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Progress of AIMR during April-August of FY 2010

Yoshinori Yamamoto
Director, WPI-AIMR, Tohoku University

Since volume 9 of WPI-AIMR News was delivered to you in April, four months have
passed. You may be thinking that volume 10 should have already been delivered to
you because four issues per year were published in the past. We have published
(1)AIMResearch and (2) WPI-AIMR News through our office. AIMResearch is the
print version of the website “AIMResearch” in which specialists of Macmillan create
abstracts on the top-notch research results that WPI researchers published in top
journals. This print version is published once a year because the website is renewed
every month. In addition to those two publications, (3)7ohoku WPI Tsu-Shin, an
outreach magazine for the public, was launched in June along with MEXT’s request that
we enhance our outreach activities in order to let citizens and students know of the
activities of this WPI research center.  Accordingly, it seemed that quarterly
publication of WPI-AIMR News would be too busy for us, and we have decided to
publish WPI-AIMR News three times per year instead. [ hope you will understand this

change. Anyway, it is a pleasure for me to now deliver volume 10 to you.

In the middle of July, the third follow-up meeting of the WPI program was held in
Tokyo. All the follow-up committee members, including foreign members, two Nobel
laureates, the program director, the five program officers, and several MEXT members
gathered at the interview room and listened to the presentation of all five WPI centers.
This is the most important meeting for evaluating the activities of the WPI centers, and
the evaluation report has just appeared on both MEXT and JSPS website. After the
review meeting was over, Professor Kawasaki and Professor Chen gave lectures on their
own research results in front of the committee members. I believe this was a very
good opportunity for us to let them know what kind of top-notch materials research
projects are currently being undertaken at AIMR. At the banquet for this meeting, the
Minister of Education, Culture, Sports, Science and Technology, Mr. Tatsuo Kawabata,
gave a speech and in it stated that MEXT understands the importance of the WPI
program and, therefore, the 6™ WPI center has been decided to be at Kyushu University
even under the present-day financial problems of the Japanese Government. This is
very good news for all of us, and I expect the continuous and strong support of MEXT
for the WPI program.



We had a joint workshop between WPI-AIMR and POSTECH-AMS in Pohang,
Korea, in the middle of June. This mini-symposium was primarily on the soft material
science of AIMR. The World Class University (WCU) program was started a few
years ago in Korea and POSTECH-AMS is one of the WCU centers, based on materials
science (primarily soft materials and materials physics). Also, POSTECH is a partner
school of Tohoku University. The symposium proceeded successfully, and

immediately after the symposium, collaboration between researchers at
POSTECH-AMS and some PIs of AIMR started.

Finally, it is a pleasure for me to announce that Professor Masaru Tsukada has
become the Editor-in-Chief of WPI-AIMR News, since the previous Editor, Professor
Toshio Sakurai, left his position at AIMR. On this occasion I would like to thank
Professor Sakurai very, very much for his tremendous effort on the inauguration of
WPI-AIMR and launching WPI-AIMR News. Now the summer vacation season has
already begun and you may receive volume 10 after the vacation is over. Let’s all

make a good start to the semester in September.
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¥ Interview with Professor Tadafumi ADSCHIRI, WPI-AIMR Principal

Investigator

“Merry meet, many fusion”

Professor Adschiri (A): I like to ski and I think there are two ways to enjoy skiing.

The first is to ski fast and cool in front of a lot of people. The other is to stumble and
plow through freshly fallen snow which no one has yet to set foot in.  You don’t know
what you will find there, but you may see beautiful scenery in front of you or look
behind to find that others have followed you creating a ski slope on which everyone can
enjoy skiing. To put it simply, it’s either competing to be No.1 or pursuing a path to be
a unique “only one.” Both are important, but in my research, I take the “skiing in the

freshly fallen snow” approach.

I was born in Niigata. [ moved around a lot because of my father’s job as a banker.
I went to different nursery schools and during elementary school, I transferred school
every year. As a child, I kept thinking “not again!” but I became good at making
friends. How you socialize with people is in part due to your personality based on
DNA, but I believe it mostly relates to how you grew up. Someone pointed this out to

me once, and looking back at my life. I agreed.

Professor Komatsu (K): Children are highly adaptable so I suppose they think and act

according to their surroundings.

A: It was hard going from place to place, but I had fun. I actually have an elementary
school reunion next week. All of my classmates are in completely different fields, but
in a sense it is good to meet with people in a different environment because it gives you

the chance to change your way of thinking.

K: That is important. It’s difficult to become friends with people in different fields as
an adult, but for children it’s the opposite. You just have to meet each other and you
become friends. Learning that there are ways of thinking other than your own and that
there are so many kinds of people in the world will be an advantage later on in life.

I’m sure the same is true for your research.



A: I think so too. Take this room for example. A professor of humanities at a certain
university once told me that holding classes at a café from time to time gives birth to
completely different ideas than when he holds classes in a classroom. Cafés have
music playing, greenery, and pictures. I tried to design my office with that in mind. 1
have pictures hanging even in the hall. It’s good to have experiment results and
newspaper articles pinned up, but I thought it might be good to have a research
environment in which students and staff can come up with ideas from a different
perspective. It is important to place yourself in an environment where you use a

different part of your brain.

I entered the University of Tokyo and my professor was Dr. Daizo Kunii. When you
blow air into sands from below, the sand-bed enters into a state similar to boiling a
liquid. In this state, solid sands behave like a fluid and move from one reactor to the
next. This state is called “fluidization”. This technology led to the current
petrochemical technology for processing large amounts of petroleum with solid
catalysts. This is a technology which makes a new process treating the solid matter
like liquid, and Dr. Kunii was the authority of this field. Originally this technology
was born in U.S., but he made it possible to design the reaction that occurs inside the

reactor for the first time.

K: By changing the media, you can modify the specific gravity.

A: That’s right. 1 said “similar to boiling a liquid”, but we can create the boiled
situation without bubble and the fluid situation where all the sands are blown away.

This determines the performance of whole process.

K: When we apply pressure on solids, it will not spread out equally, but in case of liquid
the pressure works equally by Pascal’s principle, and also we can control the stream of a
magnetic or electric field.

A: Creating a magnetic field and controlling it is state-of-the-art research. That is
exactly the idea. When we know too much the research surrounding us, we cannot
escape from it. On the contrary, when someone of different field says “Can’t you do it

like this?”, it can be a trigger to change our original idea.

K: What you might call fusion.



A: Fusion can be achieved even by yourself if you change your surroundings. During
the oil crisis 30 years ago, I was doing my doctoral thesis on gasifying coal in a
fluidized bed in Kunii laboratory. Coal reacts with high temperature steam to from
carbon monoxide and hydrogen. My research was on the conversion process of the
internal structure of coal slowly changed into gas. By the time I finished my doctoral
course, research on materials became active also in process engineering and I then
started research on converting hydro carbon gas into solid carbon through chemical
vapor deposition (CVD). It was very easy as I only had to do the exact opposite of
what I had been doing up until then. I had to observe how the structure of carbon, the
solid, changed. Even in this case, we can find a fusion of the totally different

researches.

Unfortunately, close to the end of my research, Dr. Takehiko Furusawa, who was Dr.
Kunii’s protégé, passed away at the young age of 49. I had worked as a researcher at
the Japan Society for the Promotion of Science for a year after earning my doctorate and
had just become an assistant at the lab. So in my second year, he was gone all a
sudden. Because the professor was gone, the lab was shut down. [ had a year’s grace,
but that year passed by quickly as I helped students transfer to other labs. So I did not

write a single paper that year.

There were many companies who invited me to work for them as I was struggling. [
had almost made up my mind to go into the private sector, but Dr. Kunio Arai and Dr.
Shozaburo Saito invited me to come to Tohoku University. So I decided to do research
there and came to Tohoku University in 1989. I remember thinking to myself that as

long as you do your work diligently, someone will notice and lend a helping hand.

At Tohoku University, I did research on supercritical high-temperature-high-pressure
gas, which is the foundation of my current research. In chemical engineering, property
estimation is necessary for developing and designing a process. At high pressure,
especially at the supercritical point, where gas no longer condenses at a certain
temperature, a condition where highly pressurized gas remains gas and does not turn
into liquid under pressure is created. Under the condition, the properties change

greatly so the property estimation becomes difficult.

Just around this time, Dr. Saito made Tohoku University the center of this research.

I started research along with my boss, Dr. Arai. Changing the density of fluid changes



the solvent power, so utilizing this property, we did research on material separation.
Since I moved from researching the reaction of coal to fluid properties and equilibrium,
not only my research itself, but my whole mindset changed. I had to specialize in
thermodynamics, which I was not very good at during my student days, so it was tough,

but I studied hard because the professors gave me the chance to work.

If T had to try something, I thought it would be better to start from scratch rather than
hold on to what I had up until then, so I quit my research on coal and started new
research. At the time, supercritical research was all about research on separation and
no one was researching “supercritical-reaction.” You lose sight of the people in the
same field. That was why I was able to achieve fusion on my own. It was
“supercritical-reaction-target material.” Coal, heavy oil, biomass, waste disposal,
organic synthesis reaction; all of these. Also, the nanoparticles which are what I am

current researching. [ started research on all of these simultaneously from 1989.

K: Isee. By discarding your old research you were able to get a fresh look at things.

A: Exactly. If I had continued with my old research, I never would have thought of it.
The moment I made the decision to concentrate on supercritical research, I felt as if |
knew exactly what I had to do.

Dr. Kunii’s research theme was “research on the methodologies for creation.” He
says that the mindset for creation is calculation. Inventions originating completely
from scratch are extremely rare. He says new ideas come from multiplying, adding,
subtracting, and dividing old ideas. They may come from a transposed matrix or a
transform matrix. He taught me that I always need to keep this in mind to come up
with new ideas. The idea I brought up earlier was exactly that so it was an easy choice

for me to make.

The other thing is to not think just by yourself. My main research theme right now
is making nanoparticles in supercritical water. This was an idea I came up with
together with my student. In supercritical water, substances are dissolved in highly
pressurized, high density steam. Most metal oxides are dissolved. The earth itself is
made in this way. The crust of underwater volcanoes is in a high temperature, high

pressure state so subterranean water is always in a supercritical state.



I’'m getting off topic here, but I once had the opportunity to talk to a professor of
geophysics. I had always thought that magma was molten rock (lava), but it’s actually
rock which has melted in supercritical water. This makes the water take on
characteristics of rock, creating rock-like water, which keeps dissolving the surrounding
rock. Magma is a state in which a lot of rock is dissolved in a small amount of water.
Magma exists and flows even at a temperature lower than the melting point of rock.
When magma rises suddenly, the highly pressured steam returns to a normal
atmospheric pressure all at once and expands. That is a hydrovolcanic explosion.
The Kanto loam layer is actually made up of natural nanoparticles. The melted rock
that erupted from Mount Fuji and Mount Asama was depressurized and stopped melting
and all of it was deposited. The particles deposited are the Kanto loam layer. As it
slowly accumulated, mineral veins emerged. Because deposits occur starting with
substances with lower melting points, you will always find the same type of substance

in a single mineral vein.

K: But in the Kanto loam layer, you find small crystals such as pyroxene and olivine
instead of powder. At a stage in which they can still be purified, they erupt along with

the magma and changes in conditions cause them to change as well.

A:Yes. That’s exactly what naturally synthesized nanoparticles are.

There was a student who just happened to be doing similar research. Apparently he
really did not enjoy his research and came to me for advice. He was making silica and
at solubility of 1 wt%, even with a lot of water, all you would be able to make was about
a pinch of silica. He told me he wondered if that would actually benefit anyone. To
be sure, being able to melt a lot is one thing, but it is no fun if you end up with just a

pinch of silica. We started discussing this and ended up getting drunk together.

When you think of solubility, all you .y
think of is metal salts. “But wait, if metal
salt can be dissolved into water, maybe that . =
is all we need,” I said. At these words, the
student suddenly woke up from his drunken
stupor and went to the library for research.

He came back and said to me “No, that

won’t work. Metal salt will thermally



decompose in high temperatures and become metal oxides.” Since his aim was to
make metal oxides, I jokingly told him that maybe that was a good thing, but the student
quickly switched to equipment that would allow metal particles to flow and react in
high temperatures. That was the first original nanoparticle synthesis process at Tohoku
University. 1 examined it under an electron microscope and thought to myself how
beautiful it was.

He recreated what nature does, not by depressurizing, but by rapidly raising the
temperature. He made the metal salts react by letting it flow while simultaneously
rapidly raising the temperature. This results in creating almost all the same thing.
Using a pressure vessel called an autoclave with extremely thick walls like a cannon,
the temperature rises gradually. By letting it all flow as a fluid like petrochemicals, he
made them react inside and uniform, pretty crystals formed. This is the result that
came out of a talk with a student. It is not only your own ideas that are important, but

also interaction with others.

K: There are various kinds of interaction; between different generations, those who are

learning and those who are teaching, those who are drunk, etc.

A: At the time I had just started working there so I was able to think from a fresh
perspective without being completely immersed in that research. The free-thinking
must have emerged from there not being a relationship of seniority. That is what
fusion is. I still work with young post doctorates and when we do research on the
same floor in different fields, it is always very refreshing. There is a high potential for
new ideas and technologies to be born. In that sense WPI provides a great place for

fusion.

K: Fortunately there are four very different disciplines, so it might be interesting to
really flex the brain muscle to achieve fusion.

A: Seven years ago, I moved to the Institute of Multidisciplinary Research for
Advanced Materials (IMRAM) from the School of Engineering in Aobayama and
launched a new lab. Fortunately, all the positions were still open and it seemed like it
could be an environment in which I could work together with associate professors,
assistant professors and technical staff. So I decided to try something completely new

again.

10



After having researched supercritical fluids for nearly 15 years, I didn’t think I would
be stimulated by people who had been doing similar research. 1 looked for people who
had what I didn’t have, people in fields such as computer science, biotechnology, and
materials science. It was a gamble, but I thought I would try to make a place to fuse
new ideas together to create something like “supercritical fluids-bio-materials
-computer science,” similar to what I had done when I came to Tohoku University in
1989.

At first, it was as if I was talking to people who used a different language.
Especially for bio research, there are so many abbreviations in that field. For the first
couple of years, we couldn’t understand each other, so we held an educational seminar
in our lab where we would give lectures on the very basics: bio, materials, computer and
supercritical. Because it was all things I wanted to learn, things entered my mind
smoothly, unlike when I was a student reluctantly attending classes. We kept throwing

ideas at each other trying to find out if we could do certain things.

Dr. Umetsu, who is now an associate professor at the School of Engineering, built a
bridge between the nano and bio fields for us. The peptides we use to recognize the
particles we make are formed from a chain of more than ten amino acid molecules.
For example, for zinc oxide we would have to find a peptide that would only stick to
zinc oxide, and one that would only bond to the (100) sides of the zinc oxide. Dr.
Umetsu prepared 10° different types of peptides and experimented with them all. That
was something. Viruses infect cells. He injected a little bit of the DNA of each of the
10° different peptides into the viruses. He looked at which peptides would stick on the
Zn O viruses. But it’s is hard to find the ones where only one or two have bonded.

However, we are talking about viruses. So, you infect this virus to E. coli bacteria.
K: A virus is clump of genes, an aggregate of nucleic acids.

A: Yes, viruses are not alive. They are not living organisms. They have DNA inside
them and work to inject that DNA elsewhere. Cells injected with that DNA are
confused into thinking the alien DNA is their own and thus multiplies the DNA, causing
bacterial or viral infection. For example, even if only one or two virus peptides latch
on to the E. coli, it will help the virus to multiply until the virus grows very large and if

we take a sample of the virus after that and look at its DNA, we can see which peptides
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are attached to it. This method is known as phage display. We have found many

peptide that can recognize inorganic nanoparticles using this method.

At times like this, device people usually come up with completely different ideas.
They usually ask, “Can’t you put the peptides indicated on the foot of the virus on the
head, hands and shoulders of the virus as well?” We can do it. According to the way
device people think, its better to indicate everything here — for example, “here a source,
here metal, here a drain and then on the opposite side, attach a semiconductor particle
and a dielectric around that space there.” They will say, “Can’t we make this circuit
into any design we like?” We have some particles, and when the particles are lined up
in a free-form shape they form a circuit. If you want to line up the particles in a
particular way, it’s better to make living organisms line them up. The idea is that if
you change the necessary blueprints, the DNA of the organisms, you can get the
particles to line up on their own. Living organisms are the only things which can
cause particles to go where they want them to go. And while living organisms are
constantly regenerating on their own DNA, things like the positions and shapes of eyes,

noses and mouths hardly ever change.

Last year, a man who participated in WPI as a Junior PI, Dr. Teizer, utilized this idea,
and attempted to find out what would happen if we used this method of using living
organisms to make particles move. Living organisms move. Muscles move. There
are things called kinesins which move above proteins called micro-tubulins. The
thought was, what if we placed particles in these kinesins? Would they take the
particles with them along the micro-tubulins? We came to this idea thanks to

interaction with people from a different field.

K: That’s interesting. Like one of Aldous Huxley’s mechanisms using living
organisms to move muscles, but making living organisms do the work. And all of it

can be controlled by people.

A: It would be great if we could put this to practical use by joining our activities
together with others little by little. This was an example of a fusion research with bio,
but also with materials and computer science, we found fusion in our lab. Not only in
our lab, but also with the outside, we found a fusion:

More than two years ago, a mathematics professor, Dr. Kotani, and professor at Meiji

University, Dr. Sunada, attempted to try to fuse their work with ours. That was the

12



time I first felt how amazing math really is. The research involved taking clusters
shaped like the Mitsuya Cider logo, made up of three lines separated by 120 degrees
which intersect at a point, and seeing what shape they would form if they were
connected. On just hearing 120 degrees, chemists, and particularly those of us like
myself who work with carbons, immediately thought that “120 degrees equals sp”
hybrid orbital of carbon.” This is the carbon that graphite and graphene sheets are
made of. I remember thinking that it was obvious that if you connected particles in the
shape of the Mitsuya Cider logo that you would get a pattern made up of a series of
rhombi. However, these mathematicians were thinking in three dimensions. And if
you bend the shapes upward, and then bend them another 120 degrees, it seems you get
a decagon. This was a shock. This was a totally new idea. Mathematics provided

us with a new way of looking at things.

Sometimes when you meet someone from a different field you discover something so
surprising it is like you have been hit on the back of the head. I think that this kind of
shock is extremely important. With both fullerene and carbon nano-chips, we are
talking about things that have been around for a long time. Discovering things that
have been around for a long time and looking for these things are two completely
different processes. Once people think that something exists, they will find it, because
they will go looking for it. If you don’t think to look for something you won’t see it.
What is important is that the new ideas you find be used to synthesize new materials

into your research. This too is a type of fusion.

K: That wasn’t something you were taught, but something that you learned on your own

[ think. You didn’t move around for the three years of high school then?

A: 1 went to Toyonaka High School in Osaka. Luckily I didn’t change schools for
those three years. I was a cocky student even though I almost never studied.
Teachers used to get mad at me because I often

wrote criticisms of their lectures in my

notebook. I enjoyed being made to stand up [
and told to leave. But anyway, fortunately 1 M

would enter the University of Tokyo.

We were separated into different courses

according to our sophomore year grades. At

13



that time, only those with good grades could enter applied physics, electric engineering
or aerospace courses. On the other hand, my major, chemical engineering, had strange
teachers promising to teach things like “methodologies for creation” so a lot of people
with poor grades came to these courses. Even now, many of the people that I deal with
are these kinds of people. However, among them are people who became the CEO of
their company around age 40. They were different from people who have done
nothing but study I think.

K: Just like in the world of living organisms, diversity is important, isn’t it? Diversity
has helped living organisms to continue on for hundreds of thousands of years. [ mean,

if it was just fish, everything would have disappeared long ago.

A: It’s all about diversity which has come about through cross-fertilization though,
basically. I think that this is especially why meeting a lot of different people is

important.

K: During the Meiji Enlightenment, a lot of different people came to Japan from many

different countries, and as things jumbled together we really grew, didn’t we?

A: Yes. At the end of the Edo period, those with ambition began trying to do what
they wanted with their lives more and more. They didn’t just interact with those in
their field, but exchanged opinions with many different people, found their ambition,
and tried to accomplish something. Things weren’t separated into set groups, but were
more free-flowing. Comparing it to entry into university, we now have the AO

(Admission Office) route. I think that such interesting ideas are great.

K: I heard this story from a friend of mine from Stanford University. It seems that
they purposely form their student body out of those with good grades and those with

poor grades. Apparently this leads to a more effective education in the end.
A: I think that’s absolutely true. In such a situation you are forced to make you own
environment. [ have the feeling that for me, happiness is meeting many different

people.

K: Even if you do meet people though, if you can’t absorb anything from them or really

see who they are it doesn’t mean anything. And you as well have something which

14



will be absorbed. The problem for young people today is how to find their own
themes.

A: It is just like what I said about ski slopes at the beginning. People should do
research in a field expressly because no one has done much research in that field yet.
If I find out that someone in the laboratory is doing research into something that is
already being researched, I try to convince them to gather their courage and stop that
research. With new snow, it doesn’t matter if you are good at skiing or not. You
might fall down or fall on your behind, and there might be a lot of holes in the field, but
it doesn’t matter. Because no one is looking at you. You can steadily go where you

want to go.

I spoke about one of our nano-particle synthesis methods earlier, supercritical
hydrothermal synthesis. This method was born out of a discussion with a student.
For students as well, it is important that those with more experience encourage their

classmates below them to come up with new ideas themselves.

I can’t do anything as grand as teach ambition, but I do think that students are always
watching our actions. When they see someone working really hard on something, they
begin to understand what it’s all about. For this reason, I have called many people to
my new laboratory and had them study organic fusion. I think that their studies and

ambition will meet up eventually.

In a supercritical high-temperature-high-pressure environment, oil and water
completely mix together. Oil and water are known as a classic example of two things
that just don’t get along, but in a supercritical environment they completely mix. If
organic and non-organic synthesis reactions occur in the midst of this environment, I
think that we will be able to do some amazing things. Oil and water only mix in this
kind of environment, and that makes me think that in a supercritical environment
especially we will be able to achieve these synthesis reactions. This is another
challenge for us. In supercritical environments we have produced materials that are
hybrids between organics and inorganics. Because we were able to create such
materials, mixes of organics and inorganics — well, let me show you a polymer. This
might look like a plastic, but actually its 70% zirconia with nanoparticles added to it.

Although it may not look it because it is clear and flexible, it has a high refractive index.
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When you think of ceramics you think pottery, but this is also a ceramic. Except it is

completely mixed with non-organic nanoparticles.

K: You might even be able to make a polarized filter I suppose.

A: I think that we will be able to. For instance, I think we might be able to do it
through diffraction grafting. We are talking with the research group of Terunobu
Miyazaki, the expert in magnetism, to see if we can’t make a translucent magnetic film.
Dr. Hitosugi and Dr. Mizukami proposed to explore a Faraday effect on the film. Dr.
Hashizume and his group as well are asking if we can’t incorporate this in their devices

— interacting with different people really is interesting, isn’t it?

K: Yes, it’s really interesting. We really must do it.

A: Currently a 4 billion yen national project “Super Hybrid Materials” is underway at
the IMRAM. By adding boron nitride to thermal conductive materials, we can make

paper-thin films with thermal conductivity 10 times better than what was once possible.

K: This is a fusion of materials. Type II diamonds have several tens of times higher
thermal conductivity than copper does. So adding powdered diamond will raise
thermal conductivity even more. [ was actually the one who found that type II
diamonds are mostly found among smaller diamonds. The discovery of type II was
announced about 100 years ago by three physicists in England. Type II diamonds are
extremely transparent with regard to ultraviolet light and their thermal conductivity is in
a class of its own. However, they are extremely rare in nature. Only about one in
every 200 diamonds are type II and therefore, they are expensive. However, when
mining diamonds, sand containing diamonds are run down a grease table and the sand is
washed away, but small diamonds that can become abrasive compounds stick to the
grease. One day I was examining them through ultraviolet absorption, and I
discovered that more than 10% were type 11 diamonds that are transparent in ultraviolet
light. After I published this in Science, the discovery was put into practical use at the
Bell lab for heat sinks.

A: I will use that idea right away.

K: Later, S and other companies were able to synthetically produce type II diamonds.
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A: I was actually supposed to go to a private company and to make synthetic diamonds.

K: I think you are more suited to the university environment. You were able to expand

your research because you were at a university.

A: Currently I am challenging to synthesize metallic glass nanoparticles by a chemical
route. First of all, it’s important to try, especially in fusion research, because
communication will lead to new ideas. Answers may emerge from completely
different fields with someone saying “normally, we do it like this, but we tried it this
way and came up with something interesting.” I am now achieving fusion with many

professors within the WPI.

K: Finally, let me ask you why you decided to go into the sciences.

A: T have a great deal of curiosity for everything. I like things that have a solid logic
behind them. [I’ve always liked mathematics and science since elementary school as
well as puzzles and mathematical quizzes. While I was studying in high school, I
realized that what I had thought to be clearly logical up until then, was actually not. I
don’t really know if [ am a man of science though.

K: That is fine. You won’t know by the time you die.

A: T actually also enjoy cultural things such as paintings and music. So, I might be
classified as science-oriented, if I had to choose between science and humanities, but I
think everything is fusion.

K: Indeed. And you head in the direction for which you are best suited.

Thank you for your interesting interview today. I would have liked to have heard these

stories a long time ago.

A: Chit chat is more interesting. [ had a fun time.
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K: Thank you.

Interviewer: Prof. H. Komatsu

At Adschiri Lab,

Advanced Materials Processing Building
IMRAM, February 16", 2010
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Interview with Professor Kazue KURIHARA, WPI-AIMR Principal

Investigator

“When the “Maybe Girl” Commits herself....”

Administrative Director Iwamoto (I): First, as you were appointed the first female
Principal Investigator of WPI-AIMR back in April, I should have come earlier to have

this interview. So Professor, I understand that you were not born in Sendai.

Professor Kazue Kurihara (K): I was born in Tokyo.

I: And you also grew up in Tokyo?

K: That’s right. In fact, I lived with my parents in Tokyo right up until I went to the
United States to be a post doctorate fellow.

I: So you are a true Edo Tokyoite.

K: Well, not strictly speaking an Edo Tokyoite as Shinagawa is considered uptown

Tokyo.

I: And you graduated from the Faculty of Science, Ochanomizu University?

K: Yes, from the Department of Chemistry in Faculty of Science.

I: And I suppose you were interested in science from an early age?

K: Not really. If I would have had to choose when I was young between the
humanities or science I think I would have said the humanities because I enjoyed
reading books and writing essays. However, rather than taking a sort of rational
approach to the humanities, I wanted to study in fields that were a little more empirical,
such as history or archeology. That was the basic image I had of myself. But my
parents told me I wouldn’t be able to make a living in those fields, and the image they
had for me was to study medicine or pharmacology if I entered a science department or

perhaps to study law if I entered a humanities department. As I originally wanted to be
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an archeologist, it was a major concession for me to enter the Department of Chemistry

in Faculty of Science.

