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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 devel-

oped a large-scale computation technique utilizing tight binding molecular dynamic method, ab initio density functional theo-

ry (DFT), and time-dependent DFT method. We have studied various physical properties of nano-carbon and applications e.g.,

(1) Growth mechanism of carbon nanotube, (2) Characteristics of Mackay structure, (3) Hole-doped diamond superconductor,

(4) Quantum Transport for molecular wire, (5) Irradiation of strong optical field on nano-carbons, (6) One-dimensional mag-

netic oxygen ordering in CNT, (7) Order-N first principle method for large scale system.

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, GSW, CNT growth,

Hydrogen storage, Hole-doped Diamond superconductor

1. INTRODUCTION
Carbon materials have been expected to make a break-

through in material science and nanotechnology. A lot of

potential applications of nanotubes and fullerenes e.g., elec-

tronic field emitter and electronic devices have attracted sci-

entific community. In investigating and utilizing their mate-

rial properties, numerical simulation by means of supercom-

puter has turned out to be a very efficient tool. A recent

development in nanotechnology has required a more effi-

cient supercomputing capable of a large-scale simulation of

up to ten thousand atoms. Aiming at large-scale simulations

utilizing the Earth Simulator, we have developed computa-

tional package based on ab initio DFT theory and parameter-

ized tight-binding method. The TB code we have developed

is shown to be suitable for the very large systems even

though the lack of symmetrical arrangement. The Eliashberg

equation linearized with respect to the anomalous Green's

function applied to the prediction of high Tc superconductiv-

ity for a hole-doped diamond. We have carried out some

subjects in this work, which are described in the next sec-

tion. There are three primary objectives with this work: (1)

design of innovative nonmaterial with certain desired prop-

erties; (2) obtaining fundamental properties in nano-scale

matter, and (3) nano-applications. Our purpose is to give the

clear explanation of properties and phenomena of nano-scale

events and deduce guiding principle to design new materials

for applications from nanostructures using super-computers.

2. Physical studies on nano materials
2.1 Growth Mechanism of Carbon nanotube

Controlling growth process of SWCNT in the presence of

a metallic catalyst is an essential requirement to provide high
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quality CNT for electrical and thermal transport wire in

applications. There has been large progress in the experi-

mental mass production of SWCNT. Nevertheless, the

growth mechanism of high quality SWCNT is still poorly

understood. On the basis of such experimental results, we

presented a scenario for an acceptable SWCNT growth

process, which are constructed from four stages. In this sce-

nario, the metal cluster plays two important roles in the

growth process. The first is to act as a hydrocarbon decom-

position catalyst to produce C atoms (stage 1). The second is

to act as a solvent for the C atoms (stage 2, 3, 4).

Using a first principle molecular dynamics calculation,

we examined a decomposition of Methane molecules by

catalysis. The reason we used quantum rather than classical

methods is that it is difficult for classical method to consid-

er strong quantum effects of H atoms having small mass.

Stage 1: From a simulation at 1100 K, methane molecule is

dissociated into C and H atoms on the surface of the cataly-

sis as shown in Fig. 1. The isolated flying H atoms tend to

become hydrogen molecules by binding. On the contrary, C

atoms tend to remain on the surface of catalyst during the

simulation. We speculate that due to the lack of simulation

time, we could not observe the diffusion of C atoms enter-

ing the catalyst. 

After decomposition of hydrocarbon atoms, C atoms for

the CNT growth are placed at the surface of the catalyst.

According to our assumption, H molecules do not play an

important role in growth of SWCNT; therefore we consider

a behavior of C atoms only. On the basis of such a reason,

we can introduce an empirical classical molecular dynamic

simulation to deal with C and Fe atoms except for H atoms.

From the classical molecular dynamics simulations based

on empirical potential, we obtained very interesting behavior

of C atoms in the presence of Fe cluster composed of 55

atoms. Stage 2: until containing about 25 atoms of C in clus-

ter, C atom remain inside the cluster with diffusion. Stage 3:

Over about 25 atoms of C, C atom saturates inside the cluster

and precipitate on the surface of Fe cluster. Stage 4: The pre-

cipitated carbon atom creates a carbon cloud near the surface.

At last, caped carbon structure lifts up from Fe cluster. Such

carbon structure is certainly tubular structure not carbon nan-

otube. The tubular structure possesses sp3 hybridization and

tube hollow are filled with C atoms as shown in Fig. 2. 

Simulation results depend on conditions like a hydrocar-

bon flow constraint, system temperature, and size of Fe clus-

ter. From the detailed research for the effect of these condi-

tions on the SWCNT growth process, we will find the best

condition which helps understanding of the growth of CNT.

2.2 Characteristics of the Mackay structure [1]

We have focused on the Mackay structure that consists of

only carbon and expects useful characteristics (stable, very

rigid, magnetic body, and so on). Three production processes

from connecting carbon nanotubes to the Mackay structure

were found out by using only sequential GSW rearrange-

ments in last year. However, only small size structure's ener-

gy was obtained, because the amount of calculation is very

huge. Then, the each energy of larger size structures is cal-

culated newly. Figure 3 shows the energy of each structure.

