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The high pressure behavior of bundled 1.35�0.1 nm diameter single wall carbon nanotubes �SWNT� filled
with C70 fullerenes �usually called peapods� has been investigated by Raman spectroscopy and compared with
the corresponding behavior of the nonfilled SWNT. We show experimentally that two reversible pressure-
induced transitions take place in the compressed bundle SWNT. The first transition, in the 2–2.5 GPa range, is
in good correspondence with predictions of the thermodynamic instability of the nanotube circular cross
section for the studied tube diameter. An interaction between the fullerenes and the tube walls is then observed
at about 3.5 GPa, which evidences a progressive deformation of the tube cross section. The second transition
takes place at pressures between 10 and 30 GPa, and is evidenced by two effects by a strong frequency
downshift of the Raman transverse modes and the concomitant disappearance of the fullerenes Raman modes
in peapods. The pressure at which the second transition takes place is strongly dependent on the nature of the
pressure transmitting medium. We also report irreversible effects at high pressure as the shortening of the
tubes, the formation of nanostructures and the disappearance of the C70 Raman signal in some cases. Trans-
mission electron microscopy studies are also reported supporting these transformations.
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I. INTRODUCTION

The exceptional mechanical properties of carbon nano-
tubes are generating a huge scientific activity. The high value
of their Young modulus or their high resilience is an example
of those properties that find applications in the development
of fibers or nanocomposite materials among others. In spite
of the extensive investigation of their mechanical properties,
important discrepancies between experiments and theory per-
sist as well as between models themselves. In the case of
single wall carbon nanotubes, to which we will restrict
our discussion here, both theoretical works1–8 and
experiments9–13 agree in pointing out the presence of a
pressure-induced transition. Calculations propose that this
transition involves a modification of the nanotube cross sec-
tion from circular to oval, polygonized, or flattened, associ-
ated in some cases to an important volume collapse. Experi-
mentally, the discrimination between these different
possibilities has not been carried out. In addition, some cal-
culations predict different types of modifications depending
on the tube size or chirality.14

Most calculations agree on transition pressures scaling as
1 /d3, where d is the nanotube diameter,3,4,7 as for the classi-
cal elastic theory of rings.15 For the most commonly studied
tubes having a size distribution centered around 1.4 nm, the

predicted transitions range in the 1–2 GPa pressure domain.
These predictions are corroborated by the observed modifi-
cations of the Raman signal at pressures between 1 and
3 GPa in bundled9,11,16 and individualized nanotubes.17,18 On
the contrary, strong changes in the Raman10 or x-ray
diffraction19 signals point out transitions in the 10 GPa do-
main for tubes of similar sizes. We show here that bundled
nanotubes of diameter 1.35�0.1 nm undergo two transitions
in two distinct pressure domains. In peapods, where the en-
capsulated C70 fullerenes served as internal probes, the two
transitions are also observed. The fullerene signal allowed to
discriminate between some of the theoretical predictions for
the first transition and provides some insight into the nature
of the second one.

Dynamics of materials under high pressure can be studied
with different techniques including neutron20 or x-ray inelas-
tic scattering.21 In the case of carbon nanotubes, optical reso-
nance linked to their one-dimensional character makes Ra-
man spectroscopy an extremely powerful technique to study
their evolution.22 Both the attenuation of the radial breathing
modes9 �RBMs� and changes in the pressure derivative of the
tangential modes10 �TM� have been invoked as indicators of
pressure-induced transformations.13 In some cases, a change
of sign of the pressure derivative of the TM frequencies has
been observed.10,18 For individualized nanotubes, the simul-
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taneous attenuation of RBM and TM has been observed.17 In
the case of bundled tubes, the loss of resonance of the RBM
has been proposed to explain its attenuation.23 This evi-
dences one aspect of the difficulty in confronting the various
experimental observations and theoretical predictions. In or-
der to gain some insight in this complex panorama, the in-
troduction of an internal probe inside the nanotubes is the
strategy chosen in this paper. Fullerenes are good candidates
for such an internal probe as they can easily fill nanotubes,
their Raman signal is well defined and intense enough, and
there exist previous high pressure studies. The C70 fullerene
possesses an advantage with respect to C60 since the poly-
merization of the C70 oval molecule inside carbon tubes of
rather small diameters is less favorable, as the preferred po-
lymerization orientation is zig zag.24,25 In the present study,
indeed, we have not found any indication of pressure-
induced polymerization of C70 inside the nanotubes.

