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Our study consists of two parts: development of a model and application of different models that had been optimized by our

group for the Earth Simulator. The first one is developing a new ab-initio method for treating finite-temperature systems. For the

second one, we present the simulation results of the following three studies: (1) ability of CNT adsorbing Cesium in the environment,

(2) CNT dynamics under pulse laser, and (3) simulation of Helium Ion Microscope of grapheme.
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1. INTRODUCTION

Nano-carbon materials such as nanotube, fullerene and
graphene have potential for applications to the advanced
industries. For nano-carbon materials, it has been recognized
that large-scale simulation is a powerful and efficient tool to find
and create novel functional nano-carbon materials.

Our aim is to investigate fundamental properties of nano-
scale phenomena and to design nanostructure materials, using
Earth Simulator. To this end, so far we have developed different
large-scale simulation models, including tight-binding molecular
dynamics model, ab-initio density functional theory (DFT)
model, and time-dependent DFT model.

Our subjects in the current year are classified into two
categories: development of a model and application of different
models that had been optimized by our group for the Earth
Simulator. The first one is developing a new ab-initio method
for treating finite-temperature systems. The second one contains
the following three physical studies: (1) ability of adsorption
of radioactive cesium on carbon-nanotube (CNT), (2) CNT
dynamics under pulse laser, and (3) simulation of helium ion

microscope of graphene.
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2. Development of a model

The linear combination of atomic orbitals (LCAO) method
is one of the most powerful theoretical methods for computing
the electronic structure of materials. The conventional LCAO
method, however, is formulated for ground-state systems with
a fixed number of electrons. This makes it difficult to extract
finite-temperature properties from those calculations. In the
preceding year, we have extended the LCAO method to finite
temperature with the Mermin functional and developed code
to implement our method. The aim of the present study is to
optimize the simulation code corresponding to two-electron
repulsion integral which accounts for more than 90 percent of
the total computation time. The procedure of the optimization
is as follows: (i) The six-fold integral in two electron repulsion
integral is transformed into five-fold summation and one-fold
integral as shown in eq. (1). (ii) Dividing five-fold summation
into two groups consisting of two-fold, and three-fold
summation, we can perform effective calculation using vector
processors. As a result, the computation time is reduced by
about a third.
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Fig. 1 Bond dissociation potential for F, molecule at 7=300 K.
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As further development of the above method, we propose a new
type of self-consistent scheme beyond the GW approximation,
which we call modified GW approximation. As an example,
Fig. 1 shows the bond dissociation potential for the F,
molecule. According to the Hartree-Fock approximation, the
F, molecule does not exist at all, whereas the fact is that it
exists and is known. On the other hand, when the modified GW
approximation is used, its bond dissociation potential has an
energy minimum and provides a reasonable description of the
F, molecule. This result indicates that our scheme includes the

effects of electron correlation in an appropriate way.

3. Physical studies on nano carbon-based materials
3.1 The ability of CNT adsorbing Cesium in the
environment

For investigating the applicability of nanocabons to the
environmental remediation, CNT has been studied on the
adsorption for Cesium (Cs) by the first principle calculation.
Our simulations give results that there are no clear differences
between a single or double walled CNT (SWCNT, DWCNT).
But the adsorption becomes strong as the CNT radius decreases,
or curvature increases. Furthermore, applicability of CNT is
influenced in the environment. A metal or atomic state of Cs
in vacuum space can be well adsorbed on CNT. A ionic state
of Cs" as in water or seawater environments can be also well
adsorbed on CNT. Figure 2 shows that Cs™’s with three or
four water molecules are well adsorbed on CNT. This implies

that CNT adsorbs Cs equilibrated with three or four water
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molecules rather than five ones. If Cs is Cs” in the mixture of
AM"s as Na” and K, the effect of Na” or K™ on CNT adsorbing
Cs’ is small. In Fig. 3, the Cs’ cluster breaks a bond of with
one of three water molecules and then CNT adsorbs the Cs”
cluster. But the K" cluster stays in the initial position and is
not adsorbed on CNT. The Cs reacting with water vapor in air
becomes to the compound of CsOH. CNT cannot adsorb CsOH.
It should be noted that CsOH is easily dissolved and ionized in
water. Through adsorbing Cs™ or the ionized state, CNTs such
as SWCNT and DWCNT can be basically applicable for the
environmental remediation of the radioactive products as in

river, lakes, marshes and coasts.