I: That was certainly a major concession.

K: I did also want to study science a little too. It was at that time that the position of

science writer was slowly starting to become quite fashionable.

I: Yes, I remember.

K: As I was interested in book publishing, I thought it would be good idea to study
science and then to work at a publishing company. That was how I felt at the time,
and so I continued through education in a sense of liberal arts. A lot of my classmates

enjoyed in amateur radio or joined science clubs.

I: But in your case, you wanted to help communicate scientific knowledge to the

general public?

K: Not really. I had no so much experience of science outside of studying it at school,
so I wanted to know a little more about the science around me. As for humanities, I

quite often used to go to the library and research and study them.

I: So you had continued from the Faculty of Science on to its Master’s course at
Ochanomizu University. Your specialty had been formed from your Master’s degree

to the School of Engineering, the University of Tokyo.

K: I was actually a member of a humanities circle when I was at university. Quite a
few of the other members were studying aesthetics and philosophy, and so whatever we
were discussing they were always on a completely different level to me. So based on
this experience I decided to give more emphasis to the things that I had been studying.
We conducted a student experiment in physical chemistry in my third year which I
found very interesting. Starting from measurement — and this applies just as much
today — we can understand the nature of molecules. Even today, I remember this
experiment clearly; we measured the dielectric constant to understand the molecules’
dipole moments, and by observing the properties of the solution we were able to

understand in detail the qualities of the substances dissolved within the solution. I
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thought that these kinds of measurements were very interesting.

I: So this was your first encounter with measurement.

K: From then on I found the student experiments in physical chemistry extremely
interesting and so I went to the physical chemistry laboratory. At that time, I still did
not intend to become a researcher in the future and so at graduate school I remained in
the same physical chemistry group and studied interface chemistry in the laboratory for
my Master’s degree. It was during my Master’s degree that I realized I found research
based on observation to be the most interesting and so carried out the kind of research
that is based on observation and measurement, and published one paper. So even
when I was a student I was able, to a certain extent, to do research that appealed to me.
As a result I found my research interesting, and although originally I thought I wanted

to be an archeologist, I think that perhaps what I really wanted was to be a researcher.

I: So from the start you had a passion for research?

K: My classmate said that it was uninteresting if at least one person in the class did not
go on to do a doctorate and encouraged me to continue on with my studies. At that
time, this classmate talked to an associate professor who was her supervisor that I
should continue onto a doctoral program. The two of them discussed it and suggested
to me that I might enter the University of Tokyo for studying at the group of a professor

who was giving a course at Ochanomizu University.

We knew there had been an example of entering the doctoral program at the School
of Engineering in the University of Tokyo from another university. So, I applied for
and entered an industrial physical chemistry laboratory because their research was
similar to interface chemistry. It was not really so spontaneous, though I did my

absolute best to pass the tough entrance examination, then study at doctoral program.

I: I thought it interesting when you said that in your case, it was precisely because you
were a member of a humanities club that you decided to do your absolute best and study
science. It seems that what you wanted was to do something based on observation that

could be empirically verified.

K: That’s right. I have wanted to be an archeologist or a researcher since high school,
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and I think they are somewhat connected with what I do today, precision measurements.

I: Although archeology is within humanities there is certainly lot of field work required.

K: Science means proof and it can be hard work acquiring this proof. In some ways

the precise measurements required are something like a sport. That is why I enjoyed it.

I: So you continued on to a doctoral course; what was your PhD about?

K: It was on biomimetics, but what has been a common theme throughout my career
has been the self-organization of molecules. My master's thesis was about micelle,
which is the aggregation of surfactants (surface active agents) and is therefore the
principal ingredient in detergent, and liquid crystals. After that, my doctoral thesis
was about the lipid bilayer membrane. I used a biomembrane model for my research.
I modeled leaf photosynthesis by adding chlorophyll a into the model membrane and
then irradiating light. Various elements of this research were the first of their kind in
Japan. My sub-supervisor had researched the lipid bilayer membrane in the United
States, and we were the first in Japan in using the lipid bilayer membrane in chemistry

and conducting researches on reactions within the lipid bilayers.

I: Fundamentally speaking, biomimetics is replicating, which is to say mimicking,

living organisms.

K: That’s correct. It is the creation of artificial systems that mimic functions within
living organisms. So an example of biomietics in its purest form is an airplane, as a
plane mimics a bird. However, that is not at a molecular-level mimetics; mimicking
leaf photosynthesis would be biomimetics at the molecular level. Photosynthesis
occurs from a reaction between sunlight and the chlorophyll in the chloroplast
membrane in a plant leaf. In the same way, the goal of the research that I was
involved in at that time was to convert light energy into chemical energy and then
collect this energy within a chemical compound. This has recently once again become
an important area of research as it can contribute to achieving a low-carbon society.

The oil shocks were taking place when I was involved in this area of research.

I: That’s right; the first oil shock was in 1973.
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K: This area of research was attracting a lot of attention after the first oil shock as it was
the first into energy conversion systems. It was also about that time when the field of
biomimetics began to emerge. Research into biomembrane models and enzyme
models had just begun, and the materials used in interface chemistry were exactly the
same as those used in areas such as biomembrane modeling in biomimetics. As
interface chemistry deals with structures made up of aggregations of various molecules,

I was involved in this area of research from the start.

I: Currently, there are various scientists within WPI-AIMR that are researching

interfaces; it became a globally important field at the end of the 1970s, didn’t it?

K: That’s right. Although the meaning of interface chemistry changes over time, it is
a scientific discipline with quite a long history. Aggregate structures of lipids and
surface active agents were used for biomembrane model in the 1970s, as lipids have the
same kind of structure as surface active agents. It was exactly at that time that the
ideas were emerging about organizing molecules and designing various functional
structures, such as to control the distance of a reaction. This was the first time these
ideas had been expressed and they serve as the starting point for the development of the

different nanotechnologies of today.

One such starting point was research into molecular self-organization, while another
was research into enzymes. The background to this research was that X-rays had
revealed the structures of living organisms, biomembranes, and enzymes. This was
extremely significant for the research occurring at this time as it enabled these new

materials to be created.

I: So new methods of creating materials, and also methods of observation, were being

realized.

K: Of course today we are at a considerably more advanced stage, but that period of
time was the starting point. Today, nano-level materials are being used in industry and
interfaces have come to be considered extremely important. Although previously
really only a small number of people were involved in this field, today everyone is
involved and consequently the outermost boundaries are constantly being pushed
further and further back.
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I: Is it related one to your research themes, surface force measurement.

K: I received my doctorate in 1979. My doctoral thesis was based an photoreaction
experiments, and when I then went to America as a post doctorate fellow I entered the
laboratory of the biomimetics specialist Professor Fendler, who was proposed the
concept of membrane mimetic chemistry and researching how to create superior
materials that mimicked biomembrane functions. Professor Fendler’s laboratory had
many instruments for measuring fast light reactions. Among them was a Laser Flash
Photolysis system, which at that time was the most advanced research instrumentation

available. I wanted access to this equipment so joined Professor Fendler’s laboratory.

Research had commenced into the creation of nanoparticles in special environments.
So next I began creating nanoparticles within organized molecular structures. I
returned to Japan, and spent two years at Department of Synthetic Chemistry, Kyoto
University, in the laboratory of Professor Iwao Tabushi, who was the leading researcher

in the field of biomimetics.

During this part of my career I began to think about the research I wanted to do for
my career. Up until that point, I had created or designed various functional materials.
I was not synthesizing molecules but rather combining component molecules to design
a functionalized system. As I was originally a physical chemist, my research involved
measurments; namely, measuring and identifying characteristics of its advantageous
functions. As I do not synthesize molecules, my approach for improving the functions
could be rather limited when I discover interesting functions. Rather than this type of
research, the research themes that I wanted to pursue are those that would lead me a

special stage after accumulation of experiences, say, for 10 years.

I thought that I might find it in Physical Chemistry. I encountered surface force

measurement when [ was trying to find someway of understand molecular

nanoarchitectures and self organization. Self i
organization indicates the properties L ’
demonstrated by a molecular aggregation, and as .
the molecules interact to aggregate, I thought it
would be interesting to use surface force
measurement to try to understand this system.

The laboratory in Sweden that I had moved to
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had installed surface force measurement equipment and I was able to conduct a joint
research on this measurement.

I: That was at the Institute for Surface Chemistry in Sweden?

K: Yes, but in Japanese we call it Institute for “Interface” Chemistry.

I: Professor Fendler who directed your research when you were in the United States
was then the Texas A&M professor?

K: Yes, during my stay in the US, he moved to Clarkson University with his group in

exactly the same set up.

I: You stayed in the US for a total of three years, and then went to Sweden, is that right?

K: Yes. More precisely, I returned to Japan for two years, and then two years in

Sweden.

I: Apart from the research results you achieved, what significance do you think your

experience of researching overseas had in forming you as a person?

K: Professor Fendler frequently said to me that [ needed to commit myself.

I: What did he mean by commit yourself?

K: He meant to clearly state my opinion. I was prone to saying “maybe” so much that
I acquired the nickname, the “maybe girl.” So I was told I had to commit myself, that
is, once I had decided what my opinion was I had to clearly state it. In Japan I am
often the only woman in a group of men, but whether male or female, in Japan there are
not many people who clearly speak their mind in front of other people.

I: Yes, you’re right.

K: So, he started to get really anxious about this, about the number of times I was told

to commit myself. So I was made fun of because I did not speak my opinion, they said
that I was the “maybe girl.” But thanks to this experience I think today I am able to
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clearly state my opinion if necessary, particularly when I am talking to foreigners.

I: I also spent a long time living overseas, but inevitably Japanese people are prone, like
you mentioned, to saying “maybe,” or “perhaps.” There are many instances when it
would have been better to have the confidence to speak my mind. Foreigners can say
some very extreme things quite directly, and to some extent this way of speaking would

still be considered unacceptable in Japanese society.

K: Yes, we can’t speak like that in Japan.

I: There are some things we cannot accept, but I think there are attitudes in Japan that

need to change. This is an extremely important point.

K: For example, when I went to Sweden, it was through Bilateral Programs of the Japan
Society for the Promotion of Science. After the end of stay by this scheme, I remained
in Sweden, but I felt that the salary for my research position was quite low. So I
discussed it with the director of the institute, I said that I felt my salary was rather low.
As Japanese do not generally discuss salaries, if I had still been in Japan I would not
have wanted to have this discussion. But I had heard that overseas, a person’s salary
reflects how much he or she is appreciated by their employer. So I said I would like a

raise because I wanted to stay there for a long time; as a result, it was doubled.

I: Without question, these kinds of discussions take place overseas.

K: Yes, I spoke after fully considering what I wanted to say. I often remember it as an
extremely valuable experience. When overseas, you can get your point across by

thinking things through and then stating the main thread of your argument.

I: Yes, I agree. Of course the reason your salary was doubled was because of your
ability as a researcher, but you are right that when overseas you have to speak your
mind. If you don’t say anything it is assumed you are happy with the current situation.
If you have even a slightly different opinion, you will be respected if you clearly state

that opinion; I think this a trait that Japan needs to learn.

K: So perhaps one of the most important lessons I learnt from living overseas was not

to be a “maybe girl” but to commit myself. In addition, although this is also the case
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in Japan, I have many friends in places throughout the world through conducting
research. I have friends in many universities overseas, and when I am attending an
academic conference and I meet an acquaintance whose appearance has changed and |
am not instantly sure who they are. 1 am able to work out who they are by mentioning

some peoples’ names and reminisce about them.

I: That is a priceless resource to draw on.

K: Yes it is.

I: So, after you returned from Sweden, you joined Professor Toyoki Kunitake at

Kyushu University and became a group leader of ERATO.

K: To a certain extent, I continued with my research into molecular films that I began
when [ was a student. I researched molecular recognition, displaying at the molecular
film on the water surface. Actually, molecular recognition is the specialty of Professor
Tabushi I mentioned earlier. So it was natural for me to research molecular
recognition of monomolecular film when I was in Professor Tabushi’s laboratory then
continued it at ERATO. At ERATO, the group theme was pursued in a way that I
created a form and it was then developed by other team members who synthesized new

molecules.

I then began carrying out surface force measurements at ERATO. I had heard that
Professor Kunitake was also interested in surface force measurements, so we decided to
pursue this area when he found out that I was also interested in it. We knew there was
a prototype device for sale in Australia, so we bought it and began our research. Even
though I was a physical chemist, up until that point I had never assembled a large-scale
complicated instrument. Although we had bought the device, we could purchase only
the main chamber, the main components; we still had to source and assemble all the
parts, which was before we even started carrying out the measurements that were
themselves relatively difficult. Although I had had the opportunity to take a look at
the instrument, I had never had one operational. In Japan, I had to assembly it myself
while searching one by one for all the parts, constantly asking questions to lots of
different people. But finally I was able to begin the sub-theme surface force

measurements.
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I: A pretty tough start.

K: We purchased and installed the first upgrade model that was built in the work shop
of the Australian National University. I had seen the previous version of the model in
Sweden, and I knew that it was difficult to use and needed upgrading, but you are in for
a tough time if you buy equipment that is not up and running. I went to Australia to
see the device in action, as two weeks training period included in the price of the
machine. [ saw that it worked, thought it would be a good machine, and bought it.
As it was a brand new model, the purchase agreement entitled us to a replacement if it
did not work. I am able to build this device today thanks in large part to how

extensively [ was able to study it at that time.

I: Did they show the device so openly there?

K: No, normally I would not have been able to see it. They wanted to show me some
tests of the device to confirm that it was a good device in full working order. A person
responsible for developing new instrumentation is a good person who is passionate
about research, and I knew him from my time in Sweden. Perhaps in some part thanks

to him, subsequently I was able to build the instrument myself.

I: So to recap what you have said, of course your research field is interfaces and it was
while you were accumulating measurement data, as you previously said, you acquired
just the main chamber of this instrumentation and you had to work out by yourself what

you needed to add to it.

K: Yes. It was the first time that [ had assembled such a large piece of equipment, and
once it was assembled I then carried out the surface force measurements at ERATO as a
sub-theme. After we had completed them, the quality of the data was such that it
could be quoted in text books. As this was the first time this device had been
operational in Japan, I think that we made some senior researchers very happy, and
some of them traveled all the way to Kyushu to see it. When the ERATO project
ended Nagoya University offered me a position with which I could carry out the same
measurements in their Biophysics Laboratory, and so I became an associate professor

there.

I: So you moved to Nagoya University?
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K: Yes. I was moving to their Biophysics Laboratory, which had ‘J —

previously been called the Precision Measurement Laboratory, so I

felt an affinity with it. Fortunately by coincidence, I was
employed there because the professor of precision measurement was

interested in my measurements.

Nagoya is a Mecca of physical measurements such as electron microscopes, x-rays,
and moreover the Applied Physics Department had a lot of experiences in building
instruments and had an excellent workshop. So I felt I would be able to build

equipment there.

I: About 10 years ago you moved to Tohoku University. Are you still carrying out

measurements here?

K: Yes, and thanks to doing these measurements my skill in developing new

instruments and methods is also improving.

I: Could you explain about your development of the shear resonance measurement
method?

K: Conventionally, surface force measurement involves measuring normal forces that
act vertically. This method uses horizontal oscillation to measure shear response. By
adopting the resonance measurement we could further heighten the level of sensitivity
and improve detection levels. It is used to observe friction and liquid flow, by placing

a liquid between two solids, in the scientific disciplines of rheology and tribology.

I started doing these measurements at Nagoya when the atomic force microscope
(AFM) was developed. Although, I am a little unsure about the extent to which AFM
can be used to measure surface force, it is quite easy as a measurement method. On
the other hand, surfaces force measurements are extremely precise, but they are quite
time consuming. I thought about what could not be done without using surface force

measurement.

At that time, I thought it would be shear measurements for liquids confined between

two large surfaces, which cannot be measured with an atomic force microscope. I
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wanted to build a device to carry out the measurements, and at first I thought that we
could measure shear force in a conventional way. However, something like a
resonance vibration effect occurred and accurate measurements were impossible. So
we then monitored the effect in order to check how this resonance vibration was

occurring.

No one else was using the shear resonance measurement method, it was entirely
original. But ultimately we decided to try to use it while monitoring how well it
functioned and we found that it enabled us to achieve some excellent measurements.
Despite the fact that no other researchers were advocating this method, it enabled us to
observe a large signal extremely easily and moreover to measure a range of properties
simultaneously. Therefore, I am actively using this method and I expect it to become

the standard method of measurement in this field.

I: WPI-AIMR has a variety of approaches for materials science, but I think this

measurement method will play an indispensable role in the creation of new materials.

K: Today, we are especially seeing in many different locations a number of materials
that are more detailed and more precise and there is a demand for confining liquids in
very tight spaces. These kinds of composite compounds are important in a wide
variety of fields, particularly when creating materials. To put it very simply, even
when discussing wettability, when combining the properties of surfaces with those of
liquids it is extremely important to correctly observe how these properties change in
narrow spaces. As a result we get a comparatively large number of applications for

joint research from companies.

I: Changing the subject, congratulations on your selection in 2009 as the President Elect
of the International Association of Colloid and Interface Scientists. Is this the
international organization for researches in colloid and interface chemistry?

K: That’s correct, it is the only one.

I: Does it have a lot of members?

K: No, member numbers are not that high, but all the main researchers in the field are

members. There are about 400 members and it is the umbrella organization for other
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groups around the world. Most of the European colloid scientists belong to the
European Colloid and Interface Society, which is a subsidiary organization. The
Division of Colloid and Surface Chemistry, which is part of the Chemical Society of
Japan, and the Division in the American Chemical Society of which the current
President is a member of, are also both subsidiary groups. Also, the Australian group

falls under its umbrella.

I: T see. And you are the chair person of the Division of Colloid and Surface

Chemistry, the Chemical Society of Japan?

K: Yes. Actually, I have been also a council member of the International Association
of Colloid Scientists for 6 years, and when my term ended I was recommended for
presidency by the German. There was one other candidate, and I was selected by
election. I have been active to find ways of moving the organization forward as an
umbrella organization and also as a forum for international exchange, and I think these
efforts have been appreciated. Also, my research field is surface force measurement,
which is one of the most important concepts in colloid-related fields, so I think this was

another reason I was elected.

I: I heard that in the near future this organization will be holding a major international

conference in Sendai.

K: Yes, it is in 2012.

I: So the year after next; are you busy with preparations?

K: Extremely busy. We are jointly sponsoring the conference with the Science

Council of Japan. We also want to ask to WPI-AIMR to jointly sponsor the event.

I: Yes, thank you for that.

K: As it is two years away, from this summer we must think really carefully about the

structure of the event.

I: By the way, you are so busy at the moment; do you have time for hobbies?
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K: No, at the moment I have no hobbies. I read a little. But I find doing different
work very diverting, and what is most enjoyable for me is being in the laboratory doing

research.

I: So, this is the happiest moment, I guess.

K: Throughout my career, I have moved from position to position so by the time I was
42 years old I had experienced just about everything I could. Also, when I was at
Nagoya I started to build new equipments mostly by myself. So compared to the
career of a typical university researcher I think I have a lot of diverse experiences on the
research front line. So although these days I am very busy, I am happy because I think

that the young researchers value the time we spend together researching and discussing.

I: That is very important. I know, Professor, that you were awarded a prize by The
Society of Japanese Women Scientists. Do you have any advice for female or young

researchers?

K: I have one piece of advice. I think that everyone can achieve a very original
research. First, you should think about what are the most fundamental issues in your
field. Then, you should what you can do at the leading edge of this field. If you
combine your conclusions in these two areas then I think you should soon be able to

conduct new, leading-edge research. You don’t have to be a research genius.

I: Very often, we are prone to feeling that we are not very original, that is not the case

with you?

K: No, I don’t think that is the case with me. But of course observational skills are
necessary. If I look back on myself when I was young, I think I had quite good powers
of observation. However, the majority of what I do today is the result of an

accumulation of leading-edge research and the research done daily over a long period.

Also, there is probably a fixed perception of female researchers, and women tend to
think there is a ceiling stopping them rising above a certain point. I think they should
imagine this ceiling to be a little higher than they themselves think it is. Unexpected
things can happen. When I was a student, it was unthinkable that a woman could

preside over a standard laboratory in a large university. So I thought I would finish my
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life as a researcher having always helped someone else. But research is like a game of
catch. I thought that I should enjoy receiving back from somewhere else the ball that
we ourselves threw even if [ would be an assistant. The world of research is changing
and I hope that women can work on a level playing field with men, or even in some

cases have the playing field balanced in their favor.

I: Yes, the research world is changing at a dizzying speed. It is not wise to set for

yourself something as a fixed constant, you should try to change it.
K: But it is precisely for that reason that it is vital to strengthen our abilities.

I: Thank you very much for taking time out of your busy schedule to talk with me.

l’E E; o l!f!“;

Interviewer: Administrative Director, W. Iwamoto
At Kurihara Lab,

Advanced Materials Processing Building

IMRAM, July 5™, 2010

From April 2010, Wataru Iwamoto, Administrative Director,
replaced Professor Komatsu as the interviewer
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News Update






WPI-AIMR Outreach Activities

In April 2010, WPI-AIMR decided to further promote outreach activities. Dr. S.
Ikeda was assigned as Outreach Manager, a position responsible for planning and
promoting WPI-AIMR’s outreach activities. The aim of the outreach is to facilitate
communication and mutual understanding between WPI-AIMR and the public. On June
19, 2010, the press release regarding “promotion of science and technology
communication with the public” was issued by Tatsuo Kawabata, Minister of State for
Science and Technology Policy (concurrently holds the position of Minister of
Education, Culture, Sports, Science and Technology ) and the Council for Science and
Technology Policy. The press release specifies that the research projects based on
public funds of over 30 million yen will be evaluated not only in their research results
but also in their outreach activities. Now WPI-AIMR has to meet accountability
standards for the public, and show how our research activities are important in society

and what excellent results will be obtained.

The outreach team of WPI-AIMR issued the first volume of our outreach magazine in
June. The magazine was named Tohoku WPI Tsu-Shin. All articles are written in
Japanese for the public distribution. Volume 1 contains greetings from the director, an
explanation of “WPI”, and a brief introduction of ongoing research projects at WPI-
AIMR. The memorial cover of the first issue was illustrated with a painting drawn by
an elementary school pupil who lives in Miyagi Prefecture. We hope that this painting
acts as a mediator between citizens and WPI-AIMR. The star seems to represent an
atom and the stork seems to represent a molecule, and they just seem to be flying out of
the universe (the material world). The column “Communication Square” at the last

page of the magazine invites the questions and comments from the public. Tohoku WPI

2 TOHOKU WPl Tsu-Shin volume 1 has been mailed to all elementary
- @ schools and junior high schools in Sendai City and all high

schools in Miyagi Prefecture. The magazine has been

% placed at Sendai City Information Centers, Sendai Science

: ’-;?! Museum, and Sendai Astronomical Observatory. It has also

%2 been distributed to participants in the scientific events

%ﬁ shown on the next page. The magazine will be issued three
5 times a year, in June, October and February.

So far, WPI-AIMR opened a booth at the following three

AT T MRS ST events
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“Science and Technology Festa in Kyoto” (June 5)

WPI-AIMR made a presentation at the “Science and Technology Festa in Kyoto”
held at Kyoto International Conference Center on June 5, 2010. The five WPI centers
gathered to present the WPI program and their research activities. At the same venue,
Prof. Adschiri, PI of WPI-AIMR, was awarded “The Prize of the Minister of Education,
Culture, Sports, Science and Technology in the field of Cooperation among

Government, Industry and Academia” and also opened his booth at the Festa.

“The City of Academia ‘Sendai-Miyagi’ Science Day 2010” (July 11)

WPI-AIMR opened a booth at the “City of Academia
‘Sendai-Miyagi’ Science Day 2010 held at Kawauchi
North Campus in Tohoku University on July 11, 2010.
About twenty elementary and junior high school
students tried to make transistors using organic

semiconductors and studied a cutting-edge research

topic.

“Tohoku University Open Campus 2010” (July 28 - 29)

Tohoku University Open Campus was held on July 28 and 29, and WPI-AIMR
opened a booth in the Physics A Building, Aobayama Campus to show Tohoku
University’s activities to high school students. Chemical experiments (reactions and
synthesis) and physical experiments (transistor characteristics) were demonstrated, and

an introduction of WPI-AIMR was offered using posters and magazines.
For details of these events, please visit the “News and Information” page of our website.

Profile of Outreach Manager

Susumu Ikeda graduated from the Faculty of Science, Tohoku University in
1990. After working at cement companies, he moved to the University of Tokyo in
1995. After obtaining a Ph.D. in 2000, he worked at the University of Tokyo as a
postdoc, research associate and assistant professor. In 2008, he moved to WPI-
AIMR as an assistant professor. His wide research experiences in mineralogy,
petrology, cement chemistry, surface science (metals, semiconductors and - )
insulators), organic semiconductors, and electronic devices are helpful in informing the public about
variety of research topics currently in progress at WPI-AIMR.
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The 1* WCU/AMS (POSTECH)-WPI/AIMR (Tohoku University)
Joint Workshop at POSTECH, June 18, 2010

M. Yamaguchi

The 1* WCU/AMS (POSTECH)-WPI/AIMR (Tohoku University) Joint Workshop
was held at POSCO International Center in Pohang University of Science and
Technology (POSTECH) in the Republic of Korea on June 18, 2010. POSTECH,
founded by world-class steel company POSCO at Pohang, is a leading university of the
Republic of Korea in the field of science and technology. The purpose of the
workshop was to promote collaboration and exchange of researchers between
WPI-AIMR and WCU-AMS based on the agreement signed this March at Sendai during
the 2010 WPI-AIMR Annual Workshop. Both programs possess a common purpose in
the development of new frontiers in the materials sciences. Seven Pls visited from
WPI-AIMR with a student who obtained a PhD from POSTECH and is now working
with Professor Adschiri, and six PIs from POSTECH gave talks.

The workshop opened with welcome remarks from Professor Kimoon Kim
(POSTECH), WCU-AMS director, explaining the WCU-AMS program in Korea, and
announcing the agreement and future plans. The introduction of WPI-AIMR program

was then provided by WPI-AIMR director Professor Yoshinori Yamamoto.

The first scientific talk in the morning session was given by Professor Kimoon Kim.
He showed a number of cucurbituril derivatives including polymer shells, which can
form inclusion complexes with various organic host molecules.  Such novel
compounds can be applied to ion channels embedded in a lipid bilayer, targeted drug

delivery, and immobilizing a protein on a solid surface.

The second talk was given by Professor Kyo Han Ahn at the department of chemistry,
POSTECH. He discussed molecular recognition and sensing of anionic species such
as carboxylates or amines for biochemical study and disease diagnosis. The molecular
probe method was integrated to a gold nanoparticle sensing system and polymerized

liposome sensing systems.

