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Ground states of adsorbates on single-walled carbon nanotubes
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We have investigated the ground states of single-walled carbon nanotubes with atoms adsorbed in the center
of the hexagonal unit using the Monte Carlo method. We have determined the ground state structures of
adsorbate on carbon nanotubes with different diameters. We have shown that the confinement has strong effects
on the ground state structures. For the case of the zigz@) Ganotubes, when+ 1 can be divided exactly
by 6, the ground state structures is the same as those of planar triangular lattice. Otherwise, novel ground state
structures are found as a result of the size confinement of the system. We have also compared the results of
zigzag type structures with those of armchair type. It is shown that the rolling way influences the ground state
structures.
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I. INTRODUCTION contours. When the graphite sheets is rolled into nanotubes,

. _ ._the system is confined in the rolling direction and new closed
Carbon nanotubes, as a promising new material, have iMson6,rs are formed along the the rolling direction which

portant applications because of their unique physical, opticajeads to an additional frustration effect in longer dimensions.
and mechanical propertiés® Adsorption on single-walled The superimposition of this frustration effect due to confine-
carbon nanotube§SWNT's) is a subject of growing experi- ment with the original frustration effects may result in new
mental and theoretical interést'® The adsorbate formed on behaviors in the structures.

carbon nanotubes have the potential of revolutionizing gas In this paper, we will study the ground state structures of
storage technology. The adsorption can be on individuafdsorbate on individual SWNT's. The effects of the confine-
SWNT and SWNT bundle¥: 28 The gas environment also Ment on the ground state are analyzed. The changes of the

affects the electronic conductance of both semiconductingr@und states with the increase of the diameter of the nano-
and metallic nanotubd<-23 ube are discussed. In Sec. Il we describe the methods. Sec-

A single-walled nanotube can be considered as a rolle on Il presents the results of the ground state structures of

. ) ) dsorbate on carbon nanotubes. Section IV is the summary.
graphite sheet. Extensive research has been carried out to

investigate the interaction between graphite and adsorbate II. METHODS
atoms?*~22The cluster model calculations have been used to

study the positions of @&transition metals adsorbed on fied i L ; ;

. ; X . ied in terms of a vecto€ joining two equivalent points on
graphlte for three different §|té§.|t is found that the stable_ the original lattice. The nf’;\notu%e is pr%duced bi))/ rolling up
position of the V adatoms is on the center of the graphitghe graphite sheet so that the two end points of the vector are
hexagon and that the bridge and on-top sites are less gfablesuperimposed. The vectd® can be expressed @3=na,

For the_rare gas monolayers with §imp|_e Lennard-Jones form. may, thus each pair of integers (m) represents a possible
interaction, the preferred adsorption sites for both kryptonype structuré.In the following, we will consider the adsorp-
and xenon are the center of the graphite hexagon, whereggn on the center of the carbon hexagon in a very long
the least favorable is the one in which the rare gas atom ifdividual SWNT, for which the effects of two endings can
sitting directly on top of a carbon atoffi. Two-dimensional  be neglected. The adsorption is considered to be only on one

The structure of an individual carbon nanotube is speci-

rare gas solids exhibit remarkably rich and interesting behavside o” ** & : © " orinside of
ior with new phenomena unique to two dimensiéfis? c
When the graphite is rolled into nanotubes, the center of each o FoY oY oY oY oY YoYoY
hexagonal unit are expected to be one of the preferred ad- © A e R g g g g g g A A
sorption sites. For an individual SWNT, the first principle 2 \oASASAS A A A AL A
calculations of adsorption energy and the equilibrium posi- 0 FOVVYVYVYWYYY
tions show that the center of carbon hexagon are the optimal B leledededelededed,
sites for gas molecule such as §H,, N,, and Ar® © (ol e[o el oo ele]
§ ! ) = P T e S e W W e W W e W g

The triangular lattice gas model has been used to describe = [e]ofe]o]o]o]o]|e]
the behavior of submonolayers of adsorbate atoms on the o e TaTslalelsalal
graphite with center of carbon hexagon as adsorption ¥ites. 5 ¥ s TaTs alaTsula]
The possible ground state spin configurations of an Ising R 2 b 2 2 2 ¢
model on a planar triangular lattice have been investigated , >
using different method¥* The triangular lattice is a Rolling Direction
simple system exhibiting macroscopic ground state degen-
eracy due to the so-called frustratidhThe frustration effect FIG. 1. Two unequivalent directions for the carbon nanotube:

can be measured by frustration function defined on closedhe rolling direction and the unrestricted direction.
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the system to anneal down from a state at high temperature

