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Ground states of diatomic molecules adsorbed on single-walled carbon nanotubes
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We have studied the adsorption of diatomic molecules on graphite sheets and carbon nanotubes using Monte
Carlo simulations. We have obtained the ground states for two-site dimer adsorption. On the high-coverage
side, the ground states for dimer adsorption are highly degenerate. The complementary vacancy structures and
the variation tendency of the ordered structures with increase of nanotube size are similar to those for single-
site adsorption. On the low-coverage side, most dimer ordered structures are not degenerate. The confinement

of nanotubes leads to helical ground-state structures for dimer adsorption.

DOLI: 10.1103/PhysRevB.74.235414

I. INTRODUCTION

Atom and molecule adsorption on nanotubes has attracted
much experimental and theoretical attention because of its
scientific interest and potential technological applications.!~!!
Adsorption on carbon nanotubes affects the electronic con-
ductance of nanotubes'?>~'¢ and has the potential of revolu-
tionizing gas storage technology.!'7-2°

A single-walled carbon nanotube (SWNT) can be consid-
ered as a rolled graphite sheet. Extensive research has been
carried out to investigate the interaction between adsorbates
and the graphite.?!=23 It is found that the stable positions of
alkali-metal adatoms are on the centers of the graphite
hexagons.?> The preferred adsorption sites for H, and N,
molecules are also on the centers of the graphite hexagons.?
For adsorption on carbon nanotubes, the center of each car-
bon hexagon is still considered as a preferred adsorption site.
First-principle calculations show that the centers of the car-
bon hexagons of SWNTs are the optimal sites for gas mol-
ecules such as H,, N,, and Ar'2 and for most metal atoms.2*
A triangular lattice gas model has been used to describe the
behavior of submonolayers of adsorbates on graphite with
the centers of carbon hexagons as adsorption sites.>> The
corresponding possible ground-state structures have been in-
vestigated using various methods.?®?” When graphite is
rolled into nanotubes, the effects of size confinement on the
ground-state structures have been studied by the Monte
Carlo method.?®

Most of the studies on surface adsorption are devoted to
adsorption with single occupancy. For the adsorption of mol-
ecules on graphite and nanotubes, there are two cases: one is
the adsorption of small molecules such as H,, for which the
whole adsorbed molecule is localized in the carbon hexa-
gons; while for the adsorption of large molecules, one ad-
sorbed molecule may occupy several lattice sites. When Br,
molecules are adsorbed on graphite, each Br atom of a di-
atomic molecule occupies the center of a carbon hexagon
and a Br, molecule occupies two neighboring sites.??3%
Compared with single-site adsorption, multisite adsorption is
more complex. There is no statistical equivalence between
adsorbates and vacancies. The phase diagrams are thus not
symmetrical around coverage §=1/2 like those of the single-
site adsorption. An isolated vacancy cannot serve to adsorb
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molecules and the occupation of a given lattice site demands
that at least one of its neighboring sites is also occupied. In
addition, the effect of size confinement in adsorption on
nanotubes becomes stronger due to difficulties in multisite
matching with these constraints.

In this paper, we study the two-site adsorption of diatomic
molecules on graphite and carbon nanotubes. We show the
results for ground-state structures of diatomic molecules on
graphite and carbon nanotubes. We also give an analysis of
the distinct features of the ground states of the two-site ad-
sorption. In Sec. II we describe the model and methods. In
Sec. III we present the results and discussion. Section IV is
the summary.

II. METHOD

We consider the adsorption of large diatomic molecules
such as Br, on graphite and carbon nanotubes, a two-site
adsorption situation. The adsorption sites on the centers of
carbon hexagons of the graphite sheet form a two-
dimensional triangular lattice. The adsorbed diatomic mol-
ecules are modeled as dimers, which occupy two neighbor-
ing lattice sites.>!3 When a graphite sheet is rolled into a
nanotube, the system is confined in the rolling direction. The
lattice of the adsorption sites on a carbon nanotube is peri-
odic along the rolling direction. Similar to diatomic molecule
adsorption on graphite, we use the dimer model to describe
adsorbed diatomic molecules on nanotubes. The difference
of adsorption on nanotubes from that on graphite is that lat-
tices for nanotubes are periodic along the rolling direction,
which leads to additional frustration effects and size confine-
ment in adsorbate structures.”

In order to describe the ordered structures of adsorbed
dimers, we introduce the spin variable s;. s; is equal to 1
when the corresponding site i is occupied by a dimer. Other-
wise, s; is equal to —1. The Hamiltonian of the system is
given as

H=J12 s,-sj+122 §;8;+ /.LE si—NJy,
NN NNN i

where J; is the nearest-neighbor interaction, J, is the next-
nearest-neighbor interaction, and w is the chemical potential.
The first sum runs over all the nearest-neighbor site pairs, the
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second sum runs over all the next-nearest-neighbor site pairs,
and the last sum runs over all the sites. N is the number of
adsorbed dimers. The term NJ; is subtracted in the Hamil-
tonian since the summation over all the nearest-neighbor site
pairs overestimates the total energy by including N bonds
belonging to the N adsorbed dimers.?!-33

We use Monte Carlo simulation to find all the possible
ground states of the system.’* In the calculations, we allow
the system to anneal down from the state at high temperature
to an ordered state at low temperature. During the process of
annealing, there are three basic movements: adsorption, de-
sorption, and rotation of an adsorbed dimer.>> When the tem-
perature approaches zero, the system will be annealed into
the ground state. In order to obtain all possible ground states,
we scan the parameter space of the chemical potential and
the interaction energies. In order to describe diatomic mol-
ecule adsorption, such as adsorbed Br, on graphite and car-
bon nanotubes, we consider the nearest-neighbor interaction
as repulsive.?3° J, is set as a renormalization parameter and
we consider the parameter space of w/J; and J,/J;.