Although there is energy barrier in the production process,

Fig. 1  Fore methane molecules are placed on the Fe cluster of (001) and (111) surface in a ini-

tial structure (left figure). After 54ps using first principle MD simulation, methane mole-

cules are decomposed into H and C , and one hydrogen molecule appears (right figure).
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Fig. 2  After 10 ns using an empirical classical simulation, carbon tubu-

lar structure is created on the Fe catalyst. Green circle shows Fe

atom red isolated carbon atom, blue bonding carbon atom.

Fig. 4  Zigzag and armchair type of the Mackay structures.

Fig. 3  Energy of each structure.

the barrier is not so high. These results confirm that there is

the possibility of the realization of the Mackay structure.

Furthermore, we clarified that the Mackay structure can be

distinguished into two types: zigzag and armchair type. This

difference is the direction of six-membered ring (Fig. 4).

Zigzag type has been known, but armchair type has not.

Some researchers have analyzed smaller zigzag types with

computer simulation. In this research, the characteristics of

large size and/or armchair type Mackay structure and are

examined. However, in order to investigate characteristics 
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of large size structure, a large scale computer is necessary.

Therefore, large structures have not been dealt with. First,

bulk modulus is investigated. The results are shown in 

Fig. 5. The smallest structure is almost as rigid as diamond

and is more rigid than large one. Moreover, there was no dif-

ference according to the types. Next, it has been guessed that

the carbon atoms in the Mackay structure are arranged along

the faces of Schwarz's minimal p-surface (Fig. 4:upper-left).

However, the carbons are arranged along the faces of truncat-

ed octahedron (Fig. 6). The results are useful to analyze the

characteristics of the Mackay structure. Finally, the electric is

calculated with PWscf code. E-dos of 3 Mackay structures

are illustrated in Fig. 7. As a consequence, the Mackay struc-

tures have semiconducting property.

2.3 Hole-doped diamond superconductor

We have been evaluating the critical transition tempera-

ture (Tc) of hole-doped diamond on the basis of the charge

fluctuation mechanism. The result of our calculation last

year showed that pure diamond with 0.03 holes per atom

was possibly the superconductor with 75 (K). The Tc's

observed in experiments, however, are lower than those esti-

Fig. 5  The relationship between primitive cell size and bulk modulus.

Fig. 6  Stable shape of the Mackay structure.
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mated by simulation. At the present, the maximum value of

Tc is 7 (K). This discrepancy seems to be attributed mainly

to the method of incorporating the bare Coulomb interaction

within the tight-binding approximation. In the simulation

achieved last year, the spatial spread of atomic orbitals has

not been taken into account at all. 

According to the consideration of this spatial spread, the

bare Coulomb interaction V has to have the following two

limits:

where

and U at is intra-atomic bare Coulomb interaction. For the

sake of simplicity, the value of U at was set at 8 (eV) for the

diagonal components and 0 (eV) for the off-diagonal compo-

nents. As a function that interpolates between these two lim-

its, we have adopted

.

We show in Fig. 8 the value of Tc's against hole-concen-

tration. The figure represents that for relatively high hole-

concentration, Tc's are lower than those simulated last year.

In this way, the discrepancy between the simulation and

experimental results has been improved.

2.4 Quantum Transport for molecular wire

Application of carbon nanotubes as electronic devices had

been expected due to their unique properties. Devices such

as random access memory and radio receiver have already

been developed up to a considerable stage. In order to fully

achieve control on the properties of carbon nanotube-based

devices, it is important to perform analyses of the carbon

nanotubes of which sizes are the same as those observed in

experiments.

To this aim, we have developed a extended tight-binding

molecular dynamics method based on conventional tight-

binding molecular dynamics method. A conventional tight-

binding molecular dynamics method neglects the following

Fig. 7  E-DOS of 48, 144 and 192 atoms of the Mackay structures.

Fig. 8  Tc's against hole-concentration. (a) Result simulated last year. (b) Result simulated this year.
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effects.: A change in long range Coulomb interaction due to

a change in the electronic density distribution and polariza-

tion within carbon atoms. We have formulated, therefore, a

tight-binding molecular dynamics method incorporating

these effects. Furthermore, to treat carbon atoms in the elec-

tro-magnetic field, this method was combined with the

microscopic Maxwell's equations.

As a test calculation, we show in Fig. 9 the electrical cur-

rent distribution in the nanotube attached to one-dimensional

electrodes. A detailed investigation is left for future work.

2.5 Application of time-dependent density functional theory

for irradiation of strong optical field on nano-carbons [2]

In the last year, we developed our time-dependent density

functional theory (TDDFT) code being available for com-

puting material response under time-varying strong external

field. We develop formalisms to compute 'work' done by

the external field and confirm that increase of total energy

(including kinetic energy of ions) is the same as the work.

