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"Theory" and "computation"—

these are the two characteristic research methods in this project.

The then-uncommon term "computational science" 

bursted into the scene in the 1980s

as the third research methodology following experiment and theory.

Since then, the art of "doing science through simulations" 

has achieved progress by leaps and bounds.

Materials design is the one of the foremost examples of an area

where computational approaches have come to play an indispensable role.

Researchers are actively engaged in research and development that

make full use of sophisticated computer environments.

Meanwhile, our theoretical understanding underlying materials research

is also in the midst of a major revolution.

Such new concepts as "strongly-correlated electron systems" and 

"topological insulators"

have the possibility of rewriting what we know in solid-state physics

and hold substantial potential for applications.

Fundamentally, there is no clear demarcation between 

"theory" and "computation."

While coexisting in a single research project,

they provide derived predictions and analysis results to laboratory experiments,

receive feedback, and move another step forward—

which is where the true joy of research lies.
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Research project

  In order to create breakthrough innovation, such 
as lower-power-consumption devices and high-
performance secondary batteries, in socially im-
portant fields including the next-generation in-
formation and communications field and the 
energy & environmental field, it is extremely im-
portant to understand the physical properties 
and functions that appear at functional nanoint-
erfaces and nanocomposites of various materials 
that constitute the actual devices and systems. In 
a project for research and development of new 
materials design simulation techniques, we are 
aiming to study and develop theories and com-
putational science techniques for conducting ac-
curate analysis and prediction of single materials 
as well as analysis and prediction of properties 
and functions demonstrated by composite mate-
rials.
 This special feature mainly introduces theory-
based research, which tends to be regarded as 
being rather difficult, in a manner that is as easy 
to understand as possible. This part highlights 
computational science research that has acceler-
ated with the advancement of computer power.

Computational science and computer 
power

  Materials research and development is based on 
experiment, theory, and computational science. 
Computational science was proposed as the 
third scientific methodology following experi-
ment and theory about 30 years ago. Serving as 
the basis of computational science is a computa-

tional technique called “first-principles calcula-
tion” which conducts accurate analysis and pre-
diction of properties and characteristics of 
materials at electronic/atomic levels without em-
pirical parameters based on the fundamental 
equation of a substance. First-principles calcula-
tion, which requires an enormous amount of cal-
culations and had poor analysis and prediction 
capabilities at first, later improved in line with the 
development of computational techniques and 
algorithms and the advancement of computer 
power. Today, it is firmly established as a tech-
nique to analyze real systems with a large degree 
of freedom (conditions that are more intricately 
intertwined and close to reality) and to predict 
and design phenomena and functions.
 In particular, the advancement of computer 
power in recent years has been a strong driving 
force for computational science. Computer pow-
er has dramatically increased by about 1,000 
times over the past ten years. In Japan, the Earth 
Simulator achieved 35.9 TFLOPS in 2002 and the K 
computer recorded 10.5 PFLOPS in 2011, both be-
coming the world’s fastest computer at the time. 
The speed of 10.5 PFLOPS is equivalent to ten 
quadrillion (1016) operations per second. With the 
establishment of High Performance Computing 
Infrastructure (HPCI) coordinating the computer 
resources of universities and research institutes 
centering on the K computer, there are growing 
expectations for computational science to create 
innovations. In 2009, NIMS introduced a system 
providing performance of 52.6 TFLOPS (the tenth 
fastest computer in Japan at the time) as a materi-
als numerical simulator (Fig. 1). Its functions are 
planned to be upgraded next fiscal year, and it is 

considered to be a favorable opportunity to fur-
ther enhance and advance the computational 
science research at NIMS.

First-principles calculation program

  In the research project under the medium-term 
plan, we are conducting computational science 
research using the NIMS materials numerical sim-
ulator. In addition, we also carry out research us-
ing the K computer under the HPCI Strategic 
Program.1) The K computer has a system config-
uration of about 80,000 computation nodes 
(about 700,000 cores), and today’s large com-
puters are massively parallel computers with 
tens of thousands to hundreds of thousands of 
cores. In order to effectively use computer re-
sources with such characteristics, it is essential 
to develop computation programs that run ef-
ficiently. Thus, we have been continuously en-
gaged in the development of first-principles 
calculation programs (such as PHASE and CON-
QUEST).
  Here is a brief explanation of PHASE. PHASE is a 
first-principles molecular dynamics program 
based on density functional theory (DFT)2) using 
pseudopotentials3) and a plane-wave basis set. It 
can handle a wide variety of materials including 
metals, insulators, and semiconductors, and pro-
vides high-accuracy electronic state analysis and 
extensive functional analysis (such as dielectric 
response, reaction analysis, experiment analysis). 
Also, as a result of implementing optimization for 
a massively parallel computing environment, we 
achieved high execution efficiency of about 20% 
using the entire system of the K computer for 

