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Probing the single-wall carbon nanotube bundle: Raman scattering under high pressure
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We report experimental and theoretical investigations on the pressure dependence of the Raman-active radial
and tangential vibrational modes of single-wall carbon-nanotube bundles. Using 514.5-nm excitation, we find
that the radial mode intensity disappears beyond 1.5 GPa, and the tangential mode intensity also drops con-
siderably above this pressure. This observation is tentatively attributed to a loss in the electronic resonance in
the Raman scattering cross section due to a hexagonal distortion in the cylindrical cross section of the tubes in
the bundles under compression. Theoretical calculations were made as a function of pressure using a general-
ized tight-binding molecular dynamics scheme that included intertubule van der Waals coupling. Under certain
model assumptions, the experimental pressure dependence of the radial mode is well described by the calcu-
lations, indicating that intertubule interactions strongly influence the ambient pressure frequency and the
pressure behavior of the radial breathing mode.@S0163-1829~99!11115-9#
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I. INTRODUCTION

The recent discovery of synthesis methods to prod
single wall carbon nanotubes~SWNT! in bulk quantities has
generated a tremendous impetus to study the unique pro
ties of these quasi one-dimensional structures.1,2 An ideal
SWNT can be viewed as a graphene sheet rolled up in
seamless, cylindrical tube with its ends capped with half o
fullerene molecule.3 Both the pulsed vaporization method1

and the electrical arc technique2 to synthesize SWNT in high
yield produce SWNT bundles~or ropes! consisting of severa
hundred SWNT arranged in a two-dimensional triangu
lattice.1 The SWNT are predicted to be semiconducting
metallic depending on the chirality of the tubes.4 Extensive
experimental and theoretical efforts are being pursued to
derstand their electronic, vibrational, and mechani
properties.5 The phonon spectrum probed by Raman sp
troscopy has been found useful both as a characterizati
tool and a testing ground for the theoretical predictions ab
the electronic and vibrational properties of SWNT. Recen
we reported tube diameter-dependent, resonant Raman
tering from zone-center phonons of SWNT bundles.6 The
number of peaks, their relative intensity, and the band sh
observed in the Raman spectra of SWNT bundles have b
shown to depend sensitively on the energy of excitation
the range 0.94–3.05 eV.6–8 Large resonant scattering cro
sections were observed and identified with allowed opt
transitions between the valence and conduction band sp
PRB 590163-1829/99/59~16!/10928~7!/$15.00
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in the one-dimensional electronic density of states.6,9 The
relatively intense bands observed at low~150–220 cm21)
and high ~1500–1600 cm21) frequencies were identified
with the symmetric radial breathing~R! mode and tangentia
~T! C-C stretching modes, respectively.6 A recent paper by
Pimentaet al.7 suggests that the Raman spectrum exci
with laser energies in the range 0.94–1.59 and 2.41–3.05
selectively probe the semiconducting tubes, whereas
spectra excited with a range of energies close to 1.9 eV c
tain contributions from both the semiconducting and meta
tubes.

In this paper, we report the effects of hydrostatic press
on the first-order Raman scattering spectrum of SW
bundles excited with 514.5 nm~2.41 eV!. According to Ref.
7, the results presented here pertain to the semiconduc
tubes. For the analysis of the data, we performed numer
simulations of the SWNT bundle under pressure, using
generalized tight-binding molecular dynamics~GTBMD!
scheme, which included a van der Waals–type~vdW! inter-
tubule coupling. We find that the vdW interaction makes
important contribution to the frequency of theR mode and
impacts strongly its pressure dependence.

