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Carbon nanotube bundles under high pressure: Transformation to low-symmetry structures
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Structure transformations for crystalline bundles of single walled carbon nanotubes~10,10!, ~8,8!, and~6,6!,
in response to external pressure are modeled by first-principles calculations. Upon pressure, the circular tube
section is first transformed into an elliptical shape. Further pressure then leads to a flattened shape, similar to
a 400-m track, with two flat sections connected by two cap sections. While the stress is taken up at the cap
sections by bond buckling, the conjugatep bonding on the two flat sections becomes more effective and
provides some stabilization for the structure. Such a transformation effectively squeezes the empty space inside
a tube and thus reduces the intertube van der Waals repulsion. Collapse of the tube structures or linking
between tubes viasp3 bonding is not observed up to a stress level of 20 GPa. Hexagonal tube sections are also
observed, which is a metastable state, due to the the symmetry constraint of the triangular lattice during
structure optimization. Such a structure is not favored as it is too rigid to adapt to external pressures.
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I. INTRODUCTION

One of the most extensively studied properties of carb
nanotubes~CN’s! is their elastic response to external force
due to the general interests in their mechanical properties
in their potential application as ultrastrong materials1,2

Along the axial direction, carbon nanotubes are highly s
with a Young’s moduli in the terapascal range.3 However,
along the radial direction, carbon nanotubes are extraordi
ily flexible and elastic. Their circular sections can be d
formed, and even collapsed,4,5 as induced by externa
forces,6 local bents or defects,7 or by van der Waals forces.8

The elasticity of a CN bundle is especially interestin
Such bundles are composed of more than hundreds
aligned tubes. In a crystalline bundle, often used in theo
ical modeling, the tubes are idealized as having a unifo
tube diameter in a two-dimensional triangular lattice,9 al-
though in experiments the tube diameter may fall into a n
row range of values. CN based fibers are expected to com
this form, which can now be made in small quantities.10–12

With the symmetry constraint of the two-dimensional tria
gular lattice, the section of an individual CN should be d
formed into honeycomb hexagonal structure upon the e
tion of external pressure, according to elastic models,13,14

and such transformations could have significant implicati
for the electronic and vibrational properties of CN’s.

A number of experimental studies on the pressure indu
structural transformation have been reported, which ge
ally fall into two categories in terms of experimental tec
nique. The first is based on Raman spectra.15–17 Structure
transformation is indicated by the disappearance of the s
metric radial breathing modes18–20 between 150 and 200
cm21, which is attributed to the loss of electronic resonan
in the Raman scattering as the structure is transformed u
pressure. The other technique used is diffraction, by eith
ray21,22 or neutron.23 In such experiments, the structur
change is measured directly as pressure is varied. Howe
the inconsistency in the results from different groups, pr
0163-1829/2003/68~7!/075404~7!/$20.00 68 0754
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ably due to sample preparation and also to poor resolution
yet to be resolved.21–23

There are strong evidences from both Raman16,17 and
diffraction21,23 experiments indicating a phase transitio
around the pressure of 1–2 GPa. However, the exact na
of this transition is controversial. Based on generalized tig
binding molecular-dynamics calculation, Venkateswar
et al.16 attributed the transition to the distortion of the circ
lar cross section of the tubes into hexagonal shape, in ag
ment with elastic models.13,14 On the other hand, using em
pirical force fields, Peterset al.17 assigned this transition to
change of the circular cross section into an ellipse. Very
cently, Sluiteret al. have studied the~10,10! and ~12,12!
bundles, using anab initio method based on density
functional theory~DFT!.24 Upon pressure, they found a hex
agonal cross section for the~12,12! tube, but an elliptical
cross section for the~10,10! tube. This difference is attrib-
uted to the fact that bundles of~12,12! tubes are commensu
rate with the symmetry of the triangular lattice.

