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Electronic and mechanical coupling between guest and host in carbon peapods
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Pristine single-wall carbon nanotubes~SWCNT’s! filled with C60 are investigated with resonance Raman
spectroscopy. Both totally symmetric modes of C60 exhibit a surprising splitting into two components with a
slightly different resonance behavior and an apparent loss of polarization. The latter can be understood from a
symmetry reduction of the fullerene molecules in the center of the tubes and/or by an anisotropy of the electric
field seen by the C60 peas inside the SWCNT pods due to depolarization effects. The splitting is explained from
molecular-dynamics simulations which show that the two bands emerge from a coupling of the C60 totally
symmetric modes to the fullerene translational mobility inside the tube. The doublet is thus the spectroscopic
fingerprint of different mobilities of C60 fullerenes in the tubes.
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I. INTRODUCTION

New forms of carbon such as fullerenes and single-w
carbon nanotubes~SWCNT’s! have been attracting conside
able interest for a number of years.1 A few years ago, these
two new phases of carbon were combined when fullere
were encapsulated inside SWCNT’s~Ref. 2! and were pro-
duced in high yields by simultaneously heating open
SWCNT’s and C60 in a sealed quartz tube.3 These so-called
‘‘peapods’’ not only represent another family of nanostru
tured carbon, but are also prototypical materials grown i
concave nanospace. It can be expected that, e.g., highly
stable compounds can be stabilized inside SWCNT’s.
amples have already been demonstrated in the form
fullerene polymers that were grown inside the tubes up
doping.4 In related work, the nanotubes were also filled w
other fullerenes,5 or with inorganic materials.6 These findings
support the general idea that SWCNT’s are ready to ac
various types of molecules and further confirm the notion
being an ideal nanocavity for the creation of new materia

The standard technique to analyze peapods is h
resolution transmission electron microscopy that yields g
evidence for the filling. The quantitative determination of t
concentration of C60 molecules in the tubes and the unrav
ing of the electronic properties, however, is difficult with th
approach. Raman scattering has been proven to be an
key experimental technique for the analysis of bo
fullerenes and SWCNT’s. Its successful application to p
pods is therefore not surprising. The resonance enhance
of the cross section for the fullerenes7 allows to detect
amounts of C60 smaller than 1% if encapsulated insid
SWCNT’s.8 Two of the Raman allowed modes of the fre
C60 molecule belong to the nondegenerateAg species, while
eight modes are fivefold degenerate and ofHg symmetry. As
a rule, the twoAg modes cannot split even if electric o
mechanical fields of the guest tubes break the symme
Most prominent is the pentagonal pinch modeAg(2) located
at 1469 cm21 at room temperature. This mode has been u
repeatedly as an analytical probe for the structural and e
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tronic properties of C60. A shift of its frequency can be ex
pected in peapods since results from electron diffract
yield a slightly lower intercage distance for the encapsula
molecules than in C60 crystals. Importantly, the shorter dis
tance cannot be taken as an indication of polymerization
the conventional sense, since the typical polymer lines
not observed in the peapod spectra and the C60-C60 distances
are still too large.

SWCNT’s also have a number of significant Raman lin
For instance, the graphitic bands that derive from theG line
are observed between 1500 and 1600 cm21. Around
200 cm21 the radial breathing mode~RBM! of the tubes
responds strongly to the Raman excitation. This mode
highly diagnostic for nanotubes since it scales asC/d where
C is a constant andd is the diameter of the tubes.

In the work presented here, we focus on the behavio
the totally symmetric Raman lines of C60 in SWCNT’s. Due
to their simple nature they are most appropriate for extra
ing structural and dynamical information. A polarizatio
analysis of the Raman response revealed a complete lo
the expected high polarization of these modes. This appa
loss of polarization can be due to a reduction of symmetry
the center of the tube and due to a reduction of the light fi
perpendicular to the axis inside the tube. The reduction
symmetry is ascribed to the hybridization of fullerene orb
als with tube orbitals and the subsequent capture of
highly anisotropic axial symmetry at the center of the nan
tubes by the fullerene. On the other hand, the field seen
the peas enclosed in the tubes can be different from the o
field due to the high anisotropy of the tube polarizabilitie9

Both effects—the reduction of molecular symmetry and
reduction of field symmetry—are shown to be relevant
the explanation of the experimental results. Another un
pected result was the splitting of the totally symmetricAg
modes which is quantitatively explained by a dynamical
teraction between the C60 molecules and the tube cage
Eventually, it turns out to originate from a coupling betwe
translational and vibrational motion in the systems.
©2004 The American Physical Society04-1
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TABLE I. Mode frequencies and observed depolarization ratios for diamond, SWCNT’s, C60, and pea-
pods. Frequencies for lines with several components are first moments. Excitation was at 90 K for 4
Double prime lines are listed as excited with 647 nm. All intensities used were integrated areas.