II. EXPERIMENTAL DETAILS

The SWNT bundles used in this study were prepared b
pulsed-laser vaporization process.1 The typical diameter dis-
tribution of the tubes in the bundle determined fro
10 928 ©1999 The American Physical Society
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FIG. 1. The pressure dependence of the room-temperature Raman spectra of SWNT bundle for the low-frequency radial breat
~a! and the high-frequency tangential bands~b!. Notice that theR band intensity disappears beyond 1.5 GPa and theT band intensity also
drops significantly above 1.5 GPa. The spectra were recorded using 514.5-nm excitation. The observed laser plasma lines are m
in panel~a!.
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transmission-electron microscopy and x-ray diffraction h
been published earlier.6 The mean-tube diameter in ou
sample lies between that of a~9,9! and ~10,10! armchair
tubes.6 A gasketed Merrill-Bassett-type diamond anvil ce
was used for the high-pressure Raman measurements ca
out at room temperature.10 The force applied on the opposin
diamond anvils was transmitted via a pressure medium to
sample and the diamond anvils served as the optical w
dows through which Raman scattering was excited and
lected. The pressure chamber was defined by the volume
200-mm diameter hole drilled at the center of the diamo
indentation in a hardened stainless steel gasket that was
pressed to a thickness of;100 mm. A small amount of
SWNT bundles and a tiny ruby chip were placed inside
gasket hole and filled with methanol-ethanol~4:1 volume
ratio! mixture, which served as the pressure transmitting m
dium. The pressure was calibrated to within 3% using
standard rubyR-line emission. Less than 5 mW of 514.5-n
radiation from an argon-ion laser was focused to a size
;50 mm on the SWNT sample inside the high-pressu
cell. Light scattered from the sample was collected in
back-scattering geometry, passed through a hologra
notch filter ~Kaiser Optical, Inc.!, dispersed using a singl
grating ~1800 grooves/mm! monochromator~Instruments
SA, Inc., model HR460!, and detected with a liquid nitroge
cooled charge coupled array detector. Light from a sm
mercury arc lamp was also recorded simultaneously with
ery Raman spectrum, so that small pressure-induced cha
in the Raman frequencies could be assessed accurately
respect to the 546.07-nm mercury green line.
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III. EXPERIMENTAL RESULTS

The Raman spectra in theR andT mode regions recorded
for several pressures are shown in Figs. 1~a! and 1~b!, re-
spectively. The 1 bar spectra~bottom traces in Fig. 1! were
recorded with the sample outside the diamond cell and he
cannot be used for intensity comparison with those spectr
the sample inside the pressure cell. Since calculations h
found that the frequency of theR mode in isolated nanotube
is sensitive to the tube diameter and independent of
chirality,11,12 an ensemble of nanotubes with a narrow dia
eter distribution centered around that of a~9,9! or ~10,10!
tubule diameter in our sample gives rise to an inhomo
neously broadenedR band at 186 cm21 as shown in the 1
bar spectrum@Fig. 1~a!#. Using the symmetry labels of a
isolated tube, this mode has been assigned to A1g symmetry.6

The narrow peaks seen above 210 cm21 in Fig. 1~a!,
marked with asterisks, are spectral artifacts due to plas
lines of the Ar ion laser. Their full widths at half maximum
intensity indicate the experimental resolution (;2.5 cm21).
In the tangential mode region@Fig. 1~b!# the bands with
peaks at 1550 and 1567 cm21 in the 1 bar spectrum, desig
natedT1 andT2, respectively, were assigned previously
modes of E2g symmetry; and the band labeledT3 at
1593 cm21 was identified with an unresolved triplet wit
A1g , E1g , and E2g symmetry components.6 These symme-
try identifications need to be confirmed by polarized Ram
scattering studies on aligned SWNT bundles. TheT modes
are expected to exhibit a weaker diameter dependence
the R mode6,13 but are, nevertheless, also expected to
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10 930 PRB 59U. D. VENKATESWARAN et al.
inhomogeneously broadened due to the diameter distribu
of the tubes in the bundles.

With increasing pressure, both theR andT bands upshift
in frequency~see Fig. 1!, as expected for a reduction in bon
lengths and a consequent stiffening of the bonds under c
pression. It is interesting to note that the intensity of theR
band decreases as pressure is increased and disappears
pletely beyond;1.5 GPa. This loss of radial mode intensi
is tentatively attributed to a hexagonal distortion of the tub
caused by compression and a concomitant loss of the e
tronic resonance in the Raman scattering cross section.
interpretation of theR mode data is further supported by a
abrupt and significant reduction~factor of 5! in the T mode
intensity observed between 1.5 and 1.9 GPa@see Fig. 1~b!#.
Above 1.9 GPa, there is a broadening of theT bands with
increasing pressure. However, the linewidths return to ne
the original values after the release of the pressure.
broadening is identified with reversible changes in
pressure-induced distortion of the tubes. Furthermore, u
gradually releasing the pressure from 5.2 GPa, the hig
pressure reached in our experiment, theR band was found to
reappear around 1.5 GPa. However, theR andT band inten-
sity during the downward cycle of pressure is significan
~factor of 2 or more! lower than that in the up cycle. In
addition, the down-cycle frequency positions are lower~by 2
to 4 cm21) compared to the values seen in the up cyc
Both of these observations may indicate the presence
pressure-induced changes in the intertubule contacts w
the bundles.

