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Stability and cap formation mechanism of single-walled carbon nanotubes

D.-H. Oh* and Young Hee Lee†
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We use tight-binding total-energy calculations to investigate the energetics and the cap formation mecha-
nism of single-walled carbon nanotubes. The present calculations of the edge energy and strain energy suggest
the growth of armchair nanotubes to be energetically more favorable than the growth of zigzag nanotubes. The
cap formation at the edge of both nanotubes is animated by the tight-binding molecular-dynamics simulations.
The cap formation is immediately followed by the pentagon formation at the edge of both tubes. The role of
transitions metals is further discussed.@S0163-1829~98!04835-8#
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I. INTRODUCTION

Unlike other covalent materials, the carbon system
unique topological diversities. Diamond is known to be t
most stable phase with strong covalentsp3 hybridization
with its counterpart the planar graphite phase (sp2 hybrid-
ization!. Since the advent of fullerene~cage! structures1 and
successful preparations of their massive quantities2 in which
its bonding nature is a mixture ofsp2 and sp3 hybridiza-
tions, research has focused on the physical propertie
fullerenes and its applications to many different fields. T
unusual structural stability, the topological diversity, a
high electronegativity leading to the doping controllabili
and superconductivity are characteristics of fullerenes,
though the application of these materials in various field
still challenging. Multiwalled tubular forms of a few hundre
nanometers in diameter have also been found as a by-pro
of the fullerene formations.3 Recent theoretical studies sho
that the multiwalled nanotubes can be grown via the e
interactions ~called ‘‘lip-lip’’ interactions! mediated by
strongly covalent adatoms between the tube walls.4,5

Single-walled nanotubes (SWNT’s! have been synthe
sized with an additional small amount of transition met
during the carbon arc discharge or laser evaporization
graphite rod.6–8,10The SWNT reveals many unusual physic
properties depending on the diameter and chirality. The a
chair tubes (n,n) ~Ref. 9! show a metallic behavior, wherea
the zigzag tubes (n,0) are semiconducting, except the tu
chirality of n53k, where k is an integer, which become
metallic again.

The most abundant species among fullerenes is C60 with a
diameter of 7.1 Å. The counterpart of fullerenes in t
SWnT’s is armchair~10,10! nanotubes with a diameter of 1
Å.6,10 Strong electron field emission has been realized w
carbon nanotubes11 and further applied to field-emitting fla
panel displays12 and scanning tunnel microscope tips.13 The
small size of the diameter and controllability of the ener
gap show potential application to high-density memory
vices.

In spite of these applications, the reproducibility and co
trollability of the chirality and diameter have still not bee
achieved experimentally. In particular, a small amount
transition metals gives very high yields of SWNT’s and mo
of the cage structures are not reproduced. The long tube
long as about 0.1 mm, have been turned out to be mo
PRB 580163-1829/98/58~11!/7407~5!/$15.00
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armchair tubes,6,10 although the early observations sho
some other chiral nanotubes.14 However, the role of transi-
tion metals is not clearly known. It has been proposed t
the transition metal adsorbs strongly at the edge, but
diffusion barrier is low (;1 eV) enough that the Ni atom
can migrate along the edge of the tube easily like a sco
motion, thus efficiently catalyzing the topological defec
such as pentagons and heptagons.15

In this study we describe the detailed energetics of
tube edges and cap formation mechanism usingab initio
calculations based on the local-density approximation~LDA !
and tight-binding molecular-dynamics~TBMD! simulation
techniques. The cap formation procedure is vividly visu
ized through animation.

II. THEORETICAL APPROACHES

Our calculations have been carried out using the TBM
method. We introduce an efficient semiempirical tigh
binding ~TB! approach for large-scale calculations such
the cap formation process of carbon nanotubes. In the
approach of carbon system, the band structure energy is
rametrized using the Slater-Koster scheme16 with an or-
thogonalsp3 basis set in which the positional dependence
scaled by an extra exponential factor.17 The repulsive ion-ion
potentials are fitted similarly to the band structure ener
This reproduces the qualitative behaviors of the tot
binding-energy curves of various phases obtained from
LDA calculations17 and has been successfully applied
fullerene systems.18 The conjugate-gradient~CG! approach
is applied to get the ground-state equilibrium structures.
also employ the TBMD method in order to study the d
namical behavior of tubes.