Professor Kingo Itaya of WPI-AIMR presented a new method to study surface

structures. A laser scanning confocal microscope combined with a differential
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interference contrast microscope (LCM-DIM) method allows the observation of a single
atomic step on Si(111) and Si(001) in an NH4F solution. The atomic process of metal
electroplating was revealed by this method, which can be applied to the production of

electronic devices based on organic semiconductors.

Professor Moon Jeong Park from WCU-AMS was the only female speaker in this
workshop. She talked about poly (styrenesulfonate-b-methylbutylene) membranes
comprising hydrophilic phases with widths ranging from 2 to 5 nm to control water
retention.  Such ion-containing polymer electrolyte membranes (PEMs) can be used in
fuel cells.

Professor Tadafumi Adschiri of WPI-AIMR described organic-inorganic hybrid
nanoparticles. Organic modified nanoparticles were synthesized in supercritical water
taking advantage of organic molecules and metal salts aqueous solutions being miscible.
The hybrid nanoparticles show high affinity with the organic solvents or polymer matrix,

which facilitates their applications.

After lunch, the afternoon session was started with a lecture by Professor Masatsugu
Shimomura from WPI-AIMR. He discussed novel biomimetic surface materials,
honeycomb-patterned polymer films, which have two-dimensional regular arrays of
micro/nano pores.  Such surfaces show very small light reflectance and a

super-hydrophobic nature.

Professor Danil N. Dybtsev (POSTECH) joined WCU-AMS program from Russia.
He presented enantiopure porous coordination polymers containing zinc metal, which

can be used for chiral separation or fine purification of optically active molecules.

Professor Naoki Asao of WPI-AIMR discussed the use of nanoporous gold in
catalysis particularly in the oxidation reaction of alcohols to aldehydes and ketones in
the presence of molecular oxygen. The monolithic materials consisting of a
three-dimensional network of ligaments with diameters on the order of 10 to 50 nm

were shown to be effective for this transformation.
Professor Masahiko Yamaguchi from WPI-AIMR showed a study to integrate small

chiral aromatic molecules to chiral materials. Using helicene as the small molecular

unit, substances were integrated to built-up macromolecules and then to gels and
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nanoparticle aggregates.

Professor Hee Cheul Choi of WCU-AMS showed methods for constructing nano- to
micro-structures using vapor phase reaction (vaporization-condensation-recrystallization)
and the solution phase (drop-drying). Using these techniques, hexagonal and helix

structures were constructed.

Professor Toshio Nishi from WPI-AIMR discussed new and practical soft materials
useful for the society in view of the environment, energy, and safety. As examples,
development of ultra-low rolling resistance tire compounds and seismic-elastomeric

isolators was described.

The last talk in this workshop was given by Professor Masaki Kawano, who recently
joined POSTECH as a WCU professor from the University of Tokyo. He developed
the structure determination method of crystalline compounds by powder X-ray analysis,
not by single crystal X-ray diffraction. A porous coordination network was formed by

kinetic effect, and the method was applied to analyze the substances.

On the day preceding the workshop, there was a Soccer World Cup Game between
the Republic of Korea and Argentina in South Africa. The game was shown on a large
display in a student hall, and many students enjoyed the game until late at night.
Unfortunately, the Korean team lost the game, although the game itself was very nice.
On the next day, professors and students were discussing the game. Such close
interactions of professors and students are a merit of POSTECH. I had an opportunity
to work with POSTECH graduate students, and found them to be enjoyable, polite and

enthusiastic.

POSTECH is located in the suburbs of Pohang, where most of the students and
professors live. We stayed at the guest rooms in the POSCO International Center,
which were surprisingly well equipped. We hoped to have such facilities in our
university. It is also notable that the historic city of Gyeongju, the capital of the Silla

Kingdom for almost a thousand years, is located a 30 minute car ride from Pohang.

Professor Kim visited WPI-AIMR this July after the workshop in order to discuss
further interactions and to give talks in Aobayama and Katahira. Several collaboration
programs appear to be starting between Tohoku University and POSTECH. 1t is
highly likely that WPI-AIMR and WCU-AMS will be excellent partners in the East
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Asian region for the promotion of research in the field of materials sciences.

(Workshop’s Photos)
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WCU Project and POSTECH-AMS

W. Iwamoto

The WCU Project

The Government of the Republic of Korea launched in 2008 the national project
called “World Class Universities” in order to meet a critical need to foster research in
key growth-generating fields, and to ensure quality in the development of
next-generation human resources. The project invites global top-level scholars and
researchers to develop world-class academic programs and departments in Korean
universities, which will ultimately lead to the creation of world-leading institutions of
higher education in. This project was initiated with the purpose of promotion of
quality and excellence, and to increase the competitiveness of higher education
institutions. It also represents the idea of “from brain drain to brain gain”.

The Project focuses on supporting new growth-generating fields that have the
potential to the spearhead national development. Examples include NBIC
(NanoBioInfoCogno) fusion technology, disruptive technology, breakthrough
technology, energy science, bio-pharmaceutics, etc. Priority is also given to
inter-disciplinary fields that cut across the fields of basic sciences, humanities and social
sciences, which will contribute to national, social and academic development.

The WCU project invites the participation of international scholars and researchers
according to three project types: 1) recruiting scholars to establish new academic
departments or specialized majors in Korean universities, 2) employing foreign scholars
at existing academic programs, and 3) inviting distinguished world-class scholars to
teach and research in Korea. The proposals are submitted to panel reviews and
international peer reviews. In the case of type 1), 32 proposals were selected so far
through the 1% and 2" round selection processes.

Different from WPI program in Japan, the WCU Project focuses not only on research,
but also education. Moreover, the Project also covers the linkage with humanities and

social sciences.

POSTECH and AMS

Pohang University of Science and Technology (POSTECH) was established in 1986
as the first research-oriented university in Korea with the strong support of POSCO, a
top global steel production company. With 10 departments and 57 research centers,

the University now has 244 faculty members and 780 researchers together with 3,057
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students (figures are as of 2009). The global partners of POSTECH consist of over 70
universities in 19 countries. It is notable that Tohoku University signed an Academic
Exchange Agreement with POSTECH in September 2000.

POSTECH was selected in all three project types of the WCU Project, the number of
selected proposals totaling 6. The three proposals selected in the first type, i.e. the new
academic department establishment, have progressed to the opening of the Division of
Advanced Material Sciences, the Division of Integrative Biosciences and Biotechnology,
and the Division of IT Convergence Engineering.

The Division of Advanced Material Sciences (AMS) headed by Professor Kimoon
Kim focuses on fundamental research for the development of new functional materials
and device platforms (Figure 1), based upon four research areas, namely emergent
materials, self-assembled nano hybrid materials, self-assembled soft materials, and

emerging device systems. (Figure 2)

Figurel Figure 2

Nano-Hybrid
Materials %

Division of
| Advanced Materials Science
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NS Emerging
Device
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Interdisciplinary
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\ Materials

Materials

- World-Wide Human Resources

Figure 3

AMS now has 14 faculty members Globa] Network
(PIs) in the areas of physics, chemistry,

.t‘. Asia Pacific Center for

Pohang Accelerator Laboratory

POSTECH Biotech Center

and materials science. As the WCU
Project requires 30-40 % of them to

come from abroad, there are 5 foreign

researchers as faculty members (1

German, 1 French, 1 Russian, 1

Japanese from The University of

h‘l;ﬁ;o,er for
Tokyo and 1 Korean member who WPIAIMR = Nanomaterials Technology
Tohoku Univ, WPL-AIMR POSTECH Infrastructures
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just finished 3 years of research activities at UC Berkeley). From last year AMS
receives 15 post-graduate students. The Korean Ministry of Education, Science and
Technology provides about 3 million US dollars to AMS through the WCU Project
annually. This subsidy is used for an annual salary and lab establishment expenses for
each foreign scholar, and research grants for all the faculty members.

While AMS has a great advantage in collaborating with POSTECH Biotech Center,
the National Center for Nanomaterials Technology, and the Pohang Accelerator
Laboratory in POSTECH, it also constitutes global network with the Max Planck
Institutes, the Asia Pacific Center for Theoretical Physics, RIKEN SPring-8 Center and
WPI-AIMR, with which AMS signed an Agreement on Academic Exchange last March.
(Figure 3)

AMS makes great efforts to integrate various disciplines not only in research, but also
in education which is most challenging. On the other hand, AMS involves as much as

possible foreign faculty members who cannot necessarily stay a whole year in Korea.

This article is written based upon the brochures
of the Korean Ministry of Education, Science and
Technology, POSTECH and AMS, together with |
precious information provided through interviews
with  Professor Kimoon Kim, Director,
WCU-AMS to whom I express my sincere
gratitude for spending his time in spite of the tight

schedule of his short visit to WPI-AIMR from 19 .
to 22 July. Prof. Kimoon Kim
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Dr. Akihisa Inoue’s lecture
at reception of Acta Materialia Gold Medal

Dr. Akihisa Inoue who is a member of International Advisory Board of WPI-AIMR
and President of Tohoku University was awarded “Acta Materialia Gold Medal”.

Gold Medal to Dr. Inoue.

Following the ceremony, Dr. Inoue gave a special lecture titled
“Development and Applications of Bulk Glassy and Nonequilibrium
Crystalline Alloys”. The summary of the lecture is as follows:

University and Executive Secretary of

Acta Materialia, Inc, handed over the

Transition of Bulk Metallic Materials After Recorded History

Bronze Age

Schematic
Illustration of
Structure of
Ordinary Metals
(Crystalline
Metals)

Grain Grain Boundary

Bulk Metallic

; Schematic
Ik Metall
Bl Ry Illustration of
Structure of
Metallic Glasses

Glasses
2000!

For example, Pd-Cu-Ni-P glassy alloy
ingots produced in our laboratory are the
largest monolithic metallic glassy objects
obtained up to date owing to
exceptionally high glass-forming ability
of the alloy and application of a special

processing technique.
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The presentation ceremony was held at the WPI-AIMR
Annual Workshop on March 26, 2010 in Sendai. Dr.
Thaddeus B. Massalski, Professor of Carnegie Mellon

Unlike crystalline solids amorphous
alloys do not have a periodic structure
which results in unique properties. Bulk
glassy alloys are produced at cooling
rates of 1-100 K/s. The lowest critical
cooling rate for glass formation is 0.067
K/s which is about 15 million times
smaller than that required for ordinary

amorphous alloys.

Water Quenched Pd-Cu-Ni-P glassy alloy ingot

Diameter = 80 mm Length = 85 mm




Alloy composition, critical diameter and preparation method for bulk
glassy alloys with critical diameters of over 20 mm.
e

Composition
(at.%)

NisoPdl3oP2g
PlgoNiaPag
PdNineCUsoP0
PdssPtisCusoPo
Pta.sCupiNigsPo1
Zrs TizNboAlr.sNisgCunrs
Zra AlioNisCuo
Zr6p AlyoNig( CutsPly

ZrssAlygNisCzy

Critical diameter
(mm)
20
5
>70
30
20
20
20
22

30

Preparation method

Water quenching
Water quenching
Water quenching
Water quenching
Water quenching
Copper mold tilt casting
Copper mold tilt casting
Copper mold tilt casting
Copper mold suction casting
Copper mold cap casting

>30
25
20
30
25
25
25
30

Zry 1 Tigs 3 Cuiz sNisgBess
ZrysCuscAlgAds

Copper mold casting
Copper mold injection casting
Water quenching no flux)
Copper mold casting
Copper mold casting
Water quenching no flux)
Copper mold casting
Water quenching

ZrsCuyAlsAg,Pd,
MgsiCussAdss Gy
Y36SC20AbaCOx
(Lay3Ce) )65 Al10COzs
LagsAla( CussAdrshs (Nisz Co1n)1n

the decades

accumulated a large amount of data on

For past two we
bulk glassy alloys and we produced large
scale bulk glassy alloys with critical
diameters of over 2 cm in a variety of

alloy systems as shown in the Table.

These alloys consist of three or more
elements, have a significant atomic size
mismatch above 12% and negative heat
on mixing. Based on these guiding
rules, we obtained a variety of metallic

bulk-glassy alloys mentioned above.

Features of Alloy Components for Stabilization of
Supercooled Liquid and High Glass-Forming Ability

Significant’
atom size
mismatch
above 12%

Analyses of Local Atomic Arrangements of Non-Crystalline Solids
v
» Dense Random Packing (DRP)

Bernal (1964) , Bemal and Finney (1970) =» 5 kinds of Polyhedra = @ @
= Crystallographic Analysis Afte Py
Gaskel (1979) =» Pd-Si System =» Prism Structure (Fe,C) <
» Topological Model based on Coardination Polyhedra %
Miracle (2004,2006) =» ECP (Efficient Cluster Packing) -)m'
Medium Range Order (MRO) .
Molecular Dynamics (MD) based on Plastic Crystal Model (MD-PCM)
Takeuchi and Inoue (2008)
®Ensemble of Clusters and Glue Atoms
®Random Rotations of Clusters
=» Formations of Non-Crystalline Solids
=> Analysis of MROs
rocedures (Structures)
(S-1) Crystalline Structure = (S-2) Groups of Atoms as Cluster = (S-3) Random Rotation of Clusters
=» (5-4) Structural Relaxation (or Annealing) = = Non-Crystalline Structure

that

metallic glasses form dense random

Initially  scientists  believed

packed structures. Later it become clear
that they consist of efficiently packed
atomic clusters. Molecular dynamics
simulation based on plastic crystal model
representing the clusters can explain the

structure of metallic glasses.

Glassy phase transforms to a

super-cooled liquid on heating before

Phase transition of bulk metallic

glasses on heating x : crystallization temperature

g glass transition temperature
Trn melting temperature

crystallization. In this region the strain

bulk glass

= B

rate sensitivity exponent m~1.0 which
indicates the achievement of the ideal
super plasticity. ~ Therefore we can
obtain a very
22,000%

region (ATy).

large elongation of

in the super-cooled liquid

"
ATx= Tx—Tg

A sample showing a
very large elongation, of

22000 % in the
supercooled liquid
region
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Fabricating process of diffraction gratings
N

@
Ladiiip O N
@ (b) Photoresist

Coating

@
- (g) Superplastic
@ ©F Nanotorming
¢) Exposure

@ o .
@?? (d) Developing M(h)ﬂﬂhcﬂm Grating

and Rinse of Metallic Glass

By using the ordinary photo-register
coating process we can produce a nickel
die. By pressing the glassy alloys to the
die in the super-cooled liquid region we
can obtain the diffraction grating of
glassy alloys which has the same shapes

as resistant structures of the grating.

By precise control the incident and the | Fabricated RGB-spectroscopy system [Grating]

refractive diffraction angles and the
intervals, one can obtain red, green and
blue colors. By using these
spectroscopy systems we open up the
new hologram technologies based on
bulk glassy alloys. Now we are
challenging these hologram technologies.

I“CII]ﬂlni A iig:;:‘(: Observation with CCD camera
18 a light (a)Electroformed Ni-die
- -
dsinO= mi

A: Wave length of diffracted light
6 Diffraction angle, d Interval

Red | Green | Blue

Interval d/nm | 1020 | 784 | 659

Wave length
A/nm

535 | 449

(=1, 6=43" )

Fig. SEM microphotographs of the grating

Malleable Hypoeutectic Ductile BMG with
Tensile Elongation at Room Temperature

ZrooNiy ;CugAl; BMG Tensile test view
$3.5mm tilt cast sample
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Sample dimensions

Some of bulk metallic glasses deform
plastically under compression at room
temperature  (RT). Z1r70N116CugAlg
glassy alloy exhibits RT plastic
elongation of about 3 % upon tensile test.
This is the first example of such a
behavior for a monolithic bulk (massive)

metallic glass.

This alloy also shows a very high Fracture Toughness of Eutectic, Hypoeutectic BGAs
fracture toughness of 110 MPa«m'? g  Plane:stmain condition
= =2.5(Kp/os)
. . . . E 14 -
which 1is also maintained after heat £, - AR R A
treatment. This alloy shows a very long F 10 /’ o &
3 e -
. . « e <
shear-band length in front regions of the i 2 P
. w=  oU .1:'.
pre-fatigue cracks as well as very large § il = %' . e
o 3 T Ky s B
. . . = se53t K’C:' :Bzzj
crack chip opening displacement. &2 ey Rl
o O
) Zn I Zw Zrsgh  Zrsh Zige-h
Eutectic Hypoeutectic
cnmpnsiliOHAECUWAZT:;—SCU%A&CU%AHD/compusiti(m
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Imprint of nano-dot structure for storage devices
L

Road map of data storage technology
and recording density
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Fe-Cr-based metalloid

magnetic

type  soft

have been

glassy alloys
commercialized with the commercial
name of Liqualloy by Alps Electrical
The

Liqualloy consolidated magnetic cores for

Corporation. shows

picture

choke coils of the power supplies and

their performance.

We also worked on the recording
media and achieved 25 nanometers for
pitch size and 12 nanometers for bit size
corresponding to recording density of one
terabit per square inch. We are now
approaching almost 2 terabit per square

inch and the pitch size is 18 nanometers.
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Classification of the pressure sensors using metallic glasses

We also obtained Ti-based glassy alloy
pipes with a diameter of 2 mm and wall
thickness of 0.2 mm. These pipes are
suitable for applications for sensing
element to detect the Coriolis force of
liquid or gas flowing inside the Ti-based
glassy alloy pipes subjected to reinforced
oscillations.

Glassy alloy diaphragms for pressure
sensors are produced by net-shaped

casting process. These glassy alloy

diaphragms have smaller size and

demonstrate higher sensitivities as well
as much higher pressure endurance zones
in steel

comparison with standard

pressure Sensors.

Sensitivity of Coriolis flow meter

Performance of Coriolis flow meter
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Kawasaki Group’s paper was selected for the June issue of the Virtual

Journals of Ultrafast Science
The paper by Prof. Kawasaki’s group published in the Applied physics Letters 96, 211904(2010),
has been selected for the June issue of the Virtual Journals of Ultrafast Science.
The summary of the paper is as follows:

“Exciton properties and ultrafast dynamics in CuScQ, thin films”

F. Liul’z, T. Makino® , H. Hiraga3, T. Fukumural, Y. Kongz, M. Kawasaki'™*

1[nstitutefor Materials Research, Tohoku University, Sendai, 980-8577, Japan
’School of Physics, Nankai University, Tianjin 300071, China
SWPI Advanced Institute for Materials Research, Tohoku University, Sendai, 980-8577, Japan
*Japan Science and Technology Agency, CREST, Tokyo 102-0075, Japan

Cuprous delafossites CudO; (e.g., 4 = Al) are peculiar and promising materials because
the holes (having positive charge) play a role in realizing a high conductivity while
maintaining a good optical transparency [1]. This is significantly different point from
other wide-gap materials because many wide-gap semiconductors, such as ZnO, have
natural tendency to be grown under fairly high residual n type. The crystal structure of
delafossite CudO, consists of an alternating stack of Cu ion layers and 40O, octahedron
layers as shown in the inset of Fig. 1. Replacement of the A site element with Sc has
successfully led to two more intriguing

properties; a direct-transition nature (4.36 eV) brobe  CUSCO/SCAM
and strong excitonic effect (380 meV). These - EZDE B =
properties are advantageous from the 2_‘ ‘E,:B.Q? eV
viewpoint of optoelectronic applications —

(such as a light-emitting diode). The main 5

panel of Fig. 1 shows an 80-K optical %

absorption spectrum. It also revealed the i

optical characteristics such as wider direct-

band-gap, much larger exciton binding energy,

and much weaker phonon-exciton coupling ’ . SR
than those of ZnO. This can avoid the el
instabilization of exciton even at room Photon energy (eV)
temperature. Table 1 compiles the binding Fig. 1. Absorption

energies of exciton for representative oxide materials. ~ spectrum for CuScO, thin
We have previously that the binding energies of films. The red [Disc.],
exciton are enhanced from the bulk values with a blue [Cont.] lines
decreasing in the quantum well layer thickness in represent the results of the
ZnO/MgZnO quantum well heterostructures, as a ground and continuum
result of quantum-confinement effects [4]. The low- states of excitons. Inset
dimensionality inherent to CuScO, is considered to be ~ shows its crystal structure.
a reason of such a large binding energy of excitons.

Table 1: Bandgap energies (£,) and binding energies
of exciton (Eexb) for representative oxide materials

CuScO, Zn0O
EgeV] 4.36 3.44
Eo’[meV] 380 60
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Femtosecond pump-probe experiments were
performed for this exciton system [5] because
none of its dynamical properties is known. The
main dynamical features were shown in Figs. 2(b)
and (c¢) and summarized in the following two
aspects: exceptionally slow thermalization time in
a scale of 10 ps and relatively small nonlinearlity
accompanied with the dispersive lineshape around
the excitonic resonance. These findings can be
consistently interpreted in terms of remarkably
large binding energy of exciton and of weak
phonon interaction. It should be emphasized that

the observed time-resolved nonlinearlity can be
simply explained only by the screening effect of
Coulomb potential for the excitons. In other
words, these dynamical studies on its optical
nonlinearlity revealed that CuScO, can manifest
itself as a model substance for excitonic
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differential

nonlinearlity in a naturally low-dimensional structure because the data could be simply

explained in terms of excitonic screening effects.
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Dr. Konstantinos Georgarakis’s paper
was published in “ESRF Highlights 2009”

The paper “Detection of deviation from ideal solution behavior in Zr-Cu metallic
glasses with addition of Al” by Assistant Professor Georgarakis was selected for
“ESRF Highlights 2009” issued in February 2010. The Highlights selects to feature
only 76 articles out of about 1500 papers published annually on the works carried out
at the European Synchrotron Radiation Facility (ESRF). The Summary of the paper is

as follows:

Metallic glasses, made by carefully cooling liquid alloys so that they solidify
without crystallization, are metastable materials with unusual structures and
remarkable properties. Thanks to an irregular, tightly packed internal arrangement of
atoms, metallic glasses are moldable like plastic when heated to the glass transition

temperature, yet stronger than typical crystalline alloys at room temperature [ 1,2].

The most accessible method for determining the atomic structure of metallic glasses
is the analysis of their diffraction of X-rays. Whereas conventional X-ray beams are
completely absorbed near the surface, high energy, high flux radiation from
synchrotron sources penetrates even thick samples, providing a deeper understanding

of the unique internal structure of metallic glasses.

Using real space pair distribution functions (PDFs) derived from high precision x-
ray diffraction data we attempt to probe the internal structure of Zr-Cu metallic glasses
and investigate the effect of a third element (Al) in their atomic structure. The results
indicate that Zr-Cu binary metallic glasses can be satisfactorily approximated as ideal
solid solutions because of the relatively weak interactions between Zr and Cu atoms,
figure la. Whereas only very thin glasses can be cast from binary Zr—Cu liquid alloys,
addition of a third strongly interacting component, aluminum (Al), to the liquid alloy
leads to easier glass formation such that they can be cast to thicknesses up to several

millimeters without crystallization.

Ternary Zr—Cu—Al metallic glasses deviate markedly from ideal solution behavior,
figure 1b. Zr—Cu—Al glasses are comprised of finite regions of atomic order,
providing the extra support needed to form thicker glasses. This phenomenon is

believed to be due to strong attractive interactions between the sp-electrons of
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aluminum and the d-electron shell of the larger zirconium atoms. In addition, Al has
an intermediate atomic size between those of Zr and Cu atoms. Thus, addition of Al
promotes chemical short range ordering in the liquid, improves the local packing
efficiency and slows down long range atomic diffusion required for crystallization,
leading to increased glass forming ability (GFA) [3]. The atoms arrange in clusters
resembling icosahedra, which pack together tightly in the glass, figure 1c, as observed

in a previous study [4].

In spite of the similar atomic size of Cu and Ni, Zr—Ni binary metallic glasses exhibit
different structural arrangements in the short range order (SRO) and their structure
cannot be approximated by an ideal solution approach, contrary to the case of Zr—Cu.
The highly negative enthalpies of mixing between Zr—Ni atoms, corresponding to
strongly attractive interactions, induce CSRO in Zr—Ni metallic glasses. As in Zr-Cu,
addition of Al in Zr—Ni metallic glasses can increase significantly the stability of the

supercooled liquid state [5].
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Figure 1: Gaussian fitting of the first PDF peak for a) ZrsoCusy and b) ZrsoCuqsAl;g
metallic glasses. Thick black curves: experimental PDFss, thin red curves: calculated
partial PDFs derived from the experimental total PDFs, thin blue discontinuous
curves: Gaussian partial PDFs scaled to the weight factors of an ideal solution and
thick discontinuous light blue curves: expected total PDF's based on the weight factors
/3], ¢) schematic diagram showing how the atoms in Zr—Cu based metallic glasses

form icosahedral clusters that pack tightly together by sharing faces (right) or edges
(left) [4].
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The 1* WPI-AIMR Awarding Ceremony

The 1¥ WPI-AIMR Awarding Ceremony based on the WPI-AIMR Awarding System*
established in April 2010 was held at the occasion of WPI-AIMR Joint Seminar in
Tohoku University on July 9.

From the applications submitted by the
end of June 2010, the four laureates,
Associate Professor Hitosugi, Associate
Professor Nakajima (absent because of his
mission), Assistant Professor Ueno, and

Research Associate Fujinami, were selected

and commended by Director Yamamoto.

* the WPI-AIMR Awarding System

Implementation Guidance for the WPI-AIMR Awarding System

1. Outline

WPI-AIMR Awarding System aims to give a Certificate of Achievement and extra prize for further enhancing
cutting-edge research in their respective fields to the researchers who delivered great performance on their research that
fulfills our purpose and received an award from outside organizations.

2. Applicant Eligibility

WPI-AIMR Award is given to the researchers working in WPI-AIMR at Sendai excluding PIs immediately when they

won the prize from foreign and domestic research organizations, academic societies, academic journals, or
administrative organizations, and Institute Director evaluates their work is worth awarding.

3. Selection Process

In the case a researcher won a prize, he/she shall submit Notification of Award and the photocopy of the notice or
the certificate of the award to Institute Director. Institute Director evaluates the awarding organization and the
significance of the award comprehensively, and then Executive Committee conducts screening to make a final decision.
4. Awarding

The praiseworthy researchers are given a Certificate of Achievement and extra prize. The extra prize is the necessary
expenses for the research activity such as travel expenses and expendable supplies. It is set to up to 300,000 yen,

however, the amount is subject to change depending on each case.
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Professor Ikuhara (PI) honored with Humboldt Research Award

Prof. Ikuhara, PI of WPI-AIMR, wins Humboldt Research Awards, bestowed by the
Alexander von Humboldt Foundation in Germany, an organization that promotes
academic co-operation between excellent scientists and scholars from abroad and from
Germany. The award is granted in recognition of a researcher's entire achievements to
date to academics whose fundamental discoveries, new theories, or insights have had a
significant impact on their own discipline and who are expected to continue producing
cutting-edge achievements in the future. Prof. Ikuhara becomes the 31 Japanese
winner in the field of materials science. The award ceremony will be held at Bamberg
in Germany on March, 2011, and the reception will be given by the President of the
Federal Republic of Germany on June, 2011.

