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The pressure response of double-wall carbon nanotubes has been investigated by means of Raman spectros-
copy up to 10 GPa. The intensity of the radial breathing modes of the outer tubes decreases rapidly but remain
observable up to 9 GPa, exhibiting a behavior similarsbut less pronouncedd to that of single-wall carbon
nanotubes, which undergo a shape distortion at higher pressures. In addition, the tangential band of the external
tubes broadens and decreases in amplitude. The corresponding Raman features of the internal tubes appear to
be considerably less sensitive to pressure. All findings lead to the conclusion that the outer tubes act as a
protection shield for the inner tubes whereas the latter increase the structural stability of the outer tubes upon
pressure application.
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Carbon nanotubes have attracted intense scientific interest
due to their fascinating essentially one-dimensional elec-
tronic and vibrational band structure, their unique mechani-
cal properties, as well as the prospect for numerous applica-
tions. Raman spectroscopy has become a widespread tool for
the analysis and characterization of carbon nanotubes and
numerous high-pressure Raman scattering studies, on single-
wall carbon nanotubessSWCNTsd and multiwall carbon
nanotubes, have made important contributions towards the
understanding of the physical properties of these
materials.1–3A discontinuous reduction in the intensity of the
low frequency radial breathing modessRBMsd near 2 GPa
has been observed in SWCNTs, accompanied, in some cases,
by changes in the pressure coefficients of the tangential
modes to lower values. These experimental findings have
been attributed to a pressure induced hexagonal1 or oval2

distortion of the cylindrically shaped cross section of the
bundled nanotubes. In addition, high-pressure x-ray diffrac-
tion sXRDd measurements together with theoretical calcula-
tions suggest a structural distortion at,1.5 GPa, which is
also associated with a pressure-induced nanotube
polygonization.4 Raman spectroscopy at ambient pressure
has been also successfully employed in the study of the more
recently observed5 and synthesized in bulk quantities6

double-wall carbon nanotubessDWCNTsd, suggesting that
the outer tubes provide an unperturbed environment to their
interior7 and that the interaction in a DWCNT bundle is
stronger than the inner-outer tube interaction.8 In this work,
we study the effect of high-pressure on DWCNTs by means
of Raman spectroscopy in order to investigate their structural
stability and compare it with that of SWCNTs, elucidating
the differences induced by the inner-outer tube interaction.

Two main processes are employed to synthesize
DWCNTs. The direct process by catalytic chemical vapor
deposition sCCVDd9 and the peapod conversion process6

used for the preparation of the DWCNT material studied

here. The starting raw SWCNT material was generated by
the pulsed laser vaporization of a carbon rod with Ni and Co
catalysts in a furnace operated at 1473 or 1523 K,10 while
the peapods were prepared by a reaction of the purified un-
capped SWCNTs withC60 vapor.11,12 The SWCNTs and the
resulting peapods have been extensively characterized by
transmission electron microscopysTEMd, XRD, and Raman
measurements, revealing a purity of the SWCNTs higher
than 90% with a diameter distribution from 1.25 to 1.47 nm
and a filling of 85% forC60 in peapods.12 At the final step of
the preparation process, the peapods were converted into
bundled DWCNTs by heating for 5 h at 1473 K in vacuum,
following Bandow’s procedure.6,13 Raman spectra of the
DWCNTs were recorded in the backscattering geometry us-
ing a micro-Raman, triple grating systemsDILOR XY d
equipped with a cryogenic charge coupled devicesCCDd de-
tector. The spectral resolution of the system was,2 cm−1.
High pressure Raman measurements were carried out using a
Mao-Bell type diamond anvil cellsDACd. The 4:1 methanol-
ethanol mixture was used as pressure transmitting medium
and the ruby fluorescence technique was used for pressure
calibration. For excitation, the 514.5 nm line of an Ar+ laser
was focused on the sample by means of a 203 objective,
while the laser power was kept below 2.5 mW—measured
directly before the cell—in order to eliminate laser-heating
effects on the probed material and the concomitant softening
of the observed Raman peaks.14,15 The phonon frequencies
were obtained by fitting Lorentzian functions to the experi-
mental peaks, whereas numerical integration after back-
ground subtraction was used for the calculation of integrated
intensities of the RBM bands.