Fig. 1  NIMS materials numerical simulator. Fig. 2  Parallel performance for simulating 3,800 SiC atoms.
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simulating a system of about 20,000 atoms. It also 
has strong scaling properties, showing excellent 
parallel performance not only for large-scale sys-
tems of several tens of thousands of atoms, but 
also for systems of several thousand atoms, 
achieving parallel processing on up to near 
100,000 cores, suggesting that the program 
works very well for systems of several thousand 
atoms, which tends to be the actual scale of cal-
culation (Fig. 2).
 PHASE is used as the core program in the “Process 
Simulation of Carbon Nanostructures in Next-
generation Semiconductor Integrated Elements” 
which is a research theme of “Industrial Innova-
tion,” Field 4 of the HPCI Strategic Program. The 
operation amount of first-principles calculations 
is proportional to the cube of the number of at-
oms. In other words, if the number of atoms in-
creases ten times, the operation amount will in-
crease 103 times. Specifically, for a system of 1,000 
atoms, for example, an enormous operation 
amount of approximately 100 trillion times (1014 
times) will be required for one step of molecular 
dynamics. However, by using a calculation pro-
gram that works efficiently on the K computer, 
10,000 steps of molecular dynamics of a system of 
1,000 atoms can be calculated in several minutes.
 Followings are some specific examples of com-
putational science research using PHASE.

Research Example: Search of the surface 
structure of Si(110)

 While a Si-CMOS device usually uses the Si(001) 
plane, the Si(110) plane, which has high electronic 
mobility, is an important plane from the view-
point of achieving higher speed and higher inte-
gration. An STM image of the Si(110) plane shows 
a characteristic five-membered ring structure,4) 
but the actual atomic structure is still unknown, 
which obstructs device/process optimization. A 
large-scale structural search was performed on 
the Si(110) plane, considering a model structure 
of about 1,000 atoms. As a result, a surface struc-
ture consisting of a seven-membered ring, four-
membered ring, and tetramer,5) which substan-

tially differ from the conventional model based 
on a five-membered ring structure, was found 
(Fig. 3). The obtained surface structure is ener-
getically stable, and gives an STM image of a five-
membered ring structure.

Research Example: Analysis of threading 
screw dislocations in SiC

  Wide-gap semiconductor SiC, which has excel-
lent properties such as high mobility and high 
dielectric breakdown strength, is anticipated as a 
promising next-generation power device mate-
rial. However, its fundamental physical properties 
such as defects and dislocations that affect the 
device property and interface physical property 
of insulating oxide films, etc. have not been suffi-
ciently understood. We performed large-scale 
systematic calculation on threading screw dislo-
cations, which are representative dislocations in 
4H-SiC, and elucidated their atomic structures 
and electronic properties. Figure 4 shows the 
atomic structure (a scale of 4,000 atoms) of a 
screw dislocation with a nanopipe with a radius 
of 0.6 nm and the electronic state of the upper 
end of the valence band (in red) and the lower 
end of the conduction band (in blue) (Fig. 4). We 
found that dislocations with nanopipes and 
those without nanopipes can coexist, and that all 
screw dislocations had a band gap of 0.5 eV–0.6 
eV and maintained the semiconductor property.

Research Example: 
Analysis of the graphene growth process

  Graphene is considered as a potential next-gen-
eration device material due to its excellent prop-
erties. However, preparation of high-quality, 
large-area graphene is a major challenge. With 
regard to the method of growing graphene on 
the surface of catalytic metal such as Cu by a CVD 
process (Fig. 5) and the method of growing gra-
phene on SiC substrates by thermal decomposi-
tion, which are promising graphene growing 
methods, we conducted a long-hour first princi-
ples dynamics simulation, not at absolute zero 

temperature, but at the actual growth tempera-
ture which had been considered difficult in the 
past. As a result, we obtained some important 
findings at the atomic level concerning the gra-
phene growth process. Such findings included 
the fact that graphene grown at the actual 
growth temperature close to the melting point 
shows properties that qualitatively differ from the 
model picture and the calculation result obtained 
at absolute zero temperature, since the surface 
structure of the transition metal becomes disor-
dered at the actual growth temperature, causing 
surface flattening and edge termination of the 
grown graphene.

Closing remarks

  We aim to design innovative materials, elucidate 
new physical properties and functions, and pro-
pose new material creation by effectively leverag-
ing the significant advancement of the computer 
environment and by making full use of theories 
and computational science techniques of first-
principles calculations as well as quantum mod-
eling, classical dynamics, statistical thermody-
namics, and Phase-field method. With plans for 
the development of exascale computers under 
way, computational science research is expected 
to shift from quantity to quality in the future, and 
we face the need to precisely grasp such trend.

1) An innovative High Performance Computing Infrastructure 
(HPCI) connecting the supercomputer “K” and major 
supercomputers installed at universities and research 
institutes

2) A theory asserting that it is possible to calculate the 
physical properties of electron system energy, etc. from 
electron density

3) A technique of not directly handing inner-shell electrons 
near the atomic nucleus, but replacing them with a 
simple potential function for valence electrons in first-
principles calculations

4) A cyclic compound is a compound in which a series of 
atoms are connected to form a ring, mainly in organic 
chemistry. A five-membered ring structure is a structure 
in which five atoms are connected to form a ring.

5) An oligomer refers to molecules or supermolecules in 
which two or more identical types of molecules or sub-
units (monomers) are joined together by a physical or 
chemical force.

