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Abstract

Edge effects on possible magnetism appearing in finite hydrogenated zigzag
nanotubes are investigated using the DFT-LSDA calculations. Our result shows
that two types of edges, i.e. a mono-hydrogenated zigzag edge (MHZE) and
a di-hydrogenated zigzag edge (DHZE), can give magnetic moments in finite
nanotubes. Due to curvature of the tube, however, the total magnetic moment
Siot 1s smaller than an expected value given by a counting rule of Sy, which
holds for magnetic nanographite ribbons. In addition to magnetic nanotubes
found by Okada and Oshiyama, we show that a (7, 0) tube and an (8, 0) tube
with both MHZE and DHZE are magnetic. The reactions to create hydrogenated
(7, 0) and (8, 0) tubes are exothermic.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Carbon nanotubes are known to show almost every interesting physical property found in
condensed matter physics [1, 2]; their application is thus widespread. Magnetism, however,
is a remaining phenomenon which is not listed in intrinsic physical properties of nanotubes.
Recently, several theoretical groups have concluded magnetic solutions for carbon nanotubes
without magnetic elements [3—-6]. Mechanisms of magnetism discussed in these investigations
are classified into two categories. The first one is the edge effect [3—5] and the other is the
effect of defects in the 7 network [6].

As atypical edge effect, one of the present authors (KK) and Maruyama showed that the di-
hydrogenated zigzag edge (DHZE) is a key to creating magnetic nanographite [3, 7]. Creating
a structure with the DHZE at one end and the mono-hydrogenated zigzag edge (MHZE) at the
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Figure 1. Possible structures of nanotubes with the mono-hydrogenated zigzag edge and/or the
di-hydrogenated zigzag edge (MHZE, DHZE). Combining these edges in a structure, we obtain
three possible tubes. Structures are (a) an MM tube, (b) an MD tube and (c) a DD tube.

other end, we can make finite graphitic structures, e.g. graphene ribbons and tubes, magnetic.
This is because two hydrogen atoms at an edge carbon behave like a 7 site, where two 1s
orbitals form a 7w orbital. Then, addition of extra 7 sites occurs and balance between numbers
of sublattice sites is broken. This imbalance causes magnetism, as expected for alternant
hydrocarbons. Otherwise, magnetism is not expected, if we consider a tube as an alternant
hydrocarbon with a network of 7 orbitals.

Interestingly, this simple mechanism seems not always to be true for the nanotubes. There
could be magnetism for a tube with only the MHZE, where the diameter of the tube was asserted
to be a decisive factor [4]. The mechanism here is a spin polarization of nearly degenerate edge
states appearing on these finite tubes. Bare edges with dangling bonds are another magnetic
edge; however, the spin moment is localized at edge atoms [5].

In this paper, we reinvestigate finite zigzag nanotubes which can be magnetic. We will
compare atomic structures of tubes studied so far using the same calculational conditions. For
tubes with fairly small diameter, the spin polarization is dominated by spin polarization of
edge states and a finite moment appears, depending on both the diameter of the tubes and the
type of edge.

2. Structures and methods

If we look at existing DFT-LSDA calculations on magnetic hydrocarbon nanotubes, three types
of edges, i.e. the bare zigzag edge (BZE), MHZE and DHZE, are known to have magnetic
moments. However, we should stress that combination of these edges formed in a structure
is an important factor. We performed structural optimization calculations for three structures
shown in figure 1. We investigated a (7, 0) tube and a (8, 0) tube. The length of the tubes is
N = 6. Here the length N denotes the number of carbon zigzag lines perpendicular to the tube
axis. Since the BZE is energetically more unstable than the others, we focus on the MHZE
and DHZE in this work. Each structure is referred to by the type of edge as MM, MD and DD.
Here, M and D represent MHZE and DHZE, respectively. MM tubes are identical to those
investigated by Okada and Oshiyama.

