotropicthe text. The signals in the normal mode are subtracted from
particles, is to require an adapted extension of this macrathe zero loss peak by spatial differenttbe spectrum de-
scopic theory: the dielectric tensor is then expressed as tected when the probe passes through empty space far from
tensor locally diagonal in cylindrical coordinat¥sThis pro-  the nanotube, where no loss is expected, is subtracted from
cedure is similar to that previously used for sphericalthe spectrum of interest, after normalizatiohe second
geometry"® derivative mode was calculatedposteriorias a second dif-

A. General features
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FIG. 4. Simulation of EELS spectra at grazing incidence of 4
carbon nanotubes with external radRs 20 nm and variable inter- L
nal radiusr. From top to bottom, spectra computed for setting,
respectively, the radius ratidR to 0.05, 0.75, 0.80, 0.85, 0.90, and
0.95.

r/R=0.95

ference of normal spectra. This data processing is useful for
a clear identification of the different energy modes. However,
relative intensities in the second derivative curves are then
meaningless.

All spectra exhibit two well-separated groups of large
resonances. The sharpest resonance centered on 5-6 eV is
attributed to excitations ofr electrons while the broader one
above 10 eV impliesr- and o-electron excitations. Since the
m-plasmon excitations are partly blurred by the no-loss peak
and sir)ce they are less sensitive to the t_ube morphology, our FIG. 5. () Simulated EELS spectrunf @ C nanotube with a
analysis focuses on the features appearing above 10 eV. vanishing cavity (/R=0.05) and large wall thicknegsolid line).

Dotted line: spectrum obtained for the same nanotube when excit-
B. Effect of the r/R ratio ing only the parallel component of the graphite dielectric tensor
(e, =1). Dashed line: spectrum obtained for the same nanotube

Analyzing Fig. 3, forr/R<0.5, the spectrum is very simi- when exciting only the perpendicular component of the graphite
lar to that recorded on large MWCNTiy/pically made up of  dielectric tensor £,=1). (b) Same spectra for a nanotube with a
10 to 30 shells withr/R values of 0.1-0.2with two major  vanishing wall thickness and large cavity/R=0.95).
peaks centered at 15 and 17 eV and with a shoulder at 12
eV? When ther/R ratio increases, i.e., (0.65/R<0.73), and then is very similar to the/R=0.85 simulated spec-
the two major modes merge progressively, and the hightrum. We want to emphasize here the striking result that the
energy mode intensity decreases. Then, for a single laya/R dependency of the dielectric response of nanotubes still
with R=6 A, one single mode remains at 15 eV while aremains for monoatomic wall nanotubes.
weak shoulder is observed at 19 eV. Note that, in this limit From this collection of simulated and experimental data
case, a redefinition of/R is necessary and is based on theand from previous work>%* two regimes can be distin-
arbitrary choice of the effective dielectric thickness. We be-guished: a first one for €r/R<0.6 where spectra show
lieve that a pertinent estimation of this thickness is of thelittle variation as a function of/R (see, mainly, Refs. 4 and
order of 1 A, which is roughly the order of magnitude of the 23) and a second one for 6:6/R<1, where a rapid evolu-

p, orbital expansion. If we consider the same effective thick-tion of the spectra is observed. These two regimes, respec-
ness for both SWNTs, the/R ratio will be closer to one as tively, correspond to regimes of weak and strong coupling
the tube radius increases. between surface plasmons excited on both internal and ex-

The corresponding simulated spectra are gathered in Figernal surfaces of the nanotube.

4. Good agreement is found with the general trends exhibited Features in the EELS spectrum from MWCNTs with
in the experimental data described earlier and the SWCNEmall r/R values ¢/R<0.5) have been interpreted
spectrum is well reproduced for the limit ofR values close elsewheré. The important idea to be recalled is that for these
to 1. More specifically for SWCNTSs, the difference betweenr/R values, each observed surface-plasmon matié4—15
the tube withR=6 andR=11 A is also quantitatively repro- and 17 eV possesses a complex character involving both
duced. The tube wittR=11 A (and an effective dielectric components of the dielectric tensor of the bulk lamellar ma-
thickness of approximately 1)Ais very similar to simula- terial. In other words, both modes involve a mixing of in-
tions obtained for/R very close to 1, i.e., 0.95, while the plane(related toe,) and out-of-plandrelated toe;) excita-
tube withR=6 A presents an important shoulder at 19 eVtions of the electron gas. This mixing in the dielectric

Intensity Loss (arb. units)

20 25

Energy Loss ( eV)
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excitations is illustrated in Fig.(8). Together with the EELS in intensity of the highest-energy mod&9 eV) can be un-
simulated spectrum are shown two curves corresponding tderstood as follows: the intensity of the radial mode, namely,
two situations where , ande; have successively been set to the intensity of the response with a field perpendicular to the
1. This corresponds to assume that the nanoparticle is locallgurfaces, is all the weaker as the wall thickness becomes
transparenti.e., does not get polarizgelong the direction smaller?* The single mode of SWCNTs centered at 15 eV,
perpendicularrespectively, parallg¢lto the local anisotropy can then be described within the framework of the dielectric
axis, and therefore an incident radiation can excite only tranmodel as the limiting case when the radial mode vanishes
sitions implying the parallel(respectively, perpendicular and the tangential mode only remains.
component of the dielectric tensor. From Figa)5it can be This points out the surprising result that the continuum
seen that the contributions of both component curves cannalielectric model remains relevant even for a monoatomic
be separated, which evidences the mixed character of tHayer object. As a matter of fact, this is a consequence of the
surface modes. strong anisotropic character of the graphene sheet and of the
Finally, we mention that this series of experiments vali-graphite stacking. The dielectric response of bulk graphite
dates the theoretical predictions of the dielectric model thashould differ from that of graphene as a consequence of the
the relevant parameter is théR ratio rather than the abso- weak van der Waals interaction between adjacent graphene
lute valuesr andR**23Further discussion on that point can atomic layers. To explain our results, we can point out that
be found in Ref. 11(more precisely, it is shown that in our the out-of-plane excitation, which should be more sensitive
scattering geometry, foR<<20 nm, negligible variations in to interlayer coupling, vanishes in the case of SWCNTSs since

the spectrum are expected as a functiorRpf the radial mode vanishes. Thus the dielectric response of the
SWCNT is mainly driven by the in-plane response of the
C. Dielectric response of a SWCNT graphene sheet through Im{, which is expected to be

W ¢ the st i _ f th nearly independent of the presence of the adjacent sheets and
€ now tocus on the strong-coupling regime ot tN€ Sy, refore js quite similar to that of graphftéFurther calcu-
face plasmons of hollow anisotropic cylinders and more SP€ation of the electron states in SWCNTSs is required to con-

cifically on thgr/R—>1 limit. In this regime, we have already firm these simple arguments and extend them to the interpre-
noted the existence of two surface modes at 15 and 19 €Ypiion of the optical properties

respectively(the highest one vanishing significantly in inten-
sity) [Figs. 3a) and Zb)]. The simulation in Fig. &) also
shows a decoupling of in-plane and out-of-plane excitations

(contrary to smalk/R ratio values for which a decomposi-  gpatially resolved EELS measurements in a near-field ge-
tion of the spectrum into two components of pure charactepmetry in a STEM can be used to measure the dielectric
is impossiblg. The 15 eV can be exclusively associated withresponse of individual SWCNTs. We have demonstrated that
the in-plane component of the dielectric tensor while thethjs response can be understood by accounting for the strong-
19-eV mode noticeably implies the out-of-plane componentoupling limit of surface plasmons in thin MWCNTSs. Indeed,
only. Such a splitting of the anisotropic electron-gas responsghe single observed mode centered at 15 eV can be inter-
into pure in-plane and pure out-of-plane responses, as a r(ﬁ:eted as the remanence of a tangentmmitisymmetri¢

sult of electrostatic surface coupling, has already been stugnode while the radialsymmetri¢ mode disappears for van-
ied for WS, nanotubes? Moreover, the lowest-energy mode ishing wall thickness. We therefore validate one of the major
can be shown to correspond to a tangential mdéh field  predictions of the dielectric theory, i.e., théR ratio depen-
lines parallel to the surfaces of the nanotubehile the  dence of the energy position of the surface-plasmon excita-
highest-energy mode is a radial modée field lines are tions in hollow nanoparticles. We have shown that the notion

perpendicular to the surfage€ The radial and tangential of dielectric continuum remains relevant for the description
modes in a cylinder are, respectively, the counterparts of thgf such a monoatomic layer object.

antisymmetric and symmetric modes in a slab. In Ref. 12, the
tangential mode was related to a maximum ofdpm)( while

the radial mode corresponded to the bulk plasmon energy of
the out-of-plane dielectric constafdefined by the simulta- We thank C. Laurent and J. Gauvillet for providing us with
neous conditions Re()=0 with a positive slope and a small the MWCNT and SWCNT samples, respectively. We also
value of Img)]. This correspondence is even more evidentacknowledge Ph. Lambin and A.A. Lucas for their support.
for carbon nanotubes, due to the stronger anisotropic charadhis work was supported by the JST/CNRS ICORP “Nano-
ter of the dielectric tensor of graphite. From Fig. 2, we noticetubulites” program, by the French-Belgian PAI “Tournesol”
that the energy position of the 15 eV mode coincides with thgorogram, and by the Belgium interuniversity research
energy o, of the maximum of Img,), while the energy project on quantum size effects in nanostructured materials
position of the 19 eV mode is very close to that of the bulk(PAI P5/1). D.T. was supported by EU-TMR “Ultra-Hard
plasmon in thes; component §, ). Moreover, the decrease Materials.” L.H. was supported by the Belgian FNRS.
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