III. RESULTS

In order to obtain the possible ground states of adsorbed
dimers on graphite, we use a triangular 60 X 60 lattice with
periodic boundary condition in the calculations. We find ten
different types of ground states for dimer adsorption on
graphite. The corresponding phase diagram of ground states
is shown in Fig. 1(a). The structures of the ground states are
shown in Fig. 2. The coverage 6 is defined as 2N/M, where
N is the number of adsorbed dimers and M is the number of
lattice sites. The factor of 2 is because one dimer occupies
two neighboring lattice sites. Gonzdlez et al. considered the
nearest-neighbor interaction to study dimer adsorption on a
triangular lattice.® We obtain the same structures (the OF
and 06G phases) as theirs at the coverages #=2/3 and 2/5.
We find the OF (#=3/4) phase at high coverage in addition
to the OF and O¢ phases for dimer adsorption with nearest-
neighbor interaction. Compared with single-site adsorption,
we get more complex structures. It is found that there are
nine different ground states for single-site adsorption with a
repulsive nearest-neighbor interaction J,>0,>® fewer than
for dimer adsorption.
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FIG. 2. (a) Vacancy-ordered structures of the OIG, 026, 03G, and
0f phases with coverage 6> 1/2. The white circles represent va-
cancies. The other hexagon centers are occupied by dimers. (b)
Examples of dimer coverings of the O¢, 0?, 0?, and Off phases.
Black circles joined by black lines represent adsorbed dimers, and
hollow circles represent vacancies. (¢) Ground-state structures of
dimer adsorbates on the graphite with coverage =<1/2.

In dimer adsorption, due to possible orientations of
dimers, the primitive cells of ground states of adsorbates on
the gr (Phlte are complex and have large size. In particular,
the O7, 0§, 0§, and 0f phases with high coverage
0>1/ 2 are highly degenerate due to the possibility of dif-
ferent dimer coverings on the occupied sites. From our
calculations we find that these highly degenerate phases with
0>1/2 can be characterized by the complementary vacancy
ordered structures. Figure 2(a) shows vacancy ordered
structures of the O,G, Og s 0?, and Of phases. The structure
of the O (6=1) phase is the full occupied structure. When
we consider the ordered structures formed by vacancies, the
corresponding complementary vacancy structure of the 02G
(#=3/4) phase is the same as the 2 X2 ordered structure.’®
The corresponding complementary vacancy structure of the
0? (6=2/3) phase is the same as the 3 X 1 ordered structure
of single-site adsorption. The corresponding complementary
vacancy structure of the O (#=2/3) phase is the same as
the \3 % 3 ordered structure of single-site adsorption. Due
to the possible orientations of dimers, there are a lot of dif-
ferent dimer coverings for the OIG (6=1), OZG (6=3/4), 0?
(#=2/3), and O (6=2/3) phases, leading to highly degen-
erate ground-state structures. Figure 2(b) shows examples of
dimer coverings for each of these degenerate ground states.
For the low-coverage phases with §=<1/2, we will consider
the dimer ordered structures directly. The structure of the O
(#=1/2) phase is similar to the y3 X 1 ordered structure of
single-site adsorption, in which the dimers are along the par-
allel lines. The structure of the 08G (6=1/3) phase is similar
to the 3 X 1 ordered structure of single-site adsorption. The
Og (#=1/3) phase has three orientation variants, due to the
three equivalent orientations in the triangular lattice. The
structure of the OF (#=0) phase is the vacant structure. The
structures of the Og (60=2/5), the 09G (6=4/15), and the O7G

PHYSICAL REVIEW B 74, 235414 (2006)

(#=1/3) phases have no corresponding ordered structures of
single-site adsorption.