Prof. Ikuhara is well known internationally recognized scientist in the field of
interface science and grain boundary engineering in materials. So far, he has
intensively studied the atomic and electronic structures in various ceramic interface
mainly by transmission electron microscopy (STEM, HREM, EDS, EELS), and
quantitatively determined the structures by combining the first principle theoretical
calculations. Based on the  microstructural
characterization, he wundertook a variety of research
concerning microstructure control and high temperature
mechanical properties and functional properties of ceramic
materials, and achieved numerous successful results. In
particularly, his research concerning grain boundary related
phenomena took a world-leading role in this field of

research.

Three Dimensional Z-ContrastImages of
the Grain Boundary in 1-=doped Alumina
Ceramics (Nature Materials, 2009)
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The Third Series of WPI-AIMR Joint Seminars FY2010

The third series of the WPI-AIMR Joint Seminars started from April, 2010. The aim
of this seminar series is to enhance mutual scientific communications among research
staffs in WPI-AIMR to promote further fusion researches and the seminars are
organized and managed by younger research staffs in WPI-AIMR. The Sessions are
not constituted only by one way talks based on established research results, but also

lively discussions and exchange of ideas.

Lineup of the third series of WPI-AIMR Joint Seminars (April to July)

1** Seminar, Apr. 9, 2010

Prof. Y. Yamamoto "How can we achieve our mission of WPI?"

2"! Seminar, May 14, 2010

Chen Group Organizer: T. Fujita, Moderator: K. Akagi

T. Fujita "Introduction"

T. Fujita "Nanoporous Metal and Composite"

A. Hirata "Applications of Super TEM / STEM installed in WPI"

D. Pan "Mechanical Behavior of Bulk Metallic Glasses"

3" Seminar, May 21, 2010

Adschiri Group Organizer: D. Hojo, Moderator: T. Makino

S. Takami "Overview”

D. Hojo "Dispersibility of Nanocrystals --How do we utilize NCs?"

T. Togashi "Fusion Research Field of Biochemistry and Nanotechnology

--Biological application of magnetic nanocrystals"

S. Harton "Directed Assembly of Fe304 Nanocrystals using Block Copolymers"

4" Seminar, Jun. 4, 2010

Esashi and Gessner Group Organizer: Y. Lin, Moderator: A. Lahiri

Y. Lin “Introduction/Overview"

Y. Lin "MEMS bonding technology with MGs and nanostructure"

J. Lee "MG materials for the MEMS structure; The Freestanding PZT Film for MEMS
using Ge sacrificial layer"

N. Kaushik "Application of metallic glass thin films in patterned recording media"

S. Yoshida "MEMS-based data storage system using conductivity-switching polymers"
M. Muroyama "Networked Tactile Sensing Systems for Human Assist and Friendly
Robots"
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5" Seminar, Jun. 25, 2010

Hitosugi Group Organizer: T. Hitosugi, Moderator: T. Fujita

T. Hitosugi "Overview”

T. Ohsawa "Current Issues on Atomic-scale Nature of Functional Metal Oxides"

K. Iwaya "STM for Fusion Research"

S. Shiraki "Magnetism of 1D- and 2D arrays of magnetic atoms and molecules on
surfaces"

6" Seminar, Jul. 9, 2010

Ikuhara Group Organizer: S. Tsukimoto, Moderator: Y. Lin

S. Tsukimoto "Introduction/Overview"

L. Gu "Zooming into an Atomic World: The Choice of Aberration-Corrected
Transmission Electron Microscopy (TEM)"

M. Saito "Atomic-Scale Characterizations of Functional Materials by TEM/STEM"

Z. Wang "Introducing First-Principles Calculations into the State-of-the-Art

Electron Microscopy:an In-Depth Looking at Materials"

7" Seminar, Jul. 23, 2010

Louzguine Group Organizer: C. Qin, Moderator: S. Mizukami

C. Qin "Introduction/Overview"

Q. Zhang "Design and fabrication of bulk metallic glasses"

N. Chen "Development of new bulk metallic glasses with unique properties"

A. Caron "1. “Effect of minor composition changes in the Zr-Al-(CuNiCo) bulk metallic
glassy system” 2. “Application of atomic force acoustic microscopy in materials
science™"

S. Gonzalez "Mechanical properties of Mg-Li-Cu-Y multiphase composites”
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The 2" Seminar (Chen Group)
Nanoporous Metal, Advanced TEM/STEM, and Bulk Metallic Glass

Organizer: T. Fujita (Advanced Functional Materials Lab., BMG)

After brief introduction of Joint Seminar of WPI-AIMR, the three major research
subjects of Chen lab are introduced. Three subjects are (1) nanoporous metal and
composite, (2) applications of super TEM/STEM installed in WPI, and (3) mechanical
behavior of bulk metallic glasses. The summary of three subjects is as follows :

(1) Nanoporous metals (NPMs) made by dealloying represent a class of functional
materials with the unique structural properties of mechanical rigidity, electrical
conductivity, and high corrosion resistance. They also possess a porous network
structure with feature dimensions tunable within a wide range from a few
nanometers to several microns. Coupled with a rich surface chemistry for further
functionalization, NPMs have great potential for applications in heterogeneous
catalysis, electrocatalysis, fuel cell technologies, biomolecular sensing, surface-
enhanced Raman scattering (SERS).

(2) Basic functions and applications of super TEM/STEM installed in WPI will be
introduced. The super TEM/STEM enables us to see atomic scale structural and
chemical information through HAADF, EDS, and EELS techniques. We will show
the preliminary experimental results obtained from nanoparticle, nanoporous metal,
graphene oxide, and bulk amorphous materials.

(3) The widespread enthusiasm for research on bulk metallic glasses is driven by both a
fundamental interest in die structure and properties of disordered materials and their
unique promise for structural and functional applications. Unlike the case for
crystalline materials, the disordered and nonequilibrium nature of metallic glasses
causes their underlying deformation mechanisms to be poorly known. A definite
correlation between mechanical behavior and the atomic/electronic structures of
metallic glasses has not been established. To this presentation, the
micromechanisms of mechanical behavior of metallic glasses and present a brief
overview of the current understanding of their strength, ductility, and plasticity at

the microscopic and atomic scales.
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The 3" Seminar (Adschiri Group)
Utilization of Metal Oxide Nanocrystals ~ Disperssion and Application

Organizer: D. Hojo (Organosoft and Hybrid Materials Lab., Soft Materials)

Dispersibility of nanocrystals (NCs) in solutions is one of the critical issues to utilize
NCs. Due to high surface energy of NCs, NCs are easily aggregated in the solution
preventing from exhibiting true nanometer-size effects of NCs [1]. The mechanism of
dispersion of NCs in a solution was mentioned in terms of the interaction of NCs and
the solution. The method of making NCs accessible to the chemical reaction as a new
molecular system, which consists of organic molecules and inorganic solid surfaces,
was also a topic of the talk [2].

We chose two topics for application of NCs in this seminar. One is related to the
biological application and other is related to polymer technology.

The biological application is one of the promising applications of magnetic NCs. We
introduced why magnetic nanocrystals were focused on the biological field and why the
NCs can be used as a drug carrier. In addition, we also showed our research activity on
the nanobio-technology field, such as a topic of biomolecules applying to
nanostructured inorganic materials.

Polymer nanocomposites have gained considerable attention in recent years due to
the ability to improve properties such as mechanical strength, electrical conductivity,
and permeability/selectivity with relatively low-cost polymers. More recently block
copolymers (BCPs), polymers with chemically different segments in long sequences or
“blocks,” have been used as templates to direct assembly of NCs within BCP
nanodomains. We discussed the production of magnetic/paramagnetic thin films (~ 100
nm) using magnetite (Fe3;O04) NCs within block copolymer templates. By controlling
the interactions between the NC surface, through ligand chemistry, and the two blocks
of the BCP, this same technology should be able to simultaneously direct assembly of
the NCs and BCP nanodomains in the presence of a magnetic field as well as allow

reversible “switching” of domain directionality.
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The 4™ Seminar (Esashi and Gessner Group)
MEMS with Functional Materials

Organizer: Y. Lin (MEMS Materials Lab., Device/System Construction)

Micro/Nano Electro Mechanical Systems (MEMS/NEMS) is the integration of
mechanical elements and electronics on a common silicon substrate through micro/nano
fabrication technology. Multitudinous functionalities of components of sensors and
actuators could be realized with various materials by using compatible micro/nano
machining processes [1-2]. MEMS was born from semiconductor technologies, and
over last tens years many fuctional materials (e.g. piezoelectric materials, CNTs,
polymers, SiC etc.) have been adjected into this field and have opened a new and large
regime for MEMS application [3-4].

MEMS materials laboratory in WPI-AIMR aims at developing practical MEMS
devices and technologies using novel materials as well as nanostructures. Bulk metallic
glasses are well-known with their superior properties, and have been employend to
device structures, patterned recording media, and bonding intermediate. Furthermore, a
scientific well-studed random porous nanostructure is used for industrially standrad
MEMS process to enhance conventional bonding functionality. PZT is a famous actuation
material utilized for movable MEMS devices. The new process for free-standing films
was developed using Ge sacrificial layer and has realized thick films fabrication.
Conductivity-switching polymers have shown their valuable roles on MEMS-based data
storage system as recording media, which is expected to become the future data storage

system with a recording density beyond 1 Tb in 2.

Forward future application of smart
integrated MEMS and LSI, tactile sensor systems of human assist and friendly robots
are developed for safety/smooth interaction between humans and robots.

MEMS is continuously meeting new materials and creating colorful functionalities.
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The 5™ Seminar (Hitosugi Group)
Atomic-scale Characterization of Perovskite Oxide Thin Films
Using Scanning Tunneling Microscopy

Organizer: T. Hitosugi (Interface PhysChem Lab., Materials Physics)

Atomically-controlled thin film growth of transition-metal-oxide heterostructures
has opened up new perspectives for surface and interface physics. For example,
metallic and magnetic interfaces have been discovered between two nonmagnetic
perovskite insulators [1,2]. To further explore unique functionalities at these surfaces
and interfaces, more attention should be paid to the electronic structure of the substrate
surfaces at the atomic scale.

Among a wide variety of substrates, strontium titanate SrTiO; has been most
commonly used for growing perovskite heterostructures. However, atomic-scale
understanding of the surface structures has been still incomplete.

Scanning tunneling microscopy/spectroscopy (STM/STS) are ideal probes for this
purpose. We have recently constructed a new STM combined with pulsed laser
deposition (PLD), which enables low temperature STM/STS measurements of thin
films without exposing their surfaces to air.

We have revealed that SrTiO3(001) substrate prepared by a typical annealing
treatment resulted in disordered surface on an atomic scale [3]. To obtain more ordered
surface, homoepitaxial SrTiO; thin films were grown in different growth mode on this
disordered substrate, and their surface structures were characterized by STM [3,4]. It
was found that the atomic-scale surface structure including oxygen vacancy strongly
depends on not only the growth condition but also the film thickness. Based on these
results, we can provide a microscopic picture of the near-surface stoichiometry of thin

films, which could affect the electronic properties at the SrTiO;-based interfaces.
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The 6 ™ Seminar (Ikuhara Group)
Atomic-Resolution Characterizations of Fuctional Materials
by Advanced Transmission Electron Microscopy

Organizer: S. Tsukimoto (Interface PhysChem Lab., Materials Physics)

Atomic-resolution characterization of structures is requisite for understanding of
the atomistic mechanisms of physical phenomena related to various properties in
functional materials and electronic devices. In recent characterization technologies,
there has been remarkable progress by Scanning Transmission Electron Microscopy
(STEM) utilizing the spherical aberration corrector, resulting in enhancement of the
special resolution (~ 1 A). In addition, the light elements such as carbon, lithium (Li)
and oxygen, which compose Li ion battery and organic compound etc., are possible to
observe directly using the STEM technique, e.g. Super-TEM facility installed in WPI-
AIMR. The STEM technique enables us not only to observe typical microstructure but
also to identify the locations of atom/dopants, and analyze the local electronic state in
materials. Thus, TEM/STEM is one of the most powerful characterization techniques.

Accordingly, both fundamentals and applications of the TEM/STEM were
introduced and our recent (fusion) researches were demonstrated in this seminar. As for
fundamentals, the mechanics, image formation and merit/demerit of the TEM/STEM
were explained minutely by Lin Gu. As for fusion researches, M. Saito introduced the
latest research topics: (i) structure of nano-wiring fabricated in MgO bicrystals [ in
collaboration with Schluger group], and (i) direct evidence of B-site ordering of Fe and
Ta ions in double-perovskite SroFeTaOg thin films with unique magnetic properties [in
collaboration with Kawasaki group] [1]. Z.C. Wang demonstrated the important
advance for merging the state-of-the-art STEM with the high-precision first principle
calculations in the atomic-scale determination of complex structures as well as in
relating that structure to its properties on a quantum level based on our recent researches
[2, 3]. As a consequence, the atomic-structure characterization using STEM could play
an important role in rapid progress in the fusion researches in WPI-AIMR.
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The 7" Seminar (Louzguine Group)
Development of New Bulk Metallic Glasses with Unique Properties

Organizer: C. Qin (Advanced Functional Materials Lab., BMG )

A glass has very slow crystal nucleation and growth kinetics that the liquid can be
undercooled far below its melting point before a glass transition is reached, ‘freezing’ as
a vitreous solid without crystallizing. The atoms retain an amorphous distribution (i.e.
random packing with no long—range order). The production of a metallic glass by rapid
cooling of the molten AuysSiys eutectic alloy in 1960 is generally considered to be the
beginning of the era of metallic glasses [1]. Since then, a number of metallic glasses
have been developed in Ni-, Fe-, Pd- and Al-based alloy systems etc. More importantly,
metallic glasses exhibit unique properties that are superior to the conventional
crystalline metals and alloys, such as high strength, high elastic strain limit, high
hardness, good soft magnetic properties, and good corrosion resistance [2-4]. However,
the early metallic glasses have mainly been fabricated in the form of thin ribbons, thin
films and fine wires because of their very high cooling rate requirements of above 10
Ks™, for glass formation. The limitations of size and shape as well as low thermal
stability have restricted their fields of application.

Currently, with well designed compositions it is possible to cast liquid alloys into the
glassy state at low critical cooling rates from 100 Ks™ to 1 Ks™ and in large critical
sample sizes up to several centimeters. A recent significant advancement has been
made in developing new types of BMGs and their composites with unique properties in
our group, as exemplified for Ni-free Zr-Cu-Fe-Al BMGs with extremely high glass-
forming ability, ductile Pd-Ni-Si-P BMGs and lighter Mg-Li-Cu-Y glassy composites
etc. In addition, the fusion researches with other groups in WPI aim at using these high-
performance materials to manufacture small devices for microelectromechanical
systems (MEMS), or finding novel properties of metallic glasses as being catalysts,
biomaterials and new energy materials. These progresses greatly raise the hope for

possible applications of metallic glasses as advanced engineering materials.
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Universality among Diversely Different Glass-Forming Materials
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1. Introduction

Understanding of the glass transition is one of the pioneering problems in a wide
variety of fields [1-3]. It is obviously important in technological applications, such as
how to manufacture window glasses, optical fibers, and bulk metallic glasses (BMG)
[4]. As a liquid is cooled from high temperatures, it may crystallize at a melting
temperature 7, where the first-order phase transition usually occurs. As a liquid is
further cooled to temperatures below 7 ~without crystallization, it is called a
supercooled liquid. Cooling a supercooled liquid below the glass transition temperature
T, finally makes a glass. This scenario is essentially the same as that in any viscous
liquids, such as fragile liquids (OTP, Toluene, and etc.), metallic melts (Pd43NijoCuz7P2o,
Zr412T1138CupsN1j0Bex s, and etc), and strong liquids (SiO,, GeO,, and etc). If the
mechanism of the glass transition is clarified in a simple system, therefore, it may help
us to understand it in more complex systems. Up to now, however, there is no
satisfactory theory to elucidate the glass transition from a first principle. This is mainly
because in a supercooled state the nonlinear fluctuations play an important role and
cause long-lived spatial heterogeneities, leading to a non-exponential two-step slow
relaxation, while in a liquid state the linear fluctuations play an important role and cause
short-lived spatial heterogeneities, leading to an exponential decay [5]. In a supercooled
state, therefore, one has to deal with long-time correlations caused by many-body
interactions among particles analytically. This is still a hard work to do theoretically,
although such slow relaxation processes in viscous liquids near the glass transition are
extensively studied by experiments and computer simulations [6,7] with recent progress
in science and technology. Instead of doing such a analytic work, in this paper we
propose an existence of universality near the glass transition among different glass-
forming materials and thus review two kinds of universalities among different glass-
forming liquids near the glass transition obtained by analyzing the experimental data
and the simulation results consistently from a unified point of view based on the mean-

field theory (MFT) recently proposed by Tokuyama [8]. Thus, we show how these
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universalities make the dynamics of complex materials such as BMG simple.

One of main purposes in our theoretical group is to find a basic equation to describe
the dynamics of supercooled liquids in different systems. The most famous equation to
describe the dynamics of liquids is a Navier-Stokes equation. The solution depends on a
viscosity, time, and length. Hence it is invariant for different liquids if the
dimensionless viscosity has the same value. Up to now, the basic equation for
supercooled liquids has not been derived yet. From a unified point of view based on
MFT [9], however, it was shown that the similar situation to the above occurs if the
dimensionless long-time self-diffusion coefficient D} (1) has the same value. In fact,
the following two types of universalities are proposed. The first is a universality for the
dynamics of self-diffusion in different systems, which is described by a master curve at
a fixed value of D{(1) [8-12], where A is a control parameter, such as an inverse
temperature, a volume fraction, a magnetic field, and so on. If Dé(/l) has the same
value in different systems, the dynamics of a single particle, such as a mean-square
displacement M,(#) and a mean-fourth displacement M,(#) (or a non-Gaussian
parameter «,(t)), is completely identical to each other. Thus, one can easily show that
the dynamics in a fragile glass former coincides with that in a strong glass former. This
enables us to study complex systems by using simple systems. The second is
universality for the long-time self-diffusion coefficient D% (). For atom or colloid a,
there exists a master curve for D (1), even if « belongs to a complex multi-component
system A B ,C._---, where a € {4,B,C...}. By using this master curve, therefore, one
can easily predict the whole A dependence of D (A) from a few data points [13].

From these universalities, we conclude that the value of D% (A1) uniquely determines
the state of the system, such as a liquid state [L], a supercooled state [S], and a glass
state [G]. Hence it is convenient to introduce a universal parameter u by
u=log(ov,/Ds), where o is a particle diameter and v, an average particle velocity.
Once the glass transition point u, is found in one system, then, one can use it for other
systems to determine the glass state [10]. As A is increased from a liquid state [L], a
supercooled state [S], and a glassy state [G] appear at 4, (oru,) and A, (oru,),
respectively, where A, > A, (u, > u,). In fact, detailed analyses of experimental data
for suspensions of colloids [13] suggest thatu, ~2.6 and u, ~5.1. Thus, these values
must be universal numbers [9]. In Fig. 1, each state is classified by u. The mean-field
region in which MFT is valid depends on the system. For molecular systems it is valid
for 0 <u<3.04, while 0 <u <u, for suspensions. Here we note that the solutions of the
mode-coupling theory show «,(7) <1 for any systems. Hence the mode-coupling theory

(MCT) is also valid for the same mean-field region as that of suspensions.
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Mean-field region }

*Colloidal

suspensions Max[a,] <1
*MCT Mean-field region
solutions

Fig. 1. Universal parameter and states. MCT indicates the mode-coupling theory [3].

2. Mean-Field Theory
We briefly summarize the mean-field theory of the glass transition (MFT) recently
proposed by Tokuyama [8-10]. Since we are interested only in self-diffusion of particle

a, the relevant physical quantities to describe the dynamics of particle & are mainly

. _ . (@) — X((z) _X(a) 2 _
given by the mean-square displacement M, (1) =<|X;”'(¢)— X;”’(0), >, and the mean

fourth displacement M{”(f) =< ‘Xf”‘)(t)—Xf”)(O)‘4 >, where X' () denotes the position

vector of ith particle of o at time ¢#. Then, the non-Gaussian parameter is given by
()= (3/5)M\(t)/ M\ (t)’ —1. As shown in the previous paper [8], M\ (¢) is
described by the following two types of mean-field equations:

for suspensions of colloids (S)

d o _p 2

EME (1) =6D5(2) +6[D5(#)-Dg(H ™, (1
and for molecular systems (M)

d a _ g (@) t 2

ML) =65 () + 6w~ DY @)

where Di(¢) is the short-time self-diffusion coefficient [15] and v,, = (k,T/m,)"?, m,,

being mass of a particle «. Here the mean-free path | is a length in which a particle can
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move freely without any interactions between particles. Although it is originally related
to the static structure factor S(g) [9], it is determined by a fitting with data here.

Equations (1) and (2) are easily solved to give formal solutions

S
M{(t)= 6Dkt +17In e + % HET }} for (S), 3)
L N

2
t
M () =6Dkt+17 I ™" +%£t—ﬂJ {1—(”@}‘6”’#} for (M), (4)

I lg

where 7,(=1 ?/D¢) denotes a time for a particle to diffuse over a distance of order |
with the diffusion coefficient D} and is identical to the so-called B-relaxation time.
Here t,(=1/v,) is a mean-free time, within which each particle can move freely
without any interactions between particles. As shown in the previous paper Ref. [10],
the mean-free path | is uniquely determined by D}. Hence the solutions (3) and (4)
suggest that the dynamics is described by only one parameter Dx.

Next we discuss the long-time self-diffusion coefficient D%. As discussed in Ref. [11],

it can be written in terms of a singular function of A as

Di(2)= DO ), 5)
H,(ww(ﬂ](l_zj
D, \ LN A
D_(@L[ﬂ_j[ _iJz
o v, x 2 1 3 for (M), (6)

where 4, is a fictive singular point to be determined and v, =(g,,/m,)"?, &,, being an
energy. As shown in the previous paper [11], one can obtain the coefficient x,,

analytically in terms of potential parameters as

O L_ ﬂU;if(r)] )
g a7

aa

where U”(r) denotes a repulsive part of the potential U, (7). The singular part of Egs.

a

ao

(5) and (6) results from the long-time correlation effects due to the many-body
interactions between particles and is in general difficult to calculate. In this paper, we
treat it as a fitting parameter. For molecular systems (M), length, time, and temperature
are scaled by o, ¢,,and ¢, /k;, respectively.

3. Universality for the dynamics of self-diffusion
We now discuss universality in the dynamics of self-diffusion among different glass-
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Fig. 2. A log-log plot of M, (?) versus time for colloidal suspension and Lennard-Jones binary colloids.
The filled circles indicate the expérimental data for hard-sphere colloids with 6% size polydispersity at
[L] ¢=0.502 and 0.538 from Ref. [14] and the open squares for A colloids at [L] 7'=1.0 and 0.6 from
Ref. [16]. The solid line indicate the mean-field master curve given by Eq. (3) where u ~1.347 and
2.273 from top to bottom. Here ¢, = a’ /D,, where a is a radius of colloids and D, a single particle

diffusion constant.

forming systems. As shown in the previous papers [9,12], the dynamics of self-diffusion
in any systems is described by a master curve if the value of u is the same as each other.
We discuss the following three cases: We first discuss universality between self-
diffusion of colloids with 6% size polydispersity [14] and that of A colloids in the
Lennard-Jones binary colloids AgyByo [16]. In Fig. 2, the mean-square displacement
M,(¢) 1s compared at two different values of u; in a liquid state [L] u ~1.347 where
#=0.502 for the hard-sphere colloid and 7=1.0 for the binary colloids and a liquid state
[L] u~2.273 where ¢=0.538 and 7=0.6. At each value of u the experimental data and
the simulation results are collapsed on the mean-field master curve given by Eq. (3). We
next discuss universality between self-diffusion of hard spheres in the hard-sphere fluid
with 6% size polydispersity and that of A particles in the Lennard-Jones binary
mixtures AgoByo. In Fig. 3, the mean-square displacement M,(¢) is compared at three
different values of u; in a liquid state [L] u =1.97 where ¢=0.525 for the hard-sphere
fluid and 7=1.0 for the binary mixtures, in a weak supercooled state [S;] u~2.77,
where ¢=0.56 and 7=0.625, and in a strong supercooled state [S;] u ~ 4.44, where
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Fig.3. A log-log plot of M 2(l‘) versus ¢/ t,, for hard-sphere fluids and Lennard-Jones binary mixtures.
The filled circles indicate the simulation results for hard spheres with 6% size polydispersity at [L]
$#=0.525, [S;] 0.56, and [S,] 0.581 from Ref. [17] and the open squares for A particles at [L] 7=1.0, [S;]
0.625, and [S;] 0.455 from Ref. [18]. The solid lines indicate the mean-field master curve given by Eq.
(6), where u ~1.97 [L], 2.77 [S,], and 4.44 [S,].

log (M, (/")

Iﬂgwm’tm]

Fig.4. A log-log plot of M 4(2‘ ) versus 1/t . for hard-sphere fluids and Lennard-Jones binary mixtures.

The solid lines are mean-field results. The details are the same as in Fig. 3.
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Fig.5. A log-log plot of M 2(t) versus ¢/ t,, for A in LJ binary mixture, Cu in CugTixZry melt, and O
in SiO, melt. The filled circles indicate the simulation results for A in AgBy at [L] 7=1.0 and [S] 0.588
from Ref. [18], the open circles for Cu at [L] 7'=0.23 from Ref. [20], and the open squares for O at [S]
0.2165=0.2165 from Ref. [22]. The solid lines indicate the mean-field master curve given by Eq. (6),
where © ~1.95 [L] and 2.93 [S].

#=0.581 and 7=0.455. At each value of u the simulation results are collapsed on the
mean-field master curve given by Eq. (6), except at a cage stage in [S,], where the
simulation results seem not to reach a final equilibrium state yet. In Fig. 4, the mean-
fourth displacement M (¢) is also shown under the same conditions as those in Fig. 3.
At each value of u, the dynamics of M, () between different systems coincides with
each other within error.