Several pressure studies have been carried out on C60
peapods,26–28 but less on C70 peapods.24,29 To our knowledge,
there has been only one Raman study on C70 peapods under
pressure.29 In that work, the behavior of C60 and C70 peapods
was investigated by Raman spectroscopy from 0 to 9 GPa. It
revealed that the effective pressure acting on the C60
fullerenes is screened by the tube. For C70 peapods, the evo-
lution of three fullerene Raman modes led the authors to
conclude to a transition at around 2 GPa. This transition was
interpreted as the switching of the oval C70 molecules from
standing to lying position inside the tubes.

II. EXPERIMENTS

Bundled C70@SWNT peapods �where SWNT denotes
single wall nanotube� were prepared as buckypaper samples
following a method described elsewhere.30,31 By electron mi-
croscopy and x-ray diffraction, we estimated the filling factor
to be at least 80%, with a very low rate of nonendohedral C70

fullerenes �see Fig. 1�. The diameter of the tubes ranges from
1.25 to 1.47 nm, as estimated by Raman spectroscopy and
x-ray diffraction.30 A sample of empty closed nanotubes used
to produce these peapods was also studied as a reference.

Transmission electron microscopy �TEM� studies were
performed on a FEI Tecnai F20 FEG TEM/STEM micro-
scope operating at 200 kV. High resolution TEM images
�Figs. 1�c� and 1�d�� confirm the former values for the tube
diameters. In fact, it is well established32,33 that in this kind
of image, the fringes observed correspond to the �11� planes
of the two-dimensional triangular network formed by the
nanotubes in the bundle arrangement in the longitudinal pro-
jection. In such case, these images are not directly related to
the individual nanotube atomic structure, but to that of the
bundle network. Thus, measuring the distance between two
of those fringes, the diameter dispersion of the nanotube can
be deduced.33 For the observed bundle �Fig. 1�d��, we found
a diameter close to 1.5 nm, which is in agreement with the
1.25–1.47 nm range. It has been shown recently that the
critical diameter for the switch between standing and lying
orientations of the C70 molecules inside a single wall carbon
nanotube �SWNT� lies between 1.42 and 1.44 nm.34 In our
sample, we thus expect that, even if some C70 molecules can
be found in standing configuration as shown by x-ray
diffraction,30 most of the C70 molecules are in lying orienta-
tion.

High pressure experiments were carried out by using a
diamond anvil cell with a metal gasket. The hole of the gas-
ket serving as the compression chamber was set to 125 �m
in diameter and 35 �m in thickness. This chamber was filled
with a small piece of buckypaper, a ruby chip for pressure
calibration, and the pressure transmitting medium �PTM�.
Three PTMs were used: paraffin oil, a 4:1 methanol:ethanol
mixture, and argon, referred in the following as oil, alcohol,
and argon, respectively. Raman spectra were measured in
situ in backscattering geometry on a Jobin Yvon Labram
HR800 spectrometer, with a spectral resolution of about
0.5 cm−1. The laser wavelength was 514.5 nm, which opti-
mizes the resonant Raman signal of both nanotubes and
fullerenes.29