(oo eeele]  Ieleleolelel=]  [=[-I-[-I-1-] tothe state at low temperature. During the process of anneal-
Celeleleqeled  [eleleleqeq=l  [-I-I-I+1-I-1  ing, a spin flipping mechanism is used to get the configura-
Acdededede et Aol o oAl o) tion with minimal free energy. When temperature approaches
NV VIRV NV VNV RV zero, the system will be annealed into the ground state. In

P P p order to obtain all poss_ible grounq states we scan the param-
a b c eters space of chemical potential and interaction energy.
AT AOBADD Sinc¢|J1| can be considered as a renormalized parameter, we
OO0 (oY Yo Yo 1YY consider only the parameter space wfand J,. In each
YoYololslol o] DOOOOOO annealing process, we select differgntin the step of 0.2
000000¢ 000000¢ from —10 to 10 and differenl, in the step of 0.05 from
Acd A A L A A A —2 to 2. When the triangular lattice in a geometry plane is
L ATAAAA LAAAAAL rolled to form the tube, one direction is confinedt 1 cor-
P, (1) P, (1) responds to the number qf th(_e adsorption sites on the carbon
d d nanotube in the rolling direction. For the carbon nanotubes
A AANAA A A of zigzag type, the smallestof nanotubes grown by experi-
AT T s ments is 5 The length of the carbon nanotubes is described
A OOOOOD Yo T ToToT o) by the numbet, which will be taken large enough for ending
000000 0000004 effects to be neglected. We take 60 and use the periodic
T R boundary condition. The calculations on other geometries
Ma M, such ad =80 andl =120 are also performed and the same

results are obtained. In order to find how the ground states

FIG. 2. The ground states for=5 and planar triangular lattice. changes as the size increases, we have calculated different
Gray circles represent carbon atoms, black circles represent adliameters witm beginning from 5.
sorbed atoms, and white circles represent vacancies.

Ill. RESULTS
the nanotube. We first discuss the simplest casensfO,
which is zigzag type. We will also make a comparison with
the case of armchair type witm=n . When the tube is
unfolded as shown in Fig. 1, we can see that there are two 2
inequivalent directions: the rolling direction and the unre- P N
stricted direction. The direction along the tube is unre- M
stricted. The number of the carbon atoms in the rolling di- s P N
rection determines the diameter of the tube. From Fig. 1, we
can see that the center sites of hexagonal unit form a trian-
gular lattice.

In order to describe the possible structures of adsorbate on
carbon nanotube, we use the Ising model. Under the Ising 19 ¢ ¢ a
model, spins;=1 corresponds to atom occupying lattice site
i, ands;=—1 corresponds to vacancy occupying lattice site
i. The interactions between adsorbed atoms and carbon nano- '2_1 0 5 0 5 10
tube are same for all sites and can be described by the chemi-
cal potential. The Hamiltonian is given as @

When the diameter of nanotube approaches infinite, it be-
come the case of planar triangular lattice. The possible

vars
o

H:J]_E SiSj‘l‘Jzz SiSj+,LLZ S;, (1)
NN NNN i

where J; is the nearest-neighbor interactialy, is the next
nearest-neighbor interaction, apds the chemical potential.
The first sum runs over all the nearest-neighbor atom pairs,
the second sum runs over all the next nearest-neighbor atom
pairs, and the last sum runs over all the sites. The energy per ¢
site corresponding to Eq1) can be written as -1

S, /1
o

The relative Ising magnetizatiom is restricted to the range 10 5
[—_1,1] and the average spin correlatioos and c, are re- ) u /1
stricted to[ — 3,3].

We use Monte Carlo simulation to get all the possible FIG. 3. The ground state phase diagram for the case=. (a)
ground states of the systeth®’ In the calculation, we allow J,>0; (b) J,<0.

