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Ground states of adsorbates on single-walled carbon nanotubes

Xiaobao Yang and Jun Ni
Department of Physics, Tsinghua University, Beijing 100084, People’s Republic of China

~Received 25 November 2002; revised manuscript received 10 February 2003; published 6 May 2003!

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 zigzag (n,0) nanotubes, whenn11 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.

DOI: 10.1103/PhysRevB.67.195403 PACS number~s!: 68.43.De, 64.70.Nd, 61.46.1w, 05.50.1q
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I. INTRODUCTION

Carbon nanotubes, as a promising new material, have
portant applications because of their unique physical, opti
and mechanical properties.1–3 Adsorption on single-walled
carbon nanotubes~SWNT’s! is a subject of growing experi
mental and theoretical interest.4–18 The adsorbate formed o
carbon nanotubes have the potential of revolutionizing
storage technology. The adsorption can be on individ
SWNT and SWNT bundles.11–18 The gas environment als
affects the electronic conductance of both semiconduc
and metallic nanotubes.19–23

A single-walled nanotube can be considered as a ro
graphite sheet. Extensive research has been carried o
investigate the interaction between graphite and adsor
atoms.24–28The cluster model calculations have been used
study the positions of 3d-transition metals adsorbed o
graphite for three different sites.27 It is found that the stable
position of the V adatoms is on the center of the graph
hexagon and that the bridge and on-top sites are less sta27

For the rare gas monolayers with simple Lennard-Jones f
interaction, the preferred adsorption sites for both kryp
and xenon are the center of the graphite hexagon, whe
the least favorable is the one in which the rare gas atom
sitting directly on top of a carbon atom.28 Two-dimensional
rare gas solids exhibit remarkably rich and interesting beh
ior with new phenomena unique to two dimensions.28–30

When the graphite is rolled into nanotubes, the center of e
hexagonal unit are expected to be one of the preferred
sorption sites. For an individual SWNT, the first princip
calculations of adsorption energy and the equilibrium po
tions show that the center of carbon hexagon are the opt
sites for gas molecule such as CO2, H2 , N2 , and Ar.18

The triangular lattice gas model has been used to desc
the behavior of submonolayers of adsorbate atoms on
graphite with center of carbon hexagon as adsorption site31

The possible ground state spin configurations of an Is
model on a planar triangular lattice have been investiga
using different methods.32–34 The triangular lattice is a
simple system exhibiting macroscopic ground state deg
eracy due to the so-called frustration.35 The frustration effect
can be measured by frustration function defined on clo
0163-1829/2003/67~19!/195403~9!/$20.00 67 1954
-
l,

s
al

g

d
to
te
o

e
.

m
n
as
is

v-

ch
d-

i-
al

be
he
.
g
d

n-

d

contours. When the graphite sheets is rolled into nanotu
the system is confined in the rolling direction and new clos
contours are formed along the the rolling direction whi
leads to an additional frustration effect in longer dimensio
The superimposition of this frustration effect due to confin
ment with the original frustration effects may result in ne
behaviors in the structures.

In this paper, we will study the ground state structures
adsorbate on individual SWNT’s. The effects of the confin
ment on the ground state are analyzed. The changes o
ground states with the increase of the diameter of the na
tube are discussed. In Sec. II we describe the methods.
tion III presents the results of the ground state structure
adsorbate on carbon nanotubes. Section IV is the summ

II. METHODS

The structure of an individual carbon nanotube is spe
fied in terms of a vectorC joining two equivalent points on
the original lattice. The nanotube is produced by rolling
the graphite sheet so that the two end points of the vector
superimposed. The vectorC can be expressed asC5na1
1ma2, thus each pair of integers (n,m) represents a possibl
tube structure.1 In the following, we will consider the adsorp
tion on the center of the carbon hexagon in a very lo
individual SWNT, for which the effects of two endings ca
be neglected. The adsorption is considered to be only on
side of the nanotube sheet, either on the outside or insid

FIG. 1. Two unequivalent directions for the carbon nanotu
The rolling direction and the unrestricted direction.
©2003 The American Physical Society03-1
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the nanotube. We first discuss the simplest case ofm50,
which is zigzag type. We will also make a comparison w
the case of armchair type withm5n . When the tube is
unfolded as shown in Fig. 1, we can see that there are
inequivalent directions: the rolling direction and the unr
stricted direction. The direction along the tube is un
stricted. The number of the carbon atoms in the rolling
rection determines the diameter of the tube. From Fig. 1,
can see that the center sites of hexagonal unit form a tr
gular lattice.