We could, thus, observe separately the RBMs �Fig. 2�a��
and TMs or G band �Fig. 2�c�� of the tubes around
160–200 cm−1 and 1400–1600 cm−1, respectively, as well
as the spectral region between the RBM and the D band
�350–1280 cm−1�, containing many weak modes from the
C70 fullerenes and some nanotube intermediate modes �Fig.
2�b� in oil and Fig. 3 in alcohol�. The C70 modes are clearly
discernible from the SWNT ones, which have a full width at
half maximum �FWHM� significantly larger because of the
nanotube diameter distribution. A comparison with the spec-
tra of the empty nanotubes at different pressures allows to
distinguish the C70 modes from the other components �nano-
tubes or PTM bands�. The positions of the C70 and nanotube
modes at ambient pressure are shown as tick marks in the
lower plot of Figs. 2�b� and 3. The spectra were recorded at
different pressures up to the disappearance of most of the
fullerene modes in oil �some modes remained at about
700 cm−1� and of all the modes in alcohol. The spectra re-
corded with argon as PTM are not shown as they are very
similar to those of the alcohol case �see below�.

FIG. 1. Transmission electron microscopy images of the initial
sample of peapods with different enlarging. It can be seen in �a� and
�b� that the tubes are organized in bundles. From �c� and �d�, we
estimate the diameter of these tubes, close to 1.5 nm, and their
filling factor, higher than 80%.
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III. RESULTS AND DISCUSSION

A. Low pressure transition

A regular upshift of the RBM frequencies of about 6 cm−1

is observed up to their disappearance at around 8 GPa in oil
and at 14 GPa in alcohol and argon. This upshift value is in
the lower mean of former observations on single-walled car-
bon nanotubes9,13,17,35 and is consistent with values obtained
on double-walled carbon nanotubes.36 In Fig. 4, the line-
width of the RBM is plotted versus the pressure for peapods
in oil, alcohol, and argon, and empty nanotubes in oil. We
observe the onset of a progressive increase of this linewidth
between 2 and 2.5 GPa in all cases, which is associated with
the onset of the progressive attenuation of the RBM signal.
Within our precision, this critical pressure is independent of
the filling of the tubes as well as the choice of PTM. The
independence from the endohedral filling of the value of this
transition pressure strongly suggests the weak character of
the fullerene-tube interaction from ambient pressure to
2 GPa. This is also supported by the weak pressure depen-
dence of the Raman fullerene modes in this pressure domain
as it will be discussed later. Contrarily to the transition pres-
sure value, the broadening rate of the RBM after the transi-
tion strongly depends on the filling of the tubes, and slightly
on the choice of PTM �see Fig. 4�. The viscosity of the PTM,

or steric arguments having consequences on the modulation
of the pressure-induced deformations, may explain these dif-
ferences.

In Fig. 5�a� �Fig. 5�b�� we show the pressure evolution of
the position of C70 Raman modes when oil �alcohol and ar-
gon� is used as PTM. It is worth noting that in this figure, as
in Fig. 4, the results are exactly the same in alcohol and
argon, which justifies why both results are presented together
in the same graph. At 3.5 GPa, we observe in Fig. 5�a� a
strong variation of three mode intensities �450, 740, and
1180 cm−1� and a clear change in the pressure derivative
frequency of three other fullerene modes. Except for the
modes between 565 and 745 cm−1, the frequencies of which
are quite insensitive to pressure, most of the slopes change
from less than 1 cm−1 /GPa to several cm−1 /GPa, as shown
in Table I. In the case of argon and ethanol as PTM �Fig.
5�b�� this transition cannot be observed because the starting
pressure was higher, due to the cell loading protocol. Never-
theless, according to the linear fits obtained from Fig. 5�a�,
the slopes are perfectly consistent with the values measured
after the transition at 3.5 GPa. As shown in Table I, the post-
transition values are also in good agreement with the ones
found when compressing pristine C70 crystals,37 where all
fullerenes lie in layers. All these observations are a sign of
the onset of the interaction between the tubes and the
fullerenes or/and between the fullerenes themselves. We note
that the observed change in the pressure derivative of the C70
frequencies is of opposite sign to the ones observed in Ref.
29. The origin of such a discrepancy can be due to the fact