III. RESULTS AND DISCUSSION

The coexistence of stable diamond and graphite provi
more complex topological varieties in the geometry. Co
pared to the graphitic layered structures, cage structu
~fullerenes! and tubes require excessive strain energy. Fig
1 shows the relative stain energies of each structure w
respect to the graphitic layer. We take 180 carbon atom
the form of a graphitic layer with two-dimensional period
boundary conditions and calculate the total energy by the
total-energy method. The C-C distance is taken to be 1.42
The total energy of the C60 cage structure is calculated by th
CG relaxation scheme in which three times this total ene
7407 © 1998 The American Physical Society
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7408 PRB 58D.-H. OH AND YOUNG HEE LEE
is compared to that of the graphitic layer. Two characteris
bond lengths of 1.39 and 1.45 Å in C60 are obtained. The
heavy strain energy of 0.352 eV/atom is contributed from
pentagon formation and the spherical curvature of C60. In
spite of quite a large amount of strain involved in C60, cage
structures are found in nature, suggesting that local m
stable structures and/or high-temperature nonequilibrium
namics are important. For nanotubes where the perio
boundary condition is applied to the tube axis only, we c
form two achiral tubes depending on the wrapping directi
Each structure is fully optimized by the CG method. T
armchair~5,5! tube in which the diameter~6.9 Å! is similar
to that of C60 gives a similar strain energy to C60, whereas
the zigzag~9,0! tube whose diameter~7.0 Å! is again similar
to that of C60 gives larger strain energy by 0.04 eV/atom th
the armchair tube. This suggests that the armchair tube m
be formed more easily than the zigzag tube.

It is not clear whether or not the armchair tubes are m
favorable than the zigzag tubes. Recent experime
observations6,10 mostly show the armchair tubes, althoug
some previous observations show the zigzag and even c
tubes.14 Perhaps one of the interesting quantities in determ
ing the relative stability of the tubes is the edge energy.
calculate the edge energy of each tube by defining the en
with respect to the graphitic layer

DE~5,5!5Etotal
~5,5! 2Etotal

graphite, DE~9,0!5Etotal
~9,0! 2Etotal

graphite.
~1!

Similarly to the previous calculations, we take 180 carb
atoms for each calculation. We leave the edges of the tu
open in this case. Each edge structure is again optimize
the TB-CG method. The armchair edge is stabilized by for
ing a strong covalent bond with a bond length of 1.28
@1.23 Å from the LDA,15 comparable to the triple bond~1.2
Å! of C2H2#, whereas the zigzag edge forms an intermed
bond ~1.44 Å! between single and double bonds~1.40 and
1.46 Å in C60). The corresponding bond lengths are shown

FIG. 1. Carbon architecture:~a! graphitic layer,~b! fullerence
C60, ~c! armchair ~5,5! nanotube, and~d! zigzag ~9,0! nanotube.
The relative strain energies of structures~b!–~d! with respect to~a!
the graphitic layer are 0.352, 0.355, and 0.395 eV/atom.
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Fig. 2. By dividing the edge energy by the number of ato
at the open edge, we getDE(5,5)53.19 eV/atom and
DE(9,0)53.95 eV/atom. Thus the armchair tube edge
more stable by 0.76 eV/atom than the zigzag tube ed
which is comparable to 0.79 eV/atom from the LD
calculations.15

Another interesting quantity is the energy gain by the c
formation energy. The tube usually terminates with a do
closure. The local topology of the cap formation for the ar
chair and zigzag tubes is different, as shown in Fig. 2. T
cap of the armchair tube is obtained by selecting a he
sphere of C60 that possesses a pentagon pole at the top of
center, while the cap of the zigzag tube is obtained by sel
ing a hemisphere of C60 that possesses a hexagon pole at
top of the center. The armchair cap has ten edge ato
whereas the zigzag cap has nine edge atoms. We first r
individual caps and the tube with open edges by the TB-
method. The energy gain by the cap formation can be
tained by subtracting the total energies of the respective
and tube from the total energy of the combined cap and tu
The energy gain of the armchair tube due to cap formatio
240.1 eV520.4 eV/edge atom, whereas the energy g
of the zigzag tube due to cap formation is270.5 eV
527.8 eV/edge atom. This significant energy gain is due
the stable edge formed with covalent triple bonds at the a
chair tube edge and the singly coordinated atoms at the e
of the zigzag tube. Even in the case of the zigzag cap with
atoms such that the edge atoms of both the cap and zig

FIG. 2. Fully relaxed capped nanotubes with an open end:~a!
armchair tube and~b! zizag tube. The open circles indicate the c
atoms. All lengths are in angstroms.



th
e
m

th
th
er
gz
re
nd
ct
at
iti
s
th
ub

i
or
.4
is
iz
he
la
or
th
b
g
e
a

m
u
e
ic

y
lle

l

p
di-

o-
se
ero
rm-
the
e

es
-

his
the
ero
ure

by
mic
er-
ar-
r or
t the
dd

us
th a
bout

bes,
he
o
are

za
as
rg
is

ral
zag
d-

f
es.