Now we show the results for the ground states of diatomic
molecule adsorbates on (n,0) zigzag nanotubes. We denote
as [ the number of lattice sites along the axis of the nano-
tubes, which will be taken large enough for end effects to be
neglected. We take /=60 and use periodic boundary condi-
tions. Calculations on other geometries such as /=90 and 120
are also performed and the same results are obtained. We
have calculated the cases of n=6—10 and shown that the
ground states of dimer adsorption are much complex than
those of single-site adsorption. Since the symmetries of
nanotubes can be described with the line groups,**37 which
contain all symmetries of systems periodic in one di-
rection,®® we use the line groups and coverages to character-
ize the ground states. The line group L can be a product
L=ZP of one axial point group P and one infinite cyclic
group Z, and this factorization uniquely defines 13 line
group families.**% By the elements (P|t) of line group
L we mean that (P|#): (p, $,z) — (p, ¢’ ,z+ta) in cylindrical
coordinates, where a is the length of the primitive cell
along the axis. We list all the international symbols for line
groups for dimer adsorption on (n,0) nanotubes in Table 1.
The coverage 6 of the O,y phase is zero and thus the line
group of the O;, phase is the same as that of the pristine
(n,0) nanotube. We have also used the structure factor S(k)
to characterize the ordered phases. The structure factor S(Kk)
of the system is defined as S(k)={(p(k)p(-Kk))/M, where
p(k)=2;s;exp(ik-r;) and M is the number of lattice
sites.’**! For (n,0) nanotubes, the wave vectors associated
with the rolling direction need to be quantized, while the
wave vectors associated with the axis direction remain con-
tinuous. So k=kK,/|K,|+uK;, where w is an integer be-
tween 0 and 27.4? In Table II, we list the expressions for S(k)
for dimer adsorption on (n,0) nanotubes in the case of w
=0. The structure factor S(k) of the system is the fourier
transform of the two-point correlation function,** which de-
pends on the ground state of the adsorbed structures. So S(k)
can be used as a kind of order parameter to identify each
phase. In order to describe the variation of the structures on
the nanotubes, we consider the primitive cells of the OiG
phases as the basic substructures of the corresponding phases
on the nanotubes and the primitive cells of complementary
vacancy ordered structures of the Olg phases with 6>1/2 as
the basic vacancy substructures of the corresponding phases
on the nanotubes.

In the case of n=6, there are 12 ground states of dimer
adsorbates. The phase diagram is shown in Fig. 1(b). The
structures of the different ground states as compared with the
structures on graphite are shown in Fig. 3. The others are
constructed using the same repeating structure units as those
in Fig. 2 and keep most of the symmetries of the (6,0) nano-
tube as shown in Table I. There are three different ground
states Og, (0=4/9), Og, (6=7/18), and O¢,. (0=10/27) de-
rived from the 03 (#=2/5) phase of adsorbed dimers on the
graphite. The derived Og; (i=a,b,c) phases have H-shape
structures composed of two parallel dimers and a vacancy,
similar to that of the 02 (#=2/5) phase on graphite. The Oy,
(6=10/27) phase is a helical structure along the nanotube,
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TABLE I. Line groups for the ground-state phases of dimers adsorbed on (r,0) nanotubes.

n=6 n=7 n=8 n=9 n=10

Phase Line group Phase Line group Phase Line group Phase Line group Phase Line group
0, L12¢/mem O, L14;/mem O, L16g/mem O, L18y/mem O, L20,o/mem
0, L63/mem O, L22¢ 0, L84/mem O, L22¢ 0, L10s/mcm
O3 L12¢/mem Oy, L22m O3 L16g/mcm Oy, 1L22m 03 L20¢/mecm
04 Lay/mem — Ose  [22c¢ 04 Lim O L22¢ 04, L2072
Os L6/mmm O3 L14;/mcm = Oy, L16g2 O3 L18g/mem Oy, L22¢
Og, L2/mcc Oy, L1452 Os L8/mmm Oy L65/mem Oy, L22m
Osp  Lim O4  L22¢ O L8352 Os,  L22m Osq  L22m
Og, L4,2 Oy, L22m Ogp, L1642 Os, L1812 Os L10/mmm
(o L6522 O4q L22m (o L164,22 Os, L1,2 Og¢ L4,/mcm
Og L12¢/mem  Os, 1L22m Og L16g/mcm  Osy L22m 0, L2052
Oy L2/mcc Os,, L1452 0y L1642 Os, L9s Og L20¢/mcm
O,y L12¢/mem Os.  [22¢ Oy  Ll6g/mem Osy  L18,2 0, LA2¢

Os, L7, Os, Llm O L20,9/mcm

Os, L7,2 Og, L1/m

Osy L14,2 Og;, L9,

Osa  L742 0, 1952

Oey  L22¢ 05 L1852

Og.  L14,2 0y L62¢

0; 22m O,y  L18y/mcm

0y Llc

O L147/mcm

whose main part is constructed with the basic substructure of
the OF (6=2/5) phase. The structure in the dashed rectangle
of Fig. 3 is the repeating helical unit of the O4. (6=10/27)
phase. When the nanotube unwinds to a graphite sheet,
the helical direction and the axis of the nanotube form an
angle o with tan a=v3/9 shown in Fig. 3. According to
the line groups, the generator of the translational subgroup
is different for these three phases: for the O, (6=4/9) phase
it is (0',,| %), for the O, (#=7/18) phase it is (E|1), and for
the Og. (A=10/27) phase it is (CH‘]-‘). The structure of Oq
(6=4/15) is composed of the corresponding basic substruc-
tures plus their mirror reflections, which causes a lower sym-
metry of the line group.

In the case of n=7, there are 21 ground states of dimer
adsorbates. The phase diagram is shown in Fig. 1(c). The
structures of the different phases are shown in Fig. 4, and the
others are constructed using the same repeating structure
units as those in Fig. 2. On the (7,0) nanotube, the 06G (6
=2/5) phase is split into three phases Og, (6=3/7), Og, (0
=8/21), and O, (6=8/21). For the Og;, (#=8/21) phase, the
basic substructure of the OF (#=2/5) phase is its main part.
For the Og, (0=3/7) and Og. (6=8/21) phases, the basic
substructure of the OF (#=2/5) phase is arranged helically
on the (7,0) nanotube. The helical direction of the Og, (0
=3/7) phase and the axis of the (7,0) nanotube form an angle
a with tan @=243/3. For the helical direction of the Og.