In order to describe the possible structures of adsorbate
carbon nanotube, we use the Ising model. Under the Is
model, spinsi51 corresponds to atom occupying lattice s
i, andsi521 corresponds to vacancy occupying lattice s
i. The interactions between adsorbed atoms and carbon n
tube are same for all sites and can be described by the ch
cal potential. The Hamiltonian is given as

H5J1(
NN

sisj1J2 (
NNN

sisj1m(
i

si , ~1!

whereJ1 is the nearest-neighbor interaction,J2 is the next
nearest-neighbor interaction, andm is the chemical potential.
The first sum runs over all the nearest-neighbor atom pa
the second sum runs over all the next nearest-neighbor a
pairs, and the last sum runs over all the sites. The energy
site corresponding to Eq.~1! can be written as

H/N5c1J11c2J21mm. ~2!

The relative Ising magnetizationm is restricted to the range
@21,1# and the average spin correlationsc1 and c2 are re-
stricted to@23,3#.

We use Monte Carlo simulation to get all the possib
ground states of the system.36,37 In the calculation, we allow

FIG. 2. The ground states forn55 and planar triangular lattice
Gray circles represent carbon atoms, black circles represent
sorbed atoms, and white circles represent vacancies.
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the system to anneal down from a state at high tempera
to the state at low temperature. During the process of ann
ing, a spin flipping mechanism is used to get the configu
tion with minimal free energy. When temperature approac
zero, the system will be annealed into the ground state
order to obtain all possible ground states we scan the par
eters space of chemical potential and interaction ene
SinceuJ1u can be considered as a renormalized parameter
consider only the parameter space ofm and J2 . In each
annealing process, we select differentm in the step of 0.2
from 210 to 10 and differentJ2 in the step of 0.05 from
22 to 2. When the triangular lattice in a geometry plane
rolled to form the tube, one direction is confined.n11 cor-
responds to the number of the adsorption sites on the ca
nanotube in the rolling direction. For the carbon nanotub
of zigzag type, the smallestn of nanotubes grown by experi
ments is 5.38 The length of the carbon nanotubes is describ
by the numberl, which will be taken large enough for endin
effects to be neglected. We takel 560 and use the periodic
boundary condition. The calculations on other geometr
such asl 580 andl 5120 are also performed and the sam
results are obtained. In order to find how the ground sta
changes as the size increases, we have calculated diffe
diameters withn beginning from 5.

III. RESULTS

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

d-

FIG. 3. The ground state phase diagram for the case ofn55. ~a!
J1.0; ~b! J1,0.
3-2
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TABLE I. The ground states for the case of zigzag type (n,0) nanotubes (n>5).

n Phase No. c1 c2 m Structure

any Pa 3 3 1 (n11)3A

n52k21 Pb 0 0 1/2 k3B

Pb1 3/(n11) 3/(n11) (n12)/2(n11) k3B1Ba
Pb2 1/(n11) 0 1/2 k3B1Bb

n52k12 Pb3 21/(n11) 21/(n11) n/2(n11) k3B1Bc
Pb4 0 6/(n11) 1/2 k3B1Bd

n53k21 Pc 21 3 1/3 k3C

Pc1 2114/(n11) 324/(n11) 1/312/3(n11) k3C1Ca
n53k13 Pc2 2114/(n11) 328/(n11) 1/312/3(n11) k3C1Cb

Pc3 21 324/(n11) 1/321/3(n11) k3C1Cc

Pc4 2112/(n11) 324/(n11) 1/311/3(n11) k3C1Cd
Pc5 21 328/(n11) 1/322/3(n11) k3C1Ce

n53k14 Pc6 21 324/(n11) 1/322/3(n11) k3C1Cf
Pc7 2111/(n11) 327/(n11) 1/321/6(n11) k3C1Cg