FIG. 2. Pressure evolution of the Raman spectra of C70 peapods
when paraffin oil is used as pressure transmitting medium. �a� RBM
signal up to its attenuation. �b� Spectral region between 350 and
1280 cm−1 dominated by the C70 modes. The lower central panel
shows the peak positions corresponding to the contribution to the
signal of �t� nanotubes and �f� C70 fullerenes at ambient pressure.
�c� TM signal. The upper spectra shown in the three panels were
measured after pressure release. The boxes under the lower spectra
give the magnification of the different spectra at ambient pressure.

FIG. 3. Pressure evolution of the Raman spectra between 350
and 1280 cm−1 of the C70 peapods when a 4:1 methanol:ethanol
mixture is used as pressure transmitting medium. As in Fig. 2, the
lower plot shows the peak positions corresponding to the contribu-
tion to the signal of �t� nanotubes and �f� C70 fullerenes at ambient
pressure.
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that the very weak signal of the fullerenes observed in
that work coincides with the signal of the PTM: a 4:1
methanol:ethanol mixture, which evolves under pressure as
shown in Ref. 38.

The pressure values of 2–2.5 GPa, at which we observe
the change of evolution on the RBM, are in good agreement
with the theoretically predicted pressure of transition for our
tube size. These predictions involve nanotube cross-section
modifications,1,2,4–7 in agreement with other experimental
observations.9,11,16,18 In addition, our results show that �i� the
cross-section modification should be compatible with the
presence of C70 fullerene inside the tubes, �ii� the transition
does not give rise to an immediate enhancement of the
fullerene-tube or fullerene-fullerene interaction, which takes
place at higher pressures, and �iii� both the fullerene modes
and the FWHM of the RBM show a monotonous behavior
with pressure from the observed transition pressures. All

these constraints exclude nanotube cross-section changes in-
volving an important volume reduction, as, for instance, the
flattening of the tubes. They also let us envisage a progres-
sive modification of the nanotube cross section from the tran-
sition. Possible nanotube shapes compatible with such con-
straints and corresponding to several predictions, like
ovalization and polygonization, are shown in Figs. 6�b� and
6�e�.

B. High pressure transition

In Fig. 7 is shown the frequency of the TM maximum
intensity vs the pressure for peapods in oil, alcohol, and ar-
gon. We see that the pressure derivative frequency ��TM /�P
is, first, roughly constant with a value of about
10 cm−1 /GPa, which is in the higher mean of former obser-
vations on single-walled carbon nanotubes9,13,17 and higher

FIG. 4. Pressure variation of the RBM line-
width of the C70 peapods in oil �filled triangles�,
alcohol �filled circles�, and argon �filled stars�,
and empty nanotubes in oil �hollow triangles�.
Dashed lines are linear fits after the transition.

FIG. 5. Pressure evolution of
the Raman mode frequencies for
the encapsulated C70 fullerenes
with �a� oil or �b� alcohol �circles�
and argon �stars� as pressure trans-
mitting medium. The mode inten-
sities are normalized to the high-
est of each pressure. The obtained
relative intensities are displayed in
gray level. The vertical dashed
lines mark the observed transi-
tions �see text�. Linear fits are in-
cluded in �a� for modes having an
important change in their pressure
slopes upon the first transition.
These fits are kept in �b� for
comparison.
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than values obtained on double-walled carbon nanotubes.36

The shift of the TMs under pressure can be related to the
Gruneisen parameters and the applied mechanical strain39 as
is also observed in electrochemical doping effects.40 An im-
portant frequency downshift is then observed in the
10–35 GPa range, depending on the experiment: 11�2 GPa
for peapods in oil, 14�1 GPa for nonfilled tubes in oil, and
30�2 GPa for peapods in alcohol or argon. No clear fre-
quency downshift is observed for nonfilled tubes in alcohol
or argon up to 43 GPa. On pressure release, a strong hyster-
esis is observed. The initial TM shape and frequency are
recovered only at ambient pressure. For peapods, the key
point is the simultaneity between this frequency downshift
and the disappearance of most of the C70 modes �Fig. 5�,

suggesting a strong interaction between the nanotube and the
endohedral C70 in peapods. It is, however, interesting that the
same type of TM downshift process seems to affect both the
peapods and the empty nanotubes.