Crystal Mode Frequency (cm21) Depolarization

Diamond F2g 1333 0.74
SWCNT’s RBM 170 0.3

G lines 1575 0.3
C60, polycrystalline Hg(2) 430 0.3

Ag(1) 497 0.055
Hg(7) 1426 0.44
Ag(2) 1469 0.13

Peapods Hg(2) 430 0.41
Ag(1)8, Ag(1)9 490,502 0.39,0.35

Hg(7) 1426 0.3
Ag(2)8, Ag(2)9 1466,1475 0.33,0.3
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II. EXPERIMENT

The nanotubes were prepared by laser desorption
were purified and filled as described previously.3 After filling
with C60 the resulting mats of bundled tubes~peapods! were
vacuum annealed at 800 K to get rid of any nonencapsul
C60 molecules. Measurements of the filling ratio using bu
sensitive electron-energy-loss spectroscopy10 and Raman
spectroscopy8 revealed a maximum C60 occupancy of abou
70%. Three sets of samples were investigated and are lab
A, B, and C in the following. Sample A had the largest d
ameters with a mean value of 1.40 nm and the highest de
of filling. The mean diameters for the other samples w
1.34 nm and 1.31 nm for B and C, respectively, as evalua
from the first and second spectral moments of the RBM.

Raman spectra were recorded for laser lines extend
from 1.8 to 2.6 eV at 90 and 20 K using a Dilorxy triple
spectrometer calibrated for intensities in 180° backscatte
geometry. For 2.4- and 2.5-eV excitation ener
temperature-dependent Raman spectra were also reco
between 20 and 600 K.
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Additionally, we performed polarized Raman studies at
K. This means, for every sample two spectra,I HV and I VV ,
were recorded. InHV experiments the polarization of th
incident light is perpendicular to the polarization of the an
lyzer sheet in front of the detector while inVV experiments
both polarizations are parallel. In our setup we kept the
larization of the analyzer constant and used al/2 platelet to
turn the polarization of the incident light by 90°. The tw
types of recorded spectra allowed to evaluate the depola
tion ratio r5I HV /I VV . The polarization experiments wer
tested for theF2g mode of polycrystalline diamond and fo
the totally symmetric modes of single crystal C60. The val-
ues ofr obtained for the two materials were 0.74 and 0.0
respectively, in excellent agreement with expected value
3/4 and 0~see Table I!.

III. EXPERIMENTAL RESULTS

A. Unpolarized Raman spectra

For strongly filled peapods, all fundamental Raman lin
of the encaged C60 peas, with the known exception o
te-
n

m

FIG. 1. Tangential part~a! and radial part~b!
of the Raman spectrum at 90 K for peapod ma
rial A excited with different lasers as indicated i
nm ~eV!. The strong line around 425 cm21 is the
Hg(2) mode of the C60 peas.~c! Raman response
of the tangential C60 modes for tubes with three
different diameters at 20 and 90 K for 515 n
excitation.
4-2
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ELECTRONIC AND MECHANICAL COUPLING BETWEEN . . . PHYSICAL REVIEW B69, 035404 ~2004!
Hg(8), were detected with blue laser excitation. A detail
analysis of the spectra for the different samples and for
ferent laser excitations revealed surprising results, as sh
for the tangential and for the radial modes in Fig. 1.

At 1466 cm21, slightly below ('3 cm21) its position in
C60 single crystals and films, we observe the pentago
pinch mode with a decreasing cross section for increas
laser wavelength. At 1475 cm21, a second line appears i
theAg(2) region that increases in relative intensity for shi
ing the excitations from the blue to the red. For green la
excitation both lines are of equal intensity and eventually
higher-frequency component dominates. For simplicity
two lines will be assigned asAg(2)8 and Ag(2)9, respec-
tively. Significantly, the same behavior is observed for
other totally symmetricAg(1) mode of C60 as demonstrated
in Fig. 1~b!. For excitation with the blue lasers, we see on
the componentAg(1)8, at 490 cm21. For green laser excita
tion, the line splits intoAg(1)8 and Ag(1)9, with the latter
located at 502 cm21. Eventually, for red laser excitation
only the line Ag(1)9 is observed. The additional feature
around 375 and 425 cm21 are overtones of the RBM of th
tubes resonating with theE22