Fig. 2 Two Cs' adsorption with twenty water molecules. CNT adsorbs

the Cs™ equilibrated with three or four water molecules rather
than five ones.
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Fig. 3 In the Cs’ case in (a), the Cs' cluster is leaving a water molecule and is adsorbed stably on CNT, taking with the rest of water molecules. On

the other hand, K" in (b) shows that K bonds easily with water molecules and becomes more stable structure than that adsorbed on CNT.

3.2 CNT dynamics under pulse laser

Last year we investigated the possibility of applying CNT
as testing-tube of photochemical reactions of molecules inside
CNT (Publications in PNAS, Vol. 109, 8861 in 2012, and PRL,
Vol. 105, 248301 in 2011). This year, for practical purpose, we
investigated the toughness of CNT against a strong pulse laser
pulse According to the first-principles simulation, very short
pulse can induce large radial deformation on semiconducting
CNT, and interestingly, a larger diameter (14,0) CNT was found
to be weaker than smaller diameter (8,0) tube as denoted by
Fig. 4, which shows radial breathing motion of (8,0) and (14,0)

CNTs under a pulse laser shot.

3.3 Simulation of Helium Ion Microscope of
grapheme[1]

The Helium Ion Microscopy (HIM) is newly developed
experimental technique, which has recently applied for imaging
graphene devices. The imaging is made by counting secondary
emitted electron upon impact of fast He ion on the sample as
a function of impact position. We has performed electron-ion

dynamics simulation to clarify the physical origin of electron
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Fig. 4 Expansion of diameter of (a) (8,0) CNT and (b) (14,0) CNT upon
applying ultra- short laser pulse with perpendicular polarization
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to tube axis.
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emission and limit of resolution of HIM with a thin beam-size
of He ion. (This work was published in PRL, Vol. 109, 265505
in 2012.) Figure 5 (a) shows intensity of secondary emitted
electron as a function of He-impact point (white color means
highest intensity and dark green means lowest intensity). Figure
5 (b) shows similarity of valence charge density of graphene to
the HIM image. The current result shows feasibility of taking
lattice image of graphene by HIM with narrower beam-size and

recognition of presence of defects.

minimum

Fig. 5 (a) Simulated HIM image and (b) valence charge density of
graphene.

4. Summary

We have developed a new computational scheme based on
the preceding year’s study. We also have performed large-scale
simulations for nano materials by using large-scale simulation
models, including ab-initio DFT model and time-dependent
DFT model. Our achievements are summarized as follows:

(a) We optimized our simulation code to calculate free
energy of systems at finite-temperature systems based on
the LCAO method. Furthermore, we developed a new
type of electron correlation technique for a more accurate
calculation of the free energy.

(b)We performed the ab-initio simulation for the
applicability of CNT to the environmental remediation.
CNT was studied on the mechanism of adsorption and its

ability for Cesium in the environment. It turned out that
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CNT has applicability to environmental remediation. References

(c)We are exploring the application of CNT as [1] H.Zhang, Y. Miyamoto and A. Rubio, “Ab initio simulation
photochemical test-tube. The simulation tool for electron- of helium-ion microscopy images: The case of suspended
ion dynamics were applied for testing stability of carbon grapheme”, Phys. Rev. Lett. 109, 265505 (2012).

nanotube (CNT) against strong laser field.

(d)We examined feasibility of measuring graphene by
newly developed experimental technique (Helium lon
Microscopy), which will be powerful tool to characterize

fabricated devices made of graphene.
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