(0=8/21) phase, we have tan a= V3/9. On the (7,0) nano-
tube, the Of (#=2/3) phase is split into four phases Oy,
(0=5/7), Oy, (0=5/7), Oy (6=9/14), and Oy, (6=4/7).
The structures of the Oy, (0=5/7), O, (0=9/14), and Oy
(6=4/7) phases are derived from the 0f (#=2/3) phase due
to the confinement in the rolling direction. The vacancies of
the Og4, (0=5/7) phase form a helical line surrounding the
nanotube. The helical line and the axis of the (7,0) nanotube
form an angle « with tan a=\3. The OY (6=3/4) phase is
split into three phases O,, (6=11/14), O,, (0=3/4), and O,,
(6=5/7) due to the confinement in the rolling direction. The
0% (#=1/2) phase is split into six phases Os, (#=4/7), Os,
(0=19/35), Os. (0=1/2), Os, (6=1/2), Os, (6=3/7), and
Osy (0=3/7). In the structures of the Os, (6=19/35), Os,
(6=1/2), Os, (#=3/7), and Os; (6=3/7) phases, most
dimers are arrange helically to form helical units. The helical
direction of these four phases and the axis of the (7,0) nano-
tube form an angle @ with tan a=13/3. The 0} (6=22/63)
and Oy (#=6/21) phases are derived from the corresponding
OSG (6=1/3) and OS (6=4/15) phases due to the confine-
ment in the rolling direction. Since the (7,0) nanotube is not
compatible with those basic substructures as discussed in the
following in detail, the symmetries of most phases are low as
shown in Table I for the case of n=7.

In the case of n=8, there are 12 ground states of dimer
adsorbates. The phase diagram is shown in Fig. 1(d). The
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TABLE II. S(k) for the ground-state phases of dimers adsorbed on (1,0) nanotubes.

Phase S(k) Phase S(k)
n=6 n=7
0, 12 cos(kr)? 0, 14 cos(kr)?
2 2
0, 6 cos(2km) 02 cos(2km[25+7 cos(2km)]
_ 2 - 1
0s 4 cos(3km) 2 cos(4km)-3] Oz ;15047 cos(2km)-+48 cos(4km) -7 cos(6km)]
4 2
Os 5C0S(k’77)2 Oz —;cos(ka)2[7 cos(2km)—25]
. 2 14
Os 12 sin(k) Os -3 cos(3km)[2 cos(4k)-3]
4 18
Ot 5 cos(km)?[1-2 cos(2km)J? Ota ﬁ(ES:O cos[(2n+1)km])?
2 18
Oeb 5[1 —2 cos(2km) P[3+3 cos(2k) +2 cos(4km)] Ou - cos(kar)?
Os 4 2 Oy 1
o1 (Z;,_o cos[9k(2n+1) 7])[11+2 cos(2k) + 12 cos(4k) 7 [5+3 cos(2km)]
+8 cos(6km) +2 cos(8k)+10 cos(10k)+4 cos(14k)]
2 2
1 —S[3 cos(2km) =S][1+2 cos(@km P Oua = cos(km?
_ 2 — 1
Os 4 cos(3km)2 cos(akm)-3] Osa ~ cos(4km)2[78-91 cos(2km) + 70 cos(4k) ~49 cos(6k)]
Oy 4 2 Osp, 1 3 2
T cos(5km)?[21+8 cos(2km) + 10 cos(4k) +16 cos(6kr) —%(1 +23°_, cos(10nkar))*[8 cos(2km) -2 cos(4k)
—6 cos(8km)] —8 cos(6km) +6 cos(8k)—13]
2 . 25
On  12coslkm) Ose S sin(2n D))
= l
n=8 Osa 251 sinl2n+ D)
2 2
O 16 cos(em) Ose E(zgzo cos[(2n+ Dkr])?
2 2
0, 8 cos(2kr) Osy E(ES:O cos[(2n+1)km])?
16 2
0s -3 cos(3km)?[2 cos(4km)—3] O6a E(ELO cos[(2n+1)km])?
5 2
Ota Z+cos(2k77) Oeb 1 cos(3ka)*[11+8 cos(2k) +6 cos(4km)]
2 2
Ou cos(km) Occ E(Zﬁzo cos[(2n+1)km]+ 22:;] cos(3nkar))?
. 2 ’ 2
Os 16 sin(k) Os T cos(9k)?[140 cos(2kar) +226 cos(4kr)
—448 cos(6k) +118 cos(8k)+112 cos(10k)
—266 cos(12kr)+28 cos(14km) +98 cos(16km)—369]
! 2
Ot 0 O 1 cos(3km)?[51+16 cos(2kar) +14 cos(4k)]
Og1, O 14 cos(kr
(kr)?

