PHYSICAL REVIEW B VOLUME 58, NUMBER 11 15 SEPTEMBER 1998-I

Stability and cap formation mechanism of single-walled carbon nanotubes
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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 discuss¢80163-182¢08)04835-§

I. INTRODUCTION armchair tube&° although the early observations show
some other chiral nanotub&However, the role of transi-
Unlike other covalent materials, the carbon system ha§on metals is not clearly known. It has been proposed that
unique topological diversities. Diamond is known to be thethe transition metal adsorbs strongly at the edge, but the
most stable phase with strong covales® hybridization ~ diffusion barrier is low (-1 eV) enough that the Ni atom
with its counterpart the planar graphite phasg? hybrid- can migrate alon.g. the edge of t.he tube easily I_|ke a scooter
ization). Since the advent of fullereneagse structuresand ~ Motion, thus efficiently catalyzing the topological defects

_successful preparations Of- their massive quag)nfii'resz.vhich Su(I:rr: ?Pﬁspi?ljzgovr\llz ?jr]eicr:iebpéa%in (Sj.etailed energetics of the
its bonding nature is a mixture i andsp” hybridiza- tube edges and cap formation mechanism usibginitio
tions, research has focused on the physical properties %%Iculations based on the local-density approximatidA)

fullerenes and its applications to many different fields. Theand tight-binding molecular-dynamic@BMD) simulation

unusual structural stability, the topological diversity, andtechniques. The cap formation procedure is vividly visual-
high electronegativity leading to the doping controllability j;eq through animation.

and superconductivity are characteristics of fullerenes, al-

though the application of these materials in various fields is II. THEORETICAL APPROACHES

still challenging. Multiwalled tubular forms of a few hundred . ) )

nanometers in diameter have also been found as a by-product OUr calculations have been carried out using the TBMD
of the fullerene formationd Recent theoretical studies show Method. We introduce an efficient semiempirical tight-

that the multiwalled nanotubes can be grown via the edg®nding (TB) approach for large-scale calculations such as
interactions (called “lip-lip” interactions) mediated by the cap formation process of carbon nanotubes. In the TB

strongly covalent adatoms between the tube vidlls. approach of carbon system, the band structure energy is pa-

Single-walled nanotubes (SWNT'have been synthe- fametrized using the Slater-Koster schéMmwith an or-

sized with an additional small amount of transition metalsthogonaisp® basis set in which the positional dependence is

during the carbon arc discharge or laser evaporization ofc@€d by an exira exponential fact6iThe repulsive ion-ion

graphite rof~31°The SWNT reveals many unusual physical potentials are fitted similarly to the band structure energy.

properties depending on the diameter and chirality. The arm! NiS_reproduces the qualitative behaviors of the total-

chair tubes 10,n) (Ref. 9 show a metallic behavior, whereas binding-energy curves of various phases obtained from the

the zigzag tubesn,0) are semiconducting, except the tube LDA calculations’ and has_ been sucpessfully applied to
chirality of n=3k, wherek is an integer, which becomes fullerene systems’ The conjugate-gradierCG) approach
metallic again is applied to get the ground-state equilibrium structures. We

The most abundant species among fullerenegisn@h a also employ the TBMD method in order to study the dy-

diameter of 7.1 A. The counterpart of fullerenes in then"’lm'c"’\I behavior of tubes.
SWnT's is armchair(10,10 nanotubes with a diameter of 14
A.519 strong electron field emission has been realized with
carbon nanotubésand further applied to field-emitting flat The coexistence of stable diamond and graphite provides
panel display¥ and scanning tunnel microscope tifsThe  more complex topological varieties in the geometry. Com-
small size of the diameter and controllability of the energypared to the graphitic layered structures, cage structures
gap show potential application to high-density memory de<fullereneg and tubes require excessive strain energy. Figure
vices. 1 shows the relative stain energies of each structure with
In spite of these applications, the reproducibility and con-respect to the graphitic layer. We take 180 carbon atoms in
trollability of the chirality and diameter have still not been the form of a graphitic layer with two-dimensional periodic
achieved experimentally. In particular, a small amount ofboundary conditions and calculate the total energy by the TB
transition metals gives very high yields of SWNT’s and mosttotal-energy method. The C-C distance is taken to be 1.42 A.
of the cage structures are not reproduced. The long tubes, a$e total energy of the £ cage structure is calculated by the
long as about 0.1 mm, have been turned out to be mostliZG relaxation scheme in which three times this total energy