Fig. 5  Graphene CDV growth on Cu surface.Fig. 3  Si(110) surface structure. Fig. 4  SiC threading screw dislocation.
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K Computer and First-Principles
Calculations

  First-principles calculations make predictions of 
the structures and properties of materials through 
electronic state calculations based on density 
functional theory (DFT). They have played a key 
role in fields such as physics, chemistry, materials, 
earth sciences and biochemistry as a powerful re-
search method which enables researchers to ob-
tain reliable data where experimental results are 
not available. However, as this method requires a 
huge amount of calculation, it has often been 
available only for calculating small systems and 
idealized model materials.
  Meanwhile, a supercomputer named the K Com-
puter went into full-scale operation last fall, bring-
ing about a dramatic revolution in the world of 
computational materials science. The use of such a 
large-scale computer is expected to allow first-
principles calculations of large-scale complex sys-
tems for reproducing real materials and devices, 
which require high-efficiency, ultra-large-scale 
parallel calculation. The K Computer can meet this 
requirement, with 88,128 CPUs (8 cores, 128 giga-
flops), totaling more than 700,000 cores. However, 
it is difficult to perform calculations at a high level 
of efficiency using such a large number of cores. In 
this respect, a new calculation method and ad-
vanced calculation technique are essential.

First-Principles Calculations for Huge 
Systems Comprising One Million Atoms

  NIMS has been engaged in developing a linear-
scaling DFT method (also called Order-N or O(N) 
method) program named CONQUEST, through 
joint research with University College London 
(UCL) in the United Kingdom. With ordinary tech-
niques, the time required for calculations increas-
es rapidly, in proportion to the cube of the num-
ber of atoms (N) contained in a system. In the case 
of this new program, the time required for calcula-
tions increases in proportion to N. It thus achieves 
first-principles calculations for large systems while 
showing excellent parallelization efficiency.
  We started a trial operation of CONQUEST on the 
K Computer in April 2011 as an advanced program 
from the HPCI Strategic Programs for Innovative 
Research (SPIRE), Field 2, “New Materials and En-
ergy Creation,” sponsored by the Ministry of Edu-
cation, Culture, Sports, Science and Technology, 
and worked on optimizing this new calculation 
program. As a result, we succeeded in achieving 
an ideal level of parallelization efficiency in the 
course of performing a calculation using an enor-
mous number of CPUs, about 25,000 CPUs 
(200,000 cores), as shown in Figure 1. With ordi-
nary techniques, there was difficulty in dealing 
with systems comprised of even less than 10,000 
atoms, but by operating CONQUEST on the K 

Computer, we have proved that it is now possible 
to perform first-principles calculations for larger 
systems comprising as many as one million at-
oms, including structural optimization.

First-Principles Calculations of All 
Atoms in Real Device Size

  We also used CONQUEST on the K Computer to 
conduct theoretical research on the growth 
process of a three-dimensional nanostructure 
(“hut” cluster) which appears when Ge is grown 
heteroepitaxially on Si (Figure 2). In this research, 
we performed calculations of an optimized 
structure for large systems comprising more 
than 100,000 atoms. Specifically, we calculated 
the stable structure and energy of adsorbed Ge 
at a number of adsorption sites on the hut clus-
ter-facets, as well as the energy changes occur-
ring according to the adsorbed amount, and 
thereby discovered that the growth of a nano-
structure begins from the upper part of the hut 
cluster. With the data obtained in this research, 
we believe that we will be able to find a method 
to control nanostructure growth.
  At present, another research project using large-
scale first-principles calculations is being con-
ducted to explore the structure and electronic 
state of Si-Ge core-shell nanowire, through col-
laboration with the experimental group in NIMS.

Ultra-Large-Scale First-Principles Calculations by the K Computer
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Fig. 2
 (Left): Three-dimensional hut-cluster structure of Ge, grown heteroepitaxially on Si (001). Si 
atoms are black and Ge atoms are blue (dark and pale). The three-dimensional island structure 
consists of four faceted planes (all {105}). Yellow points indicate the adsorption positions where 
Ge is adsorbed as a dimer. Those in the upper left graphic indicate possible adsorption positions 
on a small facet and those in the lower left graphic indicate such positions on a large facet. These 
graphics represent a system of 13nm x 20 nm, with about 20,000 atoms (precisely, 19,973 atoms).
(Right): The upper right graph shows the energy of adsorbed Ge dimers, with red circles 
representing adsorption positions on a small facet and blue squares representing adsorption 
positions on a large facet. The lower right diagram shows location dependency of the energy of 
adsorbed Ge. Energy is lower (Ge is more stable) at sites in red, orange, yellow, light green, and 
dark green, in this order. This diagram shows that stable sites are frequently found at the peak, 
ridge, and between facets, and energy is lower at upper sites than lower sites.

Fig. 1  Time required for solving the electronic state of solid silicon through calculations 
on the K Computer. The horizontal axis indicates the number of atoms. This figure 
shows the time required for performing four patterns of calculations with a certain 
number of atoms per core (called weak scaling). The required time remains almost 
constant along with the increase in the number of atoms, suggesting that this method 
achieves an ideal level of parallelization efficiency. Comparison of time between 
cases using the same number of atoms also shows a level of parallelization efficiency 
called strong scaling. The figure indicates that it would take only about five minutes to 
perform a calculation involving one million atoms with the use of about 30,000 CPUs.
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What is a topological phase of matter?