% cos (2km)*(Z)_{cos[(24n+5)kmr]—cos[ (24n+9)k]

+cos[(24n+11)kar]+cos[(24n+13)k]
—cos[(24n+15)km]+cos[ (24n+19)km]})
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TABLE II. (Continued.)
Phase S(k) Phase S(k)
07 8 2 n=9
g[cos(3k7r) +cos(9k)]
16 2
Os 3 cos(3km)?[2 cos(4km)-3] O 18 cos(km)
0y 2 ) 024 2 2
3 cos(3km)?*[9+5 cos(2km) +4 cos(4km)] 5 cos(2km)?[41+9 cos(2kr)]
2 1
On 16 cos(km) Oz Tg[82+9 cos(2km)+80 cos(4km) -9 cos(6km)]
= 2
n=10 O2 o cos(2km)[9 cos(2km)—41]
0, 20 cos(kir)? 05 -6 cos(3k)?[2 cos(4km)—3]
0, 5[1+cos(4km)] 0, 1+cos(2km)
20 4
0s 3 cos(3km)?[2 cos(4km)-3] Osa 9 cos(3km)?
044 8 o 2 Osy, s 4 2
s (2, _o cos[(2n+1)kr]) —405(1 +2,_, cos(10nk))*[8 cos(2km) -2 cos(4k)
—8 cos(6km) +6 cos(8k)—13]
041, 2 OSC 1 2|
) cos(kr) Z[l —2 cos(2k)]*[83+18 cos(2k)— 18 cos(4k)
—81 cos(6kr)]
. 4 49
Qe 14 < cos(2km) Osa (-1 sinl2n+ i)
4 4
Oua s cos(kr)? Ose 31 cos(2k)? sin(kar)(1 +222:1 cos(8nk))
. 2 2
05 20 Sln(k’ﬂ') OSf 8_1(1 +22i=1 cos(2nk7r))2
4 2
O s cos(kr)? Osg ) cos(2km)?[63 cos(2k)—65]
10 2
07 ?[cos(Sk'rr)+cos(9k7r)]2 Oea 9 cos(kmr)?
20 2
Os -3 cos(3km)?[2 cos(4km)—3] Ocb E[S +3 cos(ZkW)](EE:O cos[(4n+2)km])?
04 4 2 07 1 2
T cos(3km)?[27+12 cos(2k) + 10 cos(4kr)] —5[3 cos(2km)—=5][1+2 cos(4k)]
2 4 2
O 20 cos(k) Og g(Ei:O cos[(2n+1)km])?
0y 2 )
5 cos(5km)?[21+8 cos(2km) + 10 cos(4k)+ 16 cos(6kr)
—6 cos(8km)]
Oy 18 cos(k)?

structures of the different phases are shown in Fig. 5 and
the others are constructed using the same repeating structure
units as those in Fig. 2. There are two different ground
states Og, (A=1/2) and O, (6=5/12) derived from the
0% (0=2/5) phase of dimer adsorbates on the graphite.
The Og, (A=1/2) phase is a helical structure and the helical
direction of the Og, (#=1/2) phase and the axis of the (8,0)
nanotube form an angle o« with tana=y3. The
Og, (6=5/12) phase is also a helical structure along the

nanotube with tan a= \E/ 9. The translational generators of
the two phases are both screw-axis translations, (Cglé) for
the Og, (A=1/2) phase and (Cls| %) for the Og, (6=5/12)
phase. The Of (6=2/3) phase is split into two phases Oy,
(6=11/16) and Oy, (6=5/8) due to the confinement in the
rolling direction. However, the translational generators are
not similar. For the O,, (6=11/16) phase it is pure transla-
tion (E|1), while for the Oy, (#=5/8) it is screw-axis trans-

lation (C?6| %) The O, (6=1/3) phase is composed of rotated
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FIG. 3. Ground-state structures on the (6,0) nanotube. The struc-
ture in the dashed rectangle is the repeating helical unit of the O,
phase. The axis direction of the nanotube and the helical direction
of the repeating helical units are also shown.

basic structures, which has a (C?6| i) translational generator
and keeps the C, symmetry of the (8,0) nanotube. Similar to
the Oy (6=6/21) phase on the (7,0) nanotube, the Og (6
=1/4) phase is derived from the corresponding 05 (0
=4/15) phases with variation due to the confinement in the
rolling direction. The structure of O (6=1/3) is kept on the
(8,0) nanotube by rotation of the basic substructure and the

FIG. 4. Ground-state structures on the (7,0) nanotube. The struc-
tures in the dashed rectangles are the repeating helical units of the
corresponding phases. The axis direction of the nanotube and the
helical direction of the repeating helical units are also shown.
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FIG. 5. Ground-state structures on the (8,0) nanotube. The struc-
tures in the dashed rectangles are the repeating helical units of the
corresponding phases. The axis direction of the nanotube and the
helical direction of the repeating helical units are also shown.

line group is L16;,22 with the translational generator
(ol

In the case of n=9, there are 19 ground states of dimer
adsorbates. The phase diagram is shown in Fig. 1(e). The
structures of the different phases are shown in Fig. 6 and
the others are constructed using the same repeating
structure units as those in Fig. 2. For the (9,0) nanotube, the
0% (0=2/5) phase is split into two phases Oy, (6=4/9) and
Og, (0=7/18). The Og, (6=4/9) phase has the basic sub-
structure of the OY (#=2/5) phase as the main part and the
Og, (0=7/18) phase is a helical structure along the nano-
tube with tan a=13/9. Therefore the translational generator
of the Og, (6=4/9) phase is (E|1), while it is (C}|3) for