The most striking observation, which is the concomitant
TM frequency downshift with the attenuation of the C70 Ra-
man modes, suggests the possibility that the nanotubes be-
come strongly deformed. Nevertheless, the similar type of
frequency downshift measured for peapods and nonfilled
nanotubes excludes a physical origin of the observed down-
shift as due to the interaction between the tube and the
fullerenes. Finally, the observation of a strong hysteresis also
reinforces the idea that the TM frequency downshift should
be related to important changes on the nanotube structure.
For empty tubes, the flattening of the tube cross section �de-
picted in Fig. 6�c��, which would correspond to an important
tube deformation compatible with our observations, has been
predicted in this range of pressure.1,3 The TM frequency
downshift can be explained by a change in the nanotube
symmetry, as proposed in Ref. 41, or/and by the interaction
between the two sides of the nanotube wall. For peapods, as
noticed previously, the flat shape is not expected for steric
reasons. In fact, even if in intercalated systems the bulk
modulus of fullerenes has been found to be smaller than in
pristine phases,42 it remains exceptionally high and, for most
purposes, fullerenes can be considered as nondeformable ob-
jects. For that reason, peapods may rather transform at high
pressure toward the shape which was predicted in Ref. 43 at
ambient conditions, in the case of peapods having small di-
ameters. This type of deformation is depicted in Fig. 6�f�. In
such a case, the nanotubes are predicted to strongly interact
with the encapsulated fullerenes, as expected here. Thus, the
associated TM frequency downshift can be explained by
similar processes: an alteration of the nanotube longitudinal

TABLE I. Frequencies of the different C70 Raman modes ��0�
and their pressure derivative �d� /dP� in our peapod sample when
the PTM is oil �see Fig. 5�a�� compared to the case of pristine C70

�Ref. 37�. The mode frequencies at ambient pressure, �0, obtained
in this work �peapod� and in Ref. 37 �pristine� are shown in the first
two columns. In the next three columns the measured pressure de-
rivatives of these modes are given, d� /dP, before the transition at
3.5 GPa �P� Pt�, after the transition �P� Pt� and as obtained in
Ref. 37 �pristine�, respectively. In the cases where a comparison is
possible, we observe that the pressure derivative frequencies ob-
tained after the transition and in pristine C70 compare better.

�0 �cm−1� d� /dP �cm−1 GPa−1�

Peapod Pristinea P� Pt P� Pt Pristinea

451 0.6 2.1

504 0.0 1.1

568 564 0.0 0.0 −0.06

698 0.4 0.4

711 −0.1 −0.1

741 740 −0.2 −0.2 0.12

1057 1065 0.4 1.3 1.1

1179 1182 2.0 Disapp. 4 /−10.3

1223 1224 0.6 2.5 3.2

1252 0.6 2.1

aReference 37.

FIG. 6. Proposed pressure evolution of the nanotube shape in
nanotube �from �a� to �c�� and peapods �from �d� to �f��. Arrows
correspond to the two observable transitions in each system at low
pressure ��a�→ �b� and �d�→ �e�� and at high pressure ��b�→ �c�
and �e�→ �f��. �a�–�e� show the proposed cross sections: ��a� and
�d�� circular, ��b� and �e�� elliptical or polygonized, and �c� race-
track or peanut type. In �f� is shown a longitudinal cut of the peapod
after the second transition. See text for discussion.