Finally, we discuss universality among self-diffusion of O in SiO,, that of Cu in
CugoTi20Zrp0 melt, and that of A particles in the Lennard-Jones binary mixtures AgoBao
(LJ). In Fig. 5, M,(¢) is compared at two different values ofu; in a liquid state [L]
u~1.95, where T=1.0 for LJ and 7=0.23 for Cu, and in a supercooled liquid state [S]
u ~2.93, where 7=0.588 for LJ and 7=0.2165 for O. At the same value of u all the
simulation results on fragile and strong glass formers are collapsed on the mean-field
master curve given by Eq. (4). As shown above, the dynamics of self-diffusion in
different systems is identical to each other if u has the same value. Thus, we conclude
that at each value of u there exists a master curve for M,(¢) and M,(¢). We next

95



1 T T T T T
o i
S T -
%“m
Ao 'D‘
> .
L 2 ‘o, E
-, .
D -
e \
2 3+ EY i
o0 RS
2 ERN
4+ i
5+ i
[P I R B B B B
0 02 04 06 08 1 1.2

TC/T
Fig. 6. A log plot of Dé versus 7, /T . The symbols indicate the experimental data for self-diffusion of
Ni in liquids, (@) Ni [22], ([J) NigPy and (<) PdyNigPs [23], (A) Pdy3Ni;oCuarPy [23], and (©)
Pd4oNi;gCuszgPy [25]. The dotted line indicates the mean-field result given by Eq. (6) for Ni at x,,, =12
and the solid line a Vogel-Fulcher-Tamman fit from Ref. [13].

discuss a master curve for the long-time self-diffusion coefficient.

4. Universality for long-time self-diffusion coefficient

Finally, we discuss universality for the long-time self-diffusion coefficient. For the
same type of particles, the coefficient x, is always the same. For example, «,,=48 for
A particles in multi-component Lennard-Jones mixtures A B,C, -+ and «,,=9 for Cu
in multi-component Cu, Ti Zr, melt. The difference appears only in the singular
point A, which depends on the details of the systems. This suggests that there exists a
master curve for D (A) of each component if A is scaled by A,. We first show this by
using the experimental data for self-diffusion of Ni in different liquids, Ni [22], NigoP2o
and PdsoNisP20 [23], PdasNijoCupsPyo [24], and PdsoNijoCusoP [25]. Ni is well
described by the Stillinger-Weber potential [26] whose repulsive part is given by
Ul (1) =eoy/r)” , where o, = 22183A, £=12879x107"], and m,, =
1.0284 x 10 Kg. Hence Eq. (7) leads to x,,,=12. By using Eq. (3), one can then find
the singular temperature 7. for each liquid, which is listed in Table 1. In Fig. 6, D% is
plotted versus 7. /T for different liquids. All the experimental data are collapsed onto a

single master curve. The data can be described by the mean-field equation (6) with
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Fig. 7. A log plot of Dé versus T, /T for A particles in different systems, A, AgoBao, and AgoByS. The
circles indicate the simulation results for A particles in AgB,, and the squares for A particles in Ajqy from

Ref. [18], and the diamonds for A particles in AgyB,oS from Ref. [27]. The dotted line indicates the mean-
field result given by Eq. (6) with x,, = 48and the solid line a Vogel-Fulcher-Tamman fit from Ref. [13].

Table 1. Singular temperatures for different systems [13].

System 1/T,
Ni 1.05
Nigono 1.11
Pd43Ni10CU27P20 1.13
Pd40Ni4oP20 1.15
Pd40Ni10CU30P20 1.16
Ain AIOO 345
Ain AgoBzoS 341
Ain AgoBzoS 2.06
O in SiO, 5.92

Kyy =12 up to u = 3.04 well, while for u > 3.04 they start to deviate from it because
the many-body correlation effects play important role. Since there is no theory in a
strong supercooled liquid for u > 3.04, one of phenomenological theories, a Vogel-
Fulcher-Tamman law, is shown in Fig. 6 for comparison [13]. The second example is
Lennard-Jones liquids, A, [18], AgoB2o[18], and A, B,,S [27]. As is shown in Fig. 7,
all simulation results are collapsed onto a single master curve, where x,, =48. Here we
note that the LJ potential was originally used to model Ni. In fact, D} for A particle
perfectly coincides with that for Ni if it is multiplied by 4.
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5. Summary

In this paper, we have analyzed the simulation results and the experimental data on
different glass-forming materials, including bulk metallic glass-forming CugTi20Z1720
melt and network-forming SiO; melt, from a unified viewpoint based on the mean-field
theory. We have then shown two types of universalities among those systems. The first
is an existence of a master curve for M,(¢) and M,(¢) at a fixed value of u. Hence the
dynamics of self-diffusion in any systems is the same as each other at a given value of u
(see Figs. 2-5). The second is an existence of a master curve for D} on a given atom or
colloid. The parameter x,, has the same values for a given particle o, while the
singular point 4. depends on the systems. Hence all the data for the same particle in
different systems are collapsed on a single curve if D; is plotted versus A/4, (see Figs.
6 and 7). Thus, one can predict a whole data for D by just measuring only one data for

a liquid of interest. Once Dx is given, the dynamics of that liquid is also predicted.
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The 2009 WPI-AIMR Annual Workshop was held from March 1, Sunday through
March 6, Friday, 2009, at the Miyagi-Zao Royal Hotel in Zao Town of Miyagi
prefecture. One of the main purposes of the workshop was to stimulate immediate
and/or future possible Fusion Researches among WPI-AIMR researchers and with
outside researchers. The Program Committee has set up the plenary sessions, Mini
workshops, and Poster sessions aiming for that task. The total participants of the
workshop counted to 180 and the total presentation at the workshop was 164, which
included 32 invited talks in the eleven plenary sessions and two Special sessions, 50
talks in eight Mini workshops, and 82 Poster presentations.

Here we present several papers of the proceedings of the Workshop whose authors
kindly agreed to be included in the WPI-AIMR NEWS.

(T. Hashizume, program chair)
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Short-range order of Cu-Zr metallic glasses

N. Mattern and J. Eckert*
IFW Dresden, Institute for Complex Materials, Helmholtzstr. 20, D-01069 Dresden, Germany
*also at: TU Dresden, Institute of Materials Science, D-01062 Dresden, Germany

The atomic structure of CussZrgs, CusgZrsg, and CugsZrss metallic glasses was investigated by means of
high-energy X-ray diffraction, neutron-diffraction and extended X-ray absorption fine structure
spectroscopy. Three-dimensional structure models were developed by applying the Reverse Monte Carlo
method. Total and partial atomic pair correlation functions were extracted from the model for the different
compositions. The obtained structure models were analyzed in terms of the local atomic arrangements. The
geometric short-range order of Cu-Zr glasses is characterized by a variety of polyhedra. The atomic sites
of the nearest neighbourhood around a Cu or Zr atom are randomly occupied by Cu or Zr atoms. The
composition dependence of the short- and the medium-range order in the Cu-Zr glasses points to a solid
solution-like replacement of Cu and Zr atoms in the whole composition range. No indications were
observed for the existence of a special atomic arrangement at particular chemical compositions of bulk

glass forming Cu-Zr alloys.
I. INTRODUCTION

In the last 15 years new bulk metallic glass (BMG)
forming alloys were developed in Zr-, La-, Ti-, Ni-, Pd-,
Mg-, Al-, Fe-, Cu- based systems [1,2]. These multi-
component alloys can be obtained in a glassy state in mm
or cm-dimension by copper mold casting due to high
glass forming ability, or low critical cooling rates of 10*-
10° K/s, respectively. This now enables to explore the
exceptional mechanical properties of metallic glasses [3].
However, the information content of structural
investigations is rather limited for glasses consisting of
two or more different kinds of atoms.

Recently, BMGs could be prepared for some particular
compositions in the binary Cu-Zr system [4-7]. Glassy
samples of 1 - 2 mm thickness were reported for the
alloys CugeZrss [4], CugssZrs [S], CusoZrsy [6], and
CuyeZrsy [7]. Furthermore, extraordinary plasticity was
observed for some binary and ternary Cu-based BMGs
[8-12]. These findings renewed the interest in structural
investigations of the Cu-Zr system. It is well known from
earlier work that Cu-Zr glasses can be prepared by rapid
quenching from the melt in a wide composition range
[13-16]. Partial atomic pair correlation functions of
amorphous Cu-Zr alloys were determined by anomalous
X-ray scattering and extended X-ray absorption fine
structure (EXAFS) but the accuracy suffered from the
weak energy dependence of the atomic form factors [17-
19].

Molecular dynamic (MD) simulations of Cu-Zr glasses
were done to correlate the atomic structure with
mechanical properties and glass forming ability [20-23].
The atomic structure of metallic liquids and glasses is
discussed by efficient packing of clusters [24]. For glassy
alloys with low solute concentrations, the medium-range
order is determined by packing of one dominant
chemically defined polyhedron [25]. For more
concentrated compositions the situation is much more
complex, due to cluster overlap via solvent-sharing. For
some liquid metals and metallic alloys the presence of an
icosahedral atomic arrangement was concluded [26-28].
Icosahedral CugZrs clusters are discussed to be dominant
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in the Cu-Zr system from electronic arguments stabilizing
the undercooled Cu-Zr liquid [29]. The presence of
icosahedral clusters in bulk glass forming CugsZrs, was
also concluded from Reverse Monte Carlo simulations
(RMC) using XRD and EXAFS measurements [30] in
contradiction to results reported on CusoZrs, glass [31].
From the analysis of composition dependent structural
parameters no evidence for the existence of a special
atomic arrangement in Cu-Zr glasses was found [16].

The aim of this work was, therefore, to get more
insight into the atomic structure of Cu-Zr glasses from
the experimental point of view. Experimental X-ray and
neutron diffraction data were determined for different
chemical compositions, which may act as critical tests for
structure models. The partial atomic pair correlations and
local structure information were extracted by applying
the RMC method [32] which is meanwhile a well-
established method for modelling the structure of glasses
and disordered materials. Despite the fact, that RMC may
give the most randomized configuration, the method has
been proven to reproduce the general features and local
atomic arrangements of coordination polyhedra present in
the structure e.g. of covalently bonded glasses [33,34].

II. EXPERIMENTAL

Pre-alloyed ingots of nominal compositions CugsZrss,
CusoZrsg, and CussZres, were prepared by arc-melting
elemental Cu and Zr with a purity of 99.9% or better in a
Ti-gettered argon atmosphere. For reaching homogeneity,
the samples were remelted several times. From these pre-
alloys, 3 mm wide and 30 pm thick amorphous ribbons
were prepared by means of rapid quenching from the
melt using a single-roller melt-spinner under argon
atmosphere. The chemical compositions of the ribbons
were analyzed by the titration technique. The results of
the analysis are in a good agreement with the nominal
values which are used in the following (deviations are <
0.2 at%). The amorphous state of the as-quenched
ribbons was confirmed for all compositions by the
presence of only diffuse maxima in the XRD pattern, as
well as by analyzing their crystallization behaviour. High



energy X-ray diffraction (XRD) experiments were
conducted at the synchrotron beam-line BWS5 at
HASYLAB, Hamburg. Intensities were recorded in
transmission geometry by a Ge-point detector using a
wavelength of A = 0.01250 nm. Neutron scattering
experiments were carried out at the 7C2 diffractometer at
the Laboratoire Léon Brillouin in Saclay. Samples were
placed in vanadium containers (diameter 8§ mm, wall
thickness 0.1 mm) and measured using a wavelength of
A= 0.073 nm. The raw data were corrected for empty
instrument background, scattering of the sample holder,
absorption, incoherent and multiple scattering using
standard procedures [35]. X-ray absorption spectra at the
Cu- and Zr-K-edges were recorded at the beam-line C at
HASYLAB, Hamburg [36]. From the recorded spectra
the EXAFS-modulations were extracted by means of the
usual algorithms implemented in the VIPER-programme
[37]. The mass density was determined at room
temperature by the Archimedes principle by weighing
samples in air and in dodecane (C1,Hy).

III. RESULTS AND DISCUSSION

For amorphous alloys a single diffraction experiment
yields only the total structure factor S(q) (¢ =4 © sin /4
is the absolute value of the scattering vector), which is a

weighted sum of the partial structure factors Sij (q) of

the corresponding atom pairs 7,; [35]:

S(q)—l=ZZW,-,(Q)-(S,,»(Q)—1)- M

The weights w;y(q) are determined by the sample

composition ¢; and the scattering power of the atoms 7. In
the Faber-Ziman formalism [38] they can be expressed as

(@ f (@)
(@)

bb,
wi =(2-6,)cc, —% 2)

()

Where 5i/.is the delta symbol of Kronecker, f; (¢) is the

wy (@) =(2=38,)ec,

g-dependent atomic form factor in case of X-ray
scattering experiments (index X) and b; is the constant
coherent neutron scattering length (index N). The

Table 1. Mass density o, atomic density p, weights W,

corresponding weights w;; for the Cu-Zr glasses are given
in table 1. From the structure factor S(g) the total atomic
pair correlation functions g(7) are obtained by the Fourier
transform of S(g) according to [35]:

4z py-(g(r) 1)

, )
:;~I(S(q)—1)-Q'Sin(‘]"’)'d‘l’

where p, is the mean atomic density (py= ¢ /N m, o:
mass density, m: average atomic mass, Ni: Avogadro's
number). The total atomic pair correlation function g(r)
describes the weighted probability of finding an atom at a
given distance » from a central atom averaged over all
atoms and normalized to the mean atomic density.
Analogous to the total structure factor, the g(7) curves
represent in the n-component alloy the weighted sum of
the n(n+1)/2 partial atomic pair correlation functions g
which describe the probability of finding an atom of kind
j around atom i :

g(r)zzzwij'gij- (4)
i

Figure 1 shows the calculated total pair correlation
functions g(r) of the different Cu-Zr glasses obtained
from the neutron and X-ray structure factors. For all g(7)
curves, two components of the first maximum are visible.
The identification of the maxima in the total pair
correlation function can be derived by the comparison
with interatomic distances of crystalline Cu-Zr phases.
However, this is not unambiguous. The first sub-maxima
in the nearest neighbourhood at » = 0.272 nm can be
attributed to the non-resolved superposition of copper-

1 . . 1 .
copper (7g,q,) and zirconium-copper (7,,.,) distances.
The second sub-maxima at » = 0.315 nm corresponds to
. . . . 1 . .
the nearest zirconium-zirconium ( 7,,, ) distance. This

will be confirmed by the partial atomic pair correlation
functions as shown later. With increasing Cu content the
contributions of Cu-Cu and Cu-Zr pairs to the total
atomic pair correlation functions g(r) becomes more
pronounced whereas the Zr-Zr contribution decreases in
accordance with the composition dependence of the
weights w;; (table 1). The variation of the weights is also
responsible for the differences of the X-ray and neutron
total atomic pair correlation functions.

X

N
oWy of Cu,Zrgo.x glasses.

Alloy c wY (g=0nm™) wy
(gcm_B) (nt) X : X X N ;:, N
: Weew | 2Waz | Wazr Weuew | 2Waz | Wazr
CussZres | 7.01 51.2 079 A04 517 | 0.135 | 0.465 | 0.400
CuspZrsg| 7.33 57.1 177 487 336 | 0.269 | 0499 | 0232
CugsZr3s| 7.75 63.7 329 489 182 | 0.445 | 0444 | 0.111
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Fig. 1. Total X-ray and neutron atomic pair correlation
functions g(») of Cu-Zr glasses.

Each partial structure factor Si(g) is related to the
corresponding partial pair correlation function g;(r) via
Fourier transformation:

47p,

S,(q)-1= j rsingr(g, (r)~dr. (5)

The analysis of the atomic structure of amorphous alloys
requires the determination of the partial structure factors.
For a binary alloy, the linear system of equations eq.(1)
can be directly solved if 3 experimental data-sets are at
hand. The accuracy or stability of this inverse problem
depends on the differences of the weights. For a
quantitative definition of the relative information content
of multiple datasets see [39].

Additional information can be extracted from EXAFS
measurements. The interference parts of absorption data
%:(q) of the absorber atoms, is a convolution of the partial
pair distribution functions g;(r) of all the different
scatterer atoms j with the EXAFS signal corresponding to
a single atom pair y;(g.7) [40]:

2@ =Y [4m° pyy,(q.ng,(dr. ©
J o

The EXAFS signal corresponding to a single atom pair v ;
q.r) is given by

¥:(@r) = 4,(q.)sin2gr+ @, (g,m)] @)

with an amplitude 4,(¢g,) and phase @;(g,r) modulated
harmonic function. The extraction of the pair distribution
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functions, i.e., the structural information, from the
experimental data are obstructed by these modulations of
the EXAFS signals. In the present study feff8.4 was used
to obtain the backscattering factors [41].

Using the RMC method, the atomic partial pair
correlation functions can be separated by simultaneously
modelling X-ray and neutron diffraction measurements
together with EXAFS data [39]. In this method atoms are
moved around at random in a simulation box. Partial pair
correlation functions are calculated from atomic positions
after each move and are transformed to model the X-ray,
neutron diffraction and EXAFS curves. The move is
always accepted if the agreement between experimental
data and model curves improves. To avoid getting
trapped to local minima some moves leading to a worse
agreement are also accepted. For details of the technique
see [42,43].

Figure 2 shows for the CuysZrss glass the comparison
of the results of the RMC fit with the corresponding
experimental data. For the other two glasses CujsZrgs and
CusoZrs, similar good agreements between measured and
calculated values were obtained. As a result of the RMC
calculations, models of the three dimensional atomic
structure of the Cu-Zr glasses were obtained. Figure 3
shows the atomic arrangements of the Cu-Zr glasses.
From the model structures the partial pair correlation
functions g;(r) were determined, which are presented in
Figs. 4. The positions of the first maximum represent the

. . . 1 . .
partial nearest neighbour distances 7; . The integration
over the first maximum gives the nearest neighbour
[ . . .
number N ; of j-atoms around an i-atom in the interval

between r; and 7»:

N; =I4ﬂ72 “Ci Py 'gij(r)

i

@®)

The calculated values I’U1 and. N/ 11] are given in table 2. The

general behaviour of the corresponding partial pair
correlation function is similar for the Cu-Zr glasses with
different compositions. The nearest neighbour distances
do not alter with the composition within the error limits
of £ 0.002 nm. Differences of the inter-atomic distances
between the different Cu-Zr glasses occur at larger r-
values. The maxima positions of the neighbour shells are
shifted to higher values with increasing Zr-content which
relates to the composition dependence of the atomic
density, or the mean atomic volume respectively. The

nearest neighbour numbers NV, ; are proportional to the

concentration of the corresponding element in the glass.
The monotonic behaviour of the coordination numbers
with composition points to a continuous atomic
substitution. This is also in agreement with the
concentration dependences of the mean atomic volume
and the total pair correlation functions of Cu-Zr glasses
[16].
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. . 1 . 1
Table 2. Nearest neighbor distances 7; , nearest neighbor numbers N i for Cu,Zr g glasses.

Alloy "(}‘uc&; T cl‘qu rZIrZ.r N (1):1011 N tI:qu N ;"C‘n N érZr N tlju N ;r
(nm) | (nm) | (om)

CussZrgs | 0.261 | 0275 | 0.314 4.6 6.9 37 9.4 11.5 13.1

CuseZrso| 0.262 | 0.279 | 0.313 59 6.0 6.0 8.0 11.9 14.0

CugsZras| 0.261 | 0.279 | 0.316 7.8 4.6 8.6 6.0 12.4 14.6
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From the RMC structures models, further information
can be extracted on the local structure in the Cu-Zr
glasses. First, the nearest neighbourhood of Cu and Zr
atoms were analyzed. For this, the kind and the number
of nearest neighbours were counted around all atoms up
to the first minimum of the corresponding atomic pair
correlation functions. Figure 5 shows the frequency
distribution of the numbers of nearest neighbours around

1 1 _ Al 1
the Cu atoms N, (N.,=Ng,c,+N¢,z ) and around
the Zr atoms N}, (N, =N, .. +N,, ), respectively.
The values /N, ]Cu are between 9 and 16 with a maximum

for N ICM =12. The coordination number distribution

around the Cu atoms does not essentially change with
composition for the different Cu-Zr glasses (Tab. 2, Fig.
5). The number of nearest neighbours around Zr atoms

ranges from to 10 to 17 with the maximum N} =13 for

the CussZres glass, and N é,.=14 for the CugsZrss glass

respectively. This behaviour reflects the effect of the
different atomic sizes. The larger Zr atoms can be
surrounded by a higher number of the smaller Cu atoms.
With increasing Cu content the number of Cu atoms
around Zr statistically increases resulting in a higher
mean coordination number (Tab. 2, Fig. 5).

The chemical composition of the first neighbourhood
of an Cu (or Zr) atom is given by the ratio of the number
atoms in the first coordination shell (around Cu: cc /cz =

NéuCu/N(lJ

v o around Zr : ce/cz = N ;rcb, /N ,).
Figure 6 shows the frequency distributions c¢, around the
Cu atoms, and the Zr atoms respectively. The obtained
frequency distributions follow probability distributions
with a maximum corresponding to the average chemical
compositions of the Cu-Zr glasses. There is also no
obvious difference between the composition distributions
around the Cu and the Zr atoms which should be the case
if chemically ordered clusters would be dominant in the
Cu-Zr glasses. The distributions of the kind of the first
neighbour atoms around the Cu and Zr atoms point to a
solid solution-like behaviour of the Cu-Zr glasses.
Assuming that a Cu atom has 12 nearest neighbour sites

around ( N}, + Ni,, =12), which are randomly
Cu and Zr

W(N{,,) of a certain number N, ., of Cu atoms

occupied by atoms, the probability

(Nwen=0,1,..,12) is then given by :

12
NéuCu

12-Nwcu Newcn
) (X)) T (g ) e

W(NéuCu) = (

(€))

with xc, , Xz, as the average element concentrations of the
Cu-Zr glass. Using eq. (9) the frequency distribution
cc/cz; can  be calculated. Figure 6 shows the
corresponding curves of the composition statistics for the
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Fig. 6. Frequency distribution of chemical composition c¢,
of the first coordination shell of Cu-Zr glasses: a) around Cu
atoms , b) around Zr atoms. (Distributions for random site
occupations are given by the dashed lines).

random occupation of 12 nearest neighbours by the
dashed lines. The calculations are in a qualitative
agreement with the experimental results. The RMC
results of the Cu-Zr glasses are therefore in accordance
with the random site occupancy of the atoms in the first
neighbourhood of Cu or Zr atoms. The differences
occurring in detail are mainly caused by the
simplification of 12 neighbours only and due to the
neglection of the different atomic sizes.

To analyze the topology of the local atomic
arrangements of the Cu-Zr glasses, the Voronoi
tessellation method [44] was applied to the RMC data.



The Voronoi cell or the Voronoi polyedra of an atom
contains all points in space which are closer to the centre
of the atom than to any other atom. The Voronoi
tessellation thus produces convex polyhedral cells
(polygons) which have planar faces and completely fill
the space. The different coordination polyhedra
surrounding a central atom can be characterized by the
Voronoi index <njs,ng,ns,ng,...> where n; denotes the

number of i-edged faces of the polyhedron and ZH[ is
i

the coordination number. Table 3 summarizes the relative
frequencies of the most prominent polyhedra. A large
amount of different polyhedra (> 1000) were identified
in the structure of the Cu-Zr glasses. The ideal
icosahedron <0,0,12,0> appeared with the highest
frequency beside many other polyhedra with
coordination number > 12 (Tab.3). With higher Cu
content the fraction of icosahedra in the Cu-Zr glasses
increases. The frequency distribution of the Voronoi
polyhedra is in qualitative agreement with results of MD
calculations [22,30] as well as with RMC analysis
reported for CusoZrsy [31] or Nis;;Zres; [45] glasses.
Several polyhedra having a high number of pentagon
faces can be treated as a kind of distorted icosahedral
arrangements. The frequency distribution of the two-
dimensional Voronoi polygons is summarized in table 4.
The pentagon is dominant (> 50%) and increases in
number density with the Cu-content. A similar monotonic
behaviour of the polygon distributions is  reported for
MD simulations of Cu-Zr glasses for a Cu content
between 30 and 70 at% [22]. The variability of the local
structures is probably the consequence of the substitution
of Zr by Cu atoms with increasing Cu content.

Table 3. Frequency distribution of Voronoi polyhedron
of Cu-Zr glasses.

Frequency (%)
Voronoi CussZrgs | CuseZrso | CugsZras
polyhedron
<0,2.8,1> 1.5 1.9 1.8
<0,2,8,2> 2.8 3.6 39
<0,3,6,3> 1.1 1.3 1.3
<0,0,12,0> 3.5 4.5 6.3
<0,1,10,2> 3.6 3.8 5.5
<0,2.8,3> 1.0 1.0 1.4
<0,3,6,4> 3.2 29 34
<0,1,10,3> 1.8 1.9 23
<0,2,8.4> 3.0 2.9 3.2
<0,3,8.3> 1.2 1.0 0.9
<0,3,6,5> 1.5 12 1.4
<0,1,10,4> 1.4 1.8 2.5
<0,2,8,5> 1.6 1.8 2.2

109

Table 4. Frequency distribution of Voronoi polygons of
Cu-Zr glasses.

Frequency (% )
CU3 521‘55 CllsoZl‘ 50 C115521'35
Triangle | 3.6 35 2.8
Tetragon | 18.0 16.9 15.8
Pentagon | 52.1 54.2 57.1
Hexagon | 23.3 22.6 222
Heptagon | 2.7 2.6 2.0
Octagon | 0.2 0.2 0.1

VI. CONCLUSIONS

The atomic structure of Cu-Zr glasses was analyzed by
means of RMC method using XRD neutron and EXAFS.
The experimental results on the composition dependence
of the atomic structure of Cu-Zr glasses point to a solid
solution-like replacement of Cu and Zr atoms in the
whole composition range. The local structures show a
large variety of polyhedra arrangements. No indications
are observed that would support the existence of a
dominant special structure or of distinct cluster in the
atomic structure. Hence, from the structural point of
view there is no obvious reason that relates to the high
glass forming ability or plasticity found for particular Cu-
Zr compositions.
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The microstructural evolution upon compressive loading was identified for metastable Ti-Nb-Ta-M
(M=In, Ag, or Cr) B alloys with different phase stability against B—a" martensitic transformation. With
increasing degree of deformation, martensitic transformation and deformation twinning are initially
operative followed by slip of dislocations for the less stabilized In- and Ag-containing alloys, whereas slip
is initially operative followed by fine deformation twinning for the relatively more stable Cr-containing
alloy. As a result of the cumulative interactions between slip dislocations, a” martensite and deformation
twins, a pronounced grain refinement of the 3 grains to the nanoscale (50~100 nm) occurs in the In- and
Ag-containing alloys with low stacking fault energy. A plausible mechanism is proposed for the easy

deformation-induced nanostructuring.