FIG. 6. Ground-state structures on the (9,0) nanotube. The struc-
tures in the dashed rectangles are the repeating helical units of the
corresponding phases. The axis direction of the nanotube and the
helical direction of the repeating helical units are also shown.
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FIG. 7. Ground-state structures on the (10,0) nanotube. The
structure in the dashed rectangle is the repeating helical unit of the
corresponding phase. The axis direction of the nanotube and the
helical direction of the repeating helical units are also shown.

the Og, (0=7/18) phase. The OZG (6=3/4) phase is split
into three phases O,, (0=7/9), O,, (6=3/4), and O,, (0
=13/18) due to the confinement in the rolling direction. The
0% (#=1/2) phase is split into seven phases Os, (0=5/9),
Os;, (0=8/153), Os. (0=14/27), Os, (0=1/2), Os, (6=1/2),
Os; (6=4/9), and Os, (6=4/9). The Os, (6=8/15), Os, (6
=1/2), and Os; (0=4/9) phases are helical structures. The
helical directions of these three phases and the axis of the
(9,0) nanotube have the same angle a with tan a= V3/3. But
the translational generators of these three phases are not the
same. They are (C?8| %8), (C§| é), and (Ciglll—g), respectively.
For the Og (6=1/3) phase on the (9,0) nanotube, the basic
substructure of the Of (6=1/3) phase is arranged obliquely
to match the confinement in the rolling direction and keep
the C; symmetry of the (9,0) nanotube.

In the case of n=10, there are 13 ground states of dimer
adsorbates. The phase diagram is shown in Fig. 1(f). The
structures of the different phases are shown in Fig. 7 and the
others are constructed by the same repeating structure units
as those in Fig. 2. On the (10,0) nanotube, the O (6=2/3)
phase is split into four phases O,, (60=7/10), O, (0
=7/10), O, (6=13/20), and O4, (6=3/5). The structures of
the Oy, (0=7/10), O4. (6=13/20), and O,,; (#=3/5) phases
are derived from the 0? (#=2/3) phase due to the confine-
ment in the rolling direction. The vacancies of the O,, (0
=7/10) phase form a helical line surrounding the nanotube.
The helical line and the axis of the (10,0) nanotube form an
angle « with tan o=\3 and the line group is L20,2 with the
translational generator (C;0| 21—0) The structure of the Og (6
=4/15) phase is derived from the Og (6=4/15) phase.

Comparing the ground-state structures of dimer adsor-
bates with those of single-site adsorption on the graphite,”
we find that for the high-coverage ground states with
60>1/2, when we consider the ordered structures formed by
vacancies, the structures have similar features with those of
the single-site adsorption. For dimer adsorption on graphite,
the vacancy structure of the OZG (#=3/4) phase is the same
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FIG. 8. (a) Vacancy basic substructures of the O,;, O3, and Oy;
phases. The white circles represent vacancies. (b) Vacancy-derived
substructures of the O,; phases in the case of n=2k+1. (c) Vacancy-
derived substructures of the Oy4; phases in the case of n=3k+1. (d)
Vacancy-derived substructures of the Oy phases in the case of
n=3k+2. (e) Representation of the vacancy-ordered structure of the
0O, phase by two B, vacancy basic substructures in the case of
n=6. (f) Representation of the vacancy-ordered structure of the Oy,
phase by two B, vacancy basic substructures and one vacancy-
derived substructure Dfm in the case of n=7. (g) Representation of
the vacancy-ordered structure of the Oy, phase by two B4 vacancy
basic substructures and one vacancy-derived substructure DY, in the
case of n=8.
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as the 2 X2 ordered structure of single-site adsorption. The
vacancy structure of the 0§7 (#=2/3) phase is the same as
the 3 X 1 ordered structure of single-site adsorption. The va-
cancy structure of the 0§ (6=2/3) phase is the same as the
V3% 3 ordered structure of single-site adsorption. For
dimer adsorption on (n,0) nanotubes, the vacancy structures
of the O,; phases, the O,; phases, and the O phase are simi-
lar to those of single-site adsorption.”® The vacancies always
form 3 X 1 ordered structures for the O; phase with increase
of nanotube size n. The vacancies of the Oy; phases form
ordered structures which can be derived from the V3 X3
ordered structure of single-site adsorption with confinement
in the rolling direction of the nanotubes. Also, the vacancy
structures of the O,; phases are similar to the ordered struc-
tures derived from the 2 X 2 ordered structure.