PRB 58 7409STABILITY AND CAP FORMATION MECHANISM OF . . .
tube are doubly coordinated@open atoms in Fig. 2~b!#, the
zigzag tube still gains an energy of20.44 eV/edge atom
over the armchair tube. It is also interesting to compare
energy gain of C60 combined with two caps with that of th
combined armchair and cap. The energy gain of the co
bined two C30 caps to form C60 is 242.4 eV, 2.3 eV more
stable than that of the latter case. From the evaluation of
energy gain due to the cap formation, it can be suggested
C60 is more easily formed than any type of tube and furth
more the armchair tube has a better chance than the zi
tube to survive for long tube growth without a dome closu

We also study the relative stability of the armchair a
zigzag tubes. Figure 3 shows the strain energies as a fun
of diameter where the strain energy of each tube is calcul
from the total energy difference with respect to the graph
layer. The periodic boundary condition along the tube axi
applied in the tube calculations. The strain energy of
zigzag tube is always larger than that of the armchair t
over all range of diameters. For instance, the~5,5! armchair
tube has a smaller strain energy by 0.04 eV/atom than
counterpart of the~9,0! zigzag tube. The nearest-neighb
distance along the circumference of the armchair tube is 1
Å, whereas this is 2.46 Å in the zigzag tube. The short d
tance of the armchair tube makes the stronger rehybrid
tion of p orbitals during wrapping of the graphitic sheet. T
inset clearly shows that both tubes follow the classical e
ticity theory, where the strain energy is inversely prop
tional to the square of the diameter. This suggests again
the armchair tube is more easily formed than the zigzag tu
From the above calculations of the relative stability, ed
energy, and strain energy, we note that the zigzag tub
energetically unfavorable to the armchair tube in the form
tion process.

We now calculate the energy gaps as a function of dia
eter and will show that the energy gap also depends serio
on the diameter particularly for tubes with a small diamet
From the symmetry of the Brillouin zone of the graphit
layer,19 the armchair tube (n,n) is always metallic due to the
crossing ofp-p* at theK point, although the elastic energ
opens the gap and is not negligible, particularly for sma
diameters20 where the contribution of the strain~bending!
energy becomes significant. For the zigzag tube (n,0), when

FIG. 3. Strain energy per carbon atom of armchair and zig
nanotubes with respect to the total energy of the graphitic layer
function of tube diameter. The inset shows clearly the strain ene
depending on the inverse square of the diameter. The diameter
angstroms.
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the chirality is (3k,0), wherek in an integer, the accidenta
symmetric point in the Brillouin zone overlaps at theG
point, giving again no energy gap. For all tubes (n,m) in
which nÞm andn2mÞ3k, the finite size of the energy ga
exists. Figure 4 shows the energy gaps as a function of
ameter for different chiralities. It reveals two major categ
ries of the gap. The primary gap with filled circles in the ca
of (3k,0) tubes is not zero but finite and approaches a z
gap with increasing diameter. The energy gap of the a
chair tube is not shown but always a zero gap due to
crossing ofp-p* orbitals. The finite gap results from th
bending energy, which simply almost fitsd22. The chiral
tube (n,m) with n2m53k shows behavior similar to the
zigzag tube (3k,0). The secondary gap of zigzag tub
shows two slopes. Whenn53k11, the energy gap is pro
portional tod20.79 and whenn53k12 it is proportional to
d21.05. Both are close tod21 and the major contribution to
this behavior is the rehybridization of thep orbitals due to
the finite curvature of the tube. It should be noted that t
small energy gap due to the nonzero curvature even in
case of metallic armchair tubes and zigzag tubes with z
gap will have important consequences for low-temperat
quantum transport properties.21,22