1. INTRODUCTION

Biocompatible B-titanium alloys containing non-toxic
B-stabilizing alloying elements have attracted a lot of
attention for biomedical implant applications due to the
advantages of lower Young’s modulus and better
formability over a and o+f titanium alloys [1-8]. In
terms of mechanical properties, low Young’s modulus
and high yield strength, which strongly depend on alloy
design and materials processing [1, 9], are desirable for
B-titanium alloys for use as biomedical implants [10, 11].
For example, a solution-treated and aged Ti-29Nb-13Ta-
4.6Zr (wt.%) B alloy showed a Young’s modulus of 80
GPa as well as a yield strength of 864 MPa [9]. On the
other hand, a solution-treated Ti-35Nb-5Ta-7Zr (wt. %) B
alloy exhibited a lower Young’s modulus of 55 GPa and
a lower yield strength of 530 MPa [1]. For metastable -
titanium alloys, phase transformations play a crucial role
in order to control the microstructure and the resulting
mechanical properties. Depending on the stability,
metastable [-titanium alloys may undergo martensitic
transformations (—o, f—a’, or f—a") upon quenching
and/or deformation [12], leading to a distinct deformation
behavior. Many of the metastable [-titanium alloys
favoring  stress-induced  martensitic  transformation
exhibit a shape memory effect and pseudoelastic
deformation behavior [5, 6, 13]. In a hot-rolled Ti-24Nb-
4Zr-7.98n (wt. %) B alloy composed of o martensite, a
recoverable strain of 3.3% was achieved upon unloading
at an imposed strain of 4% [6]. On the other hand, the
origin of pseudoelastic behavior in Ti-xMo-4Nb-2V-3Al
(x>9%, wt. %) B alloys was attributed to the formation of
a new reversible orthorhombic o’ martensite other than
ao” [5]. Upon unloading, a recovery of 80% of the
imposed strain was reported for a Ti-10Mo-4Nb-2V-3Al
{3 alloy [5]. However, the double yielding effect found for
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some [-titanium alloys favoring o” martensitic
transformation [13, 14], was not observed in Ti-24Nb-
4Zr-7.9Sn [6] Ti-10Mo-4Nb-2V-3Al [5].

Usually, the differences in macroscopic deformation
behavior can be elucidated by the microscopic
deformation mechanisms that are operative to
accommodate the deformation strain. With decreasing
phase stability, the microscopic deformation mechanism
of metastable [-titanium alloys varies from slip of
dislocations to deformation twinning and/or martensitic
transformation [7, 8, 15, 16]. As a result, the less-
stabilized f alloys exhibit a low yield strength as well as
large strain hardening, whereas the relatively stabilized 3
alloys showed high yield strength and limited strain
hardening [7, 13]. The differences in mechanical
properties are viewed as a reflection of whether a
martensitic transformation happens. However, the
microstructural evolution with increasing degree of
deformation and its correlation with the deformation
behavior are still not well understood and established due
to the complex interaction between slip dislocations,
twins and martensite. In the present study, the
microstructural evolution upon compressive loading was
identified for metastable Ti-Nb-Ta-M (M=In, Ag, or Cr)
B alloys with different B phase stability in order to gain
more insight into the correlation between the microscopic
deformation mechanism, the microstructural evolution
and the overall deformation behavior.

2. EXPERIMENTAL

Ti-Nb-Ta-M (M=In, Ag, or Cr) master alloys with a
nominal composition of Ti-29Nb-13Ta-5M (wt.%) were
prepared by arc-melting a mixture of pure elements
(99.99%) under a Ti-gettered argon atmosphere. The
master alloys were remelted at least four times by
reversing the alloy buttons in order to avoid



inhomogeneity. Rods of 4 and 6 mm diameter were
prepared by suction casting the arc-remelted alloys into
cylindrical cavities of a water-cooled copper mold.
Structural investigations were carried out by X-ray
diffraction analysis (XRD, Cu-Ka), optical microscopy
(OM), scanning electron microscopy (SEM, 30 kV) with
an energy dispersive X-ray analyzer (EDX) and
transmission electron microscopy (TEM, 200 kV). Alloy
composition measured by SEM/EDX for the as-cast Ti-
Nb-Ta-M alloys is summarized in Table 1. The content of
In or Ag in the prepared master alloys deviated from the
nominal composition to a certain extent due to the
evaporation loss during arc melting (the boiling point of
In or Ag is much lower than Ti, Nb and Ta). The samples
for XRD analysis were prepared by fine polishing in
order to remove the damage layer during cutting and
grinding so as to avoid the formation of stress-induced
martensite due to mechanical processing. Transverse
sections of the resulting samples for the OM and SEM
studies were prepared by conventional mechanical
grinding, polishing and chemical etching in Kroll’s
reagent. For TEM studies, thin slices were prepared by
mechanical grinding and polishing followed by argon ion
milling. The room temperature mechanical properties
were characterized under uniaxial compression loading
using an Instron 8562 testing machine at a strain rate of
1.2x10™* s™'. The oxygen content analyzed using a carrier
gas hot extraction (O/N analyzer TC-436/Leco) was less
than 600 p.p.m.

3. RESULTS
3.1. As-cast microstructures of Ti-Nb-Ta-M [ alloys

Fig. 1 shows typical microstructures for the as-cast Ti-
Nb-Ta-M B alloys, which are mainly composed of
dendritic [ phase (Microstructures at a lower
magnification were given in Ref. 7). Large-angle grain

Table 1. Measured alloy composition for Ti-Nb-Ta-M (M=In, Ag, or Cr) 3 alloys.

Fig. 1. SEM micrographs of the as-cast In-, Ag- and Cr-
containing B-titanium alloys. (a) Ti-Nb-Ta-In; (b) Ti-Nb-Ta-
Ag; (c) Ti-Nb-Ta-Cr. The inset in (b) indicates the formation
of tiny domains in the 3 dendrites of the Ti-Nb-Ta-Ag alloy.
GB: grain boundary.

boundaries (marked by black arrows in Fig. 1) were
revealed and the grain size was estimated to be about 80
pm. In the as-cast In-containing alloy (Fig. 1 (a)), the
athermal o martensite [14] was clearly observed to form
at the interdendritic zones, as marked by the white arrow
in Fig. 1 (a). Similarly, o martensite was also identified
at the interdendritic zones
in the as-cast Ag-
containing alloy (Fig. 1
(b)). However, the o”

Alloy composition (wt. %)

martensite plates formed
in the as-cast Ag-

Alloys Area ..
Ti Nb Ta In, Ag or Cr containing a.llloy were not
clearly visible. Detailed
o 45 608 33 9407 18604 1602 iqvestigatioqs .(inset of
Ti-Nb-Ta-In D 384708 36.4703 23 7506 1.5%2 Fig. 1 (b)) indicated that
I 5497 3.1 11 4% 26" the B - phase  was
- : - - composed of tiny
o 46,57 335 17.7%2 234 domains of about 100 nm.
Ti-Nb-Ta-Ag D 39 653 36.0°7¢ 23 311 11204 Compared with the as-
I 519415 31 g0 132413 3 g08 cast In- and Ag-
containing alloys, the as-
o 49.2%% 33.9%7 13.0%7 3.9%2 § a-035,

. . . " cast Cr-containing alloy

- 112 .7 111 0.3 . .
Ti-Nb-Ta-Cr D 423 36.7° 183 27 exhibited a  micro-
I 59.5%3 286! 6.0°1° 5993 structure consisting only

O: overall; D: dendrite; I: interdendritic zone
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of B phase without the



formation of athermal o martensite (Fig. 1 (¢)).

Fig. 2 shows the XRD patterns of the as-cast Ti-Nb-
Ta-M [ alloys. The bcc B phase was identified as
dominant phase in all alloys, which is in agreement with
the microstructure identification. The formation of the
orthorhombic o martensite in the as-cast In- and Ag-
containing alloys was also evidenced, especially in the
XRD patterns in the range of 33° < 20 < 45° at a slow
scan rate (Fig. 2 (b)). Obviously, no o” martensite was
detected in the as-cast Cr-containing alloy.

Fig. 3 shows TEM micrographs of the as-cast In- and
Ag-containing alloys as well as the corresponding
selected-area diffraction (SAD) pattern. Fig. 3 (a) is a
bright-field image revealing a” martensitic plates in the
as-cast In-containing alloy. The SAD pattern for Fig.3 (a)
indicated the presence of both B and a” phases (Fig. 3
(b)). The orientation relationship between the § and o

phases was identified as [T 15] B H [T 1 T] q" - In

addition, although no ® phase was detectable from the
XRD patterns, the athermal ® phase (w,,) can be
identified from the SAD pattern due to the presence of
faint peaks surrounding the peaks of the o phase [14,
17-19], as indicated by the white arrows in Fig. 3 (b). For
the as-cast Ag-containing alloy, bright-field images (Fig.
3 (c)) revealed that the B phase was fully composed of
fine twins with a spacing of 150~200 nm. Ultrafine and
strained B domains of 80~150 nm (marked by the white
arrow in Fig. 3 (c)) were formed in the as-cast Ag-
containing alloy, which is probably induced by the
interaction of twins.

L
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e .

Ti-Nb-Ta-Ag
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Ti-Nb-Ta-In
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Ti-Nb-Ta-Ag
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Fig. 2. X-ray diffraction patterns for the as-cast In-, Ag-
and Cr-containing [-titanium alloys. (a) normal scan; (b)
slow scan for 33° <26 <45°.
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3.2. Deformation behavior of Ti-Nb-Ta-M J alloys

It is obvious that the In- and Ag-containing [ alloys
have lower stability against o” martensitic transformation
upon solidification in comparison with the Cr-containing
alloy. The deformation behavior was found to strongly
depend on the stability of the B phase. Fig. 4 shows the
room-temperature compressive true stress-strain curves
for the Ti-Nb-Ta-M f alloys. All alloys displayed a
similar elastic strain limit of about 0.8~1.0 % (the inset of
Fig. 4). The In- and Ag-containing alloys exhibited a
similar deformation behavior with low yield strength
(373 and 414 MPa, respectively) and remarkable strain
hardening. On the other hand, the Cr-containing alloy
showed a different deformation behavior with higher
yield strength of 612 MPa and less pronounced strain
hardening. As a result, the In- and Ag-containing alloys
have lower Young’s moduli of 55 and 60 GPa,

Fig. 3. TEM micrographs of the as-cast In- and Ag-
containing B-titanium alloys with low stability. (a) bright-
field image of Ti-Nb-Ta-In; (b) the corresponding selected-
area diffraction pattern of (a); (c) bright-field image of Ti-
Nb-Ta-Ag, showing the presence of fine twins.
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Fig. 4. Compressive true stress-strain curves for the as-
cast In-, Ag- and Cr-containing B-titanium alloys (room
temperature).

respectively, in comparison with 75 GPa for the Cr-
containing alloy.

3.3. Microstructural evolution during deformation

In the uniaxially compressed sample, the degree of
deformation is inhomogeneous and increases from the
sample surface towards the center. Depending on degree
of deformation, the microstructure can be classified into
three types occurring in different zones throughout the
specimen, including macroscopically undeformed f
dendrites, partially deformed and elongated 3 dendrites,
and severely deformed 3 phase in the form of filaments,
which are presented in the following sections in terms of
phase stability of  alloys.

3.3.1.

Deformation microstructures in the less

stabilized In- and Ag-containing  alloys

Fig. 5 shows the SEM micrographs illustrating the
typical deformation microstructures corresponding to the
three deformed zones in the less stabilized In- and Ag-
containing alloys. Close to the sample surface of the
deformed In-containing alloy, deformation twins formed
and an increase of the volume fraction of o” martensite
was observed in comparison with the as-cast sample (Fig.
5 (a)). Some of the B dendrites fully transformed into o
martensite to accommodate the applied strain. Similar to
the In-containing alloy, the Ag-containing alloy also
exhibited deformation twinning at the less-deformed zone
(Fig. 5 (b)). However, o” martensite was visible only at a
higher magnification in certain areas (the inset of Fig. 5
(b)) and its volume fraction was much lower than in the
In-containing alloy. This indicates that the Ag-containing
alloy has a relatively higher stability than the In-
containing alloy. With increasing degree of deformation,
the equiaxed P dendrites were partially deformed and
elongated along the direction perpendicular to the loading
axis (Fig. 5 (c)). Although deformation twins and o”
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Fig. 5. Micrographs showing deformation microstructures
for the In- and Ag-containing B-titanium alloys. (a) less
deformed zone of Ti-Nb-Ta-In (SEM); (b) less deformed zone
of Ti-nb-Ta-Ag, the inset shows the presence of o martensite;
(c) partially deformed zone of Ti-Nb-Ta-In (SEM); (d)
severely deformed zone of Ti-Nb-Ta-In (OM). SB: shear
bands.

martensite were still visible, shear banding started to
occur and partially contributed to the strain
accommodation, as indicated by the arrow in Fig. 5 (c).
With further increasing degree of deformation at the
sample center, the B dendrites were severely deformed
into filaments (Fig. 5 (d)). At this stage, deformation
twins and o” martensite could not be easily identified due
to the filamentary structure. However, remarkable shear
banding was revealed, which mainly contributed to the
strain accommodation.

In order to gain more insight into microstructural
changes during deformation, detailed TEM investigations
were carried out on the deformed In- and Ag-containing
samples, which are shown in Figs. 6 and 7. Fig. 6 exhibits
bright-field TEM images and the SAD patterns taken at
the less deformed zone of the In-containing alloy. In Fig.
6 (a), the bright plate-like phase with a lamellar spacing
of 150 nm was identified as o” martensite whereas the
dark phase in between was the B parent phase. The SAD

pattern taken along the [Tl?)] 3 zone axis (the inset of

Fig. 6 (a)) confirmed the presence of both B and a”
phases with [113] g ” [002] " orientation relationship

[7]. In addition, from the SAD pattern a {112}<111>
twinned structure was identified within the [ phase.
Furthermore, the HRTEM examination on the 3 phase
(Fig. 6 (b) for the dashed-circle region in Fig. 6 (a)) and

the corresponding SAD pattern along the [T 12] 3 Zone

axis (inset of Fig. 6 (b)) implied that the athermal ®
phase was present inside the parent 3 phase, as revealed
from the broadening of the diffraction spots as well as the
formation of diffuse streaks. Due to its athermal
characteristics, the ® phase has no clear boundary with



Fig. 6. TEM micrographs in the less deformed zone of
the In-containing B-titanium alloy. (a) bright-field image,
the inset shows the corresponding diffraction pattern; (b)
high-resolution TEM image and corresponding selected-
area diffraction pattern in the dashed-circle region of (a),
showing the formation of athermal ® phase inside the 8
phase.

the B phase [20], but it can be inferred from the stained
contrast in the HRTEM micrograph.

Fig. 7 exhibits bright- and dark-field TEM micro-
graphs and the SAD patterns taken at the severely
deformed zone close to the sample centers of the In- and
Ag-containing alloys. Fig. 7 (a) shows a bright-field
image of the filamentary structure formed at the severely
deformed zone in the In-containing alloy, in which the
filamentary boundaries are indicated by the arrows. From
the SAD pattern (not shown here), no o” martensite and
athermal o phase can be identified other than the [ phase
for the filamentary structure. Fine deformation twins with
a twin boundary spacing of less than 100 nm were found
to form inside some of the B filaments. The deformation
twins formed in each filament were confined by the
filamentary boundary, showing a clear orientation
relationship for twins inside two neighboring filaments.
In addition to the formation of fine deformation twins, a
pronounced grain refinement was observed in some of
the B filaments to produce nanostructured  grains in the
range of 50~100 nm, as evidenced from the bright- and
dark-field images (Figs. 7 (b) and (c), respectively), and
the SAD ring pattern (the right upper inset of Fig. 7 (b)).
The nanostructured B grains exhibited a complicated
moir¢ fringe pattern (the lower left inset of Fig. 7 (b)),
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Fig. 7. TEM micrographs at the severely deformed zone
of the In- and Ag-containing B-titanium alloys. (a) bright-
field image of Ti-Nb-Ta-In, showing the filamentary
structure composed of nanoscale deformation twins; (b) and
(c) bright- and dark-field images of Ti-Nb-Ta-In as well as
corresponding selected-area diffraction pattern, showing the
formation of nanoscale 3 grains; (d) bright-field image of Ti-
Nb-Ta-Ag, showing the filamentary structure; (e¢) and (f)
bright- and dark-field images of Ti-Nb-Ta-Ag as well as
corresponding selected-area diffraction pattern, showing the
coexistence of both plate-like and nearly equiaxed 3 grains.

which is similar to that of a nanostructured NiTi alloy
processed by severe plastic deformation (SPD) [21]. Fig.
7 (d) shows the filamentary structure formed at the
severely deformed zone in the Ag-containing alloy. In
contrast to the the In-containing alloy (Fig. 7 (a)), no fine
deformation twins were visible inside the filaments. In
addition, a remarkable grain refinement (50~100 nm)
also occurred in some of the B filaments at the severely
deformed zone of the Ag-containing alloy, as indicated
from the bright- and dark-field images (Figs. 7 (e) and (),
respectively) and the SAD pattern (the inset of Fig. 7 (¢)).
Upon severe deformation, the extent of grain refinement
in the Ag-containing alloy was less pronounced than for
the In-containing alloy, as evidenced from the SAD
pattern composed of rings and diffraction spots. The
grain refinement in the In-containing alloy led to the
formation of nearly equiaxed nanoscale 3 grains (Fig. 7
(c)), whereas insufficient grain refinement in the Ag-
containing alloy resulted in the coexistence of both plate-
like (marked by the white arrow in Fig. 7 (f)) and nearly



equiaxed P grains, as indicated in Figs. 7 (e) and (f).
Furthermore, it should be noted that the boundaries of the
refined B grains were remarkably distorted, especially for
the Ag-containing alloy.

3.3.2. Deformation microstructures in the stabilized
Cr-containing B alloy

Compared with the less stabilized In- and Ag-
containing alloys, the relatively stabilized Cr-containing

alloy exhibited different deformation microstructures (Fig.

8). At the less deformed zone, no o” martensite and
deformation twins were detectable. Instead, slip bands
(marked by the black arrow in Fig. 8 (a)) which could not
be easily identified in the In- and Ag-containing alloys,
formed in some B grains to accommodate the further
imposed strain. With increasing degree of deformation,
the lack of martensitic transformation and deformation
twinning made plastic deformation of the 3 dendrites
more difficult. Slip is not capable to accommodate the
increasing strain, leading to the occurrence of strain
localization and the apperance of shear bands even in the
3 dendrites without significant shape changes (Fig. 8 (b)).
With further increasing degree of deformation, a large
number of shear bands formed in the severely deformed

Fig. 8. Micrographs showing typical deformation micro-
structures for the Cr-containing p-titanium alloy. (a) less
deformed zone (OM), (b) partially deformed zone (SEM), (c)
severely deformed zone (SEM). SB: shear bands.
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zones, cutting off the filamentary structure in order to
release the increasing strain (Fig. 8 (c)).

Fig. 9 shows bright-field TEM micrographs, and the
corresponding SAD patterns at the severely deformed
zone of the Cr-containing alloy. The filamentary structure
formed in the Cr-containing alloy is illustrated in Fig. 9
(a). The SAD pattern (inset of Fig. 9 (a)) indicated the
presence of both  and athermal ® phases [14, 17-20], in
which main diffraction spots and weak diffusing streaks
(indicated by the black arrow) correspond to B and ®
phases, respectively. No nanostructuring of the [ phase
was found for the Cr-containing alloy after severe
deformation. Instead, in some of the filaments both
submicron and nanoscale deformation twins were clearly
visible, as revealed by the bright-field TEM image shown
in Fig. 9 (b). The presence of deformation twins can be
deduced from the higher order diffraction spots (marked
by the white arrows in the inset of Fig. 9 (b)). Fig. 9 (c)
shows a high-resolution TEM image of the nanoscale
twins (the dashed-circle region in Fig. 9 (b)). Twin faults

Fig. 9. TEM micrographs at the severely deformed zone
of the Cr-containing B-titanium alloy. (a) bright-field image
and corresponding selected-area diffraction pattern, showing
the filamentary structure and the presence of the athermal ®
phase; (b) bright-field image and corresponding selected-area
diffraction pattern inside one filament, showing the
formation of fine twins in the B phase; (c) high-resolution
TEM image for the fine twins in the dashed-circle region of
(b), exhibiting twin faults formed at the twin boundaries.



(marked by white arrows in Fig. 9 (c)) were present at the
twin boundaries. Compared with the stacking faults
formed in the In-containing alloy, the twin faults formed
in the Cr-containing alloy exhibited a smaller width [8].

4. DISCUSSION

4.1. Microstructural evolution during deformation
and its correlation with the deformation
behavior of B-titanium alloys

The control of B phase stability is important for
designing metastable B-titanium alloys since it strongly
affects the phases formed upon quenching or deformation.
In metastable B-titanium alloys with a large amount of 3-
stabilizers, the phase transformations usually involve
B—a and/or B—® martensitic transformations, which to
a great extent determine the resultant deformation
behavior. The examination of the microstructural
evolution is, therefore, an effective way to establish a
correlation between phase stability and deformation
behavior. In the present study, the three metastable f3-
titanium alloys show different phase stability. Table 2
summarizes the phases formed in both the as-cast and
deformed states for the Ti-Nb-Ta-M [3 alloys. Among
these alloys, the In-containing alloy has the lowest
stability, leading to the formation of both o martensite
and athermal ® phase upon quenching. On the other hand,
the Cr-containing alloy has the highest stability, resulting
in the formation of only athermal © phase.

As indicated from the compressive true stress-strain
curves (Fig. 4), the B-titanium alloys with low stability
exhibit lower yield strength, remarkable strain hardening
and higher ductility in comparison with the stable B-
titanium alloys. For the convenience of establishing the
correlation between microstructural evolution and
deformation behavior, it is reasonable to divide the true
stress-strain curves into three stages corresponding to
elastic deformation, strain hardening and easy glide. It is
noted that not only one unique deformation mechanism is
operative to result in such three-stage deformation curves

exhibiting an enhanced ductility. The two stages related
to plastic deformation are discussed as follows.
Depending on the phase stability, martensitic
transformation, deformation twinning and slip are viewed
as the main deformation mechanisms for metastable 3-
titanium alloys [13, 15, 16]. For the In- and Ag-
containing alloys with lower B phase stability, a stress-
induced B+m,,—>a” martensitic transformation is easily
triggered after the initial linear elastic deformation rather
than slip [14], leading to low yield strength. Based on the
preexistent martensitic plates formed upon quenching,
new o martensite nucleates and freely grows into the 3
dendrites to release the increasing deformation strain. As
reported in a previous study [7], the stability increases
from the interdendritic zone to the center of the f
dendrites due to solute redistribution. When deformation
proceeds, nucleation of additional o” martensitic plates
becomes more difficult towards the central region of the
partially consumed [3 dendrites. As a result, only some
but not all of the B dendrites can fully transform into o
martensite. In the meantime, deformation twinning
{112}<111> is also operative to accommodate the
increasing strain. However, owing to their characteristics,
martensitic transformation and deformation twinning
cannot result in a large shape change of the dendrites.
With increasing degree of deformation, it is believed that
slip is activated in the unconsumed dendrites since it is
difficult to further produce more o” martensite and
deformation twins. Subsequently, slip dislocations may
interact with a” martensite, remaining athermal ® phase
and deformation twins, thus influencing the deformation
behavior to a great extent. Especially, the orthorhombic
o martensitic phase with less independent slip systems
[22] plays a role as a barrier for slip of dislocations,
resulting in dislocation pile-ups that might be responsible
for the more pronounced strain hardening observed for
the In- and Ag-containing alloys. With further increasing
deformation above a certain strain level, the pronounced
strain hardening proceeds until the occurrence of the
reverse  o”—>fB  transformation. This  reverse
transformation may happen if the temperature rises

Table 2. Phases formed in both as-cast and deformed Ti-Nb-Ta-M (M= In, Ag, or Cr) f3 alloys.

Processing state
Alloy
As-cast Less deformed Severely deformed
: "+, fWinning; B, twinning; Pronounced grain
Ti-Nb-Ta-In "y B-H)“ aths - 8 2 :

' * Brotou Increase mn volume fraction of o” refinement to nanoscale
Ti-Nb-Ta-A. "y [}+q"+m,ﬂ1, mrinnjl_lg; B, twinning; Visible grain refinement
g | ProTtom Increase mn volume fraction of o to nanoscale
: +@,; Pronounced twinning; No

Ti-Nb-Ta-C + + P P g
' e Brow Bt visible grain refinement to nanoscale




locally and exceeds the austenitic start temperature A [14]
as a result of plastic heat generation upon deformation
[23]. This might be the reason that the o” martensitic
phase could not be identified at the severely deformed
zones. Most important, the structure change from
orthorhombic to bcc removes the barrier for slip,
rendering some part of the piled-up dislocations to
become mobile. Subsequently, the stage of easy glide
with little strain hardening occurs, during which the
dislocations are able to move over relatively large
distances without encountering barriers (but the motion
of dislocations is confined within the  filaments). This
might be one of the contributions to the ductility
enhancement. In addition, the occurrence of
nanostructuring upon severe plastic deformation might
further contribute to the ductility, which will be discussed
in Section 4.2.

For the Cr-containing alloy with high  phase stability,
no o martensitic transformation and deformation
twinning following the initial linear elastic regime could
be identified, indicating that the operative deformation
mechanism is only slip. As a result, the Cr-containing
alloy exhibits high yield strength since the trigger stress
for slip is much higher than that inducing martensitic
transformation [13]. With increasing degree of
deformation, the only barrier encountered by slip of
dislocations is the athermal ® phase, which results in a
limited strain hardening in comparison with the In- and
Ag-containing alloys. During this stage of plastic
deformation, dense dislocation walls and dislocation
tangles begin to develop, making further motion of
dislocations difficult. Fine deformation twinning is
becoming the favorable deformation mode for further
strain accommodation. The formation of a large number
of nanoscale twins with a width of less than 10 nm (Fig. 9
(b)), is believed to contribute to the ductility to a certain
extent, since the lattice orientation changes by twinning
may enable additional slip to occur [24].

4.2. Deformation-induced nanostructuring in J-
titanium alloys

Deformation-induced grain refinement to the nanoscale
usually occurs when an externally repeated force is
imposed on bulk polycrystalline metallic materials or
their surfaces such through as ball milling [25], severe
plastic deformation [26] and surface mechanical attrition
treatment [27]. The lattice structure and the stacking fault
energy of alloys significantly influence the plastic
deformation in metallic materials, which inherently
govern the deformation-induced grain refinement [27, 28].
Recently, deformation-induced  grain  refinement
mechanisms were investigated in terms of stacking fault
energy for several typical metallic materials [27]. It was
found that deformation twinning and martensitic
transformation play a crucial role for grain refinement in
alloys with low stacking fault energy [27]. For B-titanium
alloys, a remarkable grain refinement to the nanoscale
(less than 50 nm) was achieved in a cold-rolled Ti-24Nb-
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4Zr-79Sn (wt.%) P alloy after 90% reduction in
thickness [6]. In addition, a less pronounced grain
refinement was reported for a Ti-24Nb-4Zr-7.6Sn (wt.%)
alloy favoring martensitic transformation [6]. However,
our recent investigation on Ti-Nb-Ta-(In, Cr) B alloys
implied that upon severe plastic deformation
nanostructuring occurrs more easily in the less-stabilized
B-titanium alloy with low stacking fault energy,
especially at martensitic transformed zones [8].
According to Wang et al. [29], grain refinement can be
more easily promoted if a complex stress state and
complicated straining patterns are present. Based on the
deformation behavior (Fig. 4) and the phase
formation/microstructural evolution (Figs. 5-9 and Table
2), a plausible grain refinement mechanism can be
proposed for the In- and Ag-containing alloys. Easy
nanostructuring might stem from the complex interaction
among slip dislocations, martensite and deformation
twins, which is qualitatively elucidated as follows.