any Pd 1/3 21 1/3 (n11)3D I
a

any Ma 21 21 0 (n11)3E

any Mb 1 21 0 (n11)3F

aWhen n11 can be divided exactly by 3, there is another energy-degenerated ground state st
(n11)/33D II for Pd .
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ground state structures on a planar triangular lattice h
been found by the inequality method.32–34There are ten pos
sible ground states. Two of them have degenerate struct
In the following, we will show that whenn11 can be di-
vided exactly by 6, the ground state structures is the sam
those of planar triangular lattice. The possible ground s
ordered structures are shown in Fig. 2. In the figure,
structures containing more vacancies are named using c
acters beginning withP(P stands for ‘‘positive’’ to represen
the case when the number ofsi51 is larger than that ofsi
521) while those with fewer vacancies are named us
characters beginning withN(N stands for ‘‘negative’’ to rep-
resent the case when the number ofsi521 is larger than
that of si51). Those containing equal number of atoms a
vacancies are named using characters beginning withM (M
stands for ‘‘middle’’!. Roman characters such as I, II a
used to distinguish degenerated structures. The struct
with characterN are counterparts of those with characterP
by exchanging atoms with vacancies. The only difference
the energy expressions for these two types of structure
that the signs of the chemical potential for them are oppos
In order to show how the ordered ground states change
the chemical potential,39 we display the ground state pha
diagrams in Fig. 3. The ground state phase diagrams sh
in Fig. 3 have a mirror symmetry in the structure distributi
perpendicular to the axis of chemical potential. Thus,
need only to discuss the structures beginning withP andM.
In the following, we will focus on how the structures chan
as the diameter of the nanotube increases.

Now we discuss the case ofn55 which corresponds to
the carbon nanotube with the smallest diameter grown
experiments.38 The results show that it has the same grou
states as planar triangular lattice. The reason is as follo
From Fig. 2, it can be seen that for a planar triangular latt
19540
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the ground state structures have periodicity of two, four a
six adsorption sites in the unrestricted direction and peri
icity of one, two, and three adsorption sites in the rolli
direction. If the numbern11 of adsorption sites in the roll
ing direction can be divided by 6 exactly, the types of grou
state will be the same as those of the planar triangular lat
because the ground state structures for the planar triang
lattice has periodicity of one, two, and three adsorption si
Otherwise, new ground state structures will be derived du

FIG. 4. ~a! The basic substructures selected to describe
ground state structures.~b! Representation of the ground state stru
ture Pb by three basic substructuresBBB.
3-3
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XIAOBAO YANG AND JUN NI PHYSICAL REVIEW B 67, 195403 ~2003!
the confinement in the rolling direction. Therefore, there
ten possible ground states, two of which have degene
structures. The simulations gives the same results as
above analysis. All the possible ground state structures
the same as those for the case of planar triangular lattic
shown in Fig. 2. The phase diagrams of ground state
shown in Fig. 3. We select basic substructures shown in
4~a! to describe the ground states for convenience. For
ample, the structurePb can be represented byBBB as illu-
minated in Fig. 4~b!. We use integers such as 1, 2 to mark t
structures derived as a result of the confinement of syst
The energies of all the ground state structures obtained
shown in the Table I. Table I also shows how to form grou
state structures with basic and derived substructures.

When n11 can be divided by the site number of bas
substructures along the rolling direction, there are no n
ground state structures and the phase diagram will not b
up. Otherwise, it will be in contradiction to the results f
planar triangular lattice. For the case ofJ1,0, the site num-
ber of basic substructures along the rolling direction is o
Thus nanotubes for all diameters should have the s
ground state structures with the triangular plane latti
which are also confirmed by our results of the Monte Ca
simulations. In the following, we will only focus on the cas
of J1.0.

The case ofn56 is much more complicated becausen
1157 can not be divided exactly either by 2 or by 3. Ne
ground state structures have been found to replace the s
tures Pb and Pc . We find that there are four new groun
state structures derived from the structuresPb , all of which
have similar characteristic in structures. There are also
new ground state structures forNb , which is counterpart of
Pb by exchanging atoms with vacancies. As is shown in F
5, there are four new derived substructures together w
basic substructures to describe the ground state struct
Figure 5 also shows how to form structures with basic a
derived substructures. The basic substructureB combines
with the derived substructures to form the ground state st
tures. The derived substructures can be considered as a
sitionary region due to the confinement along the rolling
rection. The derived substructureBd looks more similar to
the basic substructureC. Thus it is comprehensible that th
structure is found near the boundary region of ground s
structuresPb and Pc in the ground state phase diagra
shown in Fig. 6. There are three new ground state struct
derived from the structuresPc and three forNc . We can
introduce three new derived substructures shown in Fig
together with basic substructures to describe the ground
structures. From the phase diagram of the ground st
shown in Fig. 3~a!, the area occupied byPb in the case of
n55 has been divided into four subregions for the four n
ground state structures, which is shown in Fig. 6. The to
area has been reduced because the derived structures
higher energies. The number of the ground states for the
of n56 is 20 , eight of which are derived from the groun
state structuresPb andNb , six of which are derived from the
ground state structuresPc andNc .

When n57, no new ground state structures are deriv
from the ground state structurePb becausen1158 can be
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divided exactly by 2. Butn11 cannot be divided exactly by
3, thus other ground state structures are found. When div
by three, seven and eight have different remainders. Thus
derived substructures fromPc for n57 as shown in Fig. 7
are different than those forn56. The ways that the phas
diagrams of the ground states break up are also different.
number of the ground states forn57 is 16, eight of which
are derived from the ground state structuresPc andNc .