Although a considerable amount of energy is gained
the cap formation process, the growth process in an ato
scale is still far from being clearly understood. Here we p
form the TBMD simulational approaches to see how the c
bon atoms adsorb on the tube edge to either grow furthe
come to a dome closure. We start with the capped tube a
bottom and open edge at the top of the tube. Initially we a
the number of carbon atoms for each tube~30 for the arm-
chair and 29 for the zigzag! in a gas phase. The gaseo
carbon atoms are constrained to stay within a sphere wi
diameter of 14 Å centered at the tube axis separated by a
7 Å from the top edge of the tube as shown in Fig. 5~a!. We
use 130 and 157 carbon atoms for armchair and zigzag tu
respectively. The initial temperature was set to 2000 K. T
time step is 1.12310216 s. The velocities are rescaled t
give the desired temperature. The first few hundred steps

g
a
y
in

FIG. 4. Energy gap as a function of diameter for different chi
tubes. The filled circles indicate the bend-induced gap of zig
(n,0) tubes withn53k. The filled diamonds are also the ben
induced gap of chiral (n,m) tubes withn2m53k. Open circles
indicate the energy gap of the zigzag (n,0) with n2mÞ3k, result-
ing from the rehybridization ofp-p* orbitals. The energy gap o
chiral tubes falls into the region of the energy gap of zigzag tub
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7410 PRB 58D.-H. OH AND YOUNG HEE LEE
run to equilibrate the system. The total simulation time
canonical run was 5.6 ps. Figure 5 shows several snaps
of the time evolution of the cap formation process for t
armchair tube. Some gaseous carbon atoms form a dime
trimer initially as shown in Fig. 5~a!. Adatoms approach the
edge of the tube and have a chance to form a pentago
shown in Fig. 5~b!. Since the temperature is not very hig
the adatom forming a pentagon would not diffuse to ot
sites. Once a pentagon is formed, this induces the tube
to close to the inner direction. Further adsorption of carb
atoms join them to form a dome closure, while some gase
atoms are now linearized, still with dimers and trimers. It
also easy to observe the heptagon formation as show
Figs. 5~d!–5~e!. Once a heptagon is formed, a negative c
vature is developed, which is often observed as bend
tubes. In addition, gaseous adatoms are further lineari
One can see a combination of pentagon and heptagon cl
after the CG relaxation to zero temperature from Fig. 5~f!.
Chains are more completely linearized due to the remova
entropy effects.

Figure 6 shows similar snapshots for zigzag tubes. T
gaseous carbon atoms approach the edge of the zigzag
with a preferable form of linear chains that bond to the t
site of the tube edge, as shown in Fig. 6~b!. These linear
chains connected to adjacent top sites intervene with e
other @Fig. 6~c!# and have a chance to form a pentago
which appears in Fig. 6~d!. Again, once a pentagon i
formed, a dome closure follows immediately. In this cas
dome closure process is accelerated more completely du

FIG. 5. Typical snapshot~side view! of gaseous carbon adsorp
tion on an armchair tube edge using the TBMD simulation aT
52000 K for different simulation times:~a! initial snapshot after
equilibrium,~b! t51.12 ps,~c! 1.96 ps,~d! 2.52 ps,~e! 5.6 ps, and
~f! optimized structure by the CG relaxation from the final geome
at 5.6 ps. Adatoms are drawn with filled circles and atoms at
tube are drawn with open circles. The bonds are drawn when
distance is within 1.9 Å.
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the coexistence of pentagons at adjacent sites. We also
that one atom from the tube edge desorbs and forms a b
with a chain in the vacuum. This suggests that the edge
the zigzag tubes is less stable than that of the armchair tu
reflecting the stable edge formation of the armchair tubes
demonstrated in previous calculations of the edge energ

It will be very intuitive to illustrate a honeybee’s eye fo
pedagogical purpose in relation to the cap formation. Fig
7 shows the flat part and corner of the honeybee’s eye.

y
e
e

FIG. 6. Typical snapshot~side view! of gaseous carbon adsorp
tion on a zigzag tube edge using the TBMD simulation atT
52000 K for different simulation times:~a! initial snapshot after
equilibrium,~b! t50.84 ps,~c! 1.96 ps,~d! 2.52 ps,~e! 3.64 ps,~f!
4.2 ps, and~g! optimized structure by the CG relaxation from th
final geometry obtained at 5.6 ps. Adatoms are drawn with fil
circles and atoms at the tube are drawn with open circles.
bonds are drawn when the distance is within 1.9 Å.