s andE33
s transition in the semi-

conducting tubes.
A detailed analysis of the resonance response was

formed for the two components of theAg(2) mode. The
maximum resonance is reached for different laser energ
2.54 eV for theAg(2)8 and 2.41 eV for theAg(2)9 line.11 In
addition, the latter exhibits a second resonance, wh
reaches its maximum in the red spectral region at 1.80
Similar laser selective results were obtained for the dege
ateHg modes. Since these modes always split for C60 mol-
ecules in a crystal field such results are not as informativ
those of theAg modes and will therefore not be discussed
the following.

Figure 1~c! demonstrates the splitting for different tub
materials at 90 and 20 K. Thinner tubes tend to yield a str
ger Ag(2)9 component. Additionally, the intensity of th
Ag(2)9 component seems to increase relative to theAg(2)8
when the samples were cooled down from 90 to 20 K.

B. Temperature dependence

In order to elaborate on the latter result, we record
temperature-dependent Raman spectra of sample A. The
part of Fig. 2 shows the 515-nm spectra of this sample
different temperatures from 80 to 590 K after renormaliz
tion to the G modes and subtraction of theG-mode back-
grounds. While the height of theAg(2)8 component does no
change much the intensity of theAg(2)9 line decreases with
increasing temperature. Additionally, both lines beco
broader and shift downwards with increasing temperatur

To demonstrate the different temperature behavior of
two components more clearly, their intensity ratios are p
ted in Fig. 2~bottom! vs temperature. To do this the spect
were fitted between 1440 and 1500 cm21 with two Voigtian
lines, keeping the Gaussian widths constant for both mo
and all temperatures. As long as theAg(2)9 mode was
clearly observable, the distance between the Voigtians
varied during the fit. Later on, we kept the distance cons
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at the average value of 8.3(1) cm21, as found for the lower
temperatures. However, even without this constraint a fit
vealed that both modes shift in parallel.

Within experimental error, the intensity ratios remain co
stant below 300 K. For higher temperatures the intensity
the higher frequency componentAg(2)9 decreases rapidly
and hence the intensity ratio increases.

C. Polarized Raman spectra

The splitting of the totally symmetric C60 modes in the
tubes is rather surprising. One possibility for this could be
dimerization of the peas along the tube~Davydov splitting!.
If that was the case, the symmetry of the two compone
Ag(2)8 and Ag(2)9 would be different. One would remain
totally symmetric, while the other would be nontotally sym

FIG. 2. Top: 515-nm Raman spectra of peapod sample A
several temperatures from 80 to 590 K. The spectra were sc
such that the height of theG mode was normalized to 1. Bottom
Intensity ratios of theAg(2)8 to theAg(2)9 component vs tempera
ture for 515- and 497-nm excitations of sample A.
4-3
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R. PFEIFFERet al. PHYSICAL REVIEW B 69, 035404 ~2004!
metric. Polarized Raman experiments are commonly use
reveal the symmetry of a particular mode.

In single crystals the depolarization ratior as defined
above is determined by the Raman tensor components
lected by the scattering geometry. In polycrystalline mater
such as our buckypaper, angular averaged values of the
man tensor components are needed. After this averaging
cess two tensor derived quantities, namely, the trace 3a and
the anisotropyt remain as the transformation invariant qua
tities. With these, the depolarization ratios can be written a12

r5
I HV

I VV
5

3t2

45a214t2
. ~1!

If the symmetry is higher thanC3, the Raman tensor for a
totally symmetric mode has nonzero elements only in
main diagonal. That is, the scattered light has the same
larization as the incident light. If the analyzer has the sa
polarization (VV) the mode is visible and if the polarizatio
of the analyzer is perpendicular to the incident light (HV)
the mode should not be observable. Totally symmetric mo
have therefore a depolarization ratio ofr50. If the symme-
try of the scatterer is lower thanC3, however, off-diagonal
elements exist andr becomesÞ0 even for totally symmetric
modes.