It is well known that the conjugatep bonding among
carbon atoms plays a significant role in stabilizing a fl
graphene sheet. As the cross section of the tube changes
a hexagonal shape, each of the six sides becomes more
flat graphene sheet, with more effective conjugatep interac-
tions. Such an effect is compensated by the bond angle
tortion around the hexagonal corners and the van der W
repulsion among the neighboring tubes. With the devel
ment ofab initio methods for molecular modeling, it is now
possible to give a good account of all these factors from fi
principles.

We hereby report a computational study on the bundle
~6,6!, ~8,8!, and~10,10! tubes under high pressure, using t
DFT method with pseudopotentials and a plane-wave b
set. Our results show that for such bundles, the structure
hexagonal cross section is metastable under high pres
due to its stiffness enforced by its high symmetry. In the r
stable structure, the tube sections are deformed to a flatte
shape similar to a 400-m track, with two flat graphene s
©2003 The American Physical Society04-1
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FIG. 1. The total energy/atom relative to th
at RV51.0 and lattice stress in thea direction for
a crystalline bundle of~10,10! carbon nanotubes
is plotted as a function of the reduced volum
The shapes of the tube sections for selec
points on the curves are also shown as insertio
Along the compression curve, the circular stru
ture A is transformed into a hexagonal structu
B, as RV decreases. The flattened structure
with two flat graphene sections connected by tw
curved caps, is found upon further compressio
with a sudden drop in energy. B is actually
metastable structure, due to the symmetry co
straint of the lattice. A continuous curve is reco
ered in the expansion curve, which crosses w
the compression curve at point E. Under increa
ing pressure, the tube sections change first fr
circular ~A! to elliptical ~E! and finally to flat-
tened shape~C and D!.
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tions connected by two curved caps. The stress at high p
sure is mainly taken up locally in the cap sections by ext
sive bond buckling. Such a structural response, due to
interplay among van der Waals repulsion, conjugatep bond-
ing on the flat sections, and bond buckling on the caps,
derlies the extraordinary compressibility of carbon nanotu
bundles.

II. COMPUTATIONAL DETAILS

Our DFT calculations are performed with a plane-wa
basis set,25,26 Vanderbilt ultrasoft pseudopotentials for th
atomic core regions,27,28 and the exchange-correlation fun
tional within the generalized gradient approximati
~GGA!,29 as implemented in the Vienna Ab-Initio Simulatio
Package~VASP!.30–32 For structure optimization, the cuto
energy is 287 eV for the plane-wave basis set, and twk
points are used in the average sampling. For the calcula
of lattice stress, the cutoff energy is raised to 380 eV.

A crystalline bundle of single walled CN’s are modele
by a rectangular unit cell containing two tubes. The length
c is at 4.996 Å in accordance with the periodicity along t
tube axis. It is fixed in all calculations, which will certainl
introduce some inaccuracy. However, the error is expecte
be small as it is well understood that carbon nanotubes
highly stiff along the axial direction.3 The lengths ofa andb
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are held at fixed proportion to enforce two-dimensional
angular tight packing, while external pressure is introduc
in the a and b directions by decreasing the length ofa, to-
gether with a proportional decrease forb. The stress along
the a andb directions are thus approximately equal to ea
other. A similar setup has been used before in the study o2
interaction with CN bundles under high pressure.33

III. RESULTS

Shown in Fig. 1 are the calculated energy and latt
stress for a crystalline bundle of~10,10! tubes as a function
of the reduced volume of the unit cell. The reference volu
is obtained by minimizing the total energy versus both
tube structure and the lattice parametersa. For the~10,10!
tubes, the energy minimum is found ata517.4 Å, which is
in good agreement with previous DFT calculations, and
expected, larger than the value of 16.5 Å obtained by lo
density-functional method.24 At this point, the unit-cell vol-
ume is taken asRV51.0, and the energy for the optimize
structure is at a minimum, with the tube being circular~A!.
As RV is reduced stepwise from 1.0, pressure is introdu
on the unit cell, and at each step structure optimization
performed so that the force on each carbon atom is less
0.02 eV/Å. The initial geometry for the tubes are taken fro
the optimized structure at the previous~and thus slightly
4-2
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larger! RV. These steps produce the ‘‘compression’’ cur
shown in Fig. 1.

The energy increases along the compression curve asRV
decreases. The tube structure remains circular until at
point of RV50.8, when the tube section becomes hexago
as in B. The lattice stress, which could be taken appro
mately as the value of external pressure, increases to
GPa. However, at the next stepRV50.78, the tube section
goes through dramatic changes during structure optimiza
and becomes flattened. This newly identified structure C
distinct from the previously suggested hexagonal or ellipti
sections, and has a shape similar to a 400-m track, with
flat sections connected by two caps. Moreover, there
drop of 5.1 eV~0.032 eV/atom! in the total energy, while the
calculated stress shows an even more dramatic drop f
10.6 GPa for the hexagonal B to 2.3 GPa for the flattened
even though the unit cell is slightly reduced.

Starting with C (a515.4 Å), the previous procedure
repeated, albeit withRV increased stepwise, to produce a s
of points in Fig. 1 labeled as the ‘‘expansion’’ curve. Alon
this curve, the structure gradually changes from the flatte
C into the elliptical E. In terms of energy, the point on t
expansion curve is considerably lower than that for the c
responding point on the compression curve with the sa
RV. However, atRV50.89, the expansion curve crosses t
compression curve, and forRV.0.89, the energy ordering i
reversed with the compression curve below the expan
curve, although the energy difference is not as large as in
region of 0.80,RV,0.89. The optimized structure on th
expansion curve remains elliptical fromRV50.89 all the
way up to RV51.0, although its shape is gradually a
proaching a circle.

Comparison between these two curves indicates that
hexagonal B, together with other points on the compress
curve in the region of 0.78,RV,0.89, are actually meta
stable, as the symmetry constraint in the two-dimensio
triangular lattice leads our structure optimization to a lo
minimum with higher energy. The stable structure in th
region is either flattened~C! or elliptical ~E!. In contrast, in
the region of 0.89,RV,1.0, the elliptical structures on th
expansion curve are metastable, while the stable struct
have circular sections as those on the compression curv

Based on these results, the~10,10! tube should be circula
in the real compression experiment, up toVR50.89. A struc-
ture transition from a circular to elliptical section should o
cur aroundVR50.89, facilitated by thermal motion of car
bon atoms to break the symmetry constraint of the triang
lattice. At this point, the pressure obtained on the comp
sion curve is 2.7 GPa, while on the expansion curve
pressure is 1.4 GPa, which can be compared with the exp
mentally observed structural transition in bundles of~10,10!
tubes at 1.5–1.7 GPa, previously identified by changes
Raman spectra.16,17 The ab initio results thus support th
interpretation of this transition as from a circular to an ell
tical section,17 rather than to a hexagonal section.16

Upon further compression, the elliptical structure E is d
formed into structure C. An ellipse shape becomes unten
at higher pressure as a flattened ellipse would produce
sharp corners, which must be built upon an extraordin
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degree of bond buckling. This problem is alleviated in stru
tures C and D by the presence of the two cap sections
addition, each flat section in C and D could be viewed a
graphene sheet, and conjugatep bonding among carbon at
oms is more effective on such a flat section than that on
elliptically curved section. Moreover, the surfaces of t
graphene sections in C and D are slightly deformed due
intertube interactions in the periodic two-dimensional lattic
The symmetry of the tube is thus lowered due to stro
intertube repulsion, which is a marked deviation fro
the highly symmetric circular, hexagonal, and elliptic
structures.

