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Nano carbon materials as nanotubes (CNTs) and fullerenes in nanotechnology have a lot of potential for industrial applica-
tions. On the efforts of developing applications, it has been recognized that computational simulations are powerful and effi-
cient tools to find and create new materials from nano scale.

Aiming at realistic simulations for nonmaterial, we have developed a large-scale computation technique utilizing tight-
binding molecular dynamic method, ab initio density functional theory (DFT), and time-dependent DFT method.

We have studies various physical properties of nano-carbon and applications e.g., (1) Ultra-fast carrier dynamics in carbon
nanotubeshot carrier dynamics, (2) High-energy and Highly charged ion-collision to graphite and subsequent structural
change, (3) Atomic and Electronic Structures of CNT-Metal Contacts, (4) Generation of new atomic structure using GSW
rearrangement, (5) Superconducting transition temperatures of hole-doped diamonds. In addition to nano carbon as nanotube,
diamond and graphite of traditional carbon material came into limelight.

Along these works, we have realized that the Earth Simulator is a very powerful tool for large-scale material simulations.

Keywords: Large scale simulation, TB theory, ab initio theory, DFT, Carbon Nanotube, Fullerenes

1. INTRODUCTION mary objectives with this work: (1) design of innovative non-

Carbon materials have been expected to make a break- material with certain desired properties; (2) obtaining funda-
through in material science and nanotechnology. A lot of = mental properties in nano-scale matter, and (3) nano-applica-
potential applications of nanotubes and fullerenes e.g., elec- tions. Our purpose is to give the clear explanation of proper-
tronic field emitter and electronic devices have attracted sci- ties and phenomena of nano-scale events and deduce guiding

entific community. In the investigation and utilizing their  principle to design new materials for applications from nano-
material properties, numerical simulation using supercomput- structures using super-computers.
er has turned to be a very efficient tool. A recent development
in nanotechnology has required a more efficient supercomput- 2. PHYSICAL STUDIES ON NANOMATERIALS
ing capable of a large-scale simulation of up to 10* atoms. 2.1 Ultra-fast carrier dynamics in carbon nanotubes

Aiming large-scale simulations utilizing Earth Simulator, Last year, we demonstrated rapid reduction of electron-
we have developed computational package based on ab initio  hole energy gap in the (3, 3) nanotube and the temperature
DFT theory and parameterized tight-binding (TB) method. dependence of carrier decay, which manifested an existence
The TB code we have developed is shown to be suitable for of electron-electron and electron-phonon time domains in the
the very large systems even though the lack of symmetrical (3, 3) nanotube. These findings give important knowledge on
arrangement. We have carried out some subjects in this work, application to high-speed optical and electronic devices. The
which are described in the next section. There are three pri- computational method is a combination of the time-depend-
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ent density functional theory (TDDFT) being coupled with
the molecular dynamics (MD), which enables us to simulta-
neously treat electron-dynamics and ion dynamics.

This year, we have found that the decay dynamics
depends on nanotube chi rarity. The figure 1 shows time-
evolution of electron and hole energy levels for (3, 3) nan-
otube (left) and the (7, 0) nanotube (right). One can clearly
notice significant reduction of the electron-hole energy gap
in the (3, 0) nanotube while such reduction is not the case in
the (7, 0) nanotube. This fact suggests an efficient light radi-
ation only from semiconducting nanotubes. Although the
excited electron-hole pair is stable in the (7, 0) nanotube, we
expect that presence of defect or impurity may cause rapid
reduction of the energy gap because of induction of defect-
or impurity-induced energy levels near the Fermi level. This
is our near-future plan of investigation.

2.2 High-energy and Highly charged ion-collision to
graphite and subsequent structural change
We explore the possibility of changing the structure of

(3, 3) Metallic tube
Rapid relaxation
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Fig. I Time-evolution of excited electron-hole pairs in (left) (3, 3) nanotube and (right) (7,

Energy (eV)

conventional graphite by smashing highly-charged ions.
Possibility of graphite-diamond conversion by irradiating
Ar* ions was reported by Meguro et al. [See, Appl. Phys.
Lett. 79. 3866 (2001).] Motivated by this experiment, we
investigated the high-energy Ar*® ion collision on the surface
of graphite. Our computational model consists of four-layer
graphite sheets in the AB stacking. We smashed a center of a
C-C- bond on the first layer by an Ar*® ion with kinetic ener-
gy of 400 eV.

