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We report recent measurements of the electronic and structural properties of bulk sampjgsofeCules
encapsulated in single-wall carbon nanotubsescalled peapoglaising electron-energy-loss spectroscopy in
transmission. We demonstrate thaj, eapods with a single-wall carbon nanotuS&VNT) diameter distri-
bution of 1.370.08 nm have an average fullerene filling of 60%. Regarding the electronic and optical
properties, the overall shape of the response of the SWNT and the peapods is very similar, but with distinct
differences in the fine structure. The interband transitions of the SWNT are slightly downshifted in the pea-
pods, which can be explained by either a small increase of the SWNT diameter or by a change of the intertube
interaction. The electronic and optical properties of the encapsulgiepe@s closely resemble those of solid
fcc Cgo showing small changes in the relative intensities, peak positions, and peak width, which point to a weak
van der Waals interaction between the tubes and the encapsulated fullerenes.
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[. INTRODUCTION In this paper we report on electron-energy-loss spectros-
copy (EELS experiments on g peapods performed in

Since their discovery approximately ten years agay-  transmission with high energy and momentum resolution but
bon nanotubes have generated much enthusiasm and scig¥th no spatial resolution. From a comparison with empty
tific curiosity due to their unique properties and potentialSWNT'’s, we obtain an accurate measure of the filling factor
applications* The high aspect ratio for both single-walled in bulk samples of peapods. In addition, our results on the
and multiwalled varieties, in combination with their one- changes of the structural and electronic properties of the
dimensional electronic properties that can be either conduc®WNT's and of encapsulateds§peas are reported.
ing or semiconducting, make these materials ideal for a num-

ber of nanoscale electronif: applicz_sitions. The unique stru_ct_ure Il EXPERIMENT
of carbon nanotubes provides an ideal template for obtaining
a number of nanoscale materials. The production of the g peapods was reported in detail

Individual single-wall carbon nanotubdSWNT'’s) en- elsewheré.The diameter distribution of theggpeapods was
close a cylindrical empty space, and thus it is a natural idegvaluated as 1.370.08 nm?Atypical high-resolution TEM
to try to introduce atoms or molecules into this one-image of the peapod material is shown in Fig. 1. Itis obvious
dimensional cavity. Many of the future applications of that a very high filling ratio is seen on a nanometer scale.
SWNT's are dependent upon the ability to utilize or control- HOWeVer, as high-resolution TEM is a very local probe, it is
lably modify their intrinsic properties by manipulating or dangerous to estimate the filling factor from this type of
selecting their microstructure. Endoheadral doping easurement alone. Here we use a truly macroscopic bulk
SWNT's offers a unique method to alter their electronic,sens't've probdEELS) to analyze both the filling factor, as

transport, and mechanical properties, and thus to endow
them with functionality. Filling of SWNT’s with G mol-
ecules was first observed in material prepared by laser abla-
tion using high-resolution transmission electron microscopy
(TEM).® Later on, fullerene-filled SWNT's, so-called pea-
pods, were produced in a two-step process. The SWNT's are
purified and opened; then they are filled by exposure to a
fullerene vapor at high temperaturdn this way, peapods
filled with fullerenes and metallofullerenes have been pro-
duced (Gg, Cyg, GAd@ G», La,@ G5, etc) in macroscopic
quantities’ The exact degree of filling is still under intense
discussion and ranges from a few percent to almost 100%
filling. FIG. 1. High resolution TEM micrograph of g peapods.
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e I— FIG. 3. C 1s core-level excitation spectra of peapddslid line)
0 1 2 3 4 5 6 and reference empty SWNTiglashed ling The difference spec-
al /:\'1) trum below is the resulting response of thg, Peas.