IV. THEORETICAL MODELS

We have performed numerical simulations to probe
pressure dependence of theR and T mode frequencies o
~9,9! and ~10,10! SWNT bundlesand individual tubes, ove
the same range of pressure as used in the experiments
GTBMD scheme explicitly incorporates the nonorthogon
ity of atomic orbitals while allowing for a full relaxation o
covalent bond lengths and angles with no symmetry c
straints. Previously, we have shown that GTBMD is ve
reliable for all-carbon systems, obtaining good agreem
with experimental results for the structural and vibration
properties of fullerenes, nanotubes, and carbon cluste14

The original formulation of the GTBMD~Ref. 14! was de-
signed to treat only covalent atom-atom interactions and
cluded the long-range van der Waals–type~vdW! interaction
between the tubes. To account for the intertubule coup
within a SWNT bundle, we added a Lennard-Jones-type
tential, U(r )54e@(s/r )122(s/r )6# to the GTBMD. We
used the carbon vdW parameters~viz., e52.964 meV and
s53.407 Å) given by Lu and Wang,15 which were fit to
reproduce the experimentally determined interlayer dista
and theC33 elastic constant of crystalline graphite. The
parameters have also been used successfully to describ
bulk properties of solid C60 and multiwall nanotubes.15,16

In order to interpret the present SWNT Raman data, th
models, as shown in Fig. 2 were considered:~I! uniform
external radial compression of the entire~infinitely extended!
triangular tube lattice,~II ! symmetric compression of all in
dividual nanotubes in the bundle,ignoring vdW interactions
between the tubes, and~III ! compression of individual nano
n
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tubes in a triangular tube lattice with vdW coupling betwe
the tubes. Model I assumes no penetration of the press
transmitting medium into the interstitial channels in the tu
lattice. The compression of the bundle is obtained via
external pressure. This compression causes a small hex
nal distortion in the cross-sectional area of the tubes in
bundles. Models II and III are consistent with the press
medium~methanol/ethanol mixture! penetrating into the in-
terstitial channels between the tubes, and thereby also tr
mitting a force to the tube walls in the interior of the bund
Model II simplifies the experimental situation by allowin
the pressure medium to exert a radially symmetric force
each nanotube. Model II would also apply to individual tub
suspended in the pressure medium. In model III, the pres
medium occupies the six interstitial channels surround
each nanotube and exerts a sin23u force profile with nodes
where neighboring tubes are closest. The maxima of
force profile match up with the center of each interstit
channel. Such a force profile also induces a small hexag
distortion in the tube cross section as found in model I.

To keep the problem tractable, no microscopic details
the interaction between the ethanol/methanol molecules
SWNT were considered. From a theoretical perspective
should be mentioned that only model I provides an una
biguous way of including the macroscopic pressureP into an
otherwise microscopic molecular-dynamics calculation. T
is done by the incorporation of a constant-press
ensemble17 into the GTBMD scheme allowing for the relax
ation of the infinitely extended, three-dimensional~3D! tri-
angular tube lattice. In models II and III, the effect of pre
sure is included as a static radial force of magnitudeFp
5PA, whereA is a relevant cross-sectional area for the co
pression perpendicular to the tube axis. For the compres
along the tube axis,P is introduced in the same way as
model I, but now as a uniaxial stress along the axis of in
vidual tubes. In model II, with no intertubule interaction, th
surface areaA per C atom is calculated using theexternal
radius of the tube given byr 5(tube radius11.67 Å), where
1.67 Å is one-half of the graphite interlayer distance. Fo
~9,9! tube with a diameter of 12.24 Å we find thatA
53.3 Å2. Describing pressure by radial forces in a 3D p
riodic system~model III! requires the specification of th