  Take a piece of elastic rope, and imagine wrap-
ping it around a pillar sitting in the center of your 
room. Tie the rope into a knot in such a way that 
it winds once around the pillar. In mathematics 
jargon, we say that this knot is topologically sta-
ble, which simply expresses a fact familiar from 
everyday experience: no matter how you twist 
or pull at the rope, the fact that it winds once 
and just once cannot change, unless, of course, 
you break either the rope or the pillar. Likewise, a 
doubly wound knot is also stable in the sense 
that no matter how you try to deform it in a 
smooth manner, there is just no way to trans-
form it into a singly wound or an unwound state. 
  A topological phase of matter, as represented by 
a topological insulator or a topological super-
conductor, is a state whose stability is ensured 
by precisely the same topological principle. Just 
like in the rope vs. pillar example, it is character-
ized by (albeit in a decidedly more abstract way) 
a certain winding number that is stable against a 
moderate degree of disturbance (e.g., gradually 
deforming the energy band or disturbing the 
crystal structure). One can show that the stability 
of this winding number, i.e. the fact that it can-
not freely stray away from a specific integer en-
sures that the electric/thermal conductivity of a 
sample surface does not change from a specific 
quantized value under disturbance (which is al-
ways plentiful in the sample). This unusual stabil-

ity, with its apparent potential towards spintron-
ics and quantum information applications, has 
triggered a worldwide interest in these new 
classes of materials.

Stable conduction channel created 
by a defect

  A topological insulator is an ordinary insulator 
when viewed as a bulk (i.e. if one ignores surface 
effects) but its surface shows metallic conduction, 
and its transport property is stably ”protected” by 
the above-mentioned mechanism (Fig. 1(a)(b)). In 
the hope of seeking new quantum functions in 
these materials, we carried out a detailed study for 
the case where a crystal defect (dislocation line) 
was introduced into the sample. This was moti-
vated by the observation that a defect can be con-
sidered as a sort of interior surface within the bulk 
in the sense that the regular crystalline order of 
atomic positions terminates here(Fig. 1(c)). The en-
ergy dispersion calculated by modeling this state 
(Fig. 2) shows that a metallic state traversing the 
band gap of the insulator is created along the de-
fect. The stability of the conductivity of this chan-
nel is ensured by the existence of the winding 
number of the previous paragraph; if an impurity 
exists along the way, a flowing electric current will 
circumvent it and will experience no back-scatter-
ing. In this way this channel acts like a quantum 
nanowire embedded in the insulator. There are 
studies suggesting that a network of such defects 

formed within a topological insulator will function 
as a thermoelectric material with a high figure of 
merit.

Toward topological materials science

  “Low-dimensional quantum functions,” a sub-
theme of the project featured in this issue, is 
aimed at theoretically proposing new quantum 
functions exhibited by materials. The partici-
pants have accumulated research on novel 
quantum phenomena, including those involv-
ing topology, often ahead of the global trend. 
The advent of topological insulators/supercon-
ductors has provided us with the new view-
point of “stable quantum properties protected 
by topology and symmetry” within the scope of 
the electron band picture (applicable when in-
terelectronic interaction is weak). Armed with 
this insight, we are currently engaged in un-
earthing novel states of matter with a built-in 
mechanism for stabilizing their quantum func-
tions in systems such as quantum magnets, 
strongly correlated electron systems, and cold 
atoms, which require a treatment going beyond 
band electrons.

1) K.-I. Imura, Y. Takane and A. Tanaka, Phys. Rev. B 84 
(2011) 035443; ibid 84 (2011) 195406.

2) A. Tanaka and X. Hu, Phys. Rev. Lett. 95 (2005) 036402; 
Phys. Rev. B 74 (2006) 140407.
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Fig. 2  Energy band before and after introducing a defect. A metallic state (blue 
circle) appears along the defect, within the energy gap of a bulk insulator.
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Fig. 1 
(a) Two-dimensional topological insulator (CdTe/
HgTe/CdTe quantum well heterostructure) and its 
peripheral metallic channel.
(b) Three-dimensional topological insulator (e.g., 
TlBiSe) and its surface state.
(c) Dislocation defect introduced in a topological 
insulator. The defect can be regarded as a “surface” 
within the bulk.
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A Method of Model Hamiltonian

  Physics methods for understanding the prop-
erties of materials are roughly divided into the 
first-principles calculation method and the 
model Hamiltonian method. The first-principles 
calculation method aims to numerically predict 
and reproduce the properties of a material sole-
ly based on the atomic nucleus and electrons 
constituting the material in question and physi-
cal constants. On the other hand, the model 
Hamiltonian method, which this article based 
on, begins by extracting essentials according to 
problems and the phenomena to be described, 
and then “constructing a model,” that is, “writing 
a Hamiltonian (H)” based on the extracted ele-
ments. This H is something like a character rela-
tionship chart of a drama. You choose which 
characters should appear, and specify their rela-
tionships by parameters corresponding to phys-
ical quantities. From there, you discuss what 
properties the material exhibits by employing 
various methods. Materials exhibit different 
properties (referred to as “phases”) depending 
on the parameter values. A distribution chart on 
which the results are plotted with parameter 
values used for the axes is called a phase dia-
gram. For such phenomena as superconductiv-
ity, parameters for electron interation are domi-
nant.