IIl. RESULTS AND DISCUSSION
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FIG. 1. Carbon architecturéa) graphitic layer,(b) fullerence 1.4
Cso, (c) armchair (5,5 nanotube, andd) zigzag (9,00 nanotube. 1.4
The relative strain energies of structuses—(d) with respect tda) 1.4
the graphitic layer are 0.352, 0.355, and 0.395 eV/atom. 1.3

is compared to that of the graphitic layer. Two characteristic

bond lengths of 1.39 and 1.45 A inggare obtained. The 1.45 1.45
heavy strain energy of 0.352 eV/atom is contributed from the . 142 143 )
pentagon formation and the spherical curvature gf.CGn 1.40

spite of quite a large amount of strain involved ig,Ccage (b)

structures are found in nature, suggesting that local meta-

stable structures and/or high-temperature nonequilibrium dy- FIG. 2. Fully relaxed capped nanotubes with an open éad:

namics are important. For nanotubes where the periodigrmchair tube andb) zizag tube. The open circles indicate the cap

boundary condition is applied to the tube axis only, we cargtoms. All lengths are in angstroms.

form two achiral tubes depending on the wrapping direction.

Each structure is fully optimized by the CG method. Therig. 2. By dividing the edge energy by the number of atoms

armChair(S,S) tube in which the d|ametd69 A) is similar at the open edge’ we gaﬁ E(515): 3.19 eV/atom and

to that of G, gives a similar strain energy to6; whereas  Ag(99=3.95 ev/atom. Thus the armchair tube edge is

the zigzag9,0) tube whose diameté7.0 A) is again similar  more stable by 0.76 eV/atom than the zigzag tube edge,

to that of G gives larger strain energy by 0.04 eV/atom thanyhich is comparable to 0.79 eV/atom from the LDA

the armchair tube. This suggests that the armchair tube miglaty|culationst®

be formed more easily than the zigzag tube. Another interesting quantity is the energy gain by the cap
It is not clear whether or not the armchair tubes are morgormation energy. The tube usually terminates with a dome

favorable than the zigzag tubes. Recent experimentadiosure. The local topology of the cap formation for the arm-

observation$'® mostly show the armchair tubes, although chair and zigzag tubes is different, as shown in Fig. 2. The

some previous observations show the zigzag and even chirghp of the armchair tube is obtained by selecting a hemi-

ftubes%“ Perhaps one of the interesting quantities in determingphere of G, that possesses a pentagon pole at the top of the

ing the relative stability of the tubes is the edge energy. Weenter, while the cap of the zigzag tube is obtained by select-

calculate the edge energy of each tube by defining the energyy 5 hemisphere of & that possesses a hexagon pole at the

with respect to the graphitic layer top of the center. The armchair cap has ten edge atoms,
_ . whereas the zigzag cap has nine edge atoms. We first relax
AEGI=ESY —ggraphite - Ap(9.0=g(90 _ paraphite individual caps and the tube with open edges by the TB-CG