10
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TABLE |. The ground states for the case of zigzag typed§ nanotubesrn(=5).

n Phase No. C1 C, m Structure
any Pa 3 3 1 h+1)xA
n=2k—1 Py 0 0 1/2 kxB
Pp1 3/(n+1) 3/(n+1) (n+2)/12(n+1) kxB+B,
Py 1/(n+1) 0 1/2 kXB+By
n=2k+2 Pos —1/(n+1) —1/(n+1) n/2(n+1) kXB+ B,
Poa 0 6/(n+1) 1/2 kXB+By
n=3k—1 Pe -1 3 1/3 kxC
Pe1 —1+4/(n+1) 3—4/(n+1) 1/3+2/3(n+1) kXC+C,
n=3k+3 Pe —1+4/(n+1) 3-8/(n+1) 1/3+2/3(n+1) kXC+Cy
3 -1 3—4/(n+1) 1/3-1/3(n+1) kxC+C,
P —1+2/(n+1) 3—4/(n+1) 1/3+1/3(n+1) kXC+Cy
5 -1 3-8/(n+1) 1/3-2/3(n+1) kXC+C,q
n=3k+4 Pes -1 3—4/(n+1) 1/3-2/3(n+1) kX C+Cy
Py —1+1/(n+1) 3=7/(n+1) 1/3—-1/6(n+1) kXC+C,
any Py 1/3 -1 1/3 (n+1)xD,?
any M, -1 -1 0 (n+1)XE
any My 1 -1 0 (n+1)XF

AWhen n+1 can be divided exactly by 3, there is another energy-degenerated ground state structure
(n+1)/3XD, for Py.

ground state structures on a planar triangular lattice havehe ground state structures have periodicity of two, four and
been found by the inequality methdt:>*There are ten pos- six adsorption sites in the unrestricted direction and period-
sible ground states. Two of them have degenerate structuresity of one, two, and three adsorption sites in the rolling
In the following, we will show that whem+1 can be di- direction. If the numben+1 of adsorption sites in the roll-
vided exactly by 6, the ground state structures is the same aisg direction can be divided by 6 exactly, the types of ground
those of planar triangular lattice. The possible ground statstate will be the same as those of the planar triangular lattice
ordered structures are shown in Fig. 2. In the figure, théecause the ground state structures for the planar triangular
structures containing more vacancies are hamed using chdattice has periodicity of one, two, and three adsorption sites.
acters beginning witl? (P stands for “positive” to represent Otherwise, new ground state structures will be derived due to
the case when the number gf=1 is larger than that o$;

=—1) while those with fewer vacancies are named using o A AT

characters beginning with(N stands for “negative” to rep- reY S 4 S 8

resent the case when the numberspf —1 is larger than Y Yo AR

that ofs;=1). Those containing equal number of atoms and Fal 00 Fetalal

vacancies are named using characters beginning Mit\ he L N

stands for “middle”’). Roman characters such as |, Il are A B C

used to distinguish degenerated structures. The structure ,

with characteN are counterparts of those with charadger JO! JOOO N .

by exchanging atoms with vacancies. The only difference of LA LA ACA, P P

the energy expressions for these two types of structures i A S G WP P LA e A

that the signs of the chemical potential for them are opposite A NS A P!

In order to show how the ordered ground states change witt ‘/l\‘) ‘/l\i/i\[/i\l/‘ A N

the chemical potentiaf we display the ground state phase N NN

diagrams in Fig. 3. The ground state phase diagrams show g D, D, E F

in Fig. 3 have a mirror symmetry in the structure distribution

perpendicular to the axis of chemical potential. Thus, we oy oy ooy roYaY raYe) roYeY

need only to discuss the structures beginning witand M. 000000 00E YoYsY 00

In the following, we will focus on how the structures change 1= - 0--0-01 = 11t i+

as the diameter of the nanotube increases. [eJeLedeoleded (e Aed ‘oA A
Now we discuss the case af=5 which corresponds to P B B B