For the electronic structure calculation, we used an LSDA functional given by Perdew and
Wang [8]. The ultrasoft pseudopotential was adopted to describe electron—ion interactions [9].
The valence wavefunctions of the Kohn—Sham orbitals were expanded in a plane-wave basis
set. We adopted an energy cut-off E. = 25 Ryd. Since we utilize the super-cell technique



Nanotube-based magnets S5691

bbbl
Y Yy We'de &
Yt HY?P Yy'yY
¥y ¥Y'H Py e
P dwTeTh Feo'ep
oW Gswe ewe

() (b) (©) (d)

Figure 2. Optimized structure of (7, 0) tubes with various combinations of edge structures: (a) a
(7,0) MM tube (S = 2); (b) a (7,0) MD tube (S = 3/2); (c) a (7,0) DD tube (S = 1). (d) An
(8, 0) tube with MHZE and DHZE (S = 1) is also shown. The spin density is shown by isosurfaces.

Table 1. The total spin of various tubes. Symbols MM, MD, and DD denote a tube with only
MHZE, that with MHZE and DHZE, and that with only DHZE. (n, m) represents the index of the
tube. For a (7,0) MD tube, a state with S = 3/2 is energetically close to a state with S = 1/2.
Thus, we cannot determine the total spin of the ground state for this structure.

MM  MD DD
(7,00 2 320012 1
(8,00 0 1 0

Table 2. The creation energy in hydrogen addition to MM or MD tubes. Symbols AE and AE’
denote the creation energy of an MD tube from an MM tube and that of a DD tube from an MD
tube, respectively. The reaction is endothermic if the value (eV) is positive, and it is exothermic if
the value is negative.

AE AE’

(7,0) —1.64 —1.75
(8,00 —137 —1.71

for isolated molecules, sampling on the k points was done with only the I" point. Structural
optimization was performed until each component of the interatomic force became less than
I x10*Hau™".

3. Magnetic hydrocarbon nanotubes

For MM, MD and DD tubes, we obtained stable structures. The length of the tubesis N = 6
for (7, 0) and (8, 0) tubes. We summarize the ground-state total spin for these tubes in table 1.
A (7, 0) tube has total spin in all structures which consist of a combination of MHZE and
DHZE. The total spin of an MM tube [4] is the largest of the three stable structures. But only
the MD tube has total spin S = 1 in an (8, 0) tube. The magnetic profile is shown in figure 2
for (7, 0) MM and MD tubes as well as that for an (8, 0) MD tube. The spin density is localized
at both ends in the former two tubes. For an MD tube, the spin density around the DHZE is
lower than that around the MHZE. For an (8, 0) MD tube, the spin density around the DHZE
is almost invisible and it is nearly localized around the MHZE. This result is different from the
previous result on a graphene ribbon with both MHZE and DHZE [3, 7], where the DHZE has
a clear magnetic moment and the total moment per carbon atom is much larger. For a (7, 0)



55692 Y Higuchi et al

DD tube, the spin density is distributed on the whole structure. This tendency is similar to the
case of the MM tube.

The creation energy of an MD tube from an MM tube and H, molecules, and that of a DD
tube from an MD tube and H, molecules, are shown in table 2. All reaction are exothothermic.
Thus hydrogen addition makes nanotubes energetically stable. This result is also different from
the case of graphene ribbons, where hydrogenation is endothermic. Curvature in a graphene
structure, thus, makes reactivity and magnetism different from the planar structures.

4. Summary

In summary, we have performed ab initio calculations on (7, 0) and (8, 0) tubes with several
types of edges. We have reinvestigated the effect of hydrogen addition at edges. A (7, 0) tube
which has both ends terminated by hydrogen has the total spin in the ground state. Only an
(8, 0) tube which has MHZE and DHZE shows a finite spin moment in the ground state. The
hydrogenation of (7, 0) or (8, 0) MM tubes is exothermic.
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