(1) method. The energy gain by the cap formation can be ob-
tained by subtracting the total energies of the respective cap
Similarly to the previous calculations, we take 180 carbonand tube from the total energy of the combined cap and tube.
atoms for each calculation. We leave the edges of the tubeBhe energy gain of the armchair tube due to cap formation is
open in this case. Each edge structure is again optimized by 40.1 eV=—0.4 eV/edge atom, whereas the energy gain
the TB-CG method. The armchair edge is stabilized by form-of the zigzag tube due to cap formation is70.5 eV
ing a strong covalent bond with a bond length of 1.28 A=—7.8 eV/edge atom. This significant energy gain is due to
[1.23 A from the LDA® comparable to the triple bond.2  the stable edge formed with covalent triple bonds at the arm-
A) of C,H,], whereas the zigzag edge forms an intermediatehair tube edge and the singly coordinated atoms at the edge
bond (1.44 A) between single and double bon@s40 and of the zigzag tube. Even in the case of the zigzag cap with 21
1.46 Ain Gy). The corresponding bond lengths are shown inatoms such that the edge atoms of both the cap and zigzag
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FIG. 3. Strain energy per carbon atom of armchair and zigzag

nanotubes with respect to the total energy of the graphitic layer as a FIG. 4. Energy gap as a function of diameter for different chiral
function of tube diameter. The inset shows clearly the strain energyubes. The filled circles indicate the bend-induced gap of zigzag
depending on the inverse square of the diameter. The diameter is {m,0) tubes withn=3k. The filled diamonds are also the bend-
angstroms. induced gap of chiralr{,m) tubes withn—m=3k. Open circles
indicate the energy gap of the zigzag @) with n—m= 3k, result-
tube are doubly coordinatd@pen atoms in Fig. ®)], the  ing from the rehybridization ofr-* orbitals. The energy gap of
zigzag tube still gains an energy o6f0.44 eV/edge atom chiral tubes falls into the region of the energy gap of zigzag tubes.
over the armchair tube. It is also interesting to compare the
energy gain of g, combined with two caps with that of the the chirality is (X,0), wherek in an integer, the accidental
combined armchair and cap. The energy gain of the comsymmetric point in the Brillouin zone overlaps at the
bined two G, caps to form G is —42.4 eV, 2.3 eV more point, giving again no energy gap. For all tubesr) in
stable than that of the latter case. From the evaluation of thashich n#m andn—m= 3Kk, the finite size of the energy gap
energy gain due to the cap formation, it can be suggested thakists. Figure 4 shows the energy gaps as a function of di-
Cqo is more easily formed than any type of tube and further-ameter for different chiralities. It reveals two major catego-
more the armchair tube has a better chance than the zigzaigs of the gap. The primary gap with filled circles in the case
tube to survive for long tube growth without a dome closure.of (3k,0) tubes is not zero but finite and approaches a zero
We also study the relative stability of the armchair andgap with increasing diameter. The energy gap of the arm-
zigzag tubes. Figure 3 shows the strain energies as a functiahair tube is not shown but always a zero gap due to the
of diameter where the strain energy of each tube is calculatecrossing of-7* orbitals. The finite gap results from the
from the total energy difference with respect to the graphiticoending energy, which simply almost fits 2. The chiral
layer. The periodic boundary condition along the tube axis igube (h,m) with n—m=23k shows behavior similar to the
applied in the tube calculations. The strain energy of thezigzag tube (8,0). The secondary gap of zigzag tubes
zigzag tube is always larger than that of the armchair tubshows two slopes. When=3k+ 1, the energy gap is pro-
over all range of diameters. For instance, (Be&) armchair  portional tod ™% and whenn=3k+ 2 it is proportional to
tube has a smaller strain energy by 0.04 eV/atom than ited~ 1%, Both are close tal~! and the major contribution to
counterpart of theg9,0) zigzag tube. The nearest-neighbor this behavior is the rehybridization of the orbitals due to
distance along the circumference of the armchair tube is 1.4&he finite curvature of the tube. It should be noted that this
A, whereas this is 2.46 A in the zigzag tube. The short dissmall energy gap due to the nonzero curvature even in the
tance of the armchair tube makes the stronger rehybridizezase of metallic armchair tubes and zigzag tubes with zero
tion of 7 orbitals during wrapping of the graphitic sheet. The gap will have important consequences for low-temperature
inset clearly shows that both tubes follow the classical elasguantum transport propertiés??
ticity theory, where the strain energy is inversely propor- Although a considerable amount of energy is gained by
tional to the square of the diameter. This suggests again théte cap formation process, the growth process in an atomic
the armchair tube is more easily formed than the zigzag tubescale is still far from being clearly understood. Here we per-
From the above calculations of the relative stability, edgeform the TBMD simulational approaches to see how the car-
energy, and strain energy, we note that the zigzag tube ison atoms adsorb on the tube edge to either grow further or
energetically unfavorable to the armchair tube in the formacome to a dome closure. We start with the capped tube at the
tion process. bottom and open edge at the top of the tube. Initially we add
We now calculate the energy gaps as a function of diamthe number of carbon atoms for each tu88 for the arm-
eter and will show that the energy gap also depends seriousbhair and 29 for the zigzagn a gas phase. The gaseous
on the diameter particularly for tubes with a small diameter.carbon atoms are constrained to stay within a sphere with a
From the symmetry of the Brillouin zone of the graphitic diameter of 14 A centered at the tube axis separated by about
layer}® the armchair tuber(,n) is always metallic due to the 7 A from the top edge of the tube as shown in Fitg)5We
crossing ofw-7* at theK point, although the elastic energy use 130 and 157 carbon atoms for armchair and zigzag tubes,
opens the gap and is not negligible, particularly for smallerrespectively. The initial temperature was set to 2000 K. The
diameter®’ where the contribution of the straifbending  time step is 1.1210 % s. The velocities are rescaled to
energy becomes significant. For the zigzag tub®), when give the desired temperature. The first few hundred steps are
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FIG. 6. Typical snapshdside view of gaseous carbon adsorp-
tion on a zigzag tube edge using the TBMD simulation Tat
=2000 K for different simulation timeg(a) initial snapshot after

(d) (e) f) equilibrium, (b) t=0.84 ps,(c) 1.96 ps,(d) 2.52 ps,(e) 3.64 ps,f)
4.2 ps, andg) optimized structure by the CG relaxation from the

FIG. 5. Typical snapshdside view of gaseous carbon adsorp- final geometry obtained at 5.6 ps. Adatoms are drawn with filled
tion on an armchair tube edge using the TBMD simulationTat cjrcles and atoms at the tube are drawn with open circles. The
=2000 K for different simulation timeg(@) initial snapshot after ponds are drawn when the distance is within 1.9 A.
equilibrium, (b) t=1.12 ps,(c) 1.96 ps,d) 2.52 ps,(e) 5.6 ps, and
(f) optimized structure by the CG relaxation from the final geometryy, o ¢qexistence of pentagons at adjacent sites. We also note
?Jbse'6ar'?:a’;‘ﬁo\lﬁha(;‘;eiri"i‘:zl;’VS'thngegoﬂacsle;’r:r:jc:ai\t/z”xh:; tthhetehat one atom from the tube edge desorbs and forms a bond
distance is within 1.9 A ' With a chain in the vacuum. This suggests that the gdge of

R the zigzag tubes is less stable than that of the armchair tubes,
run to equilibrate the system. The total simulation time for'€flecting the stable edge formation of the armchair tubes, as
canonical run was 5.6 ps. Figure 5 shows several snapsho‘i’?monsnated in previous calculations of the edge energy.
of the time evolution of the cap formation process for the |t will be very intuitive to illustrate a honeybee’s eye for
armchair tube. Some gaseous carbon atoms form a dimer afgdagogical purpose in relation to the cap formation. Figure
trimer initially as shown in Fig. &). Adatoms approach the 7 shows the flat part and corner of the honeybee’s eye. The
edge of the tube and have a chance to form a pentagon as
shown in Fig. %b). Since the temperature is not very high,
the adatom forming a pentagon would not diffuse to other
sites. Once a pentagon is formed, this induces the tube edge
to close to the inner direction. Further adsorption of carbon
atoms join them to form a dome closure, while some gaseous
atoms are now linearized, still with dimers and trimers. It is
also easy to observe the heptagon formation as shown in
Figs. 5d)-5(e). Once a heptagon is formed, a negative cur-
vature is developed, which is often observed as bending
tubes. In addition, gaseous adatoms are further linearized.
One can see a combination of pentagon and heptagon clearly
after the CG relaxation to zero temperature from Fig).5
Chains are more completely linearized due to the removal of
entropy effects.