FIG. 2. Electron-diffraction data ofa) solid G (b) empty  obvious difference is that additional diffraction peaks appear
SWNT's and(c) Cg peapods. The arrow indicates the Bragg peakfor the peapods as compared to the SWNT reference. Most
at a momentum transfer of=0.65 A™%, which corresponds to the pronounced is the Bragg peak at 0.65%A which corre-
interfullerene separation of 0.97 nm of thg,@eas. sponds to the nearest-neighbor distance of two encapsulated

Ceo molecules of about 0.97 nm. This value is in good agree-
well as the structural and electronic properties of these typegent with the previously reported peapod interball separa-
of fullerene hybrid nanostructures. Thin films of peapods andion of 0.95 nm obtained from TEM electron-diffraction
the SWNT reference samplérom the same SWNT bat¢h data’ A simple estimate shows that this separation is in be-
without Gy with an effective thickness about 1000 A were tween the nearest-neighbor distance in fgg @ nm) and the
prepared by drop coating of an acetone suspension onto KBjne-dimensionallD) Cg, pressure polymer phase which has
single crystals. The KBr was then dissolved in distilled wa-a separation of the interlinked fullerenes of about 0.92 nm.
ter, and the films were transferred onto a standard 200 mestherefore, from the position of the Bragg peak at 0.65' A
platinum electron microscopy grid. The films were heated fofiye can conclude that it is very unlikely that thg,Gnol-

6 h in ultrahigh vacuum up to 350 °C, which has been showrecyles inside the SWNT are polymerized, but that they could
to remove organic contaminations from the SWNT, but doe$e dimerized.

not damage the peapods. The EELS measurements were car-|nformation about the electronic structure can be ex-
ried out using a dedicated 170-keV spectrometer described iffacted from an analysis of the core-level excitations at the
detail elsewhere? The energy and momentum resolution ¢ 1s edge. The core-level excitations in peapods and empty
were chosen to be 180 meV and 0.031N0r the electron SWNT'’s are presented in F|g 3, Whereby the Spectra| fea-
diffraction experiments and for the measurements of the lowyres correspond to transitions into Qp-2elated (unoccu-
energy'loss function in the I’egion of the valence band eXCipied) 7-[-* and o* electronic states. The former are found at
tations. For the measurement of G dore-level excitations, 2854 eV and the latter at 292 eV, which are similar energies
a slightly reduced energy resolution of 0.33 eV and a moys observed for the analogous excitations in graghi@om-
mentum resolution of 0.1 Al were chosen. The loss func- pared to QO: no pronounced fine structure related to transi-
tion Im[ —1/e(q,w) ], which is proportional to the dynamic tions into narrow molecular states is observed in the SWNT
structure factorS(q,w), was measured for various momen- spectrum. In graphite, the features at the(Ref. 12 ando™*
tum transfersqg. All experiments were performed at room (Ref. 13 onsets are both strongly excitonic in nature, and it
temperature in ultrahigh-vacuum conditions. is reasonable to assume that the same holds for the SWNT’s
and peapods. However, there is a significant difference in the
fine structure between the SWNT's and the peapods. In par-
ticular, there are shoulders at 284.5 and 286.3 eV and an
A first characterization of the samples was performed byobvious peak at 288.3 eV in the peapod spectrum, which are
measuring the electron-diffraction profiles. Figure 2 showsot present in the SWNT reference and therefore are as-
the electron diffraction of the §g peapods in comparison signed to the g, peas. It is tempting to perform an appro-
with the corresponding spectrum of the empty SWNT referpriate normalization and to analyze the difference spectrum
ence sample, together with that of solid fcggCThe most  which would then be related to the energy distribution of the