For the bundles of~6,6! and~8,8! tubes, the general tren
is similar to the bundle of~10,10! tubes, as shown in Fig. 2
The energy minimum atRV51.0 corresponds toa
515.0 Å for the~8,8! bundle, and toa512.0 Å for the~6,6!
bundle. Along the compression curve, structure optimizat
again leads to metastable structures, with high symmetry
cular or hexagonal section. AtRV50.73 for both the~8,8!
and~6,6! bundles, a fall in total energy is observed, togeth
with a dramatic fall in lattice stress, as the tube section
transformed into a flattened shape during structure optim
tion. The fall in energy is less for the~6,6! and ~8,8! tubes
than that for the~10,10! tubes, while the fall in stress is
comparable in magnitude.

At the sameRV value ~say, RV50.7), the lattice stress
increases when the tube diameter decreases, as show
comparing the results shown in Figs. 1 and 2 for the~10,10!,
~8,8!, and ~6,6! tubes. Also, the increase in lattice stress
faster for tubes with smaller diameters, indicating that
smaller the tube diameter, the harder to compress it. Sh
in Fig. 3 are the flattened tube structures at a pressure aro
13 GPa. The~8,8! and~10,10! tubes are similar to each othe
except that the flat sections in the~10,10! tube is longer. On
the hand, the section for the~6,6! tube is more elliptical,
probably due to its small diameter.

IV. DISCUSSIONS

A. Hexagonal versus flattened sections

It should be noted that based on the elastic model,
tube section would spontaneously changes into the hex
nal shape for a bundle of tubes with diameters over 25 Å13

Experimentally, polygonization of the tube section was o
served around 17 Å, without any external pressure.34 The
often cited reason for such a change is the attractive inter
van der Waals interaction in the triangular lattice as the tu
are flattened with six sides.13 There is one additional reaso
for the preference of such a structure. Each flat section co
also be seen as a graphene sheet on which the conjugap
bonding is more effective than that on a circular surfa
further stabilizing the structure. On the other hand, the f
mation of a hexagonal section produces six localized corn
with bond buckling, which raises the total energy. Both t
attractive van der Waals interaction and the conjugatep
bonding on the flatten sections increase as the tube diam
increases. Thus for a bundle of tubes with large diamet
hexagonal shape is favored.
4-3
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FIG. 2. The total energy/atom relative to th
at RV51.0 and lattice stress in thea direction
for a crystalline bundle of~6,6! or ~8,8! carbon
nanotubes is plotted as a function of the reduc
volume.
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. 1,
However, upon compression, intertube van der Waals
teraction becomes a serious disadvantage in terms of en
as it enters the regime of steep repulsion. To reduce s
repulsion, the preferred structure must be flexible and co
pressible. In such a situation, the flattened structure C
distinct advantages over the hexagonal structure B whic
fairly rigid due to its high symmetry.

Structural compression on the carbon nanotubes coul
achieved in two ways, either by contraction of C-C bonds
by bond angle buckling. Among these two, bond contract
is considerably stiffer than bending bond angles.20 At RV
51.0, the calculated C-C bond distance in the circular A
1.42 Å for C-C bonds perpendicular to the direction of t
tube ~labeled as C-C') and 1.44 Å for others~labeled as
C-C'” ). The difference is due to the fact that we fix the ax
lattice parameter in our calculations. These values are c
pared favorably with the 1.42-Å C-C bond distance in grap
ite. Although significant deformation is observed in structu
C, the average bond distance remains around 1.42 Å
C-C' and 1.44 Å for C-C'” , as in A. This is in sharp contras
to the hexagonal B, for which the average bond distance
C-C' is significantly shortened to;1.39 Å while the C-C'”
distance is also shortened to;1.42 Å.
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Such differences can be explained by the symmetry c
straint. For B, buckling is distributed on six corners and
extent is basically fixed in order to maintain the hexago
symmetry. When further pressure is applied, the hexagon
could only respond by the contraction of C-C bonds, wh
makes it energetically costly to compress the tubes. In c
trast, bond buckling for the low-symmetry flattened structu
~C and D! is localized on the two cap sections and could
to a much larger extent to squeeze the space inside the
without significant contraction of C-C bonds. As a result, t
hexagonal structure is less compressible than the flatte
tube, which is a serious disadvantage for the reduction of
der Waals intertube repulsion. This is reflected in the value
the shortest intertube C-C distance, which is 2.9 Å for
hexagonal B, compared to a value of 3.3 Å for the flatten
C, even though theRV for C is actually slightly smaller. It
indicates much stronger van der Waals repulsion in B due
its structural inflexibility.