Raman spectra of the DWCNT material at room tempera-
ture and various pressures up to 10.3 GPa are illustrated in
Fig. 1 along with a spectrum taken after pressure release to
ambient conditionsstop paneld. The Raman spectrum of the
starting SWCNTs at ambient pressure is also included for
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comparisonsbottom paneld, revealing the transformation to
DWCNTs. Note that the Raman spectrum for the intermedi-
ate peapod productsnot shown in Fig. 1d is almost identical
to that of the SWCNTs apart from small RBM frequency
shifts to lower values and the appearance of the characteristic
fullerene peak attributed to theAgs2d C60 intramolecular
mode at,1465 cm−1 svery weakd. Two frequency regions
are displayed:sid 100–500 cm−1, containing the RBMs of
the carbon nanotubes andsii d 1300–1800 cm−1, where the
tangential modes of the rolled graphene sheets are located. It
is well-known that in SWCNTs the frequencies of the RBMs,
vRBM are inversely proportional to the diameter,dt of the
tubes,16 following the general expressionvRBMscm−1d
=A/dtsnmd+B. For a rough estimation of the tube diameters
in the DWCNT material, we have used the valuesA
=234 cm−1 nm and B=10 cm−1, applied previously for
SWCNT17 and DWCNT7 bundles.

Three main radial bands are observed at ambient condi-
tions, each comprising of several individual Raman peaks,
reflecting tubes with different chiral vector and the inner-
outer tube interaction.7,8 Two peaks located at 175 and
186 cm−1 slabeled, asR1 andR2 in Table Id constitute the first

RBM band. By means of the above-mentioned expression,
these peaks are associated with carbon tubes of relatively
large diameters, in the range 1.33–1.42 nmsouter or primary
tubesd. The second radial band extends from
300 to 350 cm−1 comprising of at least three peaks, with the
strongest located at,323 cm−1 sR4d, whereas the higher en-
ergy RBM band spans the frequency range 370–400 cm−1.
In the latter RBM band, four Raman peaks can be clearly
resolved, with the one at,384 cm−1 sR5d being intense and
extremely narrow. Both bands containing the strong peaksR4
and R5 are attributed to the innerssecondaryd nanotubes.
Their frequencies suggest diameters in the range of 0.66–
0.77 and 0.61–0.64 nm, respectively. The difference in the
mean diameter of the primary and secondary tubes is
,0.7 nm, marginally larger than the double of the turbo-
stratic constraint of graphite at room temperature
s0.344 nmd. These results are compatible with the XRD stud-
ies of a DWCNT material prepared with exactly the same
method, revealing that the mean primary tube diameter is
,1.38 nm with an inner-outer tube separation of 0.36 nm.13

In addition to the main three RBM bands, two weak and
broad peaks are also resolved in the low frequency region at
,106 and,267 cm−1. The former could be assigned to car-
bon nanotubes with a very large diameters,2.44 nmd, while
the latter corresponds to tubes of,0.91 nm in diameter.

In the high frequency region of the Raman spectrum for
the DWCNTs two main bands are observed at ambient con-
ditions. The weaker band marked by “D” is attributed to a
disorder-induced mode,3,18 which also appears in graphite.19

In our DWCNT material it is comprised mainly of two peaks
located at 1320sD1d and 1348 cm−1 sD2d compared to the
single corresponding peak in SWCNTs at 1347 cm−1 sbottom
spectrumd. As the D band frequency exhibits a downshift
with decreasing nanotube diameter,20 the D1 and D2 peaks
should be ascribed to secondary tubes and primary tubes,

TABLE I. The phonon frequencies and their pressure coeffi-
cients for the well resolved Raman peaks in DWCNTs.

