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Pressure-induced phase transformation and structural resilience
of single-wall carbon nanotube bundles
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We report here anin situ x-ray diffraction investigation of the structural changes in carbon single-wall
nanotube bundles under quasihydrostatic pressures up to 13 GPa. In contrast with a recent study@Phys. Rev.
Lett. 85, 1887~2000!# our results show that the triangular lattice of the carbon nanotube bundles continues to
persist up to;10 GPa. The lattice is seen to relax just before the phase transformation that is observed at;10
GPa. Further, our results display the reversibility of the two-dimensional lattice symmetry even after compres-
sion up to 13 GPa well beyond the 5 GPa value observed recently. These experimental results explicitly
validate the predicted remarkable mechanical resilience of the nanotubes.
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I. INTRODUCTION

Due to the quasi-one-dimensional structure, single-w
carbon nanotubes~SWNTs! have been shown to have som
unique and interesting physical properties.1 These nanotube
have also been predicted to have extraordinary mechan
properties such as enormous flexibility in terms of compl
structural reversibility on bending up to 110°.2 In addition,
molecular dynamics~MD! simulations predict that SWNT
may undergo fully reversible morphological changes un
extreme deformations.3,4 The synthesis of bundles of single
wall carbon nanotubes, with a narrow size distribution, h
provided tremendous impetus to the experimen
investigations.5 Several high-pressure Raman investigatio
have been carried out recently.6–9 In all of these studies
Raman intensity reduces dramatically beyond a few GPa
this has been suggested to be due to the loss of the elect
resonance in the Raman scattering cross-section becau
the faceting of the neighboring tubes.6 A slight change in the
slope of pressure-induced Raman shifts at;1.7 GPa has also
been ascribed to a structural transformation from a triang
to a monoclinic lattice.7 Recent Raman investigations b
Teredesaiet al.9 indicate a structural phase transition near
GPa. This was conjectured to be due to faceting, as the
quency of the tangential mode approaches that of grap
Also, all the Raman studies indicate reversibility of behav
upon unloading of the pressure. In particular, the data of R
9 demonstrated the reversibility on pressure release f
25.9 GPa. However, due to the lack of information about
structural evolution of SWNTs under pressure, it was
possible to unambiguously relate these measurements t
microscopic changes in the SWNTs. A recent x-ray diffra
tion study10 of SWNTs under pressure, suggests the van
ing of the triangular lattice at;1.5 GPa and its regeneratio
if unloaded from less than 4 GPa. Beyond 5 GPa, these x
results indicate an irreversible change in total contrast to
results of Ref. 9. High-pressure behavior of SWNTs has a
been investigated under nonhydrostatic stresses, usin
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piston-cylinder device without any pressure medium. T
study, restricted to;2.9 GPa, displays a reversible increa
in the density of SWNTs to almost that of graphite.11 This
has been speculated to be due to the crushing or flattenin
the cross section of the nanotubes from circular to ellipti
shape under the nonhydrostatic stresses. So, to find a co
tent interpretation of several experimental results mentio
above, it is necessary to investigate SWNTs using an inte
x-ray radiation as the diffracted intensities are likely to
rather weak. In addition, it will be interesting to compare t
behavior of SWNTs with that of other carbon polymorph
e.g., C60 and C70 fullerenes that undergo irreversible and r
versible pressure-induced amorphization.12–14 We present
here an in situ x-ray diffraction investigation of SWNT
bundles and relate the results to other experimental and
oretical studies.

II. EXPERIMENTAL DETAILS

SWNT bundles were prepared by the standard arc
charge method. For this, a composite rod, made by fill
powders of graphite, Y2O3 ~1at. % Y! and Ni ~4.2 at. % Ni!
in a hole, was used as an anode and a simple graphite ro
a cathode. The material produced through a dc arc in
atmosphere was appropriately washed with several che
cals, decanted, filtered, dried, and characterized by trans
sion electron microscopy.9,15 At ambient conditions, the
x-ray diffraction peak corresponding to~1,0! plane of the
two-dimensional triangular lattice shows that our SWN
correspond to a lattice constanta0 of 17.97 Å. As the curva-
ture of the nanotubes reduces the contact area on which
repulsive forces act on the tubes, the intertube gap is
pected to be smaller than the~002! spacing of graphite. If the
intertube gap is taken as 3.12 Å,10 present SWNTs corre
spond to a tube diameter of 14.85 Å. Therefore, our sam
consists of either~11,11! armchair tubes or~19,0! zigzag
tubes or any other appropriate combination of integersn and
m.17 Thermogravimetric analysis of the sample show
graphite abundance to be;8%. The sample, containing ran
©2001 The American Physical Society17-1