Renormalizing external manipulation

  The above suggests that a system can be trans-
ferred to another phase by externally manipulat-
ing the physical quantities expressed by the pa-
rameters. However, since Hamiltonian H for which 
a phase diagram is created does not include exter-
nal manipulation, a corresponding term needs to 
be added to H. In this case, a diagram produced 
using the renewed H is not always the same as the 
original phase diagram. Thus, we aim to make the 
form of H including the external manipulation the 

same in form as that of H without external manip-
ulation, following the idea of renormalization. If 
the effect of external manipulation appears as an 
adjustment knob attached to the parameters, it is 
a triumph. This procedure is referred to as renor-
malizing external manipulation into the parame-
ters. Nevertheless, there is no guarantee that it will 
work out, and even if it does, it is essential to clearly 
indicate the logical explanations and conditions.

Photo steering theory

  It has been shown in some one-dimensional sys-
tems that, when carrying out external manipula-
tion by laser irradiation, the changes in the light 
intensity make electrons heavier according to the 
adjustment of the knob, based on the idea of 
renormalization.1,2) Accordingly, we can assume 
that the phase of a system whose phase diagram 
has electron mass as one of its axes can be trans-
ferred to another phase by using light. Let us call 
this “photo steering.” However, if electron-electron 
interactions are dominant in deciding the proper-
ties of a material, the effect of changing the elec-
tron mass by light would be buried, and it would 
be difficult to steer the phase of the material to an 
interesting one. That is where topological insula-
tors made an appearance. The unique characteris-
tics of a topological insulator can be fully captured 
within a theory without electron interactions, so it 
must be compatible with photo steering. This is 
the idea.
  The problem is, while electron mass renormaliza-
tion was able to only be shown in one-dimension-
al systems in the past, the present subject matters 
are two- or higher-dimensional systems. There-

fore, we must first show that renormalization is 
also possible in two-dimensional systems. After 
deeply contemplating it, we have successfully 
showed that a knob is surely attached to electron 
mass if we add a circularly polarized light irradia-
tion item to H of a topological insulator created 
through pioneering efforts by earlier researchers, 
and if a specific condition (dubbed an adiabatic 
condition) is satisfied.3)

  What is left to do is to demonstrate the steering. 
We calculate the fictitious magnetic flux C from a 
wave function. We can strictly show that this C is 
an integer, and C=0 denotes a normal insulator 
while C≠0 denotes a topological insulator. The fig-
ure shows that it is possible to move between in-
side (C=±1) and outside (C=0) by movement in the 
λ direction, which corresponds to knob adjust-
ment (= a change of light intensity); in other words, 
photo steering enables a transfer between two 
types of insulators.4) Some systems require an ex-
panded version of C in relation to time-reversal 
symmetry, yet photo steering is also effective in 
such case.5)

  Here, we used a topological insulator as a system 
most fit for photo steering. We will continue to ex-
plore other effective platforms and expand the 
possibilities of upgrading materials into those for 
specific applications.

1) D.H. Dunlap, et al., Phys. Rev. B34, 3625 (1986).
2) J. Inoue & A. Shimizu, J. Phys. Soc. Jpn.68, 2534 (1999).
3)  J. Inoue, Phys. Rev. B81, 125412 (2010).
4) J. Inoue & A. Tanaka, Phys. Rev. Lett.105, 017401 (2010).
5) J. Inoue & A. Tanaka, Phys. Rev. B85, 125425 (2012).

Photo Steering Theory: With a Topological Insulator as a Platform
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Fig.  Equation and distribution of C(=0,±1). φ is spin-orbit 
interaction; the vertical axis corresponds, for example, to 
the substrate effect at the time of sample preparation.
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Fig. 2
Obtaining the diff erence between the measurement results.

Fig. 1
Schematic Drawings of Measurements. Measured twice 
by changing the polarization of the incident light.

Jun-ichi Inoue  For the author’s profile, see p. 8.

Profi le

Material Properties Theory Group, 
Computational Materials Science Unit, 
Advanced Key Technologies Division

Jun-ichi Inoue

Why simple screening methods 
are important

 We realize fi rst-hand how eff ective simple 
screening methods are, when, for example, we 
are suspected of having infl uenza. Let us think 
in similar way with regard to topological insula-
tors, which represent a recent trend. Topological 
insulators* are materials that are being searched 
for vigorously due to expectations for their use 
as spintronics materials and others. Such materi-
als are identifi ed mainly through observation of 
a characteristic band structure, using high-reso-
lution photoemission spectroscopy. This meth-
od is highly reliable, but is not suitable for meas-
uring a material immediately after it has been 
synthesized. If there is an alternative which 
could be easily used at the laboratory level, it is 
expected to increase the effi  ciency of the 
search. This article proposes a procedure for 
solving this issue.1) The proposed method is 
characterized by the facts that (1) it is a non-
contact method requiring no electrode, etc., 
and (2) the result can be determined qualita-
tively, and requires no further analysis.