According to the above description, a polarization ana
sis of the two components should give, in principle, indic
tions about the presence of Davydov splitting. Interesting
for the Ag(2)8 and Ag(2)9 modes of the C60 peas the ob-
served depolarization ratio turned out to be the same for
two components@see Fig. 3~bottom!#. Even more surprising
was the value of 0.3 for the ratio itself. This is in stron
contrast to a control experiment on a polycrystalline film
C60, which yielded a very low depolarization ratio for th
totally symmetric modes and a reasonable depolarization
tio for the Hg derived modes, as depicted in Table I a
Fig. 3 ~top!.

The depolarization ratios for the mainly totally symmet
nanotube modes, namely the RBM and the graphitic mo
were also surprisingly large but in agreement with previo
measurements.13 In this case large values forr can be under-
stood, even without considering the asymmetry of the fie
since the strong electronic anisotropy of the tubes results
dominance of thezz component of the Raman tensor, whe
thez direction is along the tube axis. As a consequence, b
the anisotropyt and the tracea are dominated by thezz
component as well and the depolarization ratio for the tota
symmetric modes becomes 0.35, in very good agreem
with experiments.

Depolarization ratios are often difficult to measure or
volve errors from alignment for the recording of the tw
required spectra. In order to confirm the intrinsic nature
the observed depolarization ratio we evaluated a ratio of
polarization ratios, hereafter called depolarization factor ra
~DPFR!. This quantity is defined as

DPFR5
I VV„Ag~ i !…/I VV„Hg~ j !…

I HV„Ag~ i !…/I HV„Hg~ j !…
5

r„Hg~ j !…

r„Ag~ i !…
, ~2!
03540
to

e-
l,
a-

ro-

-

e
o-
e

es

-
-
,

e

f

a-

e,
s

,
a

th

y
nt

-

f
e-
o

wherei and j are any allowed Raman active modes of C60.
Only relative intensities from one spectrum appear in
equation. The DPFR is therefore highly independent fr
the experimental conditions. Since the DPFR is the ratio
the depolarization of a nontotally symmetric to a totally sy
metric mode it should be much larger than 1. This is inde
the case for C60 in the film, but not for the molecules in th
tubes. Figure 4 compares the DPFR for peapods and p
crystalline C60. The large values for the C60 film are as ex-
pected and demonstrate that the depolarization is stronge
theAg modes than for theHg modes. The values around on
obtained for the C60 peas are unusual, but confirm the resu
from the direct depolarization ratio, measurements. As
practical consequence of the similarity in depolarization

FIG. 3. Polarized Raman spectra of a C60 film ~top! and C60

peapod sample A~bottom! recorded with 488 nm at 90 K.VV
means parallel polarizations between incident light and analy
andHV means that the polarization of the incident light is perpe
dicular to analyzer.
4-4
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FIG. 4. Depolarization factor ratio DPFR a
defined from Eq.~2! vs laser energy for a C60 film
@j for Ag(2) vsHg(7) andHg(8)] and for mol-
ecules in the tubes@. for Ag(2)8/Hg(7), m for
Ag(2)9/Hg(7), and d for Ag(1) vs various
Hg( j ) in the radial region#.
o

ng
s
ac

e
o
d
hi

io
a
m

l.
ct
h
tin
n

Å

ll

s
e
c
o
i

te

d
ed
on
er

he

the

nic

the
of
tem
12
of
he
rier
re

It
be a
lit-
b-

ing

full
be.

the

iza-
s as
as
tios, all Ag derived andHg derived peapod modes can n
longer be discriminated on this basis~see Table I!.

IV. MOLECULAR-DYNAMICS SIMULATIONS

In order to obtain possible interpretations of the splitti
we performed computer simulations on peapod system
addition to the experiments. A phenomenological appro
using vibronic mixing14 could not pinpoint the origin of the
splitting. In a harmonic approximation, only shifts of th
Ag(2) frequency were observed with values depending
the tube diameter. The result implies that for any monomo
diameter distribution, no splitting can be expected from t
approach.

We therefore went beyond the harmonic approximat
using molecular-dynamics calculations. The van der Wa
interactions between pairs of nonchemically bonded ato
were described by the relevant part of the MM3 potentia15

MM3 was successful in the description of the subtle effe
that lead to C60 spinning in clusters.16 The present approac
was recently used to model the effect of permanent twis
of SWCNT’s17 and a variety of other properties of all carbo
peapods.18

The cutoff for the interatomic potential was set to 10
after checking that the procedure gave accurate results
graphite. Periodic boundary conditions were used axia
When partial filling ratios with more than one C60 per tube
were simulated, the free region inside the nanotube was
to at least 10 Å on each side of the encapsulated molecul~s!.
The Fourier transform of the velocity autocorrelation fun
tion gives vibrational frequencies that include both anharm
nicities and coupling of different degrees of freedom and
able to pick up a number of subtle effects in complica
materials.19,20

The peapods were first equilibrated atT5298 K in the
NVT ensemble~constant number of particle, volume, an
temperature!. Then the vibrational spectrum was calculat
with a dynamics at constant energy. Typically, equilibrati
was reached after 30 ps. Convergence of the potential en
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to a plateau ensured that it had really occurred. TheNVE
~constant number of particle, volume, and energy! dynamics
was performed for at least 70 ps with time steps of 1 fs. T
spectral resolution of the simulation was at least 1 cm21.
Initially, the simulations were run for free C60 and for a
single C60@(10,10). Both systems gave a single peak for
Ag(2) mode with a difference of less than 1 cm21. The shift
is even smaller than the values calculated in the harmo
approximation for the two cases.

Subsequently and more realistically, with respect to
nature of the experimental conditions, two types
molecular-dynamics simulations were performed on a sys
with three C60 peas inside a supercell of (10,10) made by
unit cells of the tube. In the first simulation, the triplet
molecules was allowed to diffuse freely in the tube, in t
second, the diffusional dynamics was frozen. Upon Fou
transform of the two dynamics, two distinct peaks we
found: the first was slightly more than 2 cm21 above that of
free C60 ~and corresponded to the ‘‘frozen’’ diffusion!, while
the second was more than 4 cm21 below that of free C60.
The calculated separation of 6 cm21 is slightly less than the
values observed experimentally but of the right order.
arises from the same peapod and can be assumed to
general feature of peapods. The convolution of all the sp
tings for all CNT’s present in the sample maintains the o
served splitting of theAg(2) mode. Importantly, while the
simulations show that the splitting arises from the coupl
of the Ag(2) mode with the translational motion of C60 in-
side the tube, one should remember that lack of C60 mobility
could be due to a variety of reasons that range from
packing to the presence of physical obstructions in the tu

V. DISCUSSION

The disappearance of the polarization for the bands of
totally symmetric lines of C60@SWCNT’s and their splitting
into doublets is unexpected. The loss of the Raman polar
tion can be due to a complete geometrical symmetry los
a consequence of orbital hybridization. The latter effect h
4-5
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TABLE II. List of tubes and their site symmetry in the center for the diameter range of the experiment.

(9,6) C3 (10,4) C2 (7,7) D7d (8,8) D8h (11,8) C1

(12,3) C4 (12,6) C6 (10,10) D10h (8,5) C1 (10,7) C1

(9,9) D9d (13,1) C1 (9,8) C1 (7,6) C1 (11,9) C1

(10,3) C1 (12,5) C1 (13,5) C1 (13,6) C1 (11,2) C1

(10,8) C2 (10,9) C1
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been reported from tunneling experiments21 and from theo-
retical considerations.22 Most of the tubes in the diamete
range under consideration have a site symmetryC1 in their
center as depicted in Table II. This means all vibrations fr
C60 in the tubes belong to theA irreducible representation
and therefore similar values fort anda are expected. Tube
with higher site symmetry exist, but only for armchair and
few metallic chiral tubes. Even for those tubes the anisotr
t for the totally symmetric modes is not zero, which mea
the depolarization ratio will be finite.

Polarization experiments on SWCNT’s and deriv
samples are complicated by the large aspect ratio of
tubes. For an unpolarized field outside the tubes the r
between the field components parallel and perpendicula
the tube axis inside the tubes is proportional to exp@(ai
2a')d#, where a i and a' are the absorption coefficient
parallel and perpendicular to the tube axis as derived fro
linear response function, respectively. Since the thicknes
the wall d is only one atomic layer one might think that th
field inside the tube is almost the same as the field out
the tube. However, Benedictet al.9 reported that the aspec
ratio of the tubes causes a strong anisotropy of the s
polarizability of SWCNT’s. That is, the electric field insid
the tube is strongly reduced when the outer field is orien
perpendicular to the tube axis because of induced sur
dipoles. In a good approximation this may also be valid
nonstatic fields. This means the induced surface dipoles
vide an additional contribution to the response function.