-
o

n
iv
up
g
on
d
g
ac
s.

es

ec
t
th

C
ow
e-
nc
u
u

n

a
d
th
ag

ze
h

s
a
rs

-
ie
o
of
o

tr
m
te
t-
n
th

y

-
of
d-

is
an

re-
r on
ed

r-

his
-

the
le

s
at
s

SURINDER M. SHARMAet al. PHYSICAL REVIEW B 63 205417
domly oriented rope bundles of;100 Å diameter and sev
eral micron length, was loaded in a steel gasket h
~;200 mm diameter! of a diamond anvil cell~DAC!. A tiny
ruby chip was used to measure the pressure with metha
ethanol ~4:1! as a pressure transmitter. Angle dispers
x-ray diffraction experiments on SWNTs were carried out
to a pressure of 13 GPa at the beamline BL10XU of SPrin
using a monochromatized x-ray beam of 1 Å. The diffracti
patterns were recorded using the imaging plate kept at a
tance of;25 cm from the DAC. Two dimensional imagin
plate records were transformed to one dimensional diffr
tion profiles by the radial integration of the diffraction line

III. RESULTS AND DISCUSSION

The triangular two-dimensional lattice of SWNTs giv
the strongest feature at;Q10050.402 Å21 and on the imag-
ing plate it shows up as a diffraction circle close to the dir
spot. No additional line of SWNT could be observed due
the fact that other diffraction peaks are much weaker than
first.5 Also, the small volume of the sample in the DA
further reduces the observed intensities. Figure 1 sh
variations in the intensity of the diffraction pattern corr
sponding to the two-dimensional triangular lattice as a fu
tion of pressure, on loading, as well as on release of press
The most important feature is that on increasing the press
the SWNT diffraction line vanishes beyond;10 GPa@Fig.
1~c!#. On release of pressure, from;13 to ;7 GPa, the
diffracted intensity corresponding to SWNTs reappears@Fig.
1~d!# and eventually regains almost full initial intensity o
complete release of the pressure@Fig. 1~e!#. The vanishing
intensity of the diffraction profile of SWNTs indicates
phase transformation. However, we do not see any new
fraction lines across this pressure. This implies that either
new structure is such that it does not have any strong Br
reflections or it has lost the translational coherence in
bundle. Alternatively, if the single-wall nanotubes graphiti
at this pressure, then such a change will be irreversible as
been seen earlier.16 Also, our calculated diffraction pattern
with totally circular and ideal hexagonal tubes show th
faceting does not change the diffracted intensity of the fi
diffraction line significantly.~Moreover, recent MD calcula
tions suggest that SWNTs are faceted even at amb
pressures.6,10! Therefore, we feel that the complete loss
the low-angle diffraction line due to the triangular lattice
the SWNT at 10 GPa on compression and its retrieval
decompression clearly demonstrates a reversible loss
translational coherence. These results establish that the s
tural changes at;10 GPa are not related to the unifor
faceting and/or uniform flattening of the tubes as specula
in some earlier studies.9,11 Further, the re-emergence of la
tice on release of pressure provides a direct confirmatio
the theoretical predictions that most structural changes in
SWNT are totally reversible.2,3 These results are distinctl
different from those of Tanget al.10 on two counts. First the
diffraction signal for~100! line of our ~11,11! armchair or
equivalent tubes vanishes at;10 GPa, in contrast with the
observed loss of diffracted intensity at;1.5 GPa for~10,10!
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or equivalent tubes of Tanget al.10 Second, our results es
tablish the reversibility of transformation from unloading
pressure from;13 GPa, in comparison with the correspon
ing limit of 4 GPa observed by Tanget al.10 We should also
point out that the reversibility observed in our experiments
consistent with the reversible behavior observed in Ram
experiments carried on the same batch of samples.9 How-
ever, as none of the theoretical work carried out so far p
dicts a strong dependence of the deformational behavio
the tube diameter, it is difficult to rationalize the observ
different behavior for~11,11! ~or equivalent! and~10,10! ~or
equivalent! tubes. Future work may provide some unde
standing of these results.