As the numbern changes from eight to ten, we can see t
similar variation. Whenn58, no new ground state structure
are derived fromPc . The new ground state structures d
rived from Pb are similar to the ones ofn56, and the de-
rived substructures are the same as those ofn56. The num-
ber of the ground states is 16, eight of which are deriv

FIG. 5. The derived substructures for the case ofn56. The
energetically degenerated ones are distinguished by Roman ch
ters such as I, II.~a! The derived substructures selected to descr
the ground state structurePbi . ~b! Representation of the groun
state structurePb2 by three substructuresBBBb . ~c! The derived
substructures selected to describe the ground state structurePci .
3-4
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FIG. 6. The ground state phase diagram~a! for the case ofn56; ~b! for the case ofn57; ~c! for the case ofn58; ~d! for the case of
n59; ~e! for the case ofn510.
ho

ich

m
s

from the ground state structuresPb andNb . Whenn59, no
new ground state structures are derived fromPb . The new
ground state structures derived fromPc are similar to those
of n56 and the derived substructures are the same as t
19540
se

of n56. The number of the ground states is 14, six of wh
are derived from the ground state structuresPc and Nc .
When n510, the new ground state structures derived fro
Pc are similar to those ofn56 and the derived substructure
3-5
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are the same as those ofn56. The new ground state struc
tures derived fromPb are similar to those ofn56 and the
derived substructures are the same as those ofn56. The
number of the ground states is 22, among which eight
derived fromPb andNb and eight are derived fromPc and
Nc . Whenn511, the case is the same as that ofn55 and
the case ofn512 should be the same as that ofn56. Figure
6 shows the ground state phase diagrams forn changing
from six to ten. From the phase diagram of the ground sta
the area occupied byPb in Fig. 3~a! is divided into four
subregions for the cases ofn1157,9,11 in similar ways,
because these numbers have the same remainders whe
vided by 2. The area occupied byPc is divided into three
subregions for the cases ofn1157,10 in similar ways, be-
cause these numbers have the same remainders when di
by 3. For the cases ofn1158,11, the area occupied byPc
is divided into four subregions in the similar ways becau
these numbers have the same remainders when divide

FIG. 8. The variation of the coverage as a function ofn.

FIG. 7. The new derived substructures for the case ofn57. The
energetically degenerated ones are distinguished by Roman ch
ters such as I, II.
19540
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three. For thosen11 with the same remainder whenn11 is
divided by 6, the ground state phase diagrams are similar.
have deduced the ground state structures for differentn’s
from our simulation results and we have shown the grou
state structures described with basic and derived subs
tures in Table I. The energies per site for all ground st
structures are also shown in Table I.

The number of the ground states has a periodicity of 6
n cannot be divided exactly by 2, 6 will be added to t
number of the ground states. Ifn cannot be divided exactly
by 3, 4, or 6 will be added to the number of the ground sta
depending on the remainder is 1 or 2. Thus the number of
ground states will depend on the remainder ofn11 divided
by 6. Figure 8 shows that the coverage changes with
number ofn. The derived structures have different coverag
than the basic substructures, which leads to the chang
coverage withn. As the numbern increases, the derived sub

FIG. 9. Ground state structures obtained for armchair-type~7,7!
nanotubes forJ1.0.

ac-
3-6
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structures play a less important role and will approach
case of a planar triangular lattice.

In order to find the relationship between the ground st
structures and the rolling type of carbon nanotubes, we h
made calculations on the armchair type nanotubes with
ferent diameters. There are new ground state structures
Pb andPd because the basic substructure forPb has period-
icity of two adsorption sites and the basic substructure forPd
has periodicity of three adsorption sites. In the case of zig
type (n,0), we find that the sizes of the derived substructu
are larger than the basic substructures and the derived
structures have local structural similarity with the basic s
structures. In the case of armchair-type (n,n) nanotubes the
derived structures are more complicated.n corresponds to
the number of the adsorption sites on carbon nanotube
the rolling direction. Whenn cannot be divided by 6 exactly
there are new ground states with complicated structures.
have compared the results for the zigzag~6,0! nanotubes
with those for the armchair~7,7! nanotubes to show how th
rolling type influences the ground state structures. T
ground state structures and the phase diagram of gro
states for the armchair~7,7! nanotubes forJ1.0 are shown
in Figs. 9 and 10~a!. In the case of the zigzag~6,0! nano-
tubes, derived structures are found forPb and Pc because
n1157 cannot be divided exactly either by 2 or by 3. T
regions in the ground state phase diagram forPb and Pc
break up into four and three subregions, respectively. In