Krupke et al.23 have used this effect for the separation
semiconducting and metallic SWCNT’s in a solution of i
dividual tubes. Marinopouloset al.24 used a theoretica
analysis based on density functional theory including lo
field effects and cross-correlation terms to study the depo
ization effect in optical absorption spectra of thin SWCNT
Their calculations confirm this effect for isolated tubes b
found it strongly reduced for tubes in bundles as is the c
in our measurements.

The observed depolarization ratios for the C60 peas could
also be explained by the above described strong anisot
of the tube polarizability.9 Assuming full action of the depo
larization effect this implies that the observed intensities
pend on the anglew between the direction of, e.g., theV
polarized analyzer and the tube axis. From this one m
expect an intensityI VV}(Ecos2w)2 and an intensityI HV
}(E cosw sinw)2 for VV andHV experiments, respectively
Since the tubes in our sample were not aligned these in
sities have to be averaged over all anglesw resulting in
I VV}3p/16 andI HV}p/16, which would give a depolariza
tion ratio of r51/3. In nanotube bundles the action of th
depolarization effect is considerably reduced as was dem
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strated by Marinopouloset al.24 It is therefore evident tha
the observed depolarization behavior does not originate
clusively from the depolarization effect.

As a consequence of the discussion presented above
symmetry loss in the measurement of the depolarization r
cannot be considered any more as a criterion for dimeriza
or Davidov splitting in either of the two cases. From inspe
ing many TEM pictures and from discussions wi
specialists,25 however, dimerization of the fullerenes is n
expected to occur according to the state-of-the-art kno
edge. On the other hand, neither the symmetry loss itself
the reduction of the total field can explain the line splittin
for a nondegenerate totally symmetric mode. As it turns o
a considerable guest-host interaction including a collec
dynamical response of the fullerenes is capable to explain
splitting.

From the results for the computational approaches i
clear that the splitting can be explained by anharmonic
fects in the dynamics of the fullerene motion. The lack o
calculated splitting in the dynamics of a single C60 inside a
(10,10) CNT underlines that the splitting is linked to th
degree of mobility of C60 inside the tube. In fact, while C60 is
highly mobile inside a pod and experiences the effect of v
small energy barriers for its motion26 a single fullerene is
certainly more free to drift along the tube than a set of thr
In other words it resembles more that of a really free C60
than the present case. In order to confirm the role of
mobility we introduced constraints in the dynamics so th
the axial diffusion of fullerenes was inhibited. This was a
complished in a simple way by freezing one of every thr
molecules. This assumption allowed to sample only the p
of the motion in the doublet that is not coupled with a
form of translations. The dynamics with reduced mobil
also provided two peaks. However, numerically the splitti
was only 4 cm21 and shifted compared to that obtained b
fore with the first peak located at the frequency of the fr
C60. Their average therefore corresponds to the high
energy component of the doublet.

The constraints in the dynamics may or may not cor
spond to an actual physical situation, where some C60 mol-
ecules are actually locked in place. It is important to noti
however, that the splitting naturally emerges in simulatio
where no constraints are present and that the higher
quency component corresponds to a suppressed dyna
where theAg(2) mode is less coupled to the translation
degree of freedom inside the CNT. This interpretation is fu
consistent with the results from the temperature and t
diameter dependence of theAg(2)8/Ag(2)9 intensity ratio.
For higher temperatures and larger diameter tubes the n
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ber of blocked C60 molecules decreases which reduces
response from this species.

VI. SUMMARY

In summary, we have shown that the typical depolari
tion ratio of the totally symmetric modes of C60 is com-
pletely lost when these fullerenes are inside SWCNT’s. T
might be due to a complete loss of symmetry of the enclo
peas or because the outer fields are screened by the
depending on their polarization with respect to the tube a
Additionally, we have shown that these totally symmet
bands are split for the encaged fullerenes. We attribute th
an additional mechanical coupling between the peas and
pods that results in a lowered mobility for some pe
Molecular-dynamics calculations show that such a splitt
appears only for peapods where the C60’s, embedded in a
tube, undergo the additional interaction resulting from
,
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n

03540
e

-

is
d

bes
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motion of the peas. Both the tube-C60 and the C60-C60 inter-
actions are necessary to produce the splitting. Indeed,
performed similar calculations for C60 in the solid, which did
not give the doublet but only a single line. The molecul
dynamics simulation shows that the low-frequency part
the doublet of theAg(2) mode is the spectroscopic finge
print of a mobility of C60 larger than that associated with th
other C60 molecules which respond at the higher frequenc
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