the carbon nanotube with the smallest diameter grown by(®) B

experiment§.8 The results show that it has the same ground FIG. 4. (a) The basic substructures selected to describe the
states as planar triangular lattice. The reason is as followground state structureg) Representation of the ground state struc-
From Fig. 2, it can be seen that for a planar triangular latticeture P, by three basic substructur&8B.
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the confinement in the rolling direction. Therefore, there are OO0 OO0
ten possible ground states, two of which have degeneral "~ rY.Y-T
structures. The simulations gives the same results as th ~ "y FoteTel
above analysis. All the possible ground state structures ar (... DO0E
the same as those for the case of planar triangular lattice ¢ ™~ ™" g
shown in Fig. 2. The phase diagrams of ground state ar B B
shown in Fig. 3. We select basic substructures shown in Fi¢ ? b
4(a) to describe the ground states for convenience. For ex
ample, the structur®, can be represented BBB as illu- JOOO JOOO
minated in Fig. 4b). We use integers such as 1, 2to mark the [° 1 l* | lejelel
structures derived as a result of the confinement of systen L°Lc°l°| PP
The energies of all the ground state structures obtained ai L= 1> L° LoAAL
shown in the Table I. Table | also shows how to form ground B B
state structures with basic and derived substructures. (@) d
Whenn+1 can be divided by the site number of basic PN
substructures along the rolling direction, there are no nev [~ [- -1 1] OO JOOR OO0
ground state structures and the phase diagram will not brec \I/‘\I/I\\/‘\\/‘\\/[\\/‘\\/‘\I = ‘Y‘YJW + ‘\T/o‘\k‘,\“ + ’\l/'\‘/‘\l/‘\‘
up. Otherwise, it will be in contradiction to the results for >y, >y Y. ror OO0 oYY oY Yol
planar triangular lattice. For the caselyk 0, the site num- 777" e e T
ber of basic substructures along the rolling direction is onep) s B B B,
Thus nanotubes for all diameters should have the sam
ground state structures with the triangular plane lattice =~y
which are also confirmed by our results of the Monte Carlo [-1- 1T
simulations. In the following, we will only focus on the case (‘Y\YYYI .2\0(.\(0‘(}?
ofJ,>o0. NS NN
The case oin=6 is much more complicated because cn c1)
+1=7 can not be divided exactly either by 2 or by 3. New
ground state structures have been found to replace the stru 1=+ 1"] 0000
tures P, and P,. We find that there are four new ground vy
state structures derived from the structuRgs all of which 00001
have similar characteristic in structures. There are also fou
new ground state structures fNg,, which is counterpart of c,n C, (1)

Py, by exchanging atoms with vacancies. As is shown in Fig.
5, there are four new derived substructures together witl
basic substructures to describe the ground state structure
Figure 5 also shows how to form structures with basic anc ]
derived substructures. The basic substructBreombines c
with the derived substructures to form the ground state struc©
tures. The derived substructures can be considered as a tran-
sitionary region due to the confinement along the rolling di-
rection. The derived substructuBg; looks more similar to
the basic substructur@. Thus it is comprehensible that this

structure is found near the boundary region of ground statg; . structureP,,, by three substructureBBB, . (c) The derived

structuresP, and P; in the ground state phase diagram g pstryctures selected to describe the ground state strigure
shown in Fig. 6. There are three new ground state structures

derived from the structureB. and three forN.. We can divided exactly by 2. Buh+ 1 cannot be divided exactly by
introduce three new derived substructures shown in Fig. B, thus other ground state structures are found. When divided
together with basic substructures to describe the ground staky three, seven and eight have different remainders. Thus the
structures. From the phase diagram of the ground stategerived substructures from. for n=7 as shown in Fig. 7
shown in Fig. 8a), the area occupied bRy, in the case of are different than those far=6. The ways that the phase
n=>5 has been divided into four subregions for the four newdiagrams of the ground states break up are also different. The
ground state structures, which is shown in Fig. 6. The totahumber of the ground states for=7 is 16, eight of which
area has been reduced because the derived structures hawe derived from the ground state structuResandN,.
higher energies. The number of the ground states for the case As the numben changes from eight to ten, we can see the
of n=6 is 20 , eight of which are derived from the ground similar variation. Whem=8, no new ground state structures
state structureB, andNy, six of which are derived from the are derived fromP.. The new ground state structures de-
ground state structurd®. andN, . rived from P, are similar to the ones ai=6, and the de-
Whenn=7, no new ground state structures are derivedived substructures are the same as those=06. The num-
from the ground state structuf®, becausen+1=8 can be ber of the ground states is 16, eight of which are derived

FIG. 5. The derived substructures for the casenef6. The
energetically degenerated ones are distinguished by Roman charac-
ters such as |, ll(a) The derived substructures selected to describe
the ground state structur@y,;. (b) Representation of the ground
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FIG. 6. The ground state phase diagr@anfor the case oh=6; (b) for the case oh=7; (c) for the case oh=8; (d) for the case of
n=9; (e) for the case oh=10.