As indicated from Fig. 1 and Table 2, prior to
deformation o” martensitic plates are already present at
the interdendritic zones in the as-cast In- and Ag-
containing alloys, resulting in an inhomogeneous
microstructure, i.e. martensitic transformed and
untransformed zones. In the martensitic transformed
zones, the martensitic plates have at a spacing of 150 nm,
dividing the B phase into a sandwiched structure with a
length-scale as fine as 100 nm. Upon compressive
loading above a trigger stress, stress-assisted B+m,n—>0”
martensitic transformation [14] and mechnical twinning
are mainly operative to accommodate the deformation
strain at the initial stage of plastic deformation [7]. The
formation of such a fine martensite can be viewed as a
crucial step for the subsequent easy nanostructuring.
With increasing degree of deformation, instead of
martensitic transformation and mechanical twinning, slip
becomes dominant and mainly contributes to
accommodate the increasing strain. At this stage the
interaction among slip dislocations, pre-existing o
martensite and twins is quite pronounced [8]. The low-
symmetry orthorhombic o” martensite lacks sufficient
independent slip systems [22], making slip dislocations
difficult to pass through it. Instead, slip dislocations
strongly interact with the partial dislocations of the /o
interface and pile-up at the interface to subdivide the
sandwiched f3 phase into refined blocks, establishing the
prerequisite  for subsequent nanostructuring. The
difficulty for the motion of slip dislocations is believed to
remarkably contribute to the strain hardening. With
further increasing deformation above a certain strain level
(severely plastically deformed), the temperature increase
locally exceeds the austenitic start temperature (as low as
166 °C for Ti-10V-2Fe-3Al [14]), which might lead to
the reverse a"—f3 transformation [14] at some localized
zones. The structure change from orthorhombic back to
bee provides more slip systems, activating part of the
piled-up dislocations at the (/o interface. These
reactivated dislocations experience an easy glide stage



within a B filament and pile-up again at the filamentary
boundary, forming subboundaries and further subdividing
the B filaments into refined blocks. The refining process
will proceed within the filaments with increasing degree
of deformation. Therefore, upon severe deformation easy

nanostructuring occurs rather at the martensitic
transformed zones than at the untransformed zones,
leading to an inhomogeneous microstructure, i.e.

nanoscale [ grains (50~100 nm) together with a
submicron [ filamentary structure (200~800 nm). It is
believed that to a great extent the nanostructuring process
and the inhomogeneous microstructure are beneficial to
the enhancement of the ductility. Grain refinement to
nanoscale grains creates more free volume/defects (grain
or sub-grain boundaries) that significantly contribute to
the ductility. On the other hand, the inhomogeneous
microstructure consisting of nanoscale equiaxed grains
and submicron [ filaments is conceptually similar to the
bimodal microstructure observed in a ductile
nanostructured Cu “composite” [29], which is believed to
greatly contribute to ductility as deformation proceeds.

In contrary, upon the applied compressive loading easy
nanostructuring was not observed in the Cr-containing
alloy with high stacking fault energy although a very fine
filamentary structure was formed at the severely
deformed zone [8]. However, the formation of submicron
and nanoscale deformation twins above a certain strain
level implies that it is feasible to utilize severe plastic
deformation techniques to achieve a grain refinement to
nanoscale in B-titanium alloys with high stacking fault
energy, which is currently under investigation.

5. CONCLUSIONS

The microscopic deformation behavior and the
microstructural evolution have been identified for
metastable Ti-Nb-Ta-M (M=In, Ag, or Cr) B alloys with
different phase stability against P—a” martensitic
transformation. Among these alloys, the In-containing
alloy exhibits the lowest stability, leading to the
formation of both o” martensite and athermal ® phase
upon quenching. On the other hand, the Cr-containing
alloy shows the highest stability, resulting in the
formation of only athermal o phase. With increasing
degree of deformation, martensitic transformation and
deformation twinning are initially operative followed by
slip of dislocations for the In- and Ag-containing alloys,
whereas slip is initially operative followed by fine
deformation twinning for the Cr-containing alloy.
Especially, a pronounced grain refinement of 3 grains to
the nanoscale (50~100 nm) easily occurrs in the In- and
Ag-containing alloys with low stacking fault energy,
which is attributed to the reversible f—a” martensitic
transformation and the complicated interactions among
slip dislocations, o” martensite and deformation twins.

Based on the present results, a preliminary correlation
has been established between microscopic deformation
mechanism, microstructural evolution and deformation
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behavior. For the In- and Ag-containing alloys, the
orthorhombic o” martensitic phase with less independent
slip systems plays a role as a barrier for slip of
dislocations, resulting in dislocation pile-ups that might
be responsible for the more pronounced strain hardening.
In terms of ductility enhancement, the reverse
transformation from orthorhombic o” martensite back to
the bce B phase removes the barrier for slip, making part
of the piled-up dislocations become mobile for easy glide
and subsequently contributing to ductility. In addition,
the nanostructuring process and the formation of an
inhomogeneous  deformation  microstructure  are
beneficial for ductility enhancement due to the creation
of more free volume/defects and the composite-like
bimodal microstructure, respectively. On the other hand,
for the Cr-containing alloy the lack of interactions among
slip dislocations, o martensite and deformation twins
produces less barriers for slip, leads to limited strain
hardening and makes grain refinement more difficult.
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Globally and Locally Strained Si Nanomembranes Fabricated by Elastic Strain Sharing

Francesca Cavallo,* Deborah M. Paskiewicz, and Max G. Lagally
University of Wisconsin-Madison, Madison, Wisconsin 53706, USA

Technology has evolved towards miniaturization of
device features with the ultimate goal of integrating many
components onto a compact chip, producing integrated
circuits with low cost and high degrees of functionality.
A recently developed approach is based on the use of nm-
thick membranes as an alternative to bulk substrates in
various applications. These membranes can be com-
pletely freestanding or tethered to a substrate, and they

can be flator shaped in three-dimensional (3D) structures.

Nanomembranes (NMs) are distinguished from bulk
materials most significantly by thinness, flexibility, and
nearness of two surfaces or interfaces. Excellent struc-
tural, electronic, and optical properties have been meas-
ured, both for flat and curled films. Furthermore, the abil-
ity to transfer released NMs to a large variety of hosts has
been successfully used for the fabrication of hybrid or
highly mismatched single-crystal multilayer stacks, and
for the development of bendable and stretchable electron-
ics.

In recent work we have taken advantage of the me-
chanical compliance of freestanding NMs to establish a
uniform or spatially varying strain field in the ultra-thin
layer. Elastic strain sharing between a SiGe and a Si film
completely unsupported by a solid allows the fabrication
of tensilely strained SiNMs. Similarly, a spatially vary-
ing strain field has been established in Si nanoribbons by
growing "local stressors" (e.g., Ge quantum dots (QDs))
rather than a "uniform stressor" (e.g., a SiGe strained
layer). Strain engineering in SiNMs in turn offers the
possibility of tuning materials properties, such as band
gap and carrier mobility, both on a global and a local
scale.

Among the most relevant results achieved in our group
in the field of NM technology are: 1) the fabrication of
dislocation-free (110) Si as thin as 10 nm, isotropically
and biaxially strained with an in-plane strain as high as
0.6%; 2) the fabrication of hybrid-orientation templates
alternating (110) and (001) Si regions; and 3) the fabrica-
tion of a mechano-electronic superlattice in a single ma-
terial, namely a SINM. We briefly describe these three
topics.

We have used elastic strain sharing in Si/SiGe/Si mul-
tilayers to fabricate dislocation-free, tensilely strained
(110) oriented SiNMs, which has indeed emerged as an
attractive material because of its higher hole mobility
compared to (001) Si. Good crystal quality of the layers
is revealed by X-ray diffraction (XRD). Surface mor-
phology measurements, performed by atomic force mi-

121

croscopy (AFM), confirms the absence of any mecha-
nism of plastic relaxation, i.e., nucleation of line and
plane defects, and roughening. The first step is the
growth of a compressively strained SiGe layer (below its
kinetic critical thickness for plastic relaxation) on the Si
template layer of a (001) or (110) silicon-on-insulator
(SOI) substrate, followed by a top Si capping layer. The
SiGe alloy and top Si layers were pseudomorphically
grown by chemical vapor deposition (CVD) in a cold-
wall ultra-high vacuum (UHV) CVD reactor or by solid-
source molecular beam epitaxy (MBE). In the as-grown
trilayer the SiGe is compressively strained and under
tetragonal distortion, whereas the Si is unstrained, at the
substrate lattice constant. Membrane formation is then
achieved by removal of the underlying SiO,, i.e., the bur-
ied oxide (BOX). The release of the membrane from the
SiO, results in its overall lateral expansion driven from
the elastic strain relaxation of the SiGe layer. During this
process the compressive strain in the SiGe membrane
partially transfers to tensile strain in the Si layers. Equal
or nearly equal thicknesses of top and bottom Si layers
are mandated to produce flat strain-balanced SiNMs after
the release step.

Membranes were then harvested using a wet-transfer
technique that has so far been used to transfer membranes
in sizes ranging from 5x5 mm” to 1x1 cm’ to a variety of
substrates. The procedure is scalable to both significantly
larger and smaller dimensions and to almost any host
substrate that is not rapidly dissolved in water. A dry
printing technique for transferring the membranes to any
kind of new host has also been used successfully. Similar
methods work for Ge NMs or those of other materials.

Comparison of XRD 6-20 line scans on as-grown and
released trilayers with various thicknesses and composi-
tions demonstrate that tensile strain in (110) SiNMs can
be tuned by changing the Ge content in the alloy layer
and the alloy layer thickness relative to the thickness of
the Si layers in the trilayer. A maximum tensile strain of
0.65+0.01% in (110) SiNMs is calculated from XRD
scans and confirmed by continuum elasticity theory.

The transfer of (110) SiNMs (even unstrained) to a
(001) oriented Si template and subsequent overgrowth
has been used to fabricate mixed-crystal-orientation tem-
plates. This architecture may allow the manufacturing, in
close proximity to each other, of p- and n-channel de-
vices on (110) Si (high hole mobility) and (001) Si (high
electron mobility) regions, respectively, with the benefit
of reducing the current drive imbalance between PMOS
and NMOS devices. The ability to transfer the mem-
branes to new hosts opens the possibility for integrating
high-electron mobility (001) regions with dislocation-free



strained (110) Si, which promises hole mobility en-
hancements of up to 75% compared to the (001) universal
mobility. Furthermore, rotating the strained (110) mem-
brane relative to its (001) host during transfer offers a
concrete possibility of optimizing channel direction in n-
and p-type devices. We have fabricated mixed-crystal-
orientation material in flexible form using SiNM transfer
and overgrowth. The SiNM fabrication begins with a
(110) SOI substrate. The (110) Si template layer is pat-
terned with an array of holes using standard photolitho-
graphy and RIE, and removed from its handle substrate
via selective etching of the BOX layer. This procedure
creates a temporarily freestanding (110) SiNM, which is
then bonded to a (001) Si substrate. The holes define the
regions where the (001) Si crystal planes are exposed
through the membrane. Deposition of Si over the struc-
ture using CVD with SiH4 precursor gas, at a substrate
temperature of 580°C, fills the holes because the Si
growth rate is about 10 times faster on the (001) orienta-
tion than on the (110) orientation at 580°C. Hence fabri-
cation of a flat mesh of (001) Si and (110) Si regions is
achieved.

As the third example, strain sharing between Ge
nanostressor islands (quantum dots, QDs) and a compli-
ant SiNM can be used to create very small regions of
high local strain in the membrane. As a result the SINM
undergoes distortion, forming into a slightly wavy sheet.
The local strain provides a feedback for self-organization
of the QDs. We have reported ordered growth of
nanostressors on freestanding ribbons with a 50 to 250
nm width, fabricated from SOI with a 5 to 50 nm-thick Si
templates. Ge or a Ge-rich SiGe alloy is deposited simul-
taneously on both sides of these free-standing nanorib-
bons using CVD. Because CVD involves the vapor phase
transport of precursor molecules, deposition is possible at
all locations accessible to the growth gases. The feedback
mechanism leads to a spatially periodic arrangement of
pyramid shaped QDs, alternating on the top and on the
bottom surface of the SiNMs. Consequently a periodi-
cally varying strain is established along a thin single-
crystal Si ribbon. The strain lattice in the Si membrane in
turn produces a modulation in the electronic band struc-
ture that extends through the thickness of the membrane,
and thus creates an electronic superlattice without a need
for compositional modulation, the conventional method
for forming electronic heterostructures.

We calculate the periodic change induced in the Si
band gap by the strain field as a function of position
along the ribbon. For this purpose the local strain was
modelled with a 2D finite-element analysis of the elastic
deformation and elastic energy resulting from two oppo-
site-side QDs in one dimension corresponding to the rib-
bon geometry with one line of dots on each side. Our cal-
culations predict that the maximum tensile strain beneath
a Ge QD with a height of 8 nm and a base width of 80 nm,
epitaxially grown on a Si membrane, is ~1.5% for a 10
nm thick ribbon. The resulting reduction of the band gap
can be up to 250 meV, more than 20% of the bulk value
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of the band gap for the thinnest ribbons. The calculated
band gap modulation was confirmed qualitatively by
combining photoelectron emission microscopy (PEEM)
(as the detection tool) with high-resolution X-ray absorp-
tion spectroscopy (XAS). The calculated bandgap modu-
lation in the SiNM due to the growth of nanostressors is
similar to the one observed in a 1D heterostructure with
essentially all the band offset occurring in the conduction
band. We solved the variable effective-mass Schrodinger
equation to obtain the miniband structure in a 1D periodic
potential. The results show that minibands with very
small separations (i.e., minigaps) form within the poten-
tial well. However, the widths of minigaps range from 2
up to 8 meV, which is much smaller than the thermal en-
ergy kT at 300 K (26 meV). Therefore these minibands
can be essentially considered as continuous states at room
temperature (in the classical limit). The Ge/Si nanoribbon
structure has to be cooled to below 77 K to minimize the
thermal smearing sufficiently to make discrete minibands
observable.

We predict that it is possible to observe discrete mini-
bands in the potential well of the 1D strain superlattice at
room temperature if one uses InAs nanostressors QDs,
which form on Si with strain as high as 11.5%. We calcu-
late that the maximum tensile strain beneath a pure-InAs
pyramidal QD with a height of 6 nm and a base width of
11 nm pseudomorphically grown on a Si membrane is
~2.7% for a 10 nm thick ribbon. The resulting depression
of the Si band gap is expected to be up to 350 meV, more
than 30% of the bulk value of the band gap for the thin-
nest ribbons. We predicted the formation of well-
separated minibands in the potential well already for a 25
nm thick membrane (potential well depth 200 meV), with
minigaps ranging from 15 to 85 meV, and with only the
first minigap being smaller than the thermal energy of
~26 meV at 300 K. It should therefore be possible to ob-
serve discrete minibands in the potential near room tem-
perature.
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Research supported by USDOE, USAFOSR, and

USNSF/MRSEC



Synthesis of Advanced Materials by Mechanical Alloying

C. Suryanarayana,"” T. Klassen,” and E. Ivanov’
!Department of Mechanical, Materials and Aerospace Engineering, University of Central Florida, Orlando, FL. 32816-2450, USA,

and

Currently, Visiting Professor, Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
’Institute of Materials Technology, Helmut-Schmidt-University, Holstenhofweg 85, D-22043 Hamburg, Germany
3Tosoh SMD, Inc., 3600 Ganz Road, Grove City, OH. 43213-1895, USA

Mechanical alloying (MA) is a powder metallurgy processing technique that involves repeated cold
welding, fracturing and rewelding of powder particles in a high-energy ball mill. Started in 1960 to
produce oxide dispersion strengthened (ODS) nickel-based superalloys to obtain high strength both at
room and elevated temperatures, this technique is now widely used to synthesize a variety of non-
equilibrium alloys including solid solutions, intermetallics, and glassy alloys. Apart from the ODS alloys,
the products of MA are now finding applications in newer and innovative areas. The present article briefly
summarizes the recent contributions of the author and his colleagues and collaborators in the field of MA

to synthesize commercially useful and advanced materials.

Four specific topics have been covered —

nanocomposites, Fe-based amorphous alloys, photovoltaic materials, and use of MA powder particles in
metal combustion. The article concludes with an indication of the topics that need special attention in the

near future.

L.INTRODUCTION

Advanced materials are defined as those where first
consideration is given to the systematic synthesis and
control of the crystal structure and microstructure of
materials to provide precisely tailored properties for
demanding applications." With the rapid advances taking
place in the technology sectors, there has been a great
demand for materials that are stronger, stiffer, lighter,
useful at higher temperatures, and less expensive than the
existing and available materials. Thus, the high-tech
industries have given fillip to efforts in developing novel
materials that will perform better for demanding
applications. Some of the advanced materials developed
during the last few decades include metallic glasses™
(including the relatively recently developed bulk metallic
glasses4), quasicrystals,”®  high-temperature  super-
conductors, superhard carbo-nitrides, thin-film diamond
synthesis, and nanostructured materials.”” A number of
new techniques for processing and characterization of
materials have also been developed towards achieving
this goal. But, a common underlying principle in
obtaining advanced materials has been to process the
materials under far-from-equilibrium conditions, i.e., the
materials developed are mostly in a metastable condition.
Turnbull'® has coined the phrase “energize and quench”
to describe these processes. It is through such processes
that the constitution and microstructure of the materials
can be drastically altered leading to achieving the desired
properties. Some of these “non-equilibrium processing”
techniques include rapid solidification from the melt,
mechanical alloying, laser processing, plasma processing,
spray forming, physical and chemical vapor deposition
techniques, ion mixing, among others. The relative
advantages and disadvantages of these techniques have
been discussed in a recent publication.'’ In the following
paragraphs, we will describe some of the advanced
materials that have been recently developed using the
technique of mechanical alloying.
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II. THE PROCESS OF MECHANICAL ALLOYING

Mechanical Alloying (MA) is a process that was
developed by John Benjamin of INCO International in
the late 1960’s to produce oxide dispersion-strengthened
materials.'> The process can be described as a high-
energy milling process in which powder particles are
subjected to repeated cold welding, fracturing, and
rewelding.”‘14 The generally accepted explanation for
alloying to occur from blended elemental powders and
formation of different types of phases is that a very fine
and intimate mixture (often lamellar if the constituent
elements are sufficiently ductile) of the components is
formed after milling, if not the final product. The
crystalline defects introduced into the material (grain
boundaries, interfaces, dislocations, stacking faults,
vacancies, and others), which act as fast diffusion paths,
and a slight rise in the powder temperature during milling
as a result of frictional forces and impact of the grinding
balls against other balls and the surfaces of the container,
were found to facilitate alloy formation. If the final
desired phase had not formed directly by MA, then a
short annealing treatment at an elevated temperature was
found to promote diffusion and consequently alloy
formation. Accordingly, it was shown that by a proper
choice of the process parameters during MA and
choosing an appropriate alloy composition, it is possible
to produce solid solutions (both equilibrium and
supersaturated), intermediate phases (crystalline and
quasicrystalline) and  amorphous  alloys.  The
thermodynamic criterion that the phase with the lowest
free energy, under the continuous deformation conditions,
would be the most stable phase has been found to be
valid. A significant attribute of MA has been the ability
to even alloy metals with positive heats of mixing that are
difficult to alloy otherwise.

The effects of MA could be categorized under two
groups:



1. Constitutional changes: Milling of the blended
elemental powders could lead to the formation of solid
solutions  (both equilibrium and supersaturated),
intermetallic phases (equilibrium, metastable and
quasicrystalline), and amorphous phases in alloy systems.
The actual type of phase formed could be different
depending on the alloy system and the milling conditions
employed.

2. Microstructural changes: As a result of MA, the
processed materials could develop ultrafine-grained and
nanostructured phases. In addition, uniform dispersion of
a large volume fraction of very fine oxide or other
ceramic particles can be achieved in different matrices;
not possible or easy by other processes.

In many cases, chemical reactions have also been
found to take place leading to the formation of novel
materials and microstructures. Such a process has been
referred to as mechanochemical processing.”>  All these
effects have been well documented in the literature.'>'*'¢

As has been frequently pointed out in the literature, the
technique of MA was developed out of an industrial
necessity in 1966 to produce nickel-based superalloys
that combined the room temperature strength obtained by
precipitation hardening with the high-temperature
strength achieved through dispersion hardening.'>'” The
historical development of MA during the last 40 years or
so can be divided into three major periods. The first
period, covering from 1966 to 1985, was mostly
concerned with the development and production of oxide
dispersion  strengthened (ODS)  superalloys for
applications in the aerospace industry. Several alloys,
with improved properties, based on Ni and Fe were
developed that found useful applications. These included
the MA754, MA760, MA956, MA957, MA6000, and
others.”® The second period, covering from 1986 up to
about 2000, witnessed lot of advances in the fundamental

understanding of the processes that take place during MA.

Along with this, a large number of dedicated conferences
were held and there was a burgeoning of publication
actiVity.16 Comparisons have also been frequently made
between MA and other non-equilibrium processing
techniques, notably rapid solidification processing (RSP).
It was shown that the metastable effects achieved by
these two non-equilibrium processing techniques are
similar. Revival of the mechanochemical processing
(MCP) took place and a variety of novel substances were
synthesized. =~ Several modeling studies were also
conducted to enable prediction of the phases produced or
microstructures obtained, although with limited success.
The third period, starting from about 2001 saw a
reemergence of the quest for new applications of the MA
materials, not only as structural materials, but also for
chemical applications such as catalysis and hydrogen
storage, with the realization that contamination of the
milled powders is the limiting factor in the widespread
applications of the MA materials. Innovative techniques
to consolidate the MA powders to full density while
retaining the metastable phases (including glassy phases
and/or nanostructures) in them were also developed. All
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these are continuing with the ongoing investigations to
enhance the scientific understanding of the MA process.
As mentioned earlier, in recent years, there has been a

resurgence of search for novel applications of MA
products.  Apart from this, investigations are also
continuing on developing newer and ‘“better” materials
through MA and also to understand the science behind
the formation of these novel materials. In this paper, we
will summarize our recent activities in the general area of
MA in developing advanced materials. As typical
examples, we would like to discuss four specific topics:

(1)Development of homogeneously-dispersed nano-

composites,

(2) Formation of metallic glasses,

(3) Synthesis of photo-voltaic materials, and

(4) Use of energetic metal particles in combustion.

All the experiments were carried out either in a SPEX

CertiPrep high-energy ball mill or a Fritsch P-5 planetary
ball mill or an attritor under controlled conditions.
Loading and unloading of the powders was carried out in
a glove box filled with argon gas. Normally a ball-to-
powder weight ratio of 10:1 was maintained.
Characterization of the milled powders was conducted
through X-ray diffraction, scanning electron microscopy,
and transmission electron microscopy techniques and the
results were analyzed using standard procedures.

III. NANOCOMPOSITES

Achievement of a wuniform distribution of the
reinforcement in a matrix is essential to achieving good
mechanical properties of the composites. Further, the
mechanical properties of the composite tend to improve
with increasing volume fraction and decreasing particle
size of the reinforcement.'” Traditionally, a reasonably
large volume fraction of the reinforcement could be
added, if the size of the reinforcement is large (on a
micrometer scale). But, if the reinforcement size is very
fine (of nanometer dimensions), then the volume fraction
added is restricted to about 2 to 4 %. This is because the
fine powders tend to float to the top of the melt during
processing of the composites through solidification
processing. However, if we are able to introduce a large
volume fraction of nanometer-sized reinforcement, the
mechanical properties of the composite are likely to be
vastly improved. In our investigations, during the last
few years, we have successfully achieved a very uniform
distribution of the reinforcement phases in different types
of matrices through the solid-state powder processing
technique of MA.***®  These include homogeneous
dispersion of graphite in an Al-6061 alloy matrix,” effect
of clustering of the reinforcement on the mechanical
properties of the composites,”’ dispersion of a high
volume fraction of Al,Os in Al,25 and of TisSi3 in v-
TiAl,**?® synthesis of MoSi,+SisN; composites for high-
temperature  applications,””**’ and  synthesis of
amorphous-+intermetallic composites in Al-Mg alloys.?
However, in this chapter, we will describe only two
typical examples.



III. 1. Al-Al,O; Composites

Aluminum-based metal matrix composites are ideal
materials for structural applications in the aircraft and
automotive industries due to their lightweight and high
strength-to-weight ratio. Reinforcement of the ductile
aluminum matrix with stronger and stiffer second-phase
reinforcements like oxides, carbides, borides, and nitrides
provides a combination of properties of both the metallic
matrix and the ceramic reinforcement. Uniform
dispersion of the fine reinforcements and a fine grain size
of the matrix contribute to improving the mechanical
properties of the composite.

Most of the work carried out to-date on
discontinuously reinforced aluminum was primarily
concerned with dispersing reinforcements on the
micrometer scale (a few to a couple of hundred
micrometers), as represented by region #1 in Fig. 1. Even
though studies were carried out on nanometer-sized
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FIG. 1.Schematic representation of the relationship
between interparticle spacing, A, particle size, d, and volume
fraction, f,, of the reinforcement phase. Note that at volume
fractions greater than 0.125, A becomes smaller than the
particle size. Regions #1, #2, and #3 correspond to
reinforcements with large particle size and large volume
fractions, small particle size and small volume fractions, and
small particle size and large volume fractions, respectively.

reinforcements, the volume fraction of the reinforcements
was very small, typically about 2-4% by volume,
indicated by region # 2 in Fig. 1. Thus, as shown by
region # 3 in Fig. 1, there is a gap in understanding the
structure and properties of high volume fraction
composites containing nanometer-sized reinforcements.
Therefore, we have conducted investigations to
synthesize and characterize Al-Al,O; composites with the
Al,O; reinforcement varying in size from 50 nm to 5 pum,
and the volume fraction from 5 to 50% by volume. The
reasons behind the choice of this combination of particle
sizes and volume fractions were to check (i) whether
there is a maximum volume fraction of Al,O3; beyond
which it will be difficult to achieve a uniform distribution
and also (ii) to see if there is a minimum particle size,
below which again it will be difficult to achieve a
uniform distribution of the two components in the
composite.