Another interesting indication of the stability of variou
structures is shown in Table I, which lists the relative ene
of a single tube. For each structure, the atomic coordina
are taken directly from the corresponding structure in Fig
and a single tube is then put in a box witha andb at 25 Å.
4-4
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The calculated total energy for a flattened C tube is 0.6
lower than that for a hexagonal B tube. As there are t
tubes in a unit cell for our model of a tube bundle, the tu
structures contributes 1.2 eV for the decrease of 5.1 eV
total energy as the hexagonal B is transformed into the
tened C, while the other 3.9 eV can be attributed to
decrease in van der Waals repulsion.

B. Dependence on tube diameters

The slope of the stress versusRV curve shown in Figs. 1
and 2 indicates a trend that the tubes with smaller diame
are harder to compress. It can be accounted by two fac
First, the cap sections are localized and their sizes do
change significantly with tube diameters, while an incre
in the tube diameter would elongate the flattened sectio
The larger the flattened section, the more effective the c
jugatep bonding, which in turn compensate the bond buc
ling in the cap sections. On the other hand, the flattening

FIG. 3. The flattened tube structures in a crystalline bundle
~6,6!, ~8,8!, or ~10,10! tubes at a lattice stress around 13 GPa. T
structures of~8,8! and ~10,10! tubes are similar to each other, wit
longer flat sections for the~10,10! tubes. The distance between th
two flat graphene sections is around 3.8 Å for both the~8,8! and
~10,10! structures at such high pressure, approaching the interl
distance of 3.35 Å in graphite. The~6,6! structure is somewha
elliptical, due to its small diameter.

TABLE I. Relative energy of a single~10,10! carbon nanotube
frozen at A–D as shown in Fig. 1. With the single tube in a
32534.996-Å box, there is no van der Waals interactions betw
tubes in neighboring cells.

Tube structure
as in Fig. 1

Relative energy
~eV!

D 12.5
C 2.3
B 2.9
A 0.0
07540
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tubes with larger diameters results in a larger decreas
their volumes, and thus a larger reduction in the van
Waals repulsion. Thus, for tubes with large diameters,
flattened structure should be more advantageous over
hexagonal structure in terms of energy. And these consi
ations should not be effected by symmetry constraints.

However, in a recent DFT study on the compress
~10,10! and ~12,12! bundles, Sluiteret al. argued that the
deformation into hexagonal or elliptical sections upon pr
sure is driven by symmetry.24 This was based on the obse
vation of hexagonal section for the~12,12! bundle, and ellip-
tical section for the~10,10! bundle, which was attributed to
the fact that the~12,12! tubes were commensurate with th
hexagonal symmetry of the lattice, while the~10,10! tubes
were not. We would argue that the symmetry factor proba
trapped the~12,12! in the hexagonal structure, which is
local minimum. Significantly, they observed the hexago
structure for the~12,12! bundle up to a pressure of only
GPa. The same is true in our calculations. Only at press
higher than 10 GPa, the structure optimization breaks ou
the hexagonal structure B and locates the real minimum i
~Fig. 1!.

It should also be noted that the tubes we studied h
diameters around 10 Å or less, and their sections are circ
at zero pressure. Upon compression, the section shape
changes first into elliptical and then flattened structure, wh
the metastable hexagonal section is only observed under
pressure due to the symmetry constraints of the lattice on
structure optimization. As discussed before, for bundles
larger tubes with diameter larger than 17 Å, the tube secti
are hexagonal even at zero pressure.13,34 At low pressure,
they remain the minimum structure, while at high pressu
there may well be an energy barrier for the transformat
from a hexagonal section to the more stable flattened sec
which could trap the tubes in the hexagonal shape and sh
be an interesting subject for future studies.