How to use this method

A thin fi lm of a sample is prepared, and circularly 

polarized light emitted from a laser is branched 
and applied to both sides of the fi lm. Placing a 
measuring instrument on the right-hand side, the 
interference intensity of the lights that is transmit-
ted through and that is refl ected by the sample is 
recorded as a function of frequency (Measure-
ment 1,  Fig. 1).
  Next, the polarization of the incident light on the 
right-hand side is reversed, and the interference 
light intensity is recorded in the same manner 
(Measurement 2, Fig. 2).
  Lastly, the diff erence between the two measure-
ment results is obtained. If the two results off set 
each other, the sample is an ordinary insulator, and 
if any diff erence remains, whatever the shape, it is 
a topological insulator.

Principle underlying this method

  One of the characteristics of a topological insu-
lator is cross-correlation properties whereby 
electric polarization is dependent on the mag-
netic fi eld, and magnetization is dependent on 
the electric fi eld under specifi c conditions. By 
refl ecting this in Maxwell equations, we can see 
that only the surface of this insulator has a quan-
tized Hall conductivity, and that the surface Hall 
conductivity has opposite signs on the both 
sides of the fi lm. When calculating the transmit-

tance and refl ectance of the circular polarized 
light while taking this into consideration, infor-
mation of the topological insulator will be in-
cluded in the phase of the refl ectance. To ex-
tract the phase, we made the refl ected light 
interfere with the transmitted light.
  When we also investigated the mode of the 
electromagnetic fi eld in a stuck of fi lms as a sim-
ple extension, we found that the system has a 
characteristic of having photonic bands with no 
gap at all despite being a periodic system.2)

  We hope that this proposal will play a substan-
tial role in the development of topological insu-
lators.*

1)  J. Inoue, Opt. Express 21, 8564 (2013).
2)  J. Inoue, Opt. Express 21, 21317 (2013).

* Topological insulator: Such materials as Bi2Te3 are found 
to be topological insulators. Expected phenomena are 
magneto- and electro-optical effects, and non-dissipative 
electric currents and spin currents, all of which are 
characterized by involvement of integers. When we focus 
on the electron wave function, the essence of a 
topological insulator is not a local property that is 
decided by one point in the Brillouin zone, but a global 
property of phase change in the overall zone. Seeing a 
product of thought for classifying mathematical 
abstract in geometry manifests itself in actual material, 
we recognized once again the power of mathematics as 
a language for describing nature.

Non-contact Method to Identify Topological Insulators



Current Situation of Research on 
High-temperature Superconductors

  Superconductors which can carry electricity 
without losing electric power are expected to 
serve as key materials for solving environmental 
and energy-related problems. However, super-
conducting materials that have been discov-
ered so far are available only for limited uses, 
because superconductivity occurs at a low tem-
perature. Now, there is demand for materials 
that would exhibit superconductivity at a high-
er temperature, close to the room temperature. 
To meet this demand, it may be a shortcut to 
elucidate the mechanism of copper oxide-
based superconductors that exhibit supercon-
ductivity at a higher temperature (-120oC) as 
compared to other types of superconductors 
currently available, and to apply findings on this 
mechanism to material designing.
  Why do copper oxide-based superconductors 
exhibit superconductivity at a far higher tem-
perature than ordinary types of superconduc-
tors? It is still a mystery. It is considered that be-
hind this is the relevance between the 
anomalous electronic states caused by strong 
electronic interaction, which is peculiar to cop-
per oxide-based superconductors, and the tem-
perature at which these superconductors ex-
hibit superconductivity.

Nature of Two-dimensional Systems 
near Mott Transition

  Copper oxide-based superconductors have a 
layered structure comprised of  two-dimension-
al planes made of copper and oxygen. They can 
be obtained by doping a Mott insulator, which is 
antiferromagnetic, with a small number of holes 
to reduce electrons or with additional electrons. 
We probed into the nature of a two-dimension-
al Hubbard model based on its characteristics.
Specifically, we performed numerical simula-
tions on NIMS’s supercomputer and analyzed 
the obtained numerical data based on exact 
solutions for one-dimensional systems.1)

  As a result, we found that various characteris-
tics of high-temperature superconductors that 
had been considered anomalous can be ex-
plained comprehensively as representing the 
nature of a simple model of a two-dimensional 
system near the Mott transition (Figure 1).2) We 
also reached a clear answer to a mystery in sol-
id-state physics which had long awaited a solu-
tion, i.e., how electrons, after behaving as free 
electrons in metals, shift to the electronic states 
of a Mott insulator, in which the degrees of free-
dom of spin and charge separate from each 
other.1,2)

In short, we have clarified the mechanism of 
electrons in metals wherein the degree of free-
dom of these electrons’ charge is gradually fro-

zen as they become closer to the Mott insulator, 
while leaving their movements associated with 
the spin degree of freedom (Figure 2).

Theory and Simulations of 
Strongly-Correlated Electron Systems

  Considering that these results have been ob-
tained by using a very simple model, they can 
be regarded as common features of systems in-
volving strong electronic interaction (strongly-
correlated electron systems). Although further 
research will be necessary to reveal the entire 
mechanism of high-temperature superconduc-
tivity, we are convinced that through this re-
search, we have made great progress in under-
standing the anomalous electronic states where 
high-temperature superconductivity takes place.
  A variety of materials can be obtained by 
changing combinations and synthesis condi-
tions of elements. In an effort to obtain materials 
with novel properties and higher functionality, 
it will be more and more important to have a 
correct understanding of the basic characteris-
tics of materials by way of theories and simula-
tions which take into account the effect of elec-
tronic correlation.