Figure 6 shows similar snapshots for zigzag tubes. The
gaseous carbon atoms approach the edge of the zigzag tubes
with a preferable form of linear chains that bond to the top
site of the tube edge, as shown in Figh)6 These linear
chains connected to adjacent top sites intervene with each
other [Fig. 6(c)] and have a chance to form a pentagon, FIG. 7. (a) Complete hexagon pattern in the noncurved part of
which appears in Fig. (6). Again, once a pentagon is the honeybee's eye an@) defect pattern with pentagons in the
formed, a dome closure follows immediately. In this case aorner of the honeybee’s eye. Photos taken at Daresbury Labora-
dome closure process is accelerated more completely due tary, Daresbury, Warrington, Cheshire, England.
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noncurved part forms complete hexagons, whereas the cornefas proposed recently:?° This fast scooting motion enables
of the honeybee’s eye is curved and thus the hexagon is nane to anneal away efficiently the defect formation at the
longer stable but the strain energy is minimized by formingedge of armchair tube.

pentagons. Note that no heptagon that leads to negative cur-

vature is formed. This is in analogy with the cap formation

process of the tube. Whenever pentagons are formed at the V. SUMMARY

edge of the tube, there is a tendency to have a dome closure We have evaluated various energetics of armchair and

unless they are annealed away in some other way. This WIgigzag nanotubes using tight-binding total-energy calcula-

be discussed in the next paragraph. lcj)ns. The edge energy shows the armchair tube to be ener-

In armghalr tbes, a single adatom forms a pentagon & etically more favorable than the zigzag tube. Both the arm-
the seat site and becomes a seed for cap formation. A sing

adatom at the arm site is another locally stable site and wil & and zigzag nanotubes follow the classical elastic theory

either have a chance to diffuse to the next site or stay until %V'th increasing diameter size. More strain energy is required

new adatom aporoaches. On the other hand. a dimer at th form zigzag tubes than armchair nanotubes over the whole

N PP . ’ rggion of the diameter. The energy gap is also evaluated as a
seat Sm.a IS a complete_unlt t_hat forms a hexagon at the E_:dg Inction of diameter including chiral tubes. Two major gaps
In th_e Zigzag tube, a dimer is a unit for pentagon formation xist. The band gap of the zigzag and chiral tubes also follow
leading to a dome closure. A single adatom on top an

bridge sites is locally stable and may more easily diffuse tohe trend of strain energy. In the T.BMD simulation, we_ob-
the next site than the arm site on the armchair tube. A trimet.. * < that whenever a pentagon Is formed at armchair and
. o o . E|gzag tubes, the tubes will eventually lead to a dome clo-
is a complete unit in zigzag tubes. In the case of linear chamg;ure terminating tube growth

approaching the edge of both tubes, any type of defect can be™ ™ ’
created. These defects will eventually lead to a dome closure,
unless these defects are annealed away in some other way. A
high growth temperature usually helps to anneal away these
defects, but again a too high temperature will either evapo- We acknowledge financial support by the Korea Research
rate adatoms easily to the atmosphere or destroy the tubigoundation made in the program year of 1997 and the Korea
formation. Another way is to introduce a small amount of Science and Engineering Foundati¢OSER through the
transition metals in the system as experimentallySemiconductor Physics Research Center at Jeonbuk National
observed:1%1423-25Fast Ni motion at the edge of the tube University.
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