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The behavior of single-walled carbon nanotubes has been investigated under high pressures with the help of
classical molecular dynamics simulations in two configurations: when bundles are empty and when argon is
present as a pressure transmitting medium. Our calculations show that for the empty tubes, depending on the
pressure step, relaxation times, and temperature, several different organizations of collapsed tubes exist for the
high-pressure phase above 2.4 GPa. When the nanotubes are filled with argon (as well as surrounded by it), the
high-pressure behavior is found to be substantially different. The phase transition shifts to higher pressures as
the number of argon atoms inside the nanotubes is increased beyond a critical value and becomes close to 7
GPa for the calculated optimum Ar density. Computed x-ray diffraction patterns of argon-filled nanotubes show
that the intensity of the first diffraction peak, which experimentally has been taken as indicative of two-
dimensional order in bundles, persists up to higher pressures. We propose that seemingly varied experimental
observations in the high-pressure phase transitions of carbon nanotubes are due to the pressure transmitting

medium at different densities.
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I. INTRODUCTION

Due to many extraordinary properties arising from the
unique one-dimensional structure, carbon nanotubes have
been subject of intense theoretical and experimental investi-
gations since their discovery.! Early theoretical studies had
indicated that isolated tubes may be able to withstand large
deformations  without —much irreversible structural
modifications.> Since then, many experiments have been
carried out to understand the behavior of bundles of carbon
nanotubes under high pressures. Raman37  x-ray
diffraction,®” and neutron-diffraction® measurements have
provided evidence for a pressure-induced structural phase
transition. In particular, the high-pressure Raman spectro-
scopic investigations carried out on bundles of single-walled
carbon nanotubes (SWCNTSs) showed that the peak position
of the tangential mode shifts linearly to higher frequencies,
with a change in the slope at ~2 GPa. A number of studies
also reported the disappearance of the radial breathing mode
(RBM) from the spectrum above that critical pressure.’
X-ray diffraction studies®’ showed that at ~1.5 GPa, the
(100) diffraction peak associated with the two-dimensional
(2D) lattice of the SWCNTSs bundles disappears reversibly, if
pressure was kept less than 4 GPa. Subsequent computer
simulations, using classical molecular dynamics (MD),
found that the carbon nanotubes collapse to a ribbonlike
structure at low pressures'®!! and that the collapse pressure
decreases with the increase in the tube diameter. It was also
shown that the tubes having diameter larger than a critical
value would spontaneously collapse at atmospheric pressure.
Studies on double-walled carbon nanotubes reported similar
results but with higher collapse pressures, as the two tubes
support each other.!>!3 Recent first-principles studies, how-
ever, have found the behavior of SWCNTs under uniaxial
stress (perpendicular to the tube axis) to be nonmonotonous
as a function of the tube diameter.'*

However, these results were not found to be consistent
with the observations of a number of other experimental
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studies.’>?? In situ x-ray diffraction investigations'> on

SWCNTs under quasihydrostatic pressures found that the 2D
lattice continues to persist up to ~10 GPa, in contrast to the
earlier results. Kawasaki et al.'® compared the effect of the
solid and liquid pressure transmitting medium (PTM) on the
high-pressure x-ray diffraction patterns and concluded that
the penetration of liquid PTM could explain the observed
differences in results. Raman spectroscopic studies!”!® of
open-ended SWCNTSs using different PTM (paraffin oil, ar-
gon, methanol ethanol, etc.) could not observe signatures of
any phase transition at low pressures. Instead, they found
that the pressure-induced changes in Raman spectra depend
significantly on the PTM. Similar PTM dependence is also
observed for double-walled tubes as well."”

From these results it is clear that for open-ended tubes,
the pressure transmitter used in the hydrostatic experiments
may enter tubes and affect their high-pressure behavior. In-
deed, Rols et al.?* demonstrated that the substantial argon
adsorption takes place at the inner walls of SWCNTs. How-
ever, theoretical studies so far have treated the carbon nano-
tubes as empty. Hence, to understand the diverse experimen-
tal reports, we have simulated SWCNTs immersed in fluid
argon using the classical MD method.