Figure 2 shows the snapshots of atomic geometry and
charge density upon collision of an Ar*® ion. Two major
events are rapid charge transfer from graphite to the ion
before collision and formation of sp*-like bond formation
later the collision. These two events were monitored by the
TDDFT-MD simulation. Surprisingly, the incident Ar*®,
which was almost neutralized after the collision, were
stopped in between the first and second layer despite its
heavy mass (more than twice of that of C atom) and high
kinetic energy. The structural change is expected to be sensi-

tive to the incident energy which is now under investigation.
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Fig. 2

Snapshots of collision of an Ar*® ion on graphene layers. The contour lines are valence charge density

showing rapid charge transfer from graphene sheet to the Ar ion prior to the collision. The right-most col-

umn shows appearance of sp-like bonds, which may indicate formation of nano-diamond.

168



2.3 Atomic and Electronic Structures of CNT-Metal
Contacts

Carbon nanotubes (CNTs) have shown potential proper-
ties for electronic devices. The contacts with the metal, how-
ever, have not been understood enough. The atomic and
electronic structures of CNT-metal contacts have been stud-
ied by using ab-initio molecular dynamics. We have exam-
ined titanium (Ti) and molybdenum (Mo) as possible contact
materials. When the unit length of the model is 2 nm (90 car-
bon atoms and 96 metal atoms in a unit cell), the optimiza-
tion is unable to keep the interface for both of the metals.
The contacts show the clear difference between the metals
by enlarging the model to 4 nm (170 carbon atoms and 216
metal atoms in a unit cell). For CNT-Ti, only metal atoms in
the outermost layer move by optimization from the initial
simple contact. For CNT-Mo, all metal atoms show remark-
able change in their positions. We can obtain the local densi-
ties of states near the Fermi level accounting for electric
conductance. This suggests that Ti is better as a contact
material and that we need larger-scale calculations than the

forecast to discuss the properties of nano-contact structures.

2.4 Generation of new atomic structure using GSW
rearrangement
The purpose of this research is to find out more energeti-
cally stable and useful structure from a certain given initial
state (including fullerene, CNT and nano particle) by using
only Generalized Stone-Wales (GSW) rearrangement. In the
simulation, the initial structure generates a huge number of

topologically different or new ones by means of GSW
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rearrangement until the generation should be stored in a
database. Searching for all the paths, with the help of capa-
bility the large-scale parallel computer, is executed along
master/slave type parallel program in which a processor
operates as master and the other processors as slave. The
slave calculates the energy of new structure generated by
GSW rearrangement and the master gathers all of data calcu-
lated by slaves and classifies them. In accordance with gath-
ering data, next GSW rearrangement's structures being cal-
culated is send to slaves. We achieved the high performance
computing through the processors of 512 nodes.

Figure 4 illustrates snapshots of isomerization from (8, 1)
CNT to (5, 4) CNT and (10, 3) CNT, and Figure 5 shows the
corresponding energy of each step. It is confirmed that the (8,
1) CNT can isomerize to two types of CNT with a different
chirality and radius. We guess that the intermediate structure
(for example, B and D in Fig. 4) change to CNTs (for exam-
ple, C and F in Fig. 4) by self-organization because the ener-
gy of intermediate structure is higher than one of CNTs.

One-dimensional problem such as CNT has been dealt
with in the simulation. As a next target, we are challenging
to three-dimensional problem in Fig. 6. It is a simulation
whether the path from the structure connected by C60 to
three-dimensional Mackay structure exists or not. In this
simulation the objective nano particle is assumed to be con-
sists of hexagon and heptagon. Figure 6 exhibits snapshots
of the intermediate generation process. The future work will
analyze the process to generate Mackay structure that has
been predicted to be stable but not been produced yet.
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states accounting for electric conductance.
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2.5 Superconducting transition temperatures of hole-doped
diamonds

The development of the room temperature superconductor

would be a key for human to solve human race's energy prob-

lems. The conventional superconductivity can be understood
by the electron-phonon pairing mechanism. Recently the spin