In the following, we discuss in detail the variation ten-
dency of the vacancy structures of the high-coverage phases
on the nanotubes with increase of nanotube size n. We first
consider the Oy4; phases as an example. There are three sites
along the rolling direction of the (n,0) nanotubes in the
primitive cell of the complementary vacancy structure of the
Of (6=2/3) phase on graphite. The primitive cell of the
vacancy structure can be used as the vacancy basic substruc-
ture to construct the vacancy ordered structures of the Oy;
phases on nanotubes. Figure 8(a) shows the vacancy basic
substructures of the O,, O; and O, phases. When
n=6, which can be divided by the site number (3) of the
vacancy basic substructure B, along the rolling direction,
the vacancy structure of the O, (#=2/3) phase for the (6,0)
nanotube is the same as that of the Of phase. The primi-
tive cell of the vacancy structure of the O, (6=2/3) phase is
composed of two B, vacancy basic substructures, as shown
in Fig. 8(e). The line group is L4,/mcm for the O, (6
=2/3) phase in the case of n=6. When n=7, which cannot
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be divided by 3, the O, phase is split into four different
phases. The Oy, (6=5/7) phase has helical structure, which
can be seen as formed by the screw-axis rotation of the
primitive cell of the Oy, (6=5/7) phase by 67/ 14 around the
nanotube axis and then translation by two lattice sites. The
line group of O,, (0=5/7) is L1452, and the translational
generator is (Cﬂ 11—4) As is shown in Fig. 8(f), the primi-
tive cell of the vacancy structure of the Oy, (0=5/7) phase is
composed of two B, vacancy basic substructures and
one vacant (occupied by adsorbed dimers) vacancy-derived
substructure Dia. Similarly, the primitive cell of the vacancy
structure of the O,. (0=9/14) phase is composed of two
B, vacancy basic substructures and one half-full vacancy-
derived substructure D’,. The primitive cell of the vacancy
structure of the O,,; (6=4/7) phase is composed of two
B, vacancy basic substructures and one full vacancy-derived

substructure Dic. The line groups are L22¢ for the Oy (6

=5/7) phase and L22m for the other two phases. In case of
n=28, the O, phase is split into two ground states, the Oy,
(6=11/16) and Oy, (0=5/8) phases. The primitive cell of
the vacancy structure of the O4, (#=11/16) phase is com-
posed of two B, vacancy basic substructures and one
vacancy-derived substructure Df{a. The primitive cell of the
vacancy structure of the Oy, (0=5/8) phase is composed of
two B, vacancy basic substructures and one half-full
vacancy-derived substructure D’,, which is shown in Fig.

8(g). The line groups are L1m for the O, (6=11/16) phase
and L1642 for the Oy, (6=5/8) phase. When n=9, which can
be divided by 3 again, the O, phase remains unchanged and
the line group is L65/mcm, which belongs to the same line
group family?’ as for the case n=6. The primitive cell of the
vacancy structure of the O, phase is composed of three re-
peated B, vacancy basic substructures. In the case of n=10,
the O, phase is split into four new ground states again. The
derived substructures of the O,; phases are the same as those
of n=7. The line group of the Oy, (#=7/10) phase is L2052,
belonging to the same line group family as for the case
n="7, and the translational generator is (C;0| 21—0) The line
groups of the Oy; (i=b,c,d) phases are the same as those of
the corresponding phases on the (7,0) nanotube. The only
difference between the cases n=10 and n=7 is the repeated
unit numbers of the vacancy basic substructure B,, increased
from two to three.

Similar to the case of single-site adsorption, in order to
maintain the lowest energy for the ground states, the ground-
state structures should contain as many vacancy basic sub-
structures as possible. The vacancy basic substructures
of the O, phase have three sites along the rolling direction of
(n,0) nanotubes. Thus the variation periodicity of the O,
pl;ase with increase of n is 3, which is the same as that of the
V3 X \3 ordered structure of single-site adsorption. We have
also calculated dimer adsorbates with large nanotube size n,
and the results confirm the above variation tendency. How-
ever, the vacancy arrangements in the derived substructures
are different from those of the ordered structures of single-
site adsorption, because one dimer occupies two neighboring
sites. Although the vacancy structures of the O, phases do
not correspond to those ordered structures of the single-site
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TABLE III. Coverage € and line group of the high-coverage O,;,
03, and Oy; phases on (n,0) nanotubes.

n Phase No. Coverage Line group
2k 0, 3 L(2k)/ mem
4
2k+1 0y, 3k+2 122¢
4k+2
Oy 0k+3 L22m
8k+4
020 3k+1 L§2C
4k+2
Any 03 2 L(2n),/mem
3
3k 0, 2 L(2k);/ mem
3
3k+1 04(/1 2k L(6k+2)(2k+1)2
3k+1
Oup 2k L22¢
3k+1
04c 4k+1 L§2m
6k+2
Osa 2k+1 L22¢
3k+1
3k+2 044 k1 1im
3k+2
Ouyp 4k+3 L(2n),2
6k+4

adsorption one by one, the variation periodicities of both
cases are the same with increase of nanotube size n.

The variation periodicity of the O,; phases with increase
of nanotube size n is 2 because the vacancy basic substruc-
ture of the O,; phases is the same as the corresponding
2 X2 ordered structure of single-site adsorption. We can ob-
tain the relation of the coverage € and line groups of the
high-coverage O,;, O3, and O,4; phases with nanotube size n
as shown in Table III. Figure 9 shows the coverage as a
function of nanotube size n.

When we consider the dimer arrangements, the 0¥, O,
030, and 0? phases of dimer adsorbates on graphite are
highly degenerate. However, those degenerate structures for
each phase have the same vacancy structure. When the cov-
erage 6=1, the number of different dimer coverings on the
triangular lattice with M X N sites has been found by Fendley
et al. and even on a 6X4 triangular lattice there are 749
types of dimer coverings.*> The orientation of dimers leads
to variety of dimer coverings in the high-coverage ground
states and causes the structures for dimer adsorption to be
more complex as compared with those for single-site adsorp-
tion. The vacancy structures in these high-coverage ground
states are ordered and nondegenerate. The vacancy structures
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FIG. 9. Variation of the coverage as a function of n.

can show the ordering and coverage of dimer adsorbates, but
lose the degeneracy of dimer coverings. Since the vacancy-
ordered structures of the Og; , the OG, and the 0? phases are
the same as those of single-site adsorption, the variation pe-
riodicities of the O,; phases, the Oy; phases, and the O; phase
with increase of nanotube size n are the same as those of
single-site adsorption.

For the low coverage phases of dimer adsorption with
coverage 60=<1/2, there are no degenerate structures
due to dimer orientation. Thus we described the ordered
structures directly by the arrangements of the adsorbed
dimers. The structures and variation tendency of the ground
states of both the dimer and vacancy configurations are
different from those of single-site adsorption. We analyze the
variation tendency of the Og; phases as an example. In the
case of n=6-9, the structures of the Og; phases cannot be
simply constructed using the basic substructure (the
primitive cell of the Og phase) plus the derived substructures
and the symmetries of corresponding Og; phases do not be-
long to the same line group family.’” for n=10, which is
twice the site number of the primitive cell of the 0(? (0
=2/5) phase in the rolling direction, the repeating structure
of the O¢ (#=2/5) phase on the (10,0) nanotube is composed
of two basic substructures. The primitive cell of the O (6
=1/2) phase has two sites along the rolling direction. In the
case of n=7, the OY (#=1/2) phase is split into six phases,
while in the case of n=9, it is split into seven phases. Com-
paring the two cases, there are four similar ground-state
structures. However, the Os, (#=3/7,n=17) phase, which is a
helical structure on the (7,0) nanotube, does not have the
corresponding structure on the (9,0) nanotube. The Os, (0
=14/27,n=9) and Os, (#=4/9, n=9) phases on the (9,0)
nanotube do not have corresponding structures on the (7,0)
nanotube. In contrast to the Os, (6=3/7,n=7) phase, the Os,
(6=14/27,n=9) and Os, (6=4/9,n=9) phases do not have
helical structures. They are more similar to the OY (8
=1/2) phase on graphite, consistent with the fact that the
(n,0) nanotubes are more like graphite sheets when the
nanotube size n increases.

For the low-coverage phases of dimer adsorption, if the
nanotube size n is compatible with the basic substructures,
the symmetries of the corresponding phases are similar. Al-
though the O, phase disappears in the case of n=7 due to
confinement, it can be seen from Table I that the line groups
of the O; phases on the other (n,0) nanotube belong to the
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same line group family.3” When 7 is not a multiple of the site
number of the primitive cells of the O,-G phases in the rolling
direction, the adsorbed dimers may form helical structures on
the nanotube for those ground states with low coverage. An
obvious example is the Og (6=1/3) phase on the (9,0) nano-
tube. The primitive cell of the OF (#=1/3) phase has two
sites in the rolling direction. When n=9, for the Oé (0
=1/3) ground-state phase, the basic substructure becomes an
oblique structure to match the confinement along the rolling
direction. Therefore the line group of the Og (6#=1/3,n=9)
phase is L1852, not belonging to the same line group family
as for the case n=2k. When the next-nearest-neighbor inter-
action J, and the chemical potential w are in a certain range,
as in the phase area of OA? (6=2/5) or Og (6=1/2), the basic
substructures are rotated to provide a larger space for ad-
sorbed dimers and to reduce the energy of the adsorbate
structure. Thus helical structures are formed on the (n,0)
nanotube. For single-site adsorption, a vacant site can always
be occupied by an adsorbed atom. In dimer adsorption, an
isolated vacant site cannot be occupied, and we need two
neighboring vacant sites for occupation by a dimer. This
leads to a difference between dimer adsorption and single-
site adsorption, and makes the structures and the phase dia-
grams of the dimer adsorption more complex.

IV. SUMMARY

We have studied the adsorption of diatomic molecules on
graphite sheets and on nanotubes. The adsorption of diatomic
molecules can be described as the adsorption of dimers on a
triangular lattice. Using Monte Carlo simulation, we have
determined the ground states for dimer adsorption. The
ground-state phase diagrams of dimer adsorbates on graphite
and on (n,0) nanotubes have been obtained. The symmetries
of adsorbate structures on the (n,0) nanotube are described
using the line group method.

We find that for the ground states of the dimer adsorption
with high coverage (0> 1/2), the vacancy structures of the
ground states are similar to the ordered structures of single-
site adsorption. We have obtained the variation periodicities
of the high-coverage phases with increase of nanotube size n.
By this variation tendency, we show how the high-coverage
ground states on the (n,0) nanotube approach the corre-
sponding ground states on graphite as the nanotube size n
increases.

For the ground states of dimer adsorption with coverage
6=<1/2, the structures are different from those of single-site
adsorption and more complex. Since a dimer needs to oc-
cupy two neighboring lattice sites, helical structures are
formed for the dimer adsorption on (,0) nanotubes due to
the confinement of nanotubes when the site number does not
match that of the basic substructure along the rolling direc-
tion.
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