FIG. 7. Measured pressure evolution of the frequency of the TM
maximum intensity for the peapods �filled symbols� and the empty
nanotubes �hollow symbols� in oil �triangles�, alcohol �circles�, and
argon �stars�. The solid lines are guides for the eye for increasing
pressures; the dashed lines represent the approximative paths during
the decompression. The vertical dashed lines mark the transitions
where the TM frequencies suddenly downshift. The data for empty
nanotube in argon �hollow stars� are obtained from Ref. 23.
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symmetry or/and the interaction between the nanotube wall
and the encapsulated C70 molecules. For both peapods and
empty tubes, the strong hysteresis observed in Fig. 7 can be
explained by a strong �attractive van der Waals bonding�
interaction between the carbon layers, which would maintain
the deformations during the release of the pressure.5

These different types of deformations may explain the
lower transition pressure values obtained for peapods com-
pared to empty nanotubes: 11�2 GPa for peapods versus
14�1 GPa for empty tubes in oil; 30�2 GPa for peapods
versus no transition up to 43 GPa for empty tubes in alcohol
or argon. It is interesting here to compare the different effects
on the high pressure stability of SWNT depending on the
type of tube filling, which we can qualify as disconnected in
the case of fullerene filling �peapods� or connected in the
case of filling with another carbon nanotube, i.e., in double
wall carbon nanotubes �DWNTs�. In fact, whereas in DWNT
the inner tube supports the outer tube, leading to higher tran-
sition pressures,36,44,45 we have found that the opposite is
observed in C70 peapods. The inhomogeneity in local con-
straints in peapods can be at the origin of such differences.

It is also worth noting that, contrarily to the first transi-
tion, the critical pressure of this second transition highly
depends on the choice of PTM. PTM effects on the high
pressure evolution of SWNT have already been
reported.35,38,46–49 However, we note here that again alcohol
and argon give exactly the same results both for peapods and
nonfilled tubes. These “delayed” transitions, obtained when
the PTM is alcohol or argon, may be explained by their
higher hydrostaticity or the small size of the molecules,
which may allow them to penetrate more easily in the bun-
dle’s interstitial regions and, thus, to stabilize the tubes. We
can also consider the stabilizing effect of the penetration of
the PTM inside the tubes as reported in Ref. 23.

In the case of nonfilled tubes, flattened structures have
been predicted either as a first order phase transformation
from the circular cross section with an important volume
collapse5 or as a continuous evolution from an intermediate
elliptic cross-section phase without volume collapse.1 Here,
we first observe for the SWNT a low pressure transition cor-
responding to the change of the original circular cross sec-
tion of the tubes �Fig. 6, �a�→ �b��. This low pressure tran-
sition is found to be incompatible with a volume collapse
�see Sec. III A� and is followed by a continuous and monoto-
nous evolution of the Raman spectra �especially of the RBM
enlargement and attenuation�, which suggests a continuous
change of the cross section. At higher pressure, the second
transition is due to an important change of the nanotube
structure. In correspondence with calculations, this second
transition is attributed to the flattening of the tube’s cross
section in the case of nonfilled tubes �Fig. 6, �b�→ �c��. The
predictions of Ref. 1 are probably those showing better
agreement with our experimental results.

C. Irreversible effects

As can be seen in Figs. 2, 3, and 7, the two observed
transitions appear as reversible and only minor modifications
are found in the recovered Raman spectra. In the following,

we discuss the presence of irreversible effects on peapods in
the light of higher pressure treatments and TEM images.

In Fig. 8, we show the recovered Raman spectra of pea-
pods at ambient conditions after different pressure treatments
using oil as PTM. We observe with increasing pressure of
treatment the rise of the intensity of the D band, the attenu-
ation of the RBM, and the enlargement of the TM. All these
signs correspond to the creation of defects in the
nanotubes.50 Interestingly, the attenuation of the RBM begins
from low frequencies �see the mode around 165 cm−1�,
which correspond to the nanotubes of higher diameters. This
is in agreement with the results obtained by photolumines-
cence in Ref. 17, suggesting that the structural damages are
facilitated in nanotubes of large diameters. We observe a
perfect reversibility of the frequencies of the nanotube inter-
mediate modes and of those of C70, but also the attenuation
of their intensity with increasing pressure. After a pressure
treatment at 36 GPa, the C70 modes are not detectable,
whereas a nanotube intermediate mode at 850 cm−1 is still
observed. This attenuation is correlated to an intensity en-
hancement of the D band.