1)  M. Kohno, Phys. Rev. Lett. 105 (2010) 106402.
2)  M. Kohno, Phys. Rev. Lett. 108 (2012) 076401.
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Theory and Simulations regarding Electronic States of 
High-temperature Superconductors

Fig. 2   Characteristics of the Mott transition
(a) Spectral intensity distribution near the Mott transition in the two-dimensional Hubbard 
model, with wave vector at (0,0)-(π,π). The broken line denotes  ω=–  2v2Dcosk, meaning that 
electrons near the Mott transition move at the speed of magnetic excitation of the Mott 
insulator, v2D.
(b) Spectral intensity for ω>0 in (a), plotted in relation to the amount of doping concentration δ 
(density of electrons subtracted from the Mott insulator). While electrons move at the speed of 
magnetic excitation, spectral intensity decreases accordingly, which signifies that the degree of 
freedom of charge is frozen toward the Mott insulator.

Fig. 1
Spectral intensity distribution of single-electron excitation near the Mott transition in the 
two-dimensional Hubbard model. A high intensity area indicates a strong character as a free 
electron. The characteristics of the spectral intensity distribution described in blue correspond 
to the anomalous behavior of electrons observed in high-temperature superconductors. In the 
ordinate at the left, excitation energy ω is divided by the hopping strength t (>0). ω represents 
the excitation energy in electron-addition excitation for ω>0 and that in electron-subtraction 
excitation shown with a minus sign for ω<0. The abscissa shows the wave vector k. In the figure 
at the left, the right-hand panel shows the density of states of single-electron excitation A(ω)t. 
The figure at the right shows the distribution of spectral intensity for ω≈0.
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Fig. 2
(a) Nucleation and growth in a short-range interaction system. Multi-nucleation mechanism. 
(b)Nucleation and growth in an elastic long-range interaction system. Single-nucleation 
mechanism. Droplet (blue part) has geometrical similarity for different crystal sizes.

Fig. 1
(a) Free energy of a stable-phase droplet in a metastable phase in short-range interaction systems 
(solid line). The abscissa shows the radius of the droplet. An energy barrier is generated by the 
competition between the surface (interface) energy of the droplet, which increases by the radius to 
the power of d-1, and the internal energy, which decreases by the radius to the power of d. Here d is 
the space dimension of the system. The droplet corresponding to the barrier top is a critical nucleus, 
the radius (rc) of which has a specific value depending on the material.
(b) Free energy of a stable-phase droplet in a metastable phase in elastic long-range interaction 
systems. In this case, the surface and internal energies cannot be separated. The size of the critical 
nucleus is proportional to the size of the entire system (n).

Masamichi Nishino  Ph. D (Science). NIMS Principal Researcher. Joined NIMS in 2004, and held the posts of visiting associate professor at the Institute for Molecular Science, visiting associate professor 
at the Institute for Solid State Physics, the University of Tokyo, and visiting professor at the Université de Versailles.
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New Mechanism of Nucleation

What is Nucleation?

 Nucleation is a phenomenon which triggers the 
change of states in substances, and it universally 
occurs between a stable (equilibrium) state and a 
metastable state in systems which show (first-or-
der) phase transitions. Nucleation is an important 
topic in a wide range of research fields, from elec-
tronics technology to meteorology. The sizes of 
critical nuclei in solidification of various kinds of 
metals were estimated around 1 nm and nuclea-
tion had been regarded as a microscopic phe-
nomenon.

A New Concept of Nucleation: 
“Macroscopic Nucleation”

  An assembly of particles (droplet) of a stable 
phase, which appears in a metastable phase, 
can grow if the droplet crosses over the (free) 
energy barrier to form the critical nucleus.  The 
traditional nucleation theories introduce a mi-
croscopic critical nucleus of a certain size, which 
is determined by the competition between the 
surface (interface) and bulk (internal) free ener-
gies of the droplet (Figure 1 (a)). Hence, the nu-
cleation of macroscopic crystals is generally of 
multi-nucleation type (Figure 2 (a)).
  Spin-crossover (SC) materials1) are known as 
showing phase transitions between nonmag-

netic and magnetic states by changing the envi-
ronment temperature, pressure,  photo-irradia-
tion, etc. Volume change, which is involved in 
the phase transitions, is also a prominent char-
acteristic. In such materials, the unit molecule 
has bistability in terms of the electronic (spin) 
state and molecular size, and a phase transition 
is driven by lattice distortions caused by the 
change of the molecule size. In our research, we 
have theoretically clarified that elastic interac-
tions induced by the lattice distortions cause 
long-range interactions and due to the nature 
of these long-range interactions nucleation oc-
curs in a new mechanism.2)

  Our research showed that in such systems 
where elastic long-range interactions act, a criti-
cal nucleus does not have a size of an absolute 
value but it is relative and proportional to the 
system size (Figure 1 (b)). 
Unlike the conventional concept of nucleation, 
nucleation can occur in various scales, and it can 
be a macroscopic process. Thus, we can pro-
pose a new concept of nucleation, “macroscop-
ic nucleation.”2)

In this new mechanism, nucleation occurs in 
single-nucleation mechanism as shown in Fig-
ure 2 (b) regardless of the crystal size. Domain 
growth observed in experiments of SC materials 
is of type of single nucleation.
  To sum up, the mechanism shown in Figures 

1(a) and 2(a) represents characteristics of short-
range interaction systems, to which most nu-
cleation phenomena correspond. On the other 
hand, that shown in Figures 1(b) and 2(b) repre-
sents characteristics of long-range interaction 
systems induced by elastic interactions. Our re-
cent research has also revealed that these sys-
tems showing macroscopic nucleation have 
different characteristics from short-range inter-
action systems, in terms of the nature of inter-
face growth fluctuations (universality class).