IIl. RESULTS AND DISCUSSION
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unoccupied C P-related electronic states of thgdpeas. In
a core-level excitation experiment, the intensity difference
between energy locations well before and well after the spec-
tral fine structure is often referred to as the edge jump, and
gives a direct measure of the number of atoms in the sample
volume probe. Consequently, the edge jump in differegpt C
compoundge.g., fcc Gg or Cgo polymers, etg.is found to
be essentially independent of the details of the electronic
structure and bonding in each cd8eBased upon this idea,
one can scale the empty SWNT spectrum with respect to that
of the peapods prior to subtraction with the condition that the
edge jump of the resulting “pea” spectrum must be the same
as that of Gg. To fulfill this condition, the referenceempty)
nanotube spectrum must be scaled by a factor of 0.82 before
subtraction. The uncertainty of the fit corresponds to the
signal-to-noise ratio in the measurements. For the observed
spectra, this leads to an overall error of about 1%. The re-
sulting difference spectrum of thesg&peas after subtraction
of the scaled spectra of the SWNT reference and the peapods
are depicted in the lower part of Fig. 3. Similar tgo®elow
the o™ onset at about 290 eV several structures are seen in 0
the spectrum of the & peas, which can be assigned to ex- 582 D084 086 288 090 292 094
citations into the unoccupied*-derived molecular staté8.
The width of these shape resonances is strongly depending
on the distortion of the g cage due to polymerization and FIG. 4. Upper panel: C 4 core-level excitation spectra of the
dimerization!® The first 7* resonance at 284.5 eV corre- encapsulated g peas(solid line) compared with that of fcc &
sponds to excitations into the lowest unoccupied moleculafdashed ling Lower panel: C $ core-level excitation spectra of
orbital (LUMO) of Cg of t;, symmetry. The charge transfer the encapsulatedggpeas(solid ling) compared with 1D polymer-
to the Gy is followed by filling of the LUMO, which leads to ized G (dashed ling All spectra are normalized at the edge jump.
a suppression of the intensity of the LUMO peak and is
directly related to the number of transferred electtfiBhe  Similar to the above-mentioned van der Waals interaction
next peaks at 285.8 and 286.3 eV are derived from théetween G, and graphite, the interaction to the inner wall of
LUMO+1 and LUMO+2 molecular orbitals of,4 andt,,  the SWNT's has only a weak impact on the overall shape of
+hy symmetry. The relative intensity of these features isthe spectra of the § peas. The changes in the interaction
strongly dependent on the local bonding environment andetween @, and graphite and & and the SWNT’s, which
coordination of the g moleculest®!” Consequently, for a are related to the curvature of the SWNT's, therefore have
Cgso monolayer on graphite the relative intensity of theonly a minor effect on the unoccupied electronic structure.
LUMO+1 peak was strongly enhanced compared to thélhis is in good agreement with recent calculations showing
LUMO + 2 resonance. The additional van der Waals bondinghat the interaction to the inner wall of the SWNT is similar
to the graphite substrate was found to have a negligible imas in fcc Gy and as the interaction betweeng,Cand
pact on the shape of the spectra of thg Molecules.’ graphite’®

In order to clarify the role of the local bonding environ-  Furthermore, the width of the LUMO peak is increased
ment and charge transfer the G é&xcitation spectra of the from about 0.4 eV in g, to about 0.55 eV in the peas and to
encapsulated & peas are shown in Fig. 4 in comparison about 0.65 eV in the 1D & polymer. From the comparison
with fcc Cyp and the 1D G polymer. In the pea spectrum, of the area of the LUMO resonance, one can conclude that
there is a clear upshift of the LUMO peak of about 0.1 eVthe charge transfer from the SWNT to thgy@olecules is
compared to both fcc £ and the 1D G polymer; mean- very small. The LUMO peak area of thesdpeas between
while, the LUMO peak in the encapsulated 1Q,®ecomes 283 and 285.2 eV is reduced by only about 1% compared to
asymmetric. As regards the spectral form of thé reso- fcc Ggg, showing that the charge transfer from the SWNT to
nances in the peas, the relative intensity of the LUMO the G molecule is less than GeI. This is in good agree-
feature at 285.8 eV with respect to the LUMQ@ peak at ment with recent theoretical calculations of,Qoeapods
286.3 eV is enhanced. This spectral shape is very similar tvhich show that fo10,10 SWNT'’s a low charge density is
the absorption spectra of ag&monolayer on graphit¥. In  observed between theggand the SWNT's®
this case the change was assigned to a reduced coordinationAs a last point we deal with the question of polymeriza-
number of nearest g neighbors in the monolayer. Conse- tion of the G peas. The overall broadening of thg,Ceso-
quently, the intensity change in the case of the encapsulatathnces can be attributed to a distortion of thg l@all due to
Ceo Can be attributed to a change of the nearest-neighbatimerization or polymerizatioft. Since the width of the tran-
coordination from 12 in fcc g to only 2 for the Gy peas.  sitions for the peas is in between those for fgg &nd the 1D
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Energy loss (eV)
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polymer(and much lower than for the 2D polyntey; this is
further evidence against polymerization of thg @olecules
within the SWNT, in keeping with the electron diffraction
data presented above. The small overall broadening of the
resonances is also in good agreement with the above-
mentioned fact, that there is only a weak van der Waals in-
teraction between the g peas and the inner wall of the
SWNT. Consequently, covalent bonding between thg C
and the nanotube cage can be excluded for the measured
peapods.