FIG. 7. ~a! Complete hexagon pattern in the noncurved part
the honeybee’s eye and~b! defect pattern with pentagons in th
corner of the honeybee’s eye. Photos taken at Daresbury Lab
tory, Daresbury, Warrington, Cheshire, England.
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PRB 58 7411STABILITY AND CAP FORMATION MECHANISM OF . . .
noncurved part forms complete hexagons, whereas the co
of the honeybee’s eye is curved and thus the hexagon i
longer stable but the strain energy is minimized by form
pentagons. Note that no heptagon that leads to negative
vature is formed. This is in analogy with the cap formati
process of the tube. Whenever pentagons are formed a
edge of the tube, there is a tendency to have a dome clo
unless they are annealed away in some other way. This
be discussed in the next paragraph.

In armchair tubes, a single adatom forms a pentago
the seat site and becomes a seed for cap formation. A si
adatom at the arm site is another locally stable site and
either have a chance to diffuse to the next site or stay un
new adatom approaches. On the other hand, a dimer a
seat site is a complete unit that forms a hexagon at the e
In the zigzag tube, a dimer is a unit for pentagon formati
leading to a dome closure. A single adatom on top a
bridge sites is locally stable and may more easily diffuse
the next site than the arm site on the armchair tube. A trim
is a complete unit in zigzag tubes. In the case of linear cha
approaching the edge of both tubes, any type of defect ca
created. These defects will eventually lead to a dome clos
unless these defects are annealed away in some other w
high growth temperature usually helps to anneal away th
defects, but again a too high temperature will either eva
rate adatoms easily to the atmosphere or destroy the
formation. Another way is to introduce a small amount
transition metals in the system as experimenta
observed.6,10,14,23–25Fast Ni motion at the edge of the tub
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was proposed recently.15,26This fast scooting motion enable
one to anneal away efficiently the defect formation at t
edge of armchair tube.

IV. SUMMARY

We have evaluated various energetics of armchair a
zigzag nanotubes using tight-binding total-energy calcu
tions. The edge energy shows the armchair tube to be e
getically more favorable than the zigzag tube. Both the ar
chair and zigzag nanotubes follow the classical elastic the
with increasing diameter size. More strain energy is requi
to form zigzag tubes than armchair nanotubes over the wh
region of the diameter. The energy gap is also evaluated
function of diameter including chiral tubes. Two major ga
exist. The band gap of the zigzag and chiral tubes also fol
the trend of strain energy. In the TBMD simulation, we o
serve that whenever a pentagon is formed at armchair
zigzag tubes, the tubes will eventually lead to a dome c
sure, terminating tube growth.
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2W. Krätschmer, L. D. Lamb, K. Kostiropoulos, and D. R. Huff

man, Nature~London! 352, 480 ~1991!.
3S. Iijima, Nature~London! 354, 56 ~1991!.
4Y. K. Kwon, Y. H. Lee, S. G. Kim, P. Jund, D. Toma´nek, and R.

E. Smalley, Phys. Rev. Lett.79, 2065~1997!.
5J.-C. Charlier, A. De Vita, X. Blase, and R. Car, Science275, 646

~1997!.
6A. Thess, R. Lee, P. Nikolaev, H. Dai, P. Petit, J. Robert, C. X

Y. H. Lee, S. G. Kim, D. T. Colbert, G. Scuseria, D. Toma´nek,
J. E. Fisher, and R. E. Smalley, Science273, 483 ~1996!.

7T. Guo, P. Nikolaev, A. Thess, D. T. Colbert, and R. E. Smalle
Chem. Phys. Lett.243, 49 ~1995!.

8S. Witanachchi and P. Mukherjee, J. Vac. Sci. Technol. A13,
1171 ~1995!.

9M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund,Science of
Fullerenes and Carbon Nanotubes~Academic, San Diego,
1996!, Chap. 19, and references therein.

10M. Terrones, N. Grobert, J. Olivares, J. P. Zhang, H. Terrones,
Kordatos, W. K. Hsu, J. P. Hare, P. D. Townsend, K. Prassid
A. K. Cheetham, H. W. Kroto, and D. R. M. Walton, Natur
~London! 388, 52 ~1997!.

11A. G. Rinzler, J. H. Hafner, P. Nikolaev, L. Lou, S. G. Kim, D
ni-

nic

.

u,

y,

K.
s,
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