The manuscript is organized as follows. Section II deals
with the details of the computational method employed. In
Sec. IIT A we present the results of MD simulations carried
out to investigate the nature of collapse in empty SWCNTs
under pressure by exploring various parameters that might
affect the final structure of the collapsed state. The
SWCNT+Ar system is simulated in two parts. In the first
part presented in Sec. III B, argon is present only inside the
tubes (INT sites) whereas in the second part (Sec. I C) it
occupies INT as well as the interstitial channel (IC) sites. In
Sec. I D we have tried to compare our results with experi-
mental observations. Section IV gives the conclusions de-
rived from the present investigations.
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TABLE I. Parameters for the Lennard-Jones short-range inter-
action potential (Refs. 25 and 26) between the elements of MD
simulation cell.

£ o
Atoms (kcal/mol) (A)

C-C 0.0951 3.473
Ar-Ar 0.2862 3.350
Ar-C 0.2827 3.573

II. COMPUTATIONAL METHOD

Simulations were carried out on (10, 10) arm-chair
SWCNTs of diameter 13.59 A generated using the TUBEGEN
(Ref. 24) code. Macrocell used in the simulations consisted
of these SWCNTSs arranged in a 4 X 4 two-dimensional hex-
agonal lattice that were ten graphene unit cells long (24.6 A)
in the z direction. Periodic boundary conditions were applied
in all the three directions. The covalent interactions between
carbon atoms were modeled by the standard generic macro-
molecular force field DREIDING,?® which has been success-
fully used in many earlier studies.'®!? Intertube C-C as well
as C-Ar and Ar-Ar short-range interactions were of the
Lennard-Jones  functional ~ form  U(r;)=4s[(o/r;)"

o ]
—(o/r;)] with a 12 A cutoff. Parameters of L-J potentials

are listed in Table 12526

For our simulations, we have used DL_POLY code with the
NPT statistical ensemble. The equations of motion were in-
tegrated using standard Verlet algorithm with a time step of 1
fs. The temperature (300 K) and the hydrostatic pressure
were maintained using the Berendsen thermostat and
barostat. The bundles were initially equilibrated at zero pres-
sure and subsequently the pressure was raised in steps, al-
lowing the cell volume to equilibrate for at least 10 ps after
each increase. The calculations were carried out on ANUPAM
AJEYA supercomputer at Bhabha Atomic Research Centre.

The argon-filled nanotubes for simulations described in
Secs. III B and III C were generated by adding a specific and
equal number of argon atoms in each of the nanotubes in the
macrocell. To remove any memory of starting structures, the
system was equilibrated for a long time under ambient con-
ditions.

III1. RESULTS AND DISCUSSION
A. High-pressure phases of empty SWCNTs

Although different computer simulations agree on the ex-
istence of a transition to a collapsed phase, the exact struc-
ture of the daughter phase has not been settled
unambiguously.?’-?® Computations using DREIDING poten-
tials on single- and double-walled carbon nanotubes'®!? ob-
served a herringbone structure whereas studies using Tersoff-
Brenner potential!! found a linear arrangement of similarly
deformed tubes at comparable pressures. Energy consider-
ations seemed to favor the linear structure,”’ but the energy
differences between the two structures were found to be less
than the thermal energy (k4T) at the temperature of the simu-
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FIG. 1. (Color online) (a) Simulated structure of SWCNTs at 0
GPa and 300 K as viewed along z axis. Other figures represent
snapshots of the collapsed phases at 3 GPa. (b) The linear-o and (c)
herringbone structures are the result of fine and coarse pressure
steps, respectively. (d) Linear-n, (e) basket-weave, and (f) disor-
dered structures are new arrangements observed in our simulations.
In agreement with the elastic ring model by Liew et al. (Ref. 30),
the structures of collapsed tubes show a peanut-shaped deformation
under hydrostatic pressure.

lations. It was argued that the precise arrangement of the
collapsed nanotubes within a bundle may vary depending on
the size of the macrocell, local environment, and compres-
sion rate.”® More recently, the first-principles studies of
structural, electronic, and optical properties of collapsed
SWCNTs bundles found an in-between configuration which
was distinct from both the linear and herringbone structures
found previously.?? Therefore, it is important to understand
why different studies yield different results and for these
reasons, we have carried out extensive calculations by tuning
the control parameters to understand their effect on the high-
pressure structure of nanotubes.