In addition to the analysis of the unoccupied local elec-
tronic structure, another key characteristic of the peapods—
the filling factor of the peas—can also be accurately deter-
mined from high-spectral-resolution EELS in transmission
data. Though up to 100% filling would be the natural con-
clusion from the consideration of TEM images such as that
shown in Fig. 1, we do point out that these figures are only
strictly applicable on the nanoscale. EELS carried out, as
here,without spatial resolution probes a bulk sample of sev-
eral mnf, which then can give a more representative evalu-
ation of the overall filling of the peapods. From the edge
jump scaling factor mentioned above, we can derive the rela-
tive contribution of the encapsulated 3o the overall C & '0'5' o '1'0' o '1'5' o '2'0' o '2 5
edge per C atom to be about 2294.5%. From straightfor- ) ’ ’ ' )
ward geometrical considerations, one can show that, taking
SWNT’s with a mean diameter.of 1.37 nm and 100% filling g 5. (a) Loss function g=0.1 A1) in the energy range of
with Cgo at an interfullerene distance of 0.97 nm, thgyC  he interband transitions for theygpeapodgsolid line) and empty
carbon atoms can be estimated to-b88% of the total car-  swNT's (dashed ling The spectra are offset after normalization at
bon atoms present. Thus, for oug@eapods, we arrive atan the 7+ o plasmon(not shown. (b) Optical absorption spectra of
overall, bulk QBO fiIIing factor of 61%*+5%. Furthermore, the same energy region;eé_‘,peapods(solid Iine), empty SWNT'’s
we have to consider the SWNT diameter distribution, to-(dashed ling The spectra are offset after normalization to the mini-
gether with the condition that there is a minimal SWNT di- mum at 1 eV. The guidelines indicate the downshift of the first
ameter which is able to be filled. Using the approximation,allowed optical transition upondgencapsulation.
that only nanotubes bigger than the hard spheggd@meter
plus four times the C van der Waals rad{ds35 nnj are able  absorption and by EELS at a momentum transter
to be filled we estimate that only 72% of the total number of=0.1 A"%. Clearly a downshift of the optical transition of
nanotubes are filled with &. Thus the nanotubes which are the SWNT is observed after filling with . The guideline
able to contain g, are filled on an average value of 85%), emphasizes the downshift of the first allowed optical transi-
which is fully consistent with the nanoscale TEM observa-tion of 0.014 and 0.025 eV for the absorbance and for the
tion of 100% filling shown in Fig. 1. These considerationsloss function, respectively. There are three possible contribu-
highlight the importance of a precise control of the SWNTtions to this effect. First, the SWNT diameter can be slightly
diameter distribution in this context. We also point out that,changed due to the filling. From the inverse proportionality
in recent calculations for armchair nanotubes, the minimabf the optical transitions to the SWNT diameter we can
diameter for a filling with G, was about 1.3 nm in good roughly estimate an increase of the diameter of about 0.03
agreement with our estimation. nm. This diameter change is also consistent with the ob-

We now focus on the valence-band excitations in the peaserved downshift of the radial breathing mode frequency in
pods. The low-energy-loss function provides further informa-Raman studie$ Although such a change should also be ob-
tion about the momentum-dependent optical properties oferved in the electron diffraction, it corresponds to only a
our samples. Regarding the overall shape of the loss functioshift of 0.008 A'* of the bundle peak, which is well below
in the peapods the collective excitation of theelectron the resolution limit of our spectrometer. Second, for both the
system, the so-calledr plasmon, at about 6 eV, and the Raman respond®and the optical absorptiéhthe intertube
collective excitation of all valence electrons, the- o plas-  interaction between the individual SWNT inside a SWNT
mon, at about 22 eV, closely resemble those of pristindoundle plays an important role and a small change of it could
SWNT’s'® Moreover, the plasmon dispersion of theand lead to a similar downshift. Third, the dielectric screening
7+ o plasmons are unaffected by the incorporation g§ C (e..) is different in the two systems. For the peapods the
inside the SWNT. However, there are small differences rescreening effect, due to the enhancemené.of will down-
garding the position of the interband transitions of theshift the peak in EELS as can be estimated from a Drude-
SWNT. In Fig. 5 we compare the first three interband tran-Lorentz model. However, the downshift of the optical ab-
sitions in SWNT's and in the peapods as measured by opticaorption peaks in the Drude-Lorentz model should be much