In Fig. 9, we compare the recovered spectra of the pea-
pods after a pressure cycle at 36 GPa with the different
PTMs. We observe exactly the same shapes for the RBM and
the TM, but the D band is more pronounced in the case of
oil. The Raman signal of the C70 molecules has disappeared
in the case of oil, whereas it is still present in the case of
alcohol and argon. In these latter cases, the reversibility of
the mode frequencies and relative intensities is perfect, ex-
cept for the mode at 450 cm−1. This must be related to the
PTM dependence found for the high pressure transition: once
again, �i� the results are PTM dependent, �ii� alcohol and
argon give the same results, and �iii� pressure effects seem to
be delayed when alcohol or argon is used, compared to the
case of oil.

In Fig. 10 are shown TEM images of the peapod bundles
after pressure treatment at �a� 22 GPa in oil and ��b�–�d��
36 GPa in alcohol. In Figs. 10�a� and 10�b�, we observe that
the length of the peapods is reduced with respect to the origi-
nal sample �Fig. 1�. This shortening of the peapod bundle

FIG. 8. Recovered spectra of peapods at ambient conditions
after different pressure treatments �16, 34, and 36 GPa� when the
pressure transmitting medium is oil.
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length may be associated with shear forces related to the
extrusion of the PTM after its solidification. We also observe
in Figs. 10�c� and 10�d� the transformation of part of the
original sample. In fact, in addition to the remaining pea-
pods, we found additional nanostructures such as �c� multi-
walled nanocones and �d� polygonized nano-onions, which
were not detected by Raman spectroscopy. We can also ob-
serve in these two micrographs, close to these additional
nanostructures, other structures that could correspond to dis-
ordered peapod bundles.

Finally, we see that high pressure treatments induce de-
fects in the peapods �including their shortening�, and can
transform a part of them into other nanostructures. These
nanostructures representing a mixture of multiwalled nano-
cones and disordered sp2 clusters �see Fig. 10�c�� must con-
tribute to the defects that are responsible for the increase of
the D band. It is worth noting that the D band also rises when
argon is used as PTM �Fig. 9�. Therefore, these defects can-
not solely be attributed to a chemical interaction between the
nanotubes and the PTM, for instance, covalent bond creation.
It is remarkable that the alteration of the peapods—and, thus,
their transformation into other structures—begins from the
nanotubes of larger diameters. This may be explained by the
fact that the latter are more subjected to pressure-induced
deformations.

After a pressure treatment at 36 GPa, contrarily to the
case of alcohol and argon, the Raman spectra are strongly
modified when the PTM is oil: the C70 modes disappear and
the D band is more intense. Moreover, the recovered sample
was transformed into powder, and it was not possible to re-
cover some of it for the TEM experiments. All this suggests
that important transformations also occurred in this case. It is
surprising to see that the �relatively� intense C70 modes dis-
appear, while the nanotube intermediate modes are still vis-
ible. This looks like an alteration of the C70 molecules inside
preserved nanotubes. Amorphization of pristine C70 have, in-
deed, been reported in the 20–35 GPa domain, with an irre-
versibility occurring presumably at 35 GPa.51,52 However,
the creation of defects and the shortening of the tube can also

explain our observation. The nanotube intermediate modes
have, indeed, been predicted to be tube-length dependent,
with no intensity at all for infinite length.53 The relative in-
tensity of the nanotube intermediate modes may have been
enhanced by the shortening of the tubes. More generally,
such a nanotube intermediate mode enhancement has been
reported when defects are created in SWNT.54 Therefore, our
observations are consistent with a very weak signal of the
few untransformed �short and damaged� peapods, where only
the nanotube modes can be seen.