from the ground state structur®g andN,. Whenn=9, no  of n=6. The number of the ground states is 14, six of which
new ground state structures are derived frBgn The new  are derived from the ground state structufes and N..
ground state structures derived frdPg are similar to those Whenn=10, the new ground state structures derived from
of n=6 and the derived substructures are the same as tho& are similar to those afi=6 and the derived substructures
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FIG. 7. The new derived substructures for the case=e¥. The
energetically degenerated ones are distinguished by Roman charac-

ters such as |, Il.

are the same as those & 6. The new ground state struc-
tures derived fronP, are similar to those ofi=6 and the
derived substructures are the same as those=06. The
number of the ground states is 22, among which eight are
derived fromP,, andN, and eight are derived froR. and

N.. Whenn=11, the case is the same as thanef5 and

the case oh=12 should be the same as thatne 6. Figure

6 shows the ground state phase diagramsnfahanging
from six to ten. From the phase diagram of the ground states,
the area occupied b¥, in Fig. 3@ is divided into four
subregions for the cases aoft+1=7,9,11 in similar ways,
because these numbers have the same remainders when di-

vided by 2. The area occupied I is divided into three
subregions for the cases of+ 1=7,10 in similar ways, be-

PHYSICAL REVIEW B 67, 195403 (2003
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cause these numbers have the same remainders when divided

by 3. For the cases of+1=8,11, the area occupied W3
is divided into four subregions in the similar ways becaus

FIG. 9. Ground state structures obtained for armchair-typ8
nanotubes fod;>0.

e

these numbers have the same remainders when divided by

L
Seeslect,

0.40+
00351 .-
()]
i .o
q>> . . .
2 0.30- .
O -

0.25

0.20 +——————

FIG. 8. The variation of the coverage as a functiomof

three. For those+ 1 with the same remainder whenr-1 is
divided by 6, the ground state phase diagrams are similar. We
have deduced the ground state structures for differént
from our simulation results and we have shown the ground
state structures described with basic and derived substruc-
tures in Table I. The energies per site for all ground state
structures are also shown in Table I.

The number of the ground states has a periodicity of 6. If
n cannot be divided exactly by 2, 6 will be added to the
number of the ground states.rifcannot be divided exactly
by 3, 4, or 6 will be added to the number of the ground states
depending on the remainder is 1 or 2. Thus the number of the
ground states will depend on the remaindenefl divided
by 6. Figure 8 shows that the coverage changes with the
number ofn. The derived structures have different coverages
than the basic substructures, which leads to the change of
coverage witm. As the numben increases, the derived sub-
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2 TABLE Il. Comparison of the ground states between the zigzag-
P, P, N/, type (6,0) nanotubes and the armchair-tyf¥7) nanotubes.
M
BN N, Zigzag(6,0) type Armchair(7,7) type
o P Pos N
) »2 N,y Phase No. ¢4 c, m Phase No. c; C, m
~ 0
3 P, 3 3 1 P, 3 3 1
44 & F, LA N, Po1 37 37 47
Py Y7 0 12 Py 317 317 417
Pos —17 =17 317 Py, 0 u7 1/2
-2 - - Pos 0 6/7 12 Py 47 —-1u7r 37
-10 -5 0 5 10
(a) u /1l Pey -3/7 1717 3I7
P -3/7 13/71 37 P, -1 3 1/3
2 Pes -1 177 217
Pa1 7 -1 217
P2 1/7 -9/35 16/35
Lk Pq 13 -1 1/3 Pg 517 =317 37
§~ Pga 11/21 —-17/21 1/3
N Pgs 517 -1 17
R P, v, M, -1 -1 0 M, -1 -1 0
b v, My, 1 -1.0 M, 67 -1 0
Mb
2 Pd4 Pd5 Nd5 Nd4
) " . j . " . ' case of the armchaii7,7) nanotubes, there are derived struc-
-10 -5 0 5 10 -
(©) 4 /1 tures forP, and P4 becausen=7 cannot be divided exactly