Parabolic fitting Linear fitting

Mode
vi

scm−1d
]vi /]P

scm−1/GPad
]2vi /]P2

scm−1/GPa2d
]vi /]P

scm−1/GPad

R1 175 5.8

R2 186 7.17 −0.16 5.8

R3 267 2.2

R4 323 1.5

R5 384 1.1

D1 1320

D2 1348 10.71 −0.36 7.1

G1 1503 1.51 0.06 2.1

G2 1524 1.80 0.04 2.2

G3 1536 1.75 0.14 3.1

G4 1567

G5 1579 2.65 0.07 3.3

G6 1592 7.50 −0.14 6.1

FIG. 1. Raman spectra of the DWCNTs at room temperature and
various pressures, recorded upon pressure increase and after total
pressure releasestop spectrumd. The Raman spectrum of the starting
SWCNT material at ambient conditions is also included for com-
parisonsbottom spectrumd. The low frequency region in all spectra
and theD peak region in the spectra recorded at ambient pressure
have been suitably enhanced in order to improve visibility. The
vertical lines mark the main DWCNTs peaks followed with pres-
sure, while the asterisk marks a band due to the methanol-ethanol
mixture.
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respectively. The stronger Raman band marked by “G” is
related to theE2g mode of graphite19 and corresponds to
in-plane carbon stretching vibrations in nanotubesstangential
bandd.3,16 In SWCNTs, the tangential band contains two main
components resulting from the carbon displacements parallel
and perpendicular to the tube axis, usually labeled asG+ and
G−, respectively.3,17 Moreover, according to theoretical
calculations,18 the tangential band is expected to show a red-
shift for sufficiently small nanotube diameters, providing an
additional splitting of this band in SWCNTs and DWCNTs.21

In the DWCNT material investigated here, at least six com-
ponentssG1-G6d are resolved at ambient pressure and their
frequencies are tabulated in Table I. Based on previous Ra-
man studies of SWCNTs and DWCNTs,3,21 we interpret the
G6 strong Raman peak and theG5 shoulderlike peak as the
G+ component of the carbon nanotubes, reflecting the exis-
tence of the primary and secondary tubes, respectively. The
remainingG1-G4 peaks are attributed to theG− component
of the various tubes having different size, keeping in mind
that the lower energyG− peaks are associated with carbon
nanotubes of smaller diameter.22

Upon pressure application all the observed Raman peaks
shift towards higher energies, while at the same time signifi-
cant relative intensity changes take place. The pressure de-
pendence of the most characteristic Raman lines is illustrated
in Fig. 2, while their pressure coefficientssparabolic when
applicabled are given in Table I. With increasing pressure, the
RBM band of the outer tubessR1 and R2d displays strong
intensity attenuation. Above 3 GPa theR1 shoulderlike peak

cannot be resolved fromR2, which disappears completely for
pressures higher than 9 GPa. On the other hand, the RBM
bands of the secondary tubes are hardly affected by the pres-
sure, especially theR5 peak of the small inner tubes, which
remains narrow up to 10.3 GPa. This effect is quantitatively
illustrated in Fig. 3sad, where the integrated intensities of the
outer sR1-R2d and the larger inner tubessR4d RBM bands
normalized to that of the smaller onessR5d are plotted
against pressure. The relative integrated intensity of theR4
band remains almost unaffected up to the highest pressure
attained, in contrast to that of the outer tube RBM band,
which decreases rapidly by an order of magnitude up to
,2.5 GPa. However, as already mentioned above, theR2
peak, although weak, persists for pressures up to 9 GPa in
contrast to the situation encountered in SWCNTs studies,
where the RBM bands disappear above 1.5 or 1.7 GPa.1,2

It becomes evident from Fig. 2, that theR2 peak exhibits
a small sublinear behavior, similar to that predicted theoreti-
cally by Venkateswaranet al. for the RBM band in SWCNTs
under high pressure.1 According to their model, there is no
penetration of the pressure transmitting medium into the in-
terstitial channels of the nanotube bundles and the applied
pressure causes a hexagonal distortion of the tube cross sec-
tion, eliminating the radial band. This description can be also
adopted for the outer tubes in DWCNTs, although in this
case the distortion of the outer tubes is expected to be

FIG. 2. Pressure dependence of the Raman modes in DWCNTs.
In the low frequency regionsleft paneld only the stronger and well-
resolved peaks are plotted. The openssolidd symbols denote data
taken for increasingsdecreasingd pressure while solid lines are least
square fittings.

FIG. 3. sad Integrated intensities of theR1, R2 scircles, outer
tubesd andR4 ssquares, large inner tubesd radial bands normalized to
the higher frequency RBM bandsR5 peak region, small inner tubesd
as a function of pressure.sbd Pressure dependence of the FWHM of
the two strongest tangential modesG5 and G6, corresponding to
inner and outer nanotubes, respectively. The openssolidd symbols
denote data taken for increasingsdecreasingd pressure in both pan-
els while solid lines are drawn to guide the eye.
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smallersthe R2 band persists with pressured, possibly due to
the presence of the inner tubes. This assumption is further
supported by the smaller pressure slopes of theR1 and theR2
peakssprimary tubesd in comparison to those reported in the
literature for the RBM band of SWCNTs and compiled in
Ref. 3. Moreover, the pressure coefficient for the Raman
peaks associated with the outer tubes is much larger than
those corresponding to the inner onessFig. 2, Table Id. The
overall behavior of the RBM bands under pressure indicates
that the outer carbon nanotubes are, by far, more vulnerable
to pressure application than the inner tubes in line with the
proposed stronger inter-DWCNT interaction than that be-
tween inner and outer tube at ambient conditions.8 It seems
logical to suggest that the existence of the primary tubes
results in a screening of the applied pressure on the second-
ary tubes, while the latter provide structural support against
pressure induced deformation of the outer tubes. This as-
sumption is consistent with recent results of the high pres-
sure Raman study ofC60 peapods by Rafailovet al. where a
pressure shielding ofC60 inside the tubes is also observed.23