GSW: 10 times fluctuation mechanism for the superconductivity has attracted

attention as a promising mechanism for the high temperature
superconductivity of cuprates. However, the recent experi-
mental results indicate that the charge fluctuation is surpris-
ingly large and may be possibly responsible for the pairing
mechanism. From the point, Tachiki et.al. have proposed a
new mechanism of superconductivity due to charge fluctua-
tion. The central concept of their theory is that electron-elec-
tron interaction via strong charge fluctuation mediated by
phonon can result in attractive force between electrons. We

(5.4) CNT (10, 3) CNT . L .
©) (E) propose here that the charge fluctuation mechanism is appli-
cable to hole-doped diamond superconductor which is cur-
Fig. 4 Snapshots of isomerization from (8, 1) CNT to (5, 4) CNT and . . . .
(10,3) CNT rently attracting considerable attention. Hole-doped diamond

has the strong electron-phonon interaction and is considered

" T " to be highly correlated electron system as expected from the
'/8\ 1 insulation of pure diamond. Therefore, according to the
é B oa® ... @D 7 charge fluctuation mechanism, hole-doped diamond is a

;c: I : é AAA oo 1 strong candidate for a high temperature superconductor.
i '! A o0 7] Diamond, when it is heavily doped with boron, becomes
L%’ £ @ B @ ... ] superconducting with reports as high as 12 K. However,
__5 A 'Y impurities such as boron are known to suppress 7c¢ due to
£ | C Abrikosov-Gor'kov pair breaking. Our aim is to study by
g i E simulation experiment that at what temperature hole-doped
= ] | diamond becomes superconducting if holes are doped into

0 10 20 diamond without using impurities.

The number of GSW rearrangements To this end, we have simulated the time evolution of dis-

Fig. 5 Energy of each step. placement du(r) of the C atoms relative to the equilibrium
position by using tight-binding molecular dynamics code for
large scale simulation. In the present simulation, the number
of C atoms in the diamond is 512 and the simulation of Su(r)
is performed up to 4ps with 8,000 time steps. Using the
time-series date of Su(f), we can obtain the dielectric func-
tion through the linear-response theory. Figure 1 shows an
example of the frequency dependence of the dielectric func-
tion for g = (0.25, 0, 0)s/a, a being the lattice constant. One
can note that the dielectric function becomes negative in the
wide range around @ = 0. The longitudinal optical phonon
changes the transfer integrals for electrons, since the phonon
amplitude in diamond is very large, and also holes weaken
the bond strength between carbons. Especially, when (g, )
component of the dielectric function is near the longitudinal
phonon dispersion curve, the electron-motion is resonantly
The structure consist of modified and the dielectric function becomes negative due to
hexagon and heptagon the overscreening effect.

The Fourier component of the effective interaction V (g, ®)
Fig. 6 Snapshot of the generation process. is written as 4me*/[¢’e (g, w)]., where £(g, w) is the dielectric
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Fig. 7 Real part of dielectric function versus w for ¢ = (0.25, 0, 0) #/a.

function. From the above result V (g, w) becomes negative
and the strong attractive force appears between electrons. 7¢ is
determined as the temperature below which the linearized gap
equation for the anormalous Green's function has a nontrivial
solution. By solving the linearized gap equation with V (g, w)
numerically, we obtained that 7c is about 260 K for diamond
with 0.2 holes per carbon atom. While in our calculation the
Brillouin zone is divided into 4 x 4 x 2 equal cubes and the
number of samplings of data is 4, they are not large enough to
get statistically meaningful ensemble average for temperature.
However, our result suggests that hole-doping to pure dia-
monds makes them high temperature superconductors.
Henceforth, in addition to improving the precision of our
numerical computation, we will incorporate the effect of self-

energy for the single-particle Green's function.

3. SUMMARY
The large-scale simulations on nonmaterial have been car-
ried out by ab initio density functional method and the para-

meterized tight-binding calculations. The optimized codes
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showed that the computation on the Earth Simulator could
give an exceptional performance and enables us more
chance for large-scale and realistic simulations. Our large
scale simulations can provide the nanotechnology industries
valuable information on novel nano material properties and

on nano electrical designs for application.
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