Normalized loss function

Normalized absorbance

Energy (eV)
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With increasing momentum transfer no dispersion of the
transitions is observed, but transitions with monopolar and
quadrupolar character gain intensity. This can be seen by the
increase of the intensity of the dipole forbidden gap transi-
tion and of the quadrupole transition at about 822$F0r

the G peas we observe an upshift of theplasmon to 6.6

eV, whereas the low-lying interband transitions are only
slightly upshifted similar to optical absorption. Similar to
Cso, at high momentum transfer the intensities of the dipole-
forbidden transitions at 2.2 and 7.5 eV are increased. The

a-1
015 A width of the interband transitions in the;{peas is increased
202 A” by about a factor of 2, but still much smaller than in the 1D

: y pressure polyméf For the 1D G, polymer, the
203 A broadening—which is accompanied by a downshift of the

Relative intensity (arb. units)

transitions—was explained by an increase of the intermo-
lecular overlap and by a lowering of the fullerene symmetry.

Since we observe an upshift of the transitions for the peas,
the broadening in this case is most likely to be due to mainly

a lowering of the symmetry.
AL LA A A e To summarize, we have demonstrated that thg fea-

012345678 9101112 pods are filled up to 60% for a SWNT diameter distribution
Energy loss (eV) of 1.37+0.08 nm. Regarding the electronic and optical

properties the overall shape of the response of the SWNT's

FIG. 6. Loss function of g (solid line) measured at a momen- and the peapods is very similar, with distinct differences in
tum transfer ofq=0.1 A™%, compared to data from encapsulated the fine structure. The interband transitions of the SWNT's
Ceo peas ”}eas“red with momentum transferg|ef0.15, 0.2, 0.3, 516 glightly downshifted in the peapods which is consistent
and 0.4 A, respectively. For details, see the text. with a small increase of the SWNT diameter or a change of

smaller than observed. Consequently, the change in the bacﬁle intertube interaction. The electronic gncj optical proper-
ground dielectric screening has only a small contribution tdi€S Of the encapsulateds¢peas are very similar to fcce,

this effect. Therefore the change of the intertube interactiorli"it show small changes in the relative intensities of the
is the most likely explanation for the downshift of the 7 -derived molecular orbitals and regarding the peak posi-
valence-band excitations. tions and peak width. We conclude that there is only a weak
We finally discuss the valence-band excitations of thg C Van der Waals interaction between the SWNT's and tge C
peas in the peapods. In order to extract the signal of th@&as similar to the interaction betweeg,@nd graphite.
encapsulated £ we have employed the same scaling factor
as used above for the edge jumps in thes@%citation edges
to the w+ o plasmon. The resulting difference spectrum at \We thank the DFG(FI 439/8-) and the EU(IST-NID-
low momentum transfer is in very good agreement with theProject SATURN for funding. One of us(T.P) acknowl-
loss function of fcc G above 2 eV, as can be seen in Fig. 6. edges financial support by theA®/ in form of an APART
Below 2 eV the difference spectrum is complicated by thefellowship, and thanks the FWF P14146 for funding. H.K.
above-mentioned shift between the interband transitions cicknowledges for a Grant-in-Aid for Scientific Reseaish,
the SWNT’s and the peapods. For fcgo@ptically allowed 13304026 by the Ministry of Education, Science, Sports and
7— 7* transitions are observed at 2.7, 3.6, and 4.9 eV. Theulture of Japan. Y.A. acknowledges a grant from Japan
normally dipole-forbidden gap transition bf—t;, symme-  Society for Promotion of Science, Research for the Future
try is observed at 2.2 eV, the plasmon is seen at 6.45 é¥.  Program.
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