This means our numerical simulation goes under stable 

condition.

This year, we apply the code for two subjects. The one is

structural change of graphite surface irradiated with pulse

laser. Recently, mono-atomic layer of graphene sheet has

attracts high attention since mono-layer graphene has been

expected to show ballistic transport property, mechanical

and thermal robustness. However, the massive production of

mono-layer graphene is still challenging and usual processes

(scotch tape, CVD, solvent treatment, etc.) suffer from con-

taminant. We were searching a way to make structural tran-

sition of graphite surface into diamond phase by strong laser

pulse, but just by accident, we discover a condition of exfoli-

ation of single-layer graphene sheet.

In this calculation, we use periodic boundary condition

consisting of 10-layer AB-stacked 2 × 2 unit cell of graphite

with vacuum region of 10Å. The optical field by laser pulse

was mimicked by fictitious dipole charge layers uniformly

expand in parallel direction to graphite layer at the middle of

the vacuum region making sawtooth type potential, which is

a standard way of investigating the field effect. But this

time, the field varies with respect to time as 

where, w and t respectively correspond to 800 nm of light

wavelength and 50 fs of pulse width. The maximum strength

of field E0 has been set as 1.6 V/Å as arbitrary test and we

found with this condition the surface structure of graphite

shows structural change shown in Fig.10 as below.

We expect the current condition will be realized by fem-

tosecond laser technique and also expect other structural

change, like graphite-diamond transition, will also be

observed by modifying the pulse shape and wavelength of

laser shot.

The other application of TDDFT with time-varying exter-

nal field is penetration of optical field inside semiconducting

carbon nanotubes. It is well known that semiconducting nan-

otubes shows fluorescence depending on their chiralities.

The dependence is owing to their unique high density of

state of one-dimensionality. Recently, precise experiments

can realize optical transition with polarization of optical

field perpendicular to tube axis which opposed to previous

understanding that nanotubes completely depolarize the opti-

cal field in such polarization.

Motivated by the recent experiments, we investigate how

depolarization is strong by monitoring induced dielectric

field at the center of semiconducting nanotubes under exter-

nal dielectric field. We have tested two semiconducting nan-

otubes, (8,0) and (14,0) tubes. In both cases, we found that

significant enhancement of field tentatively occurs when fre-

quencies of the applied dielectric field are close to the reso-

nance of excitation energies of these nanotubes. In contrary,

when the frequency is out-of-resonance, the dielectric field

inside nanotubes is significantly attenuated. Figure 11,

shows the current results. From top to bottom, blue lines

denote time-evolution of applied field while the red lines

denote the allied field plus induced field by nanotubes

(called as total field). Note that only the top of Fig.11 shows

off-resonance condition. This finding raises further interest

for optical excitation of molecules being encapsulated inside

Fig. 9  Electrical current distribution in the nanotube attached to one-dimensional electrodes. The diameter of the arrow

indicates the magnitude of the current in log scale. (a) The line connecting two electrode-junctions is parallel to

the axis of the nanotube. (b) The line connecting two electrode-junctions is not parallel to the axis of the nanotube.
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semiconducting nanotubes. By tuning the chiralty of nan-

otubes, nanotube excitation energy can be adjusted to that of

molecule. If this is the case, we obtained higher quantum

efficiency of optical transition because of the enhancement

of optical field inside nanotubes.

2.6 One-dimensional magnetic Oxygen ordering in CNT

Oxygen molecule is an interesting functional molecule

with spin S = 1. Therefore, it would be possible to develop

novel nanoscale magnetic materials by encapsulation of

oxygen molecules inside the carbon nanotubes (CNTs).

Here, we examined the structures and electronic states of

oxygen-encapsulating CNTs using the computer simulation

technique. First, classical molecular dynamics calculations

clarified that oxygen molecules form one-dimensional to

multi-helix structures with the increasing CNT diameter.

Then, the first-principal calculations using pwscf code were

conducted on the narrow CNTs with one-dimensional array

of oxygen molecules. It was suggested that amplitude of the

magnetic moment of oxygen molecule decreases with

decreasing the CNT diameter below ~7Å as shown in

Fig.12. The results will give important suggestion for the

low-dimensional magnetic material design.

2.7 Large scale calculation for application using a sophisti-

cated first principle order-N calculation method [3].

We succeeded in structural optimization by a first princi-

ple self-consistent calculation for the nano structure which

contained about five thousands atoms. By this code the sta-

bility of three dimension pyramid structure is obtained

shown in Fig. 13. This sample contains about 23,000 atoms.

It is understood to be able to optimize stability and the struc-

ture to such a hugeness system.

Fig.10  Time evolution of graphite surface after irradiation of laser shot.

Fig.11  Field enhancement in semiconducting nanotubes. Blue and red

lines are time-evolution of applied and total electric field.

Fig.12  Amplitude of the magnetic moment of oxygen molecule inside

(m,0) and (n,n) CNTs.
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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

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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Fig.13  Optimized nano structure in about 23000 atom system.
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