Spreading Effect and Future 
Development

  The new concept of “macroscopic nucleation” 
will provide a principle in materials designing 
that the strength of the metastable state and 
the width of the hysteresis loop of a system are 
controlled (remarkably changed) by adjusting 
the size of the system. It will also provide useful 
knowledge regarding unexplained mechanisms 
of structural transitions or changes such as mar-
tensitic transformation, magnetostriction,  Jahn-
Teller transformation, etc.

1) '' Spin-crossover materials - properties and applications'' 
M. A. Halcrow (ed) John Wiley & Sons, Chichester, UK, 
2013

2)  M. Nishino, C. Enachescu, S. Miyashita, P. A. Rikvold, K. 
Boukheddaden and F. Varret, Sci. Rep. 1, 162 (2011).
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  On October 9 – 11, in commemoration of 
the 150th anniversary of diplomatic relations 
between Japan and Switzerland, “Swiss – 
Japanese Nanoscience Workshop: Materials 
Phenomena at Small Scale” was held at the 
Namiki Site of NIMS, sponsored by Japan 
Science and Technology Agency (JST), 
Swiss Federal Institute of Technology Zurich 
(ETHZ) and NIMS. On the first day, the work-
shop had the honor of a visit by His Excel-
lency Dr. Mauro Dell’Ambrogio, Swiss State 
Secretary for Education, Research and Inno-
vation. He delivered an opening address 
and expressed his strong expectations for 
the research cooperation between the two 

countries. More than 40 prominent scien-
tists from both countries reported their lat-
est research results, together with the pre-
sentations by young researchers, and they 

exchanged very vigorous questions and 
discussions. Over 200 audience members 
attended this workshop.

Dear NIMS NOW readers,
  Following my Ph.D. graduation from 
Charles University in Prague, I applied for a 
JSPS fellowship in 2008 and came to NIMS 
(Supermolecules Group). I was impressed 

with the level of research, extensive interna-
tional collaboration and their efforts to 
make high level science. Later, in 2010, I 
joined the MANA project and thanks to its 
supportive and idea-exchanging environ-
ment, I enjoy doing my research with en-
thusiasm. Although research is my number 
one interest, I am also known among my 
friends as a keen traveler, particularly around 
Japan. I have visited many places, including 
Himeji, Osaka, Nara, Izu, Hakone, Nikko, Oar-
ai, etc., but my favorites are the picturesque 
views of Matsushima islands close to Sendai, 
the red gates at Fushimi Inari Shrine in Kyoto 
and the beautiful gardens in Gora park in 
Hakone. It might be surprising (as I am Euro-
pean) that I am a big fan of Sumo wrestling. 
I admire its ritual background and the tradi-
tions involved. I have been to many tourna-
ments and already for many years I have 
been a fan of Bulgarian wrestler Kotoōshū (

琴欧洲) who currently holds the rank Ōzeki 
(second highest just behind Yokozuna). I 
must confess that life in Japan is still full of 
surprises for me and since I came here, I 
haven’t been bored a single day.

Hello NIMS

NIMS NOW International 2013 vol.11 No.9

Jan Labuta (Czech)
November 2008 - present
MANA Research Associate at Su-
permolecules Group

Cover images: Modeling example of first principles calculation, and equation related to the theory of topological insulators.
Cover CG image, P2-3, P5 Fig. 4 and Fig. 5: CG images from "Process simulation of carbon nanostructures in next-generation semiconductor integrated elements" (Leader: Takahisa Ohno) under Field 4 "Industrial 
Innovation" of Strategic Programs for Innovative Research (SPIRE).

  A Signing Ceremony was held on October 
29 at University of Rennes 1(UR1). UR1 has 
been in existence since 1969, but its heri-
tage stems back to the days of the Breton 
university founded in 1461. A Comprehen-
sive Collaborative Agreement (CCA: Memo-

randum of Understanding for a sister insti-
tute) with UR1 was signed in July 2010, and 
since then, both institutions had hosted 
NIMS- UR1 Workshop alternately every oth-
er year. This is the first ICGP in France and 
this agreement is believed to be not only 

reinforcing the existing collaborations but 
also leading to the expansion of the coop-
eration to exchange students and research-
ers between the both institutions and 
countries.

Swiss – Japanese Nanoscience Workshop was held at NIMS

NIMS signed an International Cooperative Graduate Program (ICGP) Agreement with 
University of Rennes 1, France
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Attendees of the Workshop.

(a) Red bridge in Matsushima. (b) Gardens in Hakone (Gora 
park). (c) Crowded Sumo hall in Osaka. (d) Statue of ‘dancing 
couple’ during sunset in Aobayama park in Sendai.

At the top of Mt. 
Tsukuba with 
friends.