FIG. 2. Top view of the SWNT bundle showing schematica
the forces on the bundle and individual tubes when subjecte
pressure.~I!: Model I, in which the entire bundle with nanotube
arranged in a triangular lattice is subjected to an external comp
sion. ~II !: Model II, in which the individual tubes are each com
pressed symmetrically, and intertubule coupling is ignored. The
sence of vdW interactions between the tubes is sho
schematically by the lightly shaded tubes surrounding the ce
tube. ~III !: Model III, in which the pressure medium is allowed t
penetrate into the interstitial channels between tubes and the
exert a sin23u force on the tubes~see text!. Models I and III include
intertubule vdW coupling.
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contribution of Fp to the internal stress. According to th
usual expression,@Ref. 17# this contribution is taken to be
Fpr p /V, where r p is a radial distance vector andV is the
volume of the unit cell. The choice ofr p56 Å together
with A56 Å2 is found to reproduce the experimentally o
served pressure shift of theT modes in the SWNT bundle
Admittedly, specifyingFp and its contribution to the interna
stress introduces some uncertainty in our calculations.
results discussed below for models II and III represen
typical behavior, as determined from using different mag
tudes and profile shapes forFp .

For simplicity, we focused our calculational efforts o
~9,9! armchair nanotubes, which provides a rotational sy
metry compatible with the triangular tube lattice. Furthe
more, we have restricted the atomic basis for the 3D lattic
contain only one fundamental set of basis atoms of an in
vidual tube, i.e., 36 atoms for a~9,9! bundle. This means tha
the lattice is chosen to consist of identically oriented in
vidual tubes at each lattice site. This choice restricts, to so
extent, our ability to optimize the vdW coupling between t
tubes. In general, the rotational symmetry of an individ
tube will not be compatible with the rotational symmetry
the triangular lattice, and small rotations or translations
neighboring tubes may therefore be necessary to find
lowest-energy configuration. For the~9,9! bundle, the D9d
symmetry allows all the six tube-tube contacts around a c
tral tube to be equivalent. The same situationcannot be
achieved for a~10,10! bundle. Since the results of our calc
lations for the~9,9! and ~10,10! bundle are not qualitatively
different, we conclude that corrections obtained from cal
lations using larger unit cells with lower orientational ord
will be small. Moreover, for the finite bundle, correction
due to a deviation from the ideal extended lattice would
sult in an inhomogeneous broadening of the Raman lines
zero external pressure, the equilibrium lattice constants
the triangular tube lattice for the~9,9! bundle were deter-
mined to be a52.45 Å along the tube axis andj
515.40 Å for the intertubule lattice constant@see insets of
Fig. 4~a!#. @The corresponding calculated lattice constants
the ~10,10! bundle area52.45 Å andj516.7 Å.#

V. DISCUSSION

A summary of the experimental and calculated press
dependence of theR and T mode frequencies is shown i
Figs. 3~a! and 3~b!, respectively. The experimental freque
cies plotted in Fig. 3 correspond to the position of the ma
mum intensity in the respective bands. Data collected du
increasing and decreasing pressure cycles are shown, re
tively, as solid and open circles. The results of the calcu
tions for the~9,9! tube bundle using models I, II, and III ar
shown by the various lines as indicated in Fig. 3. For thT
modes@Fig. 3~b!#, only the calculated results for the E2g
mode of the~experimentally unresolved! triplet T3 is plot-
ted, since the calculated pressure behavior of the other c
ponents (A1g , E1g) is similar. A small variation in the
calculated pressure dependence for the A1g , E1g , and E2g
modes of the triplet may explain the broadening of theT3
band found in experiment. Furthermore, models II and
lead to almost the same pressure behavior for theT3 band,
i.e., E2g component, and we simply plot their arithmet
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mean ~dotted lines! in Fig. 3~b!. The approximately linear
pressure dependence of theT mode frequencies found by a
three models agrees reasonably well with the experime
data, although the frequency of theT3 (A1g , E1g , E2g)
band is underestimated in all three models. It should be m
tioned that all Raman active modes with frequen
.1300 cm21 exhibit a similar dependence on the extern
pressure. However, our GTBMD model predicts the frequ
cies for these modes to be below 1500 cm21 and are there-
fore not present in Fig. 3~b!.