C. Volume compressibility

By numerical fitting the data points in Fig. 1, the value
]V/]P can be estimated and volume compressibility cal
lated by n52(1/V)(]V/]P), as listed in Table II. As the
tube sections change from circular to elliptical and then
flattened shape upon compression, the compressibility a
ally increases. It is an interesting and somewhat counte
tuitive trend: the tube becomes softer as pressure is
creased. Overall the values ofn in Table I are very favorably
compared with the compressibility of graphite at;0.028
GPa21. The flattened structure C, withn at 0.158 GPa21, is
the most elastic. It responds to further compression w
longer graphene sections, and shorter and more strained
sections, which reduces the tube interiors, as in D. Suc
fairly unusual structural response, with stress localized in
cap sections and taken up by the facile bond buckling,
plains the extraordinary elasticity in carbon nanotubes. Th
are also limits to the compressibility, as seen in the reg
of RV,0.6, with the resistance to pressure increas
significantly.

For structure D, the distance between the two graph
sections is;3.8 Å, which can be compared with the graph

f
e

er
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interlayer distance of 3.35 Å. At such a distance, there m
well be weakly intratube attractive interactions between
two graphene sections, similar to the interlayer interacti
in graphite. Further compression is possible, but it will so
reach the stiff limit of van der Waals repulsion between
graphene sections, when the distance falls below 3.35
Breaking down of the cap sections due to excessive b
buckling is also possible, especially for small tubes, by eit
the breaking of the carbon-carbon bond, or more likely,
the formation ofsp3 bonds forming intertube links. How
ever, in our calculation, such chemical changes are not
served at a stress up to;20 GPa. More generally, an array o
carbon nanotubes can be thought as an array of cylind
albeit with molecular dimensions. The patten of compress
and eventual collapse at the molecular level shall be v
interesting comparison to that at the macroscopic level m
eled by continuum mechanics.35

It has been demonstrated that the resistivity of carb
nanotube ropes is pressure dependent,36 which is related to
the pressure induced structural changes. With the large ex
of structural deformation over an impressive range of pr
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TABLE II. Calculated volume compressibility for a crystallin
bundle of ~10,10! carbon nanotubes, from the curve shown
Fig. 1.

Reduced volume/
structure

RV region Volume
compressibility~GPa21!

RV51.0
circular

0.89,RV,1.00 0.038

RV50.89
circular/

hexagonal

0.80,RV,0.89 0.012

RV50.89
elliptical

0.80,RV,1.00 0.089

RV50.78
flattened

0.60,RV,0.78 0.158

RV50.60
flattened

0.50,RV,0.60 0.015
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sure, as shown in our calculations, a bundle of CN’s could
potentially used as electromechanical devices, such
gauges in a high-pressure environment.

In terms of chemical properties, the flat graphene secti
should resemble graphite and be relatively inert. On the o
hand, due to the stress localized in the cap sections and
large degree of bond buckling, the caps should be chemic
active, which is enhanced by increasing pressure. It thus
vides a pressure-dependent chemical environment, whic
an interesting area for future investigation.

V. CONCLUSION

We have studied the deformation of the tube sections
der high pressure for the crystalline bundle of~10,10!, ~8,8!,
and ~6,6! single walled carbon nanotubes. The structu
with hexagonal tube sections are a metastable state, du
the symmetry constraint of the triangular lattice. Such a s
tion is too rigid to reduce the tube volumes and the intertu
van der Waals repulsion. A flattened section is identifi
which is consisted of two flat sections connected by two c
sections, similar to the shape of a 400-m track. With
stress localized on the cap sections, the bundle is stabil
by the more effective conjugatep bonding on the two flat
sections, and by the significant reduction in tube volum
and thus in the intertube van der Waals repulsion. It a
provides a pressure dependent environment with the stre
cap sections being chemically more reactive than the
sections.
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