IV. SUMMARY

In situ high pressure studies monitored via Raman spec-
troscopy have been performed on bundles of single-walled
carbon nanotubes filled with C70 molecules. We have pro-
vided strong evidence that the single wall carbon nanotubes
undergo two transitions under pressure. These transitions are
detected by a modification of the Raman spectra of the RBM
and TM, but also of the encapsulated C70 fullerenes when
present. The first transition occurs at about 2–2.5 GPa inde-
pendent of the choice of the pressure transmitting medium,
as well as of the filling or not of the tubes. The transition is
characterized by the broadening of the RBM and is followed
by a change in the slopes of the C70 Raman modes �when
present� at 3.5 GPa. We explain this by a change of the nano-
tube cross section toward the predicted oval or polygonized
shape, which causes the compression of the encapsulated
fullerenes shortly after. We cannot exclude that this interac-
tion is associated with the flip of standing C70 fullerenes
toward lying configuration. The second transition takes place
in the 10–30 GPa range. This transition highly depends on
the choice of the PTM and the filling of the tubes. It is
characterized by the simultaneous frequency downshift of
the TM and disappearance of the C70 Raman modes �when

FIG. 9. Recovered spectra of peapods at ambient conditions
after a pressure cycle up to 36 GPa when using oil, alcohol, or
argon as pressure transmitting medium.

FIG. 10. Transmission electron microscopy images of the
sample of peapods after pressure treatment. The nanotube bundles
are shorter �broken� after a pressure treatment at �a� 22 GPa in oil
and �b� 36 GPa in alcohol. Additional nanostructures are also
formed after a 36 GPa treatment in alcohol, like these �c� multi-
walled nanocones and �d� polygonized nano-onions.
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present�. We assign this behavior to the predicted flattening
of the empty tubes and the deformation of the peapods to-
ward a shape predicted for peapods of small diameters. In
accordance with the literature, the observed TM frequency
downshift can be due to the attracting van der Waals or bond-
ing forces between the carbon layers �tube walls or
fullerenes� or/and the alteration of the nanotube symmetry.
Other possibilities such as the predicted tube interlink cannot
be excluded.2 We have also evidenced the shortening of the
tubes under pressure, the formation of additional nanostruc-
tures, and, in one case, the disappearance of the C70 Raman
signal, either due to the alteration of the encapsulated
fullerenes inside the tubes or the combined effect of trans-
formations and defect creation in the tubes.

The two successive transitions experimentally observed
here in single wall carbon nanotubes under pressure are in
very good agreement with the theoretical predictions of Chan
et al.1 �bundled tubes� or Zang et al.3 �individual tubes�.
Nevertheless, they are in contradiction with some predictions
of a sudden flattening transition occurring in the 1–2 GPa
range for nanotubes in bundles.5 However, the effect of pres-
sure may highly depend on the samples, especially between
isolated and bundled tubes. For example, a negative compo-

nent of the TM frequency, as is observed for our second
transition, has also recently been observed in individualized
empty tubes after a pressure transition around 2 GPa by
Freire et al.18 Therefore, further investigations may be nec-
essary to determine on which conditions theoretical works
and experiments can be in good agreement. We found a
strong effect of the PTM on the higher pressure transition,
which is the expression of the different interaction between
the PTM molecules and the nanotubes. This can also be dis-
cussed in the light of our knowledge on nanocomposite ma-
terials, since the pressure transmitting media are solid at the
considered pressures. The interface issues in nanofiber com-
posites are well known as a key factor of the composite
physical properties. We suggest that the different interphases
obtained with the different PTMs are at the origin of our
observations. This opens other perspectives for the study of
the mechanical stability of carbon nanotube composite mate-
rials.
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