Finally, the puzzling pressure response of theR3 radial peak,
corresponding to tubes of an intermediate diameter, must be
noted. Namely, the peak intensity decreases with increasing
pressure and its pressure evolution cannot be followed be-
yond 3 GPa, in close analogy to what is observed for the
RBM band of the primary tubes. However, the very small
pressure coefficient of theR3 peak—comparable to those of
the secondary tubes—prevents an unambiguous assignment.

The pressure response of the tangential band is also of
great importance, further supporting the above consider-
ations. TheG6 peak assigned to theG+ band of the outer
tubes exhibits a much larger pressure coefficient than that of
G5 attributed to the inner tubes, in agreement with our pro-
posed assignment and the pressure screening effect inside the
primary tubes. The different pressure coefficients result in a
more clear separation of the two peaks at elevated pressures
sFig. 1d. At the same time, a significant broadening and am-
plitude drop of theG6 peak take place with pressure. In Fig.
3sbd, the full width at half maximumsFWHMd of theG5 and
G6 peaks is plotted as a function of pressure. It is evident that
G6 broadens much faster thanG5 peak, reflecting again the
larger deformation of the outer tubes and the pressure screen-
ing for the inner ones. Another noticeable point is the sub-
linear pressure dependence of theG6 peak positionssimilar
to that of the corresponding radial band,R2d in contrast to the
superlinear behavior ofG5. This can be understood by as-
suming that with increasing pressure the inner-outer tube in-
teraction becomes progressively stronger supporting the pri-
mary tubessreduced sloped, while at the same time the
secondary tubes are increasingly affected by pressuresin-

creased sloped. TheG4 shoulder, assigned to theG− compo-
nent of the larger primary tubes, shifts swiftly with pressure
slike the G+ component of these tubesd and merges with the
G5 and G6 peaks above,1 GPa. The rest of theG peaks,
associated with smaller nanotubes, display pressure coeffi-
cients considerably smaller than that of theG6 peak and
comparable with that ofG5. Their superlinear trend with
pressure further supports their assignment to the secondary
tubes.

The pressure dependence of theD band could not be fol-
lowed at low pressures due to the overlap with the strong
Raman signal of the diamond in the DAC around 1332 cm−1.
Only above 6 GPa, a weak and broad peaksD2d appears in
the measured spectral window. Its pressure behavior appears
again to be sublinear in agreement with our tentative assign-
ment of this peak to the outer shells. As peaks associated
with inner tubes have much smaller slopes, theD1 peak does
not appear in our spectral window up to 10.3 GPa. Note that
the broad and weak band observed at,1455 cm−1 inside the
DAC sasterisk in Fig. 1d, is absent in spectra taken outside
the cell. This peak is attributed to the hydrostatic pressure
medium of methanol-ethanol.24

Although the pressure-induced shifts of the Raman peaks
in DWCNTs are fully reversible, this is not the case for the
relative intensities of certain bands. Namely, the integrated
intensity of theR1-R2 band and the amplitude of theG6 peak
do not fully recover after total pressure release. Moreover,
the intensity of theD bands after pressure release remains
somewhat larger to that initially recorded at ambient condi-
tions. These divergences suggest the existence of residual
pressure-induced deformations of the primary tubes, in anal-
ogy to those observed in SWCNTs.1

Summarizing, our high pressure Raman study on the
DWCNTs show that the application of pressure initially
causes the deformation of the primary tubes, which actually
shield the inner tubes against pressure. At higher pressure,
the increased interaction between outer and inner shells acts
as to provide structural support against the deformation of
the outer tubes. During the course of this work, a high pres-
sure Raman studysexcitation with 633 nmd of a DWCNT
material prepared by the CCVD method has been
published.25 The results of this study, focused on the pressure
response of the two high frequency tangential peaks attrib-
uted to the inner and outer tubes, are in good agreement with
the frequency shifts and the linewidths pressure evolution of
the G5 andG6 peaks presented here.
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