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Single-walled carbon nanotubes show linear elasticity under hydrostatic pressure up to 1.5 GPa at room
temperature. The volume compressibility, measured by in sifu synchrotron x-ray diffraction, has been
determined to be 0.024 GPa~!. Theoretical calculations suggest that single-walled carbon nanotubes are
polygonized when they form bundles of hexagonal close-packed structure and the intertubular gap is
smaller than the equilibrium spacing of graphite (002) (d = 3.35 A). It has also been determined that
the deformation of the trigonal nanotube lattice under hydrostatic pressure is reversible up to 4 GPa,

beyond which the nanotube lattice is destroyed.
PACS numbers: 61.48.+c, 62.20.—x, 62.50.+p

Carbon nanotubes [1], due to their unique structure,
exhibit many extraordinary physical properties, such as
high stiffness, tunable electrical conduction between semi-
conducting and metallic states, one-dimensional quantum
wire effect, and electrical field-induced electron emission,
etc. Of particular interest are their mechanical properties.
While the multiwalled carbon nanotubes show the greatest
values for the axial Young’s modulus of about 2 TPa [2],
the theoretical value of graphene, carbon nanotubes ap-
pear very soft in their radial directions. The van der Waals
forces between neighboring carbon nanotubes can well
induce flattening of the otherwise circular tubules. The
softness of carbon nanotubes in radial directions has been
observed experimentally. For example, when two nano-
tubes are brought close to each other, the contact area is
flattened [3]; when its diameter is large, a nanotube as-
sumes a flattened (collapsed) structure rather than main-
tains the cylindrical structure [4]. Single-walled carbon
nanotubes are even softer than multiwalled nanotubes [5].
Molecular dynamics simulations have also demonstrated
that large radial compressions could be induced by small
force impact without C—C bond breakage [6]. However,
though there have been many research results on the axial
elasticity of carbon nanotubes, there is still no quantitative
measurement of the radial elasticity of carbon nanotubes
reported in the literature.

Hydrostatic high pressure provides an ideal condition to
study the radial elasticity of carbon nanotubes. Since the
C-C bond is strong, the axial deformation under mod-
erate pressure can be largely ignored while substantial
radial deformation is already induced. There have been
several Raman spectroscopy studies reported on the elec-
tronic properties of single-walled carbon nanotubes under
high pressure. Venkateswaran et al. [7] examined the pres-
sure dependence of the radial and tangential vibrational
modes and observed that the radial mode intensity van-
ished beyond 1.5 GPa, suggesting that the disappearance
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of the radial mode intensity was due to polygonization of
the nanotubes under pressure. Most recently, basing on
Raman shifts, Peters et al. [8] reported that a structural
phase transition had occurred at 1.7 GPa. In a separate
paper, Chesnokov et al. [9] conducted a high pressure ex-
periment up to 3 GPa and found that carbon nanotubes still
undergo reversible deformation up to this pressure.

In this Letter, we report the measurement of mechanical
deformation of single-walled carbon nanotubes (SWCNTSs)
under hydrostatic high pressure using a diamond anvil cell
and in situ x-ray diffraction. Energetics calculations have
also been carried out to establish the equilibrium intertubu-
lar gap and to simulate the morphological evolution under
increased pressure in connection with the experimentally
measured compressibility. It is suggested that polygoni-
zation of individual nanotubes must take place in order to
lower the total energy when nanotubes are forming hexag-
onal closed-packing structure as observed experimentally.

SWCNTs were produced by single-beam laser evapo-
ration of graphite powders catalyzed by Ni/Co fine par-
ticles. The pristine carbon nanotubes often aggregated to
form raftlike bundles [10,11]. This material has been well
characterized by both high-resolution electron microscopy
and Raman spectroscopy [11]. Loosely tangled nanotube
bundles were put into a gasketed diamond anvil cell and
hydrostatic pressure was applied to the SWCNTs via a
pressure medium made of ethanol-methanol. The applied
pressure was measured using the R-line emission from the
ruby crystals embedded in the pressure medium. Syn-
chrotron x-ray diffraction data were collected using an
imaging plate with sensitivity of 10000 scales at the Pho-
ton Factory, High Energy Accelerator Research Organi-
zation, Tsukuba, Japan using a selected wavelength of
0.8000 A to ensure that lattice reflections from the nano-
tube bundles were well preserved.