FIG. 10. The ground state phase diagram for armchair-type~7,7!
nanotubes.~a! J1.0, ~b! J1,0.
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case of the armchair~7,7! nanotubes, there are derived stru
tures forPb andPd becausen57 cannot be divided exactly
either by 2 or by 3. Thus the region in the ground state ph
diagram breaks up into three and two subregions, resp
tively, as shown in Fig. 10~a!. For the structures derived from
Pb , Pb1 , Pb2 , andPb3 for the armchair~7,7! nanotubes are
similar to those for the zigzag~6,0! nanotubes, and the ene
gies for the corresponding structures are also similar, a
shown in Table II. We cannot find the corresponding stru
ture toPb4 of the zigzag~6,0! nanotubes. This is reasonab
becausePb4 is a kind of transitionary structure forPb and
Pc . In the case of the armchair~7,7! nanotubes, no new
ground state structures are derived fromPc , thusPb4 should
not exist for armchair-type~7,7! nanotubes. In the case of th
zigzag ~6,0! nanotubes, no new ground state structures
found fromPd because the basic substructure has periodi
of one adsorption site. In the case of the armchair~7,7! nano-
tubes,Pd2 is found near the boundary region of the grou
state structuresPb and Pd in the phase diagram of groun
states. WhenJ1,0, new ground state structures are fou
from Pd . The phase diagram of ground states is shown
Fig. 10~b!, and the ground state structures are shown in F
11. From the above analysis, it can be seen that the rol
type has strong effects on the ground state structures.

IV. SUMMARY

We have investigated the ground states of adsorbate
individual single-walled carbon nanotubes. We have fou
that the ground state structures change as the diameter o
carbon nanotubes increases and determined the ground
structures for different diameters of carbon nanotubes. F
the results and analysis shown above, we can see tha

TABLE II. Comparison of the ground states between the zigz
type ~6,0! nanotubes and the armchair-type~7,7! nanotubes.

Zigzag ~6,0! type Armchair~7,7! type

Phase No. c1 c2 m Phase No. c1 c2 m

Pa 3 3 1 Pa 3 3 1

Pb1 3/7 3/7 4/7
Pb2 1/7 0 1/2 Pb1 3/7 3/7 4/7
Pb3 21/7 21/7 3/7 Pb2 0 1/7 1/2
Pb4 0 6/7 1/2 Pb3 21/7 21/7 3/7

Pc1 23/7 17/7 3/7
Pc2 23/7 13/7 3/7 Pc 21 3 1/3
Pc3 21 17/7 2/7

Pd1 1/7 21 2/7
Pd2 1/7 29/35 16/35

Pd 1/3 21 1/3 Pd3 5/7 23/7 3/7
Pd4 11/21 217/21 1/3
Pd5 5/7 21 1/7

Ma 21 21 0 Ma 21 21 0

Mb 1 21 0 Mb 6/7 21 0
3-7
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confinement has strong effects on the ground state struct
Whenn11 can be divided exactly by six, the ground sta
structures for the zigzag-type carbon nanotubes are the s
as those of the planar triangular lattice. Otherwise, n
ground state structures are found as a result of the size
finement of the system. Ifn11 cannot be divided exactly b

FIG. 11. Ground state structures obtained for armchair-t
~7,7! nanotubes forJ1,0.
ll
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2, there are eight new ground states. Ifn11 cannot be di-
vided exactly by 3, there are six and eight new ground sta
respectively, depending on the remainder being 1 or 2.

We can use the basic substructures and the derived
structures to describe the ground states. It is found that
sizes of the derived substructures are generally larger
those of the basic substructures. The derived structures
higher energies. In order to maintain the lowest energy s
for the ground states, the structures should contain as m
basic substructures as possible. For the basic substructur
the case of zigzag type nanotubes, periodicity ofn for the
ground states is six and the results are in agreement with
predictions. When the carbon nanotubes is rolled up in
way of armchair type, the case is more complicated and
derived substructures for the new ground state structures
pend on the numbern. As the numbern increases, the de
rived substructures play less important role and it will a
proach to the case of planar triangular lattice. In addition
the adsorption on the center of carbon hexagon, the top
can also be the preferred adsorption site for some type
atoms and molecules. It forms a hexagonal lattice. The
nar hexagonal lattice has an infinite series of ground stat40

and the case should become more complicated as a resu
the confinement.
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