either by 2 or by 3. Thus the region in the ground state phase
FIG. 10. The ground state phase diagram for armchairtyge ~ diagram breaks up into three and two subregions, respec-
nanotubes(a) J;>0, (b) J;<0. tively, as shown in Fig. 1@). For the structures derived from
Py, Ppi, P2, andPy3 for the armchail7,7) nanotubes are
structures play a less important role and will approach théimilar to those for the zigza($,0) nanotubes, and the ener-
case of a planar triangular lattice. gies for_ the corresponding stru_ctures are also snmlar, as is
In order to find the relationship between the ground statéhown in Table Il. We cannot find the corresponding struc-
structures and the rolling type of carbon nanotubes, we haviél'e t0Pp4 of the zigzag(6,0) nanotubes. This is reasonable
made calculations on the armchair type nanotubes with difP€causePy, is a kind of transitionary structure fd?, and
ferent diameters. There are new ground state structures fétc- In the case of the armchaii7,7) nanotubes, no new
P, andP4 because the basic substructure Bgrhas period- grounq state structures are derived frég, thusPy, should
icity of two adsorption sites and the basic substructurdfpr Not exist for armchair-typ€7,7) nanotubes. In the case of the
has periodicity of three adsorption sites. In the case of zigza?'gzag (6,0 nanotubes, no new ground state structures are
type (n,0), we find that the sizes of the derived substructuregound fromP4 because the basic substructure has periodicity
are larger than the basic substructures and the derived suf one adsorption site. In the case of the armctiir) nano-
structures have local structural similarity with the basic sububes,Pg is found near the boundary region of the ground
structures. In the case of armchair-typer() nanotubes the State structure®, and Py in the phase diagram of ground
derived structures are more complicatedcorresponds to States. WhenJ; <0, new ground state structures are found
the number of the adsorption sites on carbon nanotubes #oMm Pq. The phase diagram of ground states is shown in
the rolling direction. Whem cannot be divided by 6 exactly, Fig- 10b), and the ground state structures are shown in Fig.
there are new ground states with complicated structures. WilL. From the above analysis, it can be seen that the rolling
have compared the results for the zigz&g0) nanotubes type has strong effects on the ground state structures.
with those for the armchaii7,7) nanotubes to show how the
rolling type influences the ground state structures. The
ground state structures and the phase diagram of ground
states for the armchaii7,7) nanotubes fod,>0 are shown We have investigated the ground states of adsorbate on
in Figs. 9 and 1(®). In the case of the zigza(,0) nano- individual single-walled carbon nanotubes. We have found
tubes, derived structures are found f@g and P. because that the ground state structures change as the diameter of the
n+1=7 cannot be divided exactly either by 2 or by 3. The carbon nanotubes increases and determined the ground state
regions in the ground state phase diagram Pgrand P.  structures for different diameters of carbon nanotubes. From
break up into four and three subregions, respectively. In théhe results and analysis shown above, we can see that the

IV. SUMMARY

195403-7



XIAOBAO YANG AND JUN NI PHYSICAL REVIEW B 67, 195403 (2003

\ 2, there are eight new ground statesni 1 cannot be di-
{ vided exactly by 3, there are six and eight new ground states,
respectively, depending on the remainder being 1 or 2.
- We can use the basic substructures and the derived sub-
structures to describe the ground states. It is found that the
sizes of the derived substructures are generally larger than
those of the basic substructures. The derived structures have
higher energies. In order to maintain the lowest energy state
for the ground states, the structures should contain as many
basic substructures as possible. For the basic substructures in
the case of zigzag type nanotubes, periodicityndbr the
ground states is six and the results are in agreement with our
Z> predictions. When the carbon nanotubes is rolled up in the
- way of armchair type, the case is more complicated and the
derived substructures for the new ground state structures de-
pend on the numben. As the numbem increases, the de-
rived substructures play less important role and it will ap-
proach to the case of planar triangular lattice. In addition to
the adsorption on the center of carbon hexagon, the top site
can also be the preferred adsorption site for some types of
atoms and molecules. It forms a hexagonal lattice. The pla-
FIG. 11. Ground state structures obtained for armchair-typd@ Nexagonal lattice has an infinite series of ground dtates
(7,7) nanotubes fod,<O0. and the case should become more complicated as a result of
the confinement.

P (-

a

P
\

d3

P

d4

ds

Y T e W oy W, ¥
NSNS NSNS

[efe]ofo]

confinement has strong effects on the ground state structures.
Whenn+1 can be divided exactly by six, the ground state
structures for the zigzag-type carbon nanotubes are the same This research was supported by National Key Program of
as those of the planar triangular lattice. Otherwise, nevBasic Research Development of ChinéGrant No.
ground state structures are found as a result of the size co®&200006710¥and the National Natural Science Foundation
finement of the system. i+ 1 cannot be divided exactly by of China under Grant No. 10274036.
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