In Fig. 2, we show the variation of thed spacings of
various diffraction lines with pressure as observed in t
experiment. Up to;8 GPa, we discern a systematic com
pression as displayed by the reduction ofd100 of SWNT as a
function of pressure. Within the experimental resolution,
absence of any additional diffraction lines or discernib

FIG. 1. One-dimensional x-ray diffraction profile of SWNT
from the ~1,0! planes of the two-dimensional triangular lattice
various pressures.~a! 1.4 GPa,~b! 5.1 GPa,~c! 10.2 GPa represent
the records on increasing pressure while~d! 7.2 GPa and~e! 0.5
GPa correspond to the decreasing pressure.
7-2
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broadening due to the splitting of the diffraction line~owing
to proposed lowering of symmetry across 1.7 GPa! in our
data do not support the suggestion of a structural transfor
tion at this pressure.7 Observed variations in the lattice spa
ing also highlights the differences in the behavior of SWN
under hydrostatic and non-hydrostatic stress conditions.
example, by 5 GPa, the basal plane lattice constant red
to ;0.95a0 . If we assume that the compression along
tube axis to be the same as that in the basal plane
graphite,18 these results suggest that at;5 GPa, V/V0
50.9. In contrast, the compression under nonhydrost
conditions of the piston cylinder apparatus isV/V050.75 at
;2.5 GPa.11 The variation of the two-dimensional triangula
lattice parametera with pressure can be fitted to the on
dimensional analogue18 of the Murnaghan equation,19 a/a0

5@(b8/b0)P11#21/b8 whereb0 is the bulk modulus andb8
is the pressure derivative. Our data up to;8 GPa, taken
from the increasing as well as decreasing pressure runs
be fitted withb0543(64) GPa andb8533(63). Compare
this with c-axis compression of graphite, which hasb0
535.7 GPa andb8510.8.18 This shows that up to;8 GPa,
SWNTs are somewhat less compressible than graphite a
the c axis. Assuming the tube axial compression as tha
the graphite basal plane, we find the low-pressure b
modulus to be;34 GPa.

Several authors have computed the elastic propertie
SWNTs.4,20,21Figure 3 compares our observed bulk modu
as well as that of Tanget al.10 with the results of these cal
culations. Our results are in excellent agreement with
theoretical estimates of Tersoff and Ruoff4 and Popov, Van

FIG. 2. Pressure variation of thedhkl values. Filled symbols
represent the data in an increasing pressure cycle while open
bols correspond to a decreasing pressure cycle. Hatched sym
are the published data of graphite from Ref. 23.
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Doren, and Balakanski20 @which are, respectively, 34 an
37.3 GPa for~11,11! or equivalent tubes#. Observed bulk
modulus of Tanget al., though slightly higher~;41.7 GPa!,
is also in reasonable agreement with the theoretical calc
tions. Figure 3 also shows that results of the present inve
gation and of Tanget al. imply a strong decrease of the bu
modulus with the tube radii in this region. This feature co
trasts with the calculated behavior of Lu,21 which shows the
bulk modulus to be a monotonically increasing function
radius. In addition, the computed bulk modulus for~11,11!
or equivalent tubes is 25 GPa, which is considerably diff
ent from the observed results. These discrepancies high
the inadequacies of the computational procedure emplo
by this author. Also, Fig. 3 indicates that the SWNTs beha
more like coupled deformable tubes rather than the ri
tubes interacting through van der Waals forces for which
calculated bulk modulus is much higher.20 It is interesting to
contrast this with the estimated bulk modulus of about 1 G
in the piston cylinder measurements. One may speculate
if this small value of bulk modulus is not due to any remna
porosity in the sample, then the nature of SWNTs deform
tion under non-hydrostatic and hydrostatic pressures is v
different. In addition, recent Raman scattering studies un
nonhydrostatic pressures22 show that the pressure derivativ
of the tangential mode frequency is almost twice as co
pared to the hydrostatic case. This implies that even for
intertubular compression, the mechanism may be consi

m-
ols

FIG. 3. Comparison between the observed bulk modulus
~11,11! or equivalent tubes~present work, represented by a sol
hexagon! and for ~10,10! or equivalent tubes~Ref. 10, represented
by an open circle! and the theoretical results~Refs. 4,20,21!. The
dashed line represents the calculated results of Tersoff and R
~Ref. 4!, the dash dot corresponds to the model calculations of
~Ref. 21!, the dotted line represents the computed results of Pop
Van Doren, and Balakanski~Ref. 20! in which rigid tubes interact
through van der Waal forces and the solid line corresponds to t
more detailed calculations in which interacting elastically defor
able tubes are treated~Ref. 20!.
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SURINDER M. SHARMAet al. PHYSICAL REVIEW B 63 205417
ably different from what is observed under hydrostatic co
ditions.

Figure 2 shows another remarkable feature, i.e.,d100 of
the SWNT bundles relaxes to a higher value at;9 GPa, just
before the material undergoes the phase transformation.
liability of our data can be inferred from the agreement of
observed pressure variation of thed ~002! and d ~101! dif-
fraction lines of graphite with those published earlier.23 The
graphite diffraction lines do not show any relaxation effect
;9 GPa, thereby establishing that the SWNTs undergo s
structural change around this pressure, probably involv
the morphology of the tubes. This is required due to the f
that total compressive strain cannot decrease under the
creasing pressure. This observation of relaxation of strain
SWNTs also helps us to understand the Raman result
Ref. 9, where a discontinuous reduction was observed in
tangential mode frequency at;10 GPa.9 We attribute this to
the formation of kinks and fins as described in the MD sim
lations of Ijimaet al.2 and Yakobson, Brabec, and Bernholc3

It should be noted that our data show that the deforma
takes place at;Da/a056%, which incidentally, is very
close to the estimated value of the strain at which the m
phological distortions were predicted to start under the a
compression of the isolated tubes in MD simulations.3 How-
ever, at;10 GPa, the strain along the tube axis is estima
to be ;1%. Therefore, it is unlikely that the present defo
mations are initiated entirely due to the compression al
the tube axis. It may be that the simultaneous presenc
basal compressive strain helps trigger the mechanical de
mations at a much smaller value of compression along
tube axis. This new feature should spur more theoretical
tivity. Also, earlier theoretical work has shown that the fo
mation of localized deformation structures release strain
the rest of the tube.2,3 However, it may be noted that ou
experimental results indicate that this relaxation of strain
precedes the loss of translational coherence. This leads
think that despite the release in the strain, there must b
large enough number of deformed structures in each tub
that a little more compression is adequate to destabilize
two-dimensional lattice structure. This behavior is very d
ferent from what has been seen under the nonhydros
stresses, where deformation seems to incre
monotonically.11 In contrast, under the hydrostatic pressur
SWNTs seem to resist morphological deformations up t
critical value of the strain. However, beyond this critic
value, the strain releases, probably heterogeneously, an
sults in a precipitous decline of any translational order
slightly higher compression. This behavior has not been p
dicted yet in any of the theoretical work and, thus, sho
prompt more realistic computations. Here it may be no
that the theoretical calculation by Yakobson, Brabec, a
Bernholc3 had predicted an inward buckling of the tubes
;1 GPa under the hydrostatic pressures. Our experime
results do not support the existence of such a buckling
such low pressures.
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One must note that, in principle, pressure transmitt
fluid would interact with SWNTs and, hence, may influen
their high-pressure behavior. Presently, not much is kno
to help address this issue in a detailed manner. In the con
of present experiments, one may speculate that pres
transmitting fluid might enter the inter-tubular region and
chemical interaction may bring about morphological chan
in the tubes at ;10 GPa at which alcohol mixture
solidifies.24 However, recent experimental studies indica
that just the solidification of the pressure transmitter may
be the primary driving force for the structural changes o
served in SWNTs.25 In addition to this, it should also be
noted that the observed shifts of the radial modes with p
sure strongly disagree with the molecular-dynamics simu
tions that incorporate the penetration of pressure transmit
fluid between the tubes.6

The presence of strong graphite diffraction lines at am
ent conditions does not permit the detection of any par
irreversible graphitization of the SWNTs, as suggested
earlier static pressure,10,16 as well as shock studies.26 The
observation of two strong diffraction peaks atdhkl;2.5 Å, is
an interesting feature, not noted earlier. Though its posit
coincides with one of the diffraction line,~001!, of the
SWNTs, this line is expected to be much weaker than
first diffraction peak of the sample. Moreover, these diffra
tion lines continue to be present up to 13 GPa, without mu
change in the diffracted intensity. Further work is necess
to identify the source of this diffraction feature.

To conclude, our high-pressure x-ray diffraction inves
gations demonstrate that the SWNT bundles lose triang
lattice at;10 GPa. These results supercede the recent ob
vations of loss of the two dimensional lattice at;1.5 GPa
and reversibility of the structural changes up to;4 GPa. We
find a reappearance of the lattice on unloading the pres
from ;13 GPa. We also note that the volume compress
under quasihydrostatic pressures is much less than that u
nonhydrostatic stresses. The study underscores the rem
able resilience of nanotube bundles. However, despite
fact that underlying deformations may be quite different, t
loss of translational order in SWNTs is similar to that of C70,
which shows reversible amorphization and is unlike that
C60, which amorphizes irreversibly. We hope that our wo
will stimulate theoretical studies to understand the rema
able mechanical properties of carbon nanotube bundles.
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