Our GTBMD results for the pressure dependence of
high-frequency E2g(2) mode in graphite is also shown i
Fig. 3~b! as the dashed line. Compared to the experimen
graphite,18 our GTBMD calculations yield;14 cm21 larger
frequency at zero external pressure and;30% smaller pres-
sure dependence for the E2g(2) mode. As can be seen from
Fig. 3~b!, theT modes of the nanotubebundleexhibit a much
stronger pressure dependence than the corresponding2g
mode of crystalline graphite. At;4 GPa, model I yields a
small sudden change in the pressure-induced shift of the2g
mode frequency. This sudden change stems from the hex
nal distortion of the nanotube cross section, which allows
E2g mode to mix with other nearby vibrational modes@not
shown in Fig. 3~b!#. However, this anomalous behavior
the pressure dependence of theT modes is not found theo
retically to be associated with a structural transition.

In contrast to theT mode behavior, the pressure depe
dence of theR mode frequency@Fig. 3~a!# is found to be very
sensitive to the model used. This should be anticipated
cause the radial C-atom displacements are strongly in
enced by intertubule interactions and external radial forc
Model I is in excellent agreement with experiment. As me
tioned in Sec. IV, with increasing pressure in model I, ind
vidual tubes in the bundle are subjected to a small hexag
distortion in their cross section. Details of the pressure
pendence of the lattice constants and of the magnitude o
hexagonal distortion are depicted in Fig. 4. Note, that a sm
distortion is found already at zero external pressure. The
placement pattern of the radial-mode eigenvector is a

FIG. 3. Pressure dependence of the radial~a! and tangential~b!
vibrational mode frequencies of a SWNT bundle. The results of
calculations for the E2g component of the tangential mode triple
using models I, II, and III are indicated by solid and dotted line
Experimental data (T1, T2, andT3) measured during the upwar
and downward cycles of pressure are plotted as solid and o
circles, respectively. Dashed line in~b! corresponds to GTBMD
result for the E2g~2! mode frequency in graphite.



a
w
d
,
o

nc
u
ed
e

cr
e
si

c

ec
b

le
iri
l a

he

al
n

-

-
he
this

ction
co-

go-
es-

-
nal

o-
he
nce

the
un-
to

ter

is,
t.
re-
and
nd

cuss
t

t
ri-

w
d

re-

I,
s

d
a

10 932 PRB 59U. D. VENKATESWARAN et al.
found to undergo a hexagonal distortion from its origin
circular symmetry. Part of the radial character of this lo
frequency mode at zero external pressure is transfere
higher-frequency modes at elevated pressure. This may
part, be responsible for the drop in the Raman intensity
the R mode with increasing pressure, although no evide
for the activation of additional Raman modes under press
was found in our experiment. In Sec. III, it was mention
that the loss of theR band intensity above 1.5 GPa could b
related to a possible suppression of the resonant Raman
section under pressure. However, in our calculations the
ergy of the electronic bands involved in the optical tran
tions leading to resonant Raman scattering are seen
change by less than 0.01 eV/GPa. Recent energy-band
culations at zero pressure by Delaneyet al.19 indicate a much
stronger influence of the intertubule coupling on the el
tronic states close to the Fermi level of metallic nanotu
bundles than that found in our calculations. In Delaney’sab
initio local-density-functional calculation, the intertubu
coupling was incorporated directly, in contrast to the emp
cal inclusion via an interatomic Lennard-Jones potentia
done in models I and III.

Model II, which excludes vdW interactions between t

FIG. 4. Pressure dependence, as calculated within model
~a! the lattice constants and~b! the hexagonal distortion of the cros
section of an individual nanotube in the bundle. The ratio r(,)/r(.)

serves as a measure of the distortion. For clarity the distortion
picted in the inset of~b! is exaggerated compared to the actu
deformation at 5 GPa.
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tubes, yields a substantially lower value for theR mode fre-
quency at ambient pressurevR(0), and asmaller pressure-
induced frequency shift compared to the experiment@see Fig.
3~a!#. Models I and III, which are equivalent at zero extern
pressure, yieldvR(0) in agreement with our experiment. I
model III, however, the frequency of theR mode is seen to
be almost pressure-independent up to;2.5 GPa, and there
after exhibits a smallnegativepressure shift for increasing
pressure@see Fig. 3~a!#. This behavior results from an expan
sion of the triangular lattice due to the penetration of t
pressure medium into the channels between the tubes. In
case, the pressure-induced decrease of the vdW intera
overcompensates for the increased contribution from the
valent intratubule contribution. Because of this, the hexa
nal deformation of the individual tubes caused by compr
sion is less pronounced in model III than in model I.

It is interesting to note that models I and III, which in
clude the intertubule vdW coupling, produce a zero exter
pressureR mode frequency for a~9,9! SWNT bundle
;14 cm21 (;8%) higher than that calculated for an is
lated ~9,9! tube using model II. This result suggests that t
previous theoretical predictions for the diameter depende
of the R mode frequency of isolated tubes11,20 should not be
used to infer values of experimental tube diameters when
tubes are in large bundles. Theoretical calculations are
derway to determine the intertubule coupling correction
the R mode frequency for SWNT bundles in the diame
range of experimental interest@i.e., for ~8,8! to ~12,12!
tubes#.21 The correction due to the intertubule interaction
however, not expected to be strongly diameter dependen

A quantitative comparison of the values for the pressu
induced frequency shifts observed in our experiments
model calculations is presented in Tables I and II. A seco
degree polynomial, i.e.,v(P)5v(0)1aP1bP2, whereP is
the pressure, was fit to the mode frequencies. We first dis
the R mode data~Table I!. Model I is in close agreemen
with the experimental pressure coefficient of 7 cm21/GPa.
A slightly larger value for ‘‘a’’ predicted by model I is offse
somewhat by a small negative value for ‘‘b.’’ The expe
mental statistics for theR mode frequency~4 data points!
does not justify a second degree polynomial fit. Belo
;2 GPa where theR mode is observed, experiment an
model I are in good agreement, as shown in Fig. 3~a!. We
also note that the experimentally determined pressu

of

e-
l

g mode
TABLE I. Experimental and calculated pressure dependence of the Raman-active radial breathin
~R! frequency. The frequencyv is fit to a second-order polynomial in pressureP, i.e., v(P)5v(0)1aP
1bP2. The data were taken at 300 K. The experimentally measured value for the Ag(1) radial breathing
mode in solid C60 ~Ref. 22! is also listed for comparison.

Material Source v(0) a b
~mode! of data (cm21) (cm21/GPa) (cm21/GPa2)

Experiment 18661 761
GTBMD:

SWNT Model I 186.2 9.6 20.65
(R mode! Model II 171.8 1.3 20.01

Model III 186.2 0.49 20.21
Solid C60

@Ag(1)# Experiment~Ref. 22! 491 0.94
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TABLE II. Experimental and calculated pressure dependence of the frequencies of the Raman
tangential modes (T). The frequencyv is fit to a second-order polynomial in pressureP, i.e., v(P)
5v(0)1aP1bP2. The data were taken at 300 K. Results for the high-frequency tangential E2g(2) mode in
graphite~Ref. 18! and the Ag(2) pentagonal pinch mode in solid C60 ~Ref. 22! are also listed for comparison

Material Source v(0) a b
~mode! of data (cm21) (cm21/GPa) (cm21/GPa2)

SWNT
(T1) Experiment 155061 861
(T2) Experiment 156461 1061 20.960.3
(T3) Experiment 1593.060.7 7.160.8 20.460.2

GTBMD:
SWNT Model I 1576.5 8.3 20.31
(T3:E2g) Model II,III 1576.3 6.8 0.05
Graphite GTBMD 1593 3.3 20.04
@E2g(2)# Experiment~Ref. 18! 157961 4.7 20.08
Solid C60

@Ag(2)# Experiment~Ref. 22! 1465 1.7
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induced frequency shift of the Ag(1) radial breathing mode
in solid C60 is much smaller22 than that of theR mode in
SWNT bundles. The pressure coefficients of theT modes are
summarized in Table II. It should be recalled that the vd
parameters in models I and III were adjusted to give a p
sure dependence of theT mode frequency in reasonab
agreement with the experiment. As mentioned earlier,
pressure-induced frequency shift data for theT modes in
SWNT is larger than that calculated for the E2g(2) mode in
graphite. Experimental values for the pressure coefficien
the graphite E2g(2) mode18 and the tangential Ag(2) ‘‘pen-
tagonal pinch’’ mode22 in solid C60 are also listed for com-
parison. Notice that the pressure-induced frequency shif
the Ag(2) mode in solid C60 is smaller than that of the
E2g(2) mode in graphite which, in turn, is smaller than th
of the E2g mode~or the experimentally unresolved triplet T3!
in SWNT bundle.

VI. SUMMARY AND CONCLUSIONS

In summary, we have measured and calculated the p
sure dependence of the Raman-activeT andR mode frequen-
cies of SWNT bundles. A comparison of our molecular d
namics calculations and the experimental data suggests
the intertubule vdW coupling and the details of the hexa
nal distortion in the tube cross section play an important r
in determining the frequency and the pressure dependen
theR mode in SWNT bundles. The ambient pressureR mode
frequency is upshifted by;14 cm21 when the vdW inter-
actions between the tubes in a bundle are included. Exp
mentally, we find that theR mode disappears beyond 1
GPa and there is a considerable reduction in theT mode
intensity around the same pressure. A possible explana
for the decrease in theR andT mode intensity could be the
lowering of the cylindrical symmetry of the tubes to a he
agonally distorted cross section under compression. The
appearance of the vibrational modes upon releasing the p
sure indicates that the SWNT bundles are resilient un
compression up to at least 5 GPa. Our observation that
mode frequency and intensity are not completely revers
s-
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of

t
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hat
-
e
of

ri-
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upon pressure cycling is indicative of residual pressu
induced changes in the intertubule contact within a bund
which may relax in a time longer than the experimental tim
scale (;5 h).

Three simple models were considered theoretically. T
best fit to theR mode data was obtained when the intertub
vdW interactions were included and the pressure was app
to the external surface of the SWNT bundle~model I!. Since
the molecules of the pressure medium do not reside in
interstitial channels in model I, it is tempting to conclude th
the ~ethanol-methanol! pressure medium does not penetra
significantly into the interstitial channels. However, the m
lecular radii of the methanol and ethanol molecules, sugg
that they are not strictly size excluded from occupying t
interstitial channels (;2.6 Å in diameter! of the SWNT
bundle. It should be mentioned that although rapid diffus
of alkali metals, bromine molecules,23 and iodine chains (I3

2

and I5
2)24 into SWNT bundles has been reported at 10

200 °C, all these species are thought to enter the channe
negative or positive ions. Furthermore, refinements to m
els II and III to include the microscopic details of th
nanotube-pressure medium interactions might be neces
for a better agreement of these model predictions with
experiment. Alternately, more sophisticatedab initio calcu-
lations including intertubule coupling and pressure may
necessary to fully understand the implications of our exp
mental results. Further experimental study, such as h
pressure Raman measurements using argon or helium a
pressure-transmitting media~which can more easily pen
etrate into the interstitial channels! would also be useful to
compare to the present experimental results.

Note added. Recently, Chesnokovet al.25 have reported
results of compressibility measurements of SWNT mate
carried out in a cylindrical piston apparatus. It is important
note that, unlike the experiments described here, no pres
medium~fluid! was used in their pressure cell, and the tw
experiments are therefore quite different. Their measu
ments were carried out over the pressure range 0–2.9 G
about 60% of our pressure range, and a large reversible
ume change was observed. At this maximum pressure
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calculate that they have deposited an energy of 0.18 e
atom in the material~i.e., small compared to the C-C intratu
bule bonding energy!. As they point out, without a pressure
transmitting medium in the chamber, the piston force in th
experiments is transmitted into the SWNT material via
contact points between tangled tubule bundles. This lo
ized force would be expected to lead to local distortions
in excess of what we have achieved in our hydrostatic
periments at comparable applied pressure. Nevertheles
high pressure, above that reported to eliminate porosity~i.e.,
the material is fully compacted!, they still find a large revers
ible compressibility which they attribute to a flattening of t
Xu
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tube cross section from circular to elliptical. This type
distortion is not expected in our experiments.
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