The pressure step used to compress the system is an im-
portant parameter known to affect transitions under pressure
and we carried out a series of simulations to investigate its
effect on the behavior of nanotubes. The initial state gener-
ated through equilibration of (10, 10) carbon nanotubes at
300 K remains nearly circular as shown in Fig. 1(a). When
very fine steps close to 0.1 GPa were used to compress this
system, an abrupt volume drop of about 33% was observed
at 2.4 GPa, resulting in a new phase with ribbonlike tubes
shown in Fig. 1(b) which is similar to the linear structure of
Ref. 27. When we used larger compression rates in the range
of 1-2 GPa, the herringbone structure [Fig. 1(c)] was ob-
tained, also observed in the earlier studies using DREIDING
potentials. Careful inspection of trajectories during the tran-
sition to herringbone structure revealed that the deformation
of the tubes pass through a transient linear structure in which
the tubes are arranged along the [110] direction. At the very
final stage of the evolution, the zigzag ordering characteristic
of the herringbone sets in. To test whether the thermal fluc-
tuations at 300 K are responsible for stabilizing the herring-
bone structure, we repeated these simulations at very low
temperatures (~2 K). In this case, we found that a new
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TABLE II. Total energies, enthalpies, and volumes of different
high-pressure phases given in Fig. 1 at 3 GPa (300 K). Values in
parenthesis correspond to differences from the linear-n structure.

E/atom H/atom V/atom
Structure (eV) (eV) (A3
Linear-n 7.62 7.79 9.21
Linear-o 7.68 7.86 9.29
(0.06) (0.07) (0.08)
Herringbone 7.70 7.88 9.50
(0.08) (0.09) (0.29)
Basket-weave 7.75 7.93 9.55
(0.13) (0.14) (0.34)
Disordered 7.77 7.95 9.59
(0.15) (0.16) (0.38)

linear structure with a different cell shape and tube arrange-
ment is stable. To differentiate the two linear structures, here-
after we refer the structure of Fig. 1(b) as linear-o and that of
Fig. 1(d) as linear-n. Upon increasing the temperature of
linear-n slowly to 300 K, the tubes retained the arrangement.
Interestingly, still higher-pressure steps (3 GPa) at room tem-
perature resulted in a new phase that has a basket-weave-like
ordering with tubes arranged in parallel pairs, almost perpen-
dicular to one another [Fig. 1(e)]. The transition in empty
SWCNTs was also found to depend on thermostat and
barostat relaxation times used in the simulations. Tubes be-
came disordered [Fig. 1(f)] when relaxation times of 10 ps
each were used. Simulations on a smaller 3 X 3 X 10 macro-
cell also yielded the disordered structure similar to Fig. 1(f).
In all the cases, the transition is completely reversible; all
structures return to the ambient phase with cylindrical tubes
upon the release of pressure.

Table II summarizes the relative energies, enthalpies, and
volumes per atom for the cases discussed above. We find that
the linear-n structure has the lowest energy and although the
energy of the linear-o structure is lower than that of the her-
ringbone, the energy difference between these two is within
the thermal fluctuations at room temperature. Calculation of
volume occupied by the collapsed tubes in different cases
indicated that while the tube volume is roughly equal, the
interstitial volume increases systematically from linear-n to
disordered phases resulting in less compact structures with
higher energies, in agreement with the conclusions of Ref.
27. The lower volume (hence, lower energy) of linear-n as
compared to the linear-o is probably because of the arrange-
ment of tubes rather than their direction. In the first case, the
tubes are arranged such that the tubes point to the empty
spaces between the neighbors (along [110] direction),
whereas for linear-o the collapsed tubes are arranged end to
end.

We carried out simulated annealing on the herringbone
structure up to 1000 K, but it did not transform to the lower-
energy structures in Fig. 1, indicating that such reconstruc-
tions are kinetically hindered up to this temperature. Al-
though our simulations demonstrated the existence of a
variety of structures in the high-pressures phase, we feel that
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Fig. 1 may not represent a complete set of all possible ar-
rangements of the collapsed tubes under pressure. For ex-
ample, inclusion of nonhydrostatic stresses may lead to still
new structures. To sum up, our studies show that the unique
structure of nanotubes gives rise to a variety of arrangements
for the collapsed tubes and the pressure step plays a vital role
in deciding a particular arrangement.

B. SWCNTs with argon at INT sites

To study the high-pressure behavior of carbon nanotubes
immersed in a fluid (such that it fills the tube as well as
surrounds it), we have simulated argon-filled nanotubes at
various argon densities. Choice of argon was partly due to
the simplicity of its interatomic interactions (being an inert
element, argon interacts with environment through simple
van der Waals forces, which could be easily modeled through
the Lennard-Jones type of pair potentials) and partly as an
effort to understand the recent experiments which used argon
as PTM. We believe that the results will be qualitatively
similar for any other PTMs which do not chemically react
with the carbon atoms of the tubes. However, an important
limitation of the present simulations is that the interaction
potentials and periodic boundary conditions forbid the
expulsion/exchange of argon atoms from within the carbon
nanotubes, whereas in experiments this may occur due to
defects in the tube walls or the absence of end caps.

In a typical high-pressure experiment, the pressure cell
containing the sample is kept immersed in a bath to fill the
sample region with PTM. Since computer representation of
such a scenario is forbidden by present interaction potentials,
we have instead carried out several simulations at different
densities to explore the effect of PTM on the behavior of
nanotubes. Rols et al.?® studied argon adsorption on open-
ended SWCNTs through thermodynamics and neutron-
diffraction experiments and have proposed the following ad-
sorption scenario. The inner walls of the nanotubes and the
groove sites on the outer surface of the bundle are populated
first followed by the filling of the axial sites inside the tubes
and remainder of the outer bundle surface. Although direct
evidence was limited, a few intertubular sites seemed to be
progressively populated as a function of the Ar chemical
potential.”??> Interestingly, recent studies on rubidium-
intercalated SWCNTs show that Rb ions prefer IC sites at
very low stoichiometry. At higher Rb levels, IC sites become
unfavorable and INT and bundle surface sites begin to get
occupied.®' Based on these propositions, we have carried out
two sets of simulations. In the first set, presented in this
section, IC sites were neglected and argon was restricted to
INT sites. The second set of simulations, in which both INT
and IC sites were populated, are presented in Sec. III C. Note
that due to the requirement of an infinite periodic system, we
have ignored the outer surfaces of the bundle altogether, but
those sites are unlikely to affect the high-pressure behavior
of the bundle.

Figure 2 shows the computed variation in energy/atom
with the argon number density. It decreases linearly for low
argon densities to become minimum close to 60, which
would correspond to optimum filling under ambient condi-
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FIG. 2. Variation in the energy with the number of argon atoms
at INT sites fitted with a fourth-order polynomial (solid line). The
inset shows the derivative of total energy with respect to the argon
number density. The horizontal dotted line marks the zero chemical
potential.

tions (the negative value of the chemical potential at lower
densities indicate that these tubes are under filled). Although
in experiments under ambient conditions tubes will be filled
to an optimal value, one can certainly generate the under or
over filled tubes by varying equilibration time and density of
argon atoms in the bath.?

SWCNTs with argon densities varying from 0 to 70
atoms/tube were subjected to increasing pressures in steps of
1 GPa (or 0.1 GPa close to phase transitions) up to 10 GPa.
Pressure was then released back to zero in a similar manner.
As can be seen from the few representative cases given in
Fig. 3, depending on the degree of filling of the tubes, the
volume decreases discontinuously at some pressure, marking
a structural phase transition of the first order. For a particular
case of 40 atoms/tube, however, we observe multiple volume
drops at 2.5, 5.4, and 8.5 GPa. Inspection of the intermediate
structures revealed that argon undergoes structural modifica-
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FIG. 3. (Color online) Pressure-volume behavior for single-
walled carbon nanotubes containing 30, 40, 50, and 60 argon atoms
per tube. Closed symbols represent compression and open symbols
denote results on the release path of the pressure.
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FIG. 4. Variation in the transition pressure with the number of
argon atoms per nanotube. Closed and open symbols represent the
results during compression and decompression, respectively. Solid
and dotted lines indicate a quadratic fit to the transition pressure.

tions of different compactness, forcing the enveloping nano-
tubes to collapse in stages. Multiple phase transitions similar
to this case have also been observed in experiments,?’ when
nanotubes filled with fullerenes were subjected to high pres-
sures. Another important observation is that as the density
increases, the change in volume at the transition becomes
smaller. Hence, at higher argon densities the transformation
may appear gradual and will probably explain the recent
resonant Raman spectroscopic studies!” on open-ended nano-
tubes using argon PTM, which found the structural changes
to be progressive rather than abrupt.

Computed variation in the transition pressure (Py) in Fig.
4 shows that when the number of argon atoms per nanotubes
is increased beyond a critical value (~40 argon atoms/tube),
the Py increases almost quadratically and at the optimum
density (60 atoms/tube), it is close to 7 GPa. During the
release of pressure, a similar curve is followed; although
with lower values of Pr, representing the well-known hys-
teresis in the first-order phase transitions. The lowering of
the transformation pressure below 40 atoms/tube is puzzling
because intuitively one would expect that when an empty
tube is filled with some fluid, it will become less compress-
ible and thus withstand higher stresses before collapse. This
seemingly unusual result can be rationalized as follows.

As the tubes are quite incompressible along the axial di-
rection, the effect of the applied stress is felt primarily in the
radial direction. When it is filled with argon, due to van der
Waals interaction between the argon and carbon atoms, the
tubes would experience an additional force which—due to
the cylindrical symmetry—will also be directed along the
radius of the tubes. Van der Waals interaction is repulsive at
short distances [below a radius r;, (Ref. 32)] but is weakly
attractive above r,;,. As a result, when too few argon atoms
are inside the tubes, the average distances between argon
atoms and tube walls are greater than the r;, and the aver-
age interaction is attractive. This effective attractive force
adds to the external pressure and increases the inward stress
on the tube, collapsing it at a lower pressure. But when the
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FIG. 5. (Color online) Computed Ar-C pair-correlation functions
for different argon atomic densities. As this density increases, the
peaks move to lower r values. The vertical line corresponds to 7,
of the Lennard-Jones potential used in our simulations.

argon density inside the tubes becomes large enough to have
the average argon-carbon distance less than r,,;,, the interac-
tions become repulsive which in turn helps the tubes with-
stand higher pressures. Thus the collapse pressure increases.
Figure 5 shows that for 20 atoms/tube, the Ar-C pair distri-
bution function [g(r)] peaks above r,;, and for higher Ar
densities, the maximum shifts toward lower r values accom-
panied by an increase in the transition pressure. It would be
interesting to test these results by carrying out experiments
with carbon nanotubes filled with pressure transmitter at
lower densities.

Interestingly, the zero pressure structures of SWCNTs
with INT argon (Fig. 6) resemble multiwalled nanotubes,
although argon atoms are quite disordered. Similar local par-
tial ordering and shell formation of the pressure medium
around the nanotubes is supported by ab initio studies, which
also find it to have a strong impact on pressure
transmission.'® Similar to our results beyond the critical ar-
gon density, computer simulations on double-walled tubes'?
found transition pressures to be higher as the two walls sup-
port each other. To compare, the P; for a double-walled
nanotube of type (5,5)@(10,10) is ~18 GPa (Ref. 12)
whereas for optimally filled SWCNTs it is ~7 GPa.

High-pressure structures of argon-filled nanotubes are
also quite varied (Fig. 7). Up to 40 atoms/tube, the collapsed
tubes adopt linear arrangements similar to those of empty
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FIG. 6. (Color online) Snapshots of the simulation cell contain-
ing single-walled carbon nanotubes filled with (a) 40 and (b) 60
argon atoms/tube at INT sites at 0 GPa and 300 K show argon
forming cylindrical structures inside the tubes.
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FIG. 7. (Color online) High-pressure phases of nanotubes at 10
GPa with (a) 40, (b) 50, (c) 60, and (d) 70 argon atoms per tube.
Side view argon atoms inside a single nanotube for 60 atoms/tube is
shown in (e) at 0 GPa and (f) at 10 GPa.

tubes and argon atoms form a linear array parallel to the
walls of the tubes. The intermediate densities shown in Figs.
7(b) and 7(c) represent a transitional regime in which face-
ting emerges along with the limited collapse of the tubes. All
these structures prefer an arrangement similar to Fig. 1(d). At
densities over 70 atoms/tube, the forces favor faceting and
nanotubes become “polygonized.” It is interesting to note
that in many early studies, authors had argued in favor of
polygonization over collapse and our simulations show that
indeed both regimes exist when a PTM is present in the
system. Figures 7(e) and 7(f) demonstrate the ordering of
argon along z direction inside a single nanotube across the
phase transition.

C. SWCNTs with argon at INT and IC sites

To calculate the minimum-energy configuration, we fixed
the INT argon at 50 atoms/tube and varied the IC site den-
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FIG. 8. Variation in the total energy with the number of argon
atoms in the intertubular region. Argon inside the tubes is kept fixed
at 50 atoms/tube. The chemical potential in the inset shows essen-
tially linear behavior.
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sity. A value lower than the optimum INT density (Sec. III B)
was chosen because the additional stress due to the presence
of argon at IC sites would increase the chemical potential at
INT sites and would lower the optimum value.* Minimum
energy was found to occur when alternate IC sites are filled
with about 7 atoms per tube (Fig. 8). As argon atoms at IC
sites are arranged as a one-dimensional chain along z axis,
for more than 7 atoms/tube, Ar-Ar distances become less
than r,;, (Ref. 32) (~3.76 A), making the interaction repul-
sive.

As we can see from pressure-volume curves given in Fig.
9, argon atoms present outside the tubes further affect the
behavior of the tubes. A significant observation is that in all
cases studied, the transition pressures are higher. We feel that
the reduced intertubular space diminishes fluctuations that
lead to the collapse of nanotubes and hence increases the
transition pressure. The transition is abrupt for the case of
50+7 (INT+IC) atoms/tube, whereas for 35+7 it is spread
over a wider range of pressures. Similar to the case without
IC atoms, there are multiple transitions for 40+7, though the
largest drop is found at 5.3 GPa instead of 2.5 GPa.

The structures of collapsed tubes are also different when
argon is present at IC sites. At ambient pressures, IC argon
atoms form a triangular lattice [Fig. 10(a)]. At 10 GPa, the
collapsed tubes are arranged in layers and tubes in the neigh-
boring layers form an angle of ~70° with each other and
argon atoms, which were initially arranged on an approxi-
mate equilateral triangular lattice of side 17 A, now form
bilateral triangles with two sides of 17 A and one of 13 A.

Number of Ar atoms

D. Powder x-ray diffraction patterns of nanotubes

To make a contact with the experiments, we have calcu-
lated the x-ray diffraction patterns for the simulated
structures.?* Under ambient conditions, the observed diffrac-
tion patterns show (100) as the dominant peak. The next
most intense peak (at g~ 1.0 A~! for our system) is found to
be almost one order of magnitude weaker. In a diamond-
anvil cell, only the first diffraction peak was observed even
in synchrotron-based experiments, which was attributed to
the 2D hexagonal order of the tubes in the bundles. This peak
disappears at the transition, which was interpreted as the loss
of the translational order. The calculated diffraction profile in
Fig. 11(a) for the equilibrated ambient nanotubes bundle
shows features which are in a very good agreement with that
of experimental patterns.> The diffraction pattern of herring-
bone structure of empty SWCNTs [Fig. 11(b)] shows loss of
intensity of (100) peak by several orders of magnitude con-
sistent with the observations in the high-pressure experi-
ments. Other structures of the linearized tubes shown in Fig.
1 also have equally weak-computed intensities, making them
indistinguishable with reference to presently published x-ray
results. However, as is evident from Fig. 1, the translation
order is not completely lost in these structures and in fact,
calculated patterns show subtle differences. So, in principle,
more sensitive experiments may be able to identify the
physically realized structure; but this would require consid-
erable experimental improvements to substantially reduce
the background arising from diamonds and other sources.

The loss of the diffracted intensity of the first peak with
argon at INT sites®® is not as dramatic as empty SWCNTs

FIG. 10. (Color online) Snapshots of simula-
tion containing SWCNTs and argon at INT+IC
sites. (a) 50+7 argon atoms/tube at O GPa, (b)
50+7 atoms/tube at 10 GPa, and (c) 40+7 atoms/
tube at 10 GPa.

155425-6



MOLECULAR DYNAMICS SIMULATIONS OF PHASE...

x-ray intensity (arb. units x10"")

00 w | M

0.0 04 08 1.2 16 2.0 04 0.8 12 16 20

q (A"

FIG. 11. Calculated x-ray diffraction patterns of SWCNTs (a)
empty tubes at 0 GPa and (b) herringbone at 10 GPa. Patterns for
argon-filled nanotubes with argon at INT sites (c) and at INT+IC
sites (d) are calculated at 10 GPa. So as to facilitate the interpreta-
tion of experimental results, the intensity scale has been kept the
same.

[Fig. 11(c)]. The remnant order after collapse is still appre-
ciable to produce intense peaks. However, when argon is
present at INT as well as IC sites the diffraction signal re-
duces substantially. Since the transition pressure in this case
is higher, the inferred loss of 2D order in the filled SWCNTs
would take place at higher pressures when compared to that
for the empty tubes. These results provide a rational under-
standing of the results of Ref. 13 as those tubes were pre-
pared by arc-discharge method and hence may have missing
end caps and could be filled in a manner representative of
Sec. III C.
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We may also add that though for the present comparison,
the form factors of Ar were set to zero, the inclusion of
scattering from Ar shows the emergence of ordered struc-
tures of Ar in SWCNTs. Therefore, it may be interesting to
carry out such experiments to determine the ordering of Ar
atoms in SWCNTs under high pressures.

IV. SUMMARY

To summarize, our classical MD simulations have shown
that for SWCNTs at high pressures several competing kineti-
cally separated arrangements of the collapsed tubes are pos-
sible. We have also shown that compared to the empty tubes,
nanotubes bundles filled with argon atoms behave quite dif-
ferently under pressure. As the density of argon atoms at INT
sites is increased beyond the critical value of 40 atoms/tube,
the pressure of transformation increases. At the critical den-
sity, multiple volume changes are observed as argon atoms
undergo ordering in stages. Interestingly, at low argon con-
centrations, the nanotubes are found to adopt a collapsed
structure whereas at high concentrations they become fac-
eted. Calculated diffraction patterns imply that for empty
SWCNTs the diffraction experiments would show loss of the
first diffraction peak across the phase transition ~2.4 GPa.
In contrast, for Ar-filled SWCNTs, the pressure of transfor-
mation, as determined through the loss of diffraction signal,
would be much higher. Ar atoms show the emergence of
order at high pressures and these results should encourage
further experimental investigations.
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