Carbon nanotubes form hexagonal close-packed struc-
tures as schematically illustrated in Fig. 1(a). As shown in
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FIG. 1. (a) Single-walled carbon nanotubes form hexagonal
close-packed structure. The lattice constant, a, equals the sum of
the short nanotube diagonal and the intertubular gap. (b) Lattice
constant of the trigonal nanotube lattice vs pressure as mea-
sured by in situ synchrotron x-ray diffraction. Compressibility
of 0.024 GPa™! is obtained.

the figure, the lattice constant, a, of the thus formed trig-
onal lattice equals the sum of the intertubular gap and the
short diagonal of the nanotube cross section. At the ambi-
ent condition, the average lattice constant of the nanotube
bundles was measured to be 17.16 A with a narrow distri-
bution. The (1,0) reflection shifted to higher angles when
pressure was increased, indicating that compaction of the
nanotube material had occurred under pressure. Up to the
pressure of 1.5 GPa, the nanotube lattice exhibited a linear
behavior, as shown in Fig. 1(b). Since the Poisson ratio
for graphite (= 0.012) is so small due to the strong sp>
bonding [12], the lateral change in bonding length under
pressure has been neglected for calculations of the radial
elasticity parameters. The volume compressibility, defined
by v = —% %, where V and P are the material volume
and the applied pressure, respectively, is obtained to be
0.024 GPa™! for the presently studied carbon nanotubes.
Given the lattice constant of the nanotube lattice, it is
still undetermined what the exact nanotube diameter is,
since the lattice constant equals the sum of the nanotube di-
ameter and the intertubular gap, as illustrated in Fig. 1(a).
On the other hand, although an SWCNT assumes a circular
cross section when it is in an isolated state (except those
of very large diameters [4] ), it is not necessary to remain
so when many SWCNTs form bundles. The morphology
of the hexagonally stacked nanotube bundles of minimum
energy has been analyzed by applying the continuum elas-
tic theory proposed by Tersoff [13]. In this model, each
nanotube is treated as an elastic sheet that is bent into a
cylindrical form and each part of the cylindrical tube inter-
acts with all the other cylindrical tubes with a potential of
the Lennard-Jones type. The parameters for the Lennard-
Jones type interaction potential and the elastic constants
have been derived from the compressibility and the phonon
frequencies of graphite. When the lattice constant at zero
pressure was assumed to be a = 17.15 A which is close to
the experimentally observed value, it was obtained that the
diameter of isolated SWCNTs was 14.08 A in the struc-
ture of minimum energy. It should be mentioned that the
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cross section of each nanotube was found to be already
faceted when they form a raftlike bundle. In other words,
when the cylindrical nanotubes aggregate to form hexago-
nal close-packed bundles, the morphology of the nanotubes
becomes prismatic instead of remaining cylindrical. Using
the same potential, we have also performed calculations
on the nanotubes of smaller diameters. The yielded results
indicate that the nanotube lattice constant is smaller than
the observed value and that the nanotubes are also slightly
polygonized in the structure of minimum energy. For ex-
ample, when the nanotube diameter assumes 13.55 A, the
resultant lattice constant of the nanotube bundle is 16.50 A.
Our calculations show that the intertubular separation at the
state of minimum total energy is smaller than the value sep-
arating Cgp molecules found in Cgg crystals that was used
to deduce the nanotube diameter by Thess et al. [14]. The
calculated pressure dependence of the lattice constant is in
excellent agreement with experiment as shown in Fig. 2(a).
The figure also includes the pressure dependence calcu-
lated for rigid cylindrical tubes (dotted line) for reference,
which showed a lower compressibility. Figure 2(b) shows
the calculated structure of minimized formation energy at
each pressure up to 4.2 GPa. It should be noted that, by
applying pressure, the circular nanotube cross section is
polygonized further to more faceted shapes. The poly-
gonization of a nanotube can be quantified by the ratio
n = rs/rp, where rg and r; are the short and the long ra-
dial dimensions of the cross section, respectively, as illus-
trated in Fig. 2(b). Our calculations have indicated that 7
deviates from unity (for isolated nanotubes) to 0.991 when
the nanotubes forming bundles even at zero pressure, and
that it reaches 0.982 at 1.5 GPa pressure when the diameter
of the isolated SWCNTSs was assumed to be 14.08 A. At
higher pressures, the polygonization becomes more notice-
able as expected. Details can be seen in Fig. 2(c), which is
an enlarged portion of Fig. 2(b). Another interesting point
is that the intertubular gap is much reduced from the equi-
librium (002) spacing of graphite. For the present case, the
equilibrium gap is 3.12 A at normal pressure, compared to
3.35 A for the (002) spacing of graphite. This is due to
the fact that the large curvature of the nanotubes makes the
area smaller on which the repulsive force between nano-
tubes is acting. The calculated intertubular gap vs pres-
sure is shown in Fig. 2(d). For the purpose of comparison,
the graphite (002) spacing, measured in the same experi-
ment, is also plotted in the figure. It shows that, when such
nanotube bundles are subject to pressure, further polygoni-
zation is necessary to accommodate the volume change.

We should mention that this compressibility value is
valid only for nanotubes used in the present experiment.
When the diameter of nanotubes changes, the compress-
ibility would change accordingly. For thicker nanotubes,
it is expected that their compressibility will be smaller than
thinner nanotubes within the elastic limit.

We found that the trigonal nanotube lattice diminished
beyond 1.5 GPa pressure as signified by the disappearance
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FIG. 2. (a) Calculated nanotube lattice constant (line curve)

under pressure for 14.08 A nanotubes in comparison with ex-
perimental data (filled squares). The dotted line is for rigid
cylindrical carbon nanotubes. (b) Morphological evolution of
nanotubes under increasing pressure. At the ambient condition,
nanotubes of 14.08 A diameter are already slightly polygonized
when they form close-packed structure with n = 0.991. Fur-
ther polygonization occurs when pressure is applied. At 1.5 GPa
pressure, 7 = 0.982. (c) Enlarged portion of the nanotube cross
sections at pressure 0, 1.5, and 4.2 GPa, respectively. (d) The in-
tertubular gap vs pressure (line curve) is smaller than the graphite
(002) spacing measured in the same experiment (filled squares).

of the characteristic nanotube lattice reflections. There-
fore we could not confirm if the structural phase transition
actually occurred as suggested by Peters et al. [8]. How-
ever, the individual nanotubes, though highly deformed,
still exist, as shown by the reversal experiment. The de-
formation of the 14.08 A nanotubes is found reversible up
to 4 GPa. When the pressure was released, the diminished
nanotube lattice reflections reappeared, indicating that the
deformation was reversible. This demonstrates that the
disappearance of the nanotube lattice reflection peaks was
due to the structural distortions which occurred to the raft-
like bundles, and the deformation is still elastic. However,
beyond 5 GPa pressure, the diminished nanotube lattice re-

flections could not be recovered, indicating that the lattice
structure had been totally destroyed.

It is interesting to note that the compressibility of
graphite (~0.028 GPa™!) is actually larger than nano-
tubes. This is not surprising because much of the open
space in SWCNTs is confined in the interior of nanotubes
within the elastic limit.

The polygonization of carbon nanotubes has signifi-
cant consequences on the physical properties of nanotubes.
Raman spectroscopy measurements [7] showed disappear-
ance of the characteristic breathing mode and that optical
transitions were also altered, which indicated that the elec-
tronic band gap has been changed as predicted theoreti-
cally by Charlier et al. [15]. The faceting induces o*-7"
hybridization and lowers the symmetry of the otherwise
cylindrical tubules.

The present results are a first experimental measurement
of the compressibility of single-walled carbon nanotubes of
diameter 14.08 A. The upper limit of 4 GPa pressure for
the stability of nanotube lattice establishes that the carbon
nanotube lattice is rather fragile due to the weak van der
Waals bonding forces. Further studies of the structural sta-
bility of individual nanotubes under pressure are underway
and will be published separately.
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