Table I lists the powder sizes and volume fractions of
the Al,Os reinforcements used in this study. Mechanical
alloying of the powder blends containing different
amounts and size fractions of Al,O3; was found to reach a
stable and uniform distribution of the reinforcement. A
milling time of 20 h was found to be sufficient in all the
combinations of the composites. Figure 2 shows that a
very uniform dispersion of the fine 50-nm Al,O; particles
was achieved even when the volume fraction of the
reinforcement was 50%. This corresponds to the finest
particle size and largest volume fraction, the maximum
value achieved so far in any nanocomposite. Similar
uniform distributions were obtained in the larger size and
smaller volume fractions of the reinforcement also. The
uniform distribution of the reinforcement phase was also
confirmed through the X-ray elemental mapping
technique (Fig. 3). An interesting observation made
during this study was that the stable y-Al,O; transformed
to a-Al,O; on milling, when the Al,O; powder particle
size was small, e.g., 50 and 150 nm.” However, no such
transformation occurred when the Al,O; particle size was
large, e.g., 5 um.

These composites with a large volume fraction of the
reinforcement of the Al,O; powders were very hard and
strong and consequently it was not easy to consolidate
them to full density by any of the single different
techniques that are presently available. Therefore, to
determine the effect of reinforcement particle size and

TABLE I. Powder sizes and volume fractions of the Al,O; reinforcements used in this study.

Al,O3 content (vol.%) Particle Size
50 nm 150 nm 5 pum
5 \ V -
10 \ \ -
20 \ \ \
30 \ V \
50 \ \ \




FIG. 2. SEM micrograph of Al-Al,O; (50 nm) powders
milled to the steady-state condition (20 h) showing a uniform
distribution of AL,O; in the Al matrix. (a) 20 vol.%, (b) 30
vol.%, and (c) 50 vol.% Al,Os.

volume fraction, nanocomposites with 50 nm and 150 nm
particle sizes and 5 and 10 vol.% were consolidated to
full density. Even at these small volume fractions, full
(close to 100%) density was achieved only by a
combination of vacuum hot pressing followed by hot
isostatic pressing (Fig. 4). Compression testing was done
on the fully dense samples, and the strength properties
and modulus values were determined. Table II lists the
mechanical properties of these composites. Figure 5
shows the variation of the modulus of elasticity as a
function of the Al,O; content. From this figure, it may be
noted that the strength and modulus increased with (i)
increasing volume fraction and (ii) decreasing size of the
reinforcement. Comparison of these modulus values with
those calculated using the iso-strain and iso-stress
conditions suggested that composites with the smaller
reinforcement particle size (50 nm) behaved closer to the
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50 vol.%

20 vol.% 30 vol.%

FIG. 3. X-ray maps showing the uniform distribution Al
(top) and O (bottom) for the Al-AL,O; (50 nm) powders
milled for 20 h.
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FIG. 4. SEM micrograph of Al-10 vol.% Al,O; composite
powders milled and consolidated to close to 100% density by
a combination of vacuum hot pressing and hot isostatic
pressing. (a) Al-5 vol.% Al,O; (50 nm), (b) Al-10 vol.%
ALO; (50 nm), (c) Al-5 vol.% Al,O; (150 nm), and (d) Al-
10 vol.% Al,O; (150 nm).

iso-strain condition, while composites with the larger
reinforcement size (150 nm) behaved closer to the iso-
stress condition.”™'  This observation clearly suggests
that it is possible to tailor the modulus (and strength) of
the nanocomposite by choosing the appropriate
reinforcement size and volume fraction. Such a
processing methodology should be equally applicable to
other systems, even though the details of processing and
consolidation would be different.

II1. 2. y-TiAl-£TisSi; Composites

Lightweight intermetallic alloys based on y-TiAl are
promising materials for high-temperature structural
applications, e.g., in aircraft engines or stationary
turbines.”**  Even though they have many desirable
properties such as high specific strength and modulus
both at room and elevated temperatures, and good
corrosion and oxidation resistance, they suffer from



TABLE II. Mechanical properties of Al-Al,O; nanocomposites obtained by milling and subsequent consolidation by vacuum

hot pressing and hot isostatic pressing.

AlO3 Yield Compressive | Elastic Elastic Modulus

Particle size | Volume Strength Strength Modulus | calculated by the rule
fraction (MPa) (MPa) (GPa) of mixtures* (GPa)

50 nm 5% 488 605 78 83

50 nm 10% 515 628 90 95

150 nm 5% 409 544 75 83

150 nm 10% 461 600 77 95

*Ec = VuEmtV,E; where E and V represent the elastic modulus and volume fraction, respectively
and the subscripts ¢, m, and r represent the composite, matrix, and reinforcement, respectively.
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FIG. 5. Variation of modulus of elasticity with volume
fraction of Al,O; for two different particle sizes (50 and 150
nm). The solid lines were drawn on the basis of iso-stress or
iso-strain conditions using the rule of mixtures. Note that the
variation is close to the iso-strain condition for 50 nm-size
Al,O5 particles and close to the iso-stress condition for the
150 nm-size Al,O5 particles.

inadequate room temperature ductility and insufficient
creep resistance at elevated temperatures, especially
between 800 and 850 °C, an important requirement for
elevated temperature applications of these materials.
Therefore, current research programs have been
addressing the development of high-temperature
materials with adequate room temperature ductility for
easy formability and ability to increase the high-
temperature strength by a suitable heat treatment or
alloying additions to obtain sufficient creep resistance.

It has been shown that the compressive strength of
binary y-TiAl alloys with nanometer-sized grains is about
2600 MPa at room temperature and that, at temperatures
higher than about 500 °C, the strength drops very rapidly
to low values.***> 1In fact, the strength was found to
decrease at a faster rate for ultrafine-grained materials
than for the coarse-grained counterparts. That is, the
smaller the grain size of the specimen, the stronger and
sharper is the drop in yield strength on increasing the
temperature. This observation suggests that monolithic
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nanostructured materials may not be suitable for
achieving the desired creep resistance.

The Ti-Al-Si alloy system was chosen because it is a
model system to study the influence of phase distribution
and microstructure on the high-temperature deformation
behavior of ceramic-intermetallic composites. Earlier
work has demonstrated that favorable deformation
behavior could be obtained in nanostructured/submicron-
sized TiAl-based intermetallics. Thus, it was decided to
check whether the microstructure has a similar influence
on the mechanical behavior of ceramic-based ceramic-
intermetallic composites which could then lead to easy
deformability and eventually the possibility of achieving
superplasticity. It is possible that the creep properties of
these composites will be poor at low temperatures, but,
similar to that in TiAl-based alloys, it could be improved
through grain coarsening after deformation at elevated
temperatures.

Composites of y-TiAl and &-TisSi; phase, with the
volume fractions of the &-TisSi; phase varying from 0 to
60 vol.%, were produced by MA of the blended
elemental powders.  Fully dense and porosity-free
compacts were produced by hot isostatic pressing, with
the resulting grain size of each of the phases being about
400 nm. Figure 6 shows a scanning electron micrograph
of the y-TiAl + 60 vol.% &-TisSi; composite showing that
the two phases are very uniformly distributed throughout
the microstructure. Such a microstructure is expected to
be conducive to superplastic deformation behavior. To
test this hypothesis, both compression and tensile testing
of these composite specimens were conducted at different
temperatures and strain rates. From the tensile stress-
strain plots of the y-TiAl + 60 vol.% &-TisSi; composite
specimen shown in Fig. 7(a), we can draw the following
conclusions.

Firstly, the strength decreased with increasing
temperature and decreasing strain rate, both expected
from normal mechanical behavior of metallic materials.
Secondly, the specimens tested at 950 °C and a strain rate
of 4x10” s™" and 1000 °C and a strain rate of 4x10™ s
exhibited large ductilities of nearly 150 and 100%,
respectively. Considering that this composite is based on
a ceramic material (TisSi;) this is a very high amount of



FIG. 6. Scanning electron micrograph of the y-TiAl + 60
vol.% ETisSi; composite specimen showing that the two
phases are very uniformly distributed in the microstructure.
Such a microstructure is conducive to observing superplastic
deformation under appropriate conditions of testing.
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FIG. 7.(a) Stress-strain curves of y-TiAl + 60 vol.%
TisSi; composites showing that superplastic deformation
was achieved at 950 °C and a strain rate of 4x107 s and
1000 °C and a strain rate of 4x10* s, (b) Photographs of
the actual tensile specimens before and after tensile testing.

deformation, suggestive of superplastic deformation.
Final proof is provided by TEM investigations that
confirm the continued stability of the microstructure after
deformation.  Thirdly, even though the strain rate
employed is relatively low, it is interesting that
superplasticity was observed at 950 °C, corresponding to
about 0.5 T,,, where T, is the melting temperature of the
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alloy. This should be compared with the coarse-grained
material which shows the superplastic behavior only at
temperatures about 300-400 °C higher than the
temperature observed in this investigation.”® Figure 7(b)
shows photographs of the actual specimens before and
after tensile testing, showing significant amounts of
elongation in the samples.

IV. GLASS FORMATION IN Fe-BASED SYSTEMS

Metallic glasses have an interesting combination of
mechanical, physical, and chemical properties. They
have been produced in several alloy systems by many
different techniques. But, the most commonly used
technique has been rapid solidification processing
(RSP).”"?? As is well known, the critical cooling rate for
glass formation needs to be exceeded so that formation of
the crystalline nuclei could be avoided for the glass to
form.  However, since this is an experimentally
determined value (and is time-consuming and also
difficult to measure), several other empirical criteria have
been proposed to explain glass formation in alloy systems.
Two most commonly used criteria have been (a) a high
reduced glass transition temperature, T,, = Ty/T), where
T, is the glass transition temperature and T, is the
liquidus temperature of the alloy, and (b) presence of
deep eutectics in the phase diagrams. The development
of bulk metallic glasses in the late 1980’s [Ref. 40] has
attracted the attention of materials scientists all over the
world. Three criteria were proposed for the formation of
bulk metallic glasses, viz., (a) presence of at least three
components in the alloy system, (b) atomic radius
difference of >12% between the elements, and (c)
negative heat of mixing among the constituent elements.
A very large number of bulk metallic glasses were
produced using this set of criteria. But, since 2003 a
number of new criteria based on the thermal properties of
the alloys and physical characteristics of the component
atoms were developed. These include the so-called a, 3,
Y. Ym, O, O, etc. parameters. But, it is important to
remember that all these criteria have been developed for
metallic glasses processed via the solidification route. As
mentioned earlier, mechanical alloying (MA), a
completely solid-state powder processing technique, is
another important technique to produce amorphous alloys.
Therefore, we wished to determine if these same criteria
would be applicable to the solid-state processed
amorphous alloys or other criteria need to be formulated
to predict glass formation in alloy systems processed by
MA. For this purpose, we had undertaken a
comprehensive investigation on the glass formation
behavior and stability of several Fe-based glassy alloys
synthesized by MA.

IV.1. Number of Intermetallics in the Phase Diagram
We have chosen the general alloy composition as

FeynXosZr110B,y with X = Al, Co, Ge, Mn, Ni, or Sn. The
subscripts represent the composition of the alloy in



atomic percent. The element X was selected based on the
number of intermetallics it forms with Zr under
equilibrium conditions at room temperature.’’  This
number increases from 1 with Mn to 8 with Al, which
provides a basis to analyze the results systematically.
Further, the negative heat of formation of the
intermetallics with Zr is much higher than that with either
Fe or B.* Thus, the probability of forming an
intermetallic with Zr during milling is higher than with
Fe or B. Blended elemental (BE) powders of the
different constituents were weighed out in the correct
proportion and milled in a high-energy SPEX mill for
different times.

The sequence of phase formation on milling the
powders was different depending on the alloy system.
An amorphous phase had formed only in some alloy
systems and not in all. The structural evolution in the
FeyAlygZrgByy and Feyy;Coy3Z1r10Byg alloy systems as a
function of milling time is shown in Figure 8. It may be
noted that while an amorphous phase had formed on
milling the FepAlyZrgByy powder blend for 20 h,
amorphization did not occur in the Fey yCoysZr1oByy
powder blend. The phase formation sequence in all the
six powder blends can be summarized into three groups
as follows:

(1) BE powder — Intermetallics — Solid solution

Examples: Mn- and Sn-containing systems,
(2) BE powder — Solid solution
Example: Co-containing system,
(3) BE powder — Intermetallics — Amorphous phase
— (Mechanical) Crystallization
Examples: Al-, Ge-, and Ni-containing systems.

The time required for amorphization, which can be
considered a measure of the glass-forming ability (GFA)
of the alloy, is also different for different powder blends.
Table III summarizes the results obtained, including the
equilibrium number of intermetallic phases present
between X and the constituent elements (Zr, Fe, or B) in
the powder bend.” A close examination of Table III
clearly reveals that the ease of amorphization (i.e., GFA)
increased with the number of intermetallics present in the
constituent Zr-X binary phase diagrams. This is apparent
from the powder blends containing Al or Ni, which

amorphized in 10 and 20 h, respectively. While the
quaternary Fe-Zr-Al-B contains eight intermetallic phases
in the binary system between Zr and Al, the Fe-Zr-Ni-B
system contains seven intermetallic phases in the binary
system between Zr and Ni. Similarly, the Ge-containing
system which also amorphized in 10 h, contains five
intermetallic phases between Zr and Ge. The Zr-Co, Zr-

Mn, and Zr-Sn systems which did not show
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FIG.8. Structural evolution in the blended elemental
powder mix of (a) FeyyAlygZr;oB, and (b) FeyyCoygZ110B,g as
a function of milling time. Note that the amorphous phase
had started to form on milling for about 10 h and was stable
up to about 40 h in the FeyyAlysZrioByg alloy system. An
amorphous phase did not form in the Fe;;Co,37Zr|oByjalloy
system. Instead, a solid solution was the final phase to form
in this alloy system.

TABLE III. Time required for glass formation in Fe,,X53Zr0B5g alloys and the number of intermetallics in the respective binary
alloy systems.*

Element X Number of intermetallics between | Total number of | Milling time required for
XandZr | XandFe |XandB | intermetallics amorphization (h)

Al 8 5 2 15 10

Co 5 Nil 3 8 No amorphization

Ge 5 5 Nil 10 10

Mn 1 Nil 5 6 No amorphization

Ni 7 1 4 12 20

Sn 3 2 Nil 5 No amorphization
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amorphization on milling contain five, one, and three
intermetallic phases, respectively. However, when we
consider the total number of intermetallic phases, it can
be clearly seen that the systems which amorphized on
milling contain > 10 intermetallic phases in all the
constituent binary phase diagrams. If the alloy system
contained <10 intermetallic phases, then amorphization
was not observed.

From an analysis of the phase diagrams of the alloy
systems, it appears that the presence of a large number of
intermetallic phases in the phase diagrams is conducive
to formation of the amorphous phase. Again from the
binary phase diagrams between these elements and Fe, it
is apparent that those alloy systems that formed the
amorphous phase contained a number of intermetallic
phases, whereas those that did not form the amorphous
phase easily had phase diagrams which featured a solid
solution at room temperature. Thus, it is clear that the
presence of a large number of intermetallic phases in the
system helps in promoting the glassy phase formation.

The presence of intermetallics in an alloy system easily
contributes to amorphization. This is due to two
important effects. Firstly, disordering of intermetallics
contributes an energy of about 15 kJ/mole of atoms to the
system. For example, in strongly ordered intermetallics
such as NiAl and y-TiAl that continue to be in the
ordered state till melting, the disordering energy has been
estimated to be about 17.5 kJ/mol. Secondly, a slight
change in the stoichiometry of the intermetallic increases
the free energy of the system drastically. Additionally,
grain size reduction contributes about 5 kJ/mole. Since
MA reduces the grain size to nanometer levels and also
disorders the usually ordered intermetallics, the energy of
the milled powders is significantly raised. In fact, it is
raised to a level above that of the hypothetical amorphous
phase. This condition leads to a situation where the
preferential formation of the amorphous phase is favored
over the crystalline phase.

On the other hand, it is noted that in alloy systems
which did not amorphize on milling, a solid solution
phase only had formed. Since the only way a solid
solution could contribute to an increase in the energy of
the system is by grain size refinement, the total increase
in the energy is not sufficiently high to amorphize the
system. Thus, these observations provide a simple and
visual means of identifying alloy systems which are
likely to become amorphous on subjecting them to
milling. If the equilibrium phase diagrams show the
presence of a room temperature solid solution phase over

a wide composition range, then amorphization is not easy.

On the other hand, if the phase diagram contains a large
number of intermetallic phases, then amorphization is a
possibility.

IV.2. Mechanical Crystallization
We have also noted other interesting observations

during MA of metallic powders. For example, it was
noted that continued milling of the powder containing the
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amorphous phase led to crystallization, termed
mechanical crystallization (Fig. 9).*% The main reason
for the mechanical crystallization to occur during
mechanical milling is that the relative stabilities of the
different phases change due to the incorporation of a
variety of defects. For example, we can discuss the
relative stabilities of the competing phases in the
FeoNiygZroCioB1o system with respect to the free energy
vs. composition diagram shown in Fig. 10.

The different phases that could exist in these alloys are
the blended elemental powder mixture, o-Fe phase (the
solid solution of Fe containing the different alloying
elements), intermetallic phases and the amorphous phase.
For our discussion, we have grouped all the possible
intermetallics  together and labeled them as
“intermetallics” in the diagram.

In alloy systems with negative heat of mixing, the
blended elemental powder mixture has obviously a high
free energy (point “1”). Therefore, on MA, the blended
powder mixture is expected to change into a more stable
configuration to reduce its free energy. Thus, the a-Fe”
solid solution phase (point “2”) containing all the solute
elements in Fe is seen to be forming on milling. Since
MA introduces many crystal defects including vacancies,
dislocations, grain boundaries, surfaces, and others, the
milled powders will have excess energy. It was clearly
shown by us® earlier that intermetallics form in the early
stages of milling in many of the Fe-based powder
mixtures. And disordering of such intermetallics can also
substantially increase the free energy of the system.
Hence, on continued milling, the free energy of the
crystalline phase increases to a level above that of the
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FIG. 9. X-ray diffraction patterns of the

FeyyNiyZr;oCoB1o powder blend milled for 8 and 30 h. Note
that the powder milled for 8 h shows the presence of an
amorphous phase. On continued milling of this powder
containing the amorphous phase to 30 h, mechanical
crystallization had occurred resulting in the formation of
several crystalline phases.
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FIG. 10. Hypothetical free energy vs. composition

diagram to explain the mechanism of mechanical
crystallization in the Fe42Ni28Zr10C10B10 System. Note that
point “1” represents the free energy of the blended elemental
powders. Similarly, point “2” represents formation of the a-
Fe" solid solution of all the alloying elements in Fe, point
“3” formation of the homogeneous amorphous phase, point
“4” a mixture of the amorphous phase with a different solute
content (amorphous’) than at “3” and the solid solution -
Fe', and point “5” is for the equilibrium situation when the
solid solution and intermetallics coexist.

amorphous phase which results in the destabilization of
the crystalline phase and the “amorphous” phase (point
“3”) begins to be stabilized. But, further milling leads to
mechanical crystallization resulting in the formation of a
solid solution or intermetallics co-existing with the
remaining  amorphous  phase. Since  primary
crystallization had occurred, the Fe-solid solution will
now have a composition different from the original a-Fe"”
solid solution; let us call this a-Fe'. This solid solution
will now coexist with the amorphous phase which also
has a different composition because of the precipitation

of a-Fe' from the original amorphous phase (amorphous’).

Point “4” now represents the free energy of the mixture
of amorphous’ and o-Fe'. The lowest free energy for the
system will, however, correspond to a condition when a
mixture of the equilibrium solid solution (a-Fe) and the
intermetallics coexist. This situation is indicated by point
“5” in the figure.

The influence of additional alloying elements with
different atomic sizes and heats of mixing were also
investigated with useful attributes for consolidating the
milled powders to full density.***’

V. SYNTHESIS OF PHOTOVOLTAIC
MATERIALS

Copper indium diselenide (CulnSe,)-based photo-
voltaic thin film solar cells continue to receive attention
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because of their high conversion efficiency.*® It has been
shown that the band gap of CulnSe, can be modified
continuously by substituting Ga for In; the band gap
increases with increasing Ga content. For achieving the
maximum efficiency of the cell, a Ga/(Ga+In) ratio of 0.3
and a slight deficiency in the copper content have been
found to be beneficial.

The CulnSe;-based alloy films are usually obtained
either by multisource thermal evaporation and co-
deposition or reactive annealing of precursor films.
These processes are very involved, contain a number of
deposition and annealing steps, pose difficulties in
maintaining the desired film composition, and can be
expensive. Therefore, we decided to perform band gap
engineering through the technique of MA. The two
simple steps involved will be synthesis of stoichiometric
powder of the Culng-;Gag3Se, (CIGS) alloy by MA and
obtain the bulk target by hot isostatic pressing of the
milled powder. Milling of the blended elemental powder
was conducted in a Fritsch Pulverisette PS5 mill using a
copper container and copper grinding balls at two
different speeds and at two different ball-to-powder
weight ratios (BPR).

Milling of the powders even for a short time resulted in
the formation of the desired Culn,;Gay;Se, phase. For
example, by milling at a BPR of 20:1 and a speed of 300
rpm, the tetragonal Culng,Gaj3Se, phase had formed.
But, small amounts of other phases were also present at
this stage. However, on continued milling of this powder
for 20 min, only the tetragonal Culn,;Gag3Se, phase had
formed homogeneously (Fig. 11). This phase could be
indexed on the basis of a tetragonal structure with the
lattice parameters a = 0.5736 nm, ¢ = 1.1448, and c/a =

1.9958 having the space group 14 2d. Even though the
quaternary Cu-In-Ga-Se tetragonal phase exists over a
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FIG. 11. X-ray diffraction patterns of the CIGS blended
elemental powder mixture milled at a BPR of 20:1 and a
speed of 300 rpm for 5 and 20 min.. The powder milled for
5 min contained the tetragonal Culng;Gag;Se, phase and
small amounts of elemental Cu and In. When the powder was
milled for 20 min, it contained only the tetragonal
Culng ,Gag 3Se, phase.



wide composition range, the present XRD pattern could
be most satisfactorily indexed on the basis of the
tetragonal phase with the stoichiometry Culng;GagsSe, .
Scherrer analysis of the peak widths*’ confirmed that the
crystallite size reached a saturation value of about 8 nm.
The phase identification and crystallite size determination
were confirmed by transmission electron microscopy
(TEM) studies.™

The chemical analysis of the milled powder under
different milling conditions is shown in Table IV. From
the results it is clear that the composition of the milled
powder is reasonably close to the targeted composition.
But, because some copper has been picked up from the
container and/or the grinding balls during milling, the
copper content appears to be higher than what the
stoichiometry requires. But, the powder milled at a BPR
of 10:1 and a speed of 150 rpm for 40 min did not pick
up much copper. Consequently, the chemical
composition of the powder milled under these conditions
is quite close to the starting powder mixture. By further
optimizing the powder processing conditions (BPR,
speed of rotation. and time of milling), it is possible to
control the composition of the final powder to the exact
desired value.

The milled powder containing the homogeneous
Culng;Gay3Se, phase was consolidated by hot isostatic
pressing to full density at 750 °C and 100 MPa for 2 h.
Examination in a scanning electron microscope indicated
that the compact was fully dense and did not contain any
porosity. Figure 12(a) shows the XRD pattern of the hot
isostatically pressed alloy suggesting that the
Culngy-,Gay3Se, phase is retained with the exact
stoichiometry and that the peaks are sharper than what
they were in the milled powder.”' This is mainly due to
grain growth, as confirmed by TEM investigations, Fig.
12(b). The TEM micrograph shows that the grain size
now is about 50-60 nm.

This investigation clearly proves that it is possible to
obtain the CIGS targets of the required stoichiometry
through a combination of MA and hot isostatic pressing
or vacuum hot pressing. Further, it is possible to control
the stoichiometry by optimizing the MA process
parameters.  Such an approach should be equally
applicable to synthesize other target materials.

VI. COMBUSTION STUDIES OF METAL
PARTICLES

One of the potential applications for materials with
fine grain sizes is in improving the combustion
characteristics of propellants.”” It is known that Mg can
be easily combusted, but it has a low heat content (14.9
MJ/kg). On the other hand, Al has a higher heat content
(32.9 MJ/Kg), but is more difficult to combust. Therefore,
it was decided to see if Al and Mg can be alloyed
together to increase the net heat content and also be able
to combust relatively easily. Accordingly, a series of Al-
Mg powder blends of different compositions were
mechanically alloyed in a SPEX mill. Since the milled
powder normally contains a range of particle sizes, the

(2)

(b)

FIG. 12. (a) X-ray diffraction pattern and (b) transmission
electron micrograph of the CIGS powder mechanically milled
and consolidated to full density at 750 °C, 100 MPa and 2 h.
The XRD pattern shows that the Culn,;Gay;Se; phase is fully
recrystallized as revealed from the sharp peaks and the TEM
micrograph confirms this observation. The grain size of the
recrystallized material is now about 50 nm.

TABLE IV. Chemical analysis (at.%) of the Cu-In-Ga-Se powder mechanically alloyed under different processing conditions. >

BPR Speed (rpm) Time (min) | Cu In Ga Se

20:1 300 120 32.61 15.23 6.53 45.62
10:1 300 240 31.73 15.63 6.71 45.93
10:1 150 150 25.98 16.98 7.25 49.78
Targeted (Cugg7lng 7Gag3Ser) 2443 17.63 7.56 50.38
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milled powder was sieved to well-defined particle sizes
in the ranges of 20-25 um, 45-53 um, and 90-106 um
(Fig. 13). These powder particles were then burned in a
methane-air premixed flame on a Meeker burner, at a
temperature of approximately 1,800 K. Burning of the
powder particles was recorded using chopped images by
long-exposure digital photography. Knowing the
rotational speed of the chopper and the number of
exposures per revolution, the burning time, 1, and the
ignition time, T;, could be determined. Figure 14 shows
the plot of variation of t;, and 1, with particle size for two
different alloy compositions (Al-20 at.% Mg and Al-90
at.% Mg).”® It is clear from this plot that both the
ignition and burning times decrease with (a) a decrease in
particle size and (b) an increase in Mg content. Thus, by
a judicious choice of particle size and alloy composition,
it should be possible to control the ignition and burning
times.

VII. CONCLUSIONS

From the above description of the type of activities, it
becomes amply clear that the technique of MA is very
efficient in synthesizing a variety of equilibrium and non-
equilibrium advanced materials. Some of the present
issues that need immediate attention are that we need
homogeneous, pure, macro-defect (i.e., porosity and

FIG. 13. Scanning electron micrographs of the sieved Al-
Mg alloy particles after milling. (a) 90-106 um, (b) 45-53
pm, and (c) 20-25 pm.
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FIG.14. Ignition time, t;, and burning time, 1, as a function
of particle size for two different alloy compositions (Al-20
at.% Mg and Al-90 at.% Mg).
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cracks)-free and fully dense materials for obtaining
reproducible results. Further, large-scale applications
require materials that could be produced in tonnage
quantities, and materials that have Dbeen well
characterized and exhibit reproducible properties. But,
the bane of MA has been the three C's — Cost,
Consolidation, and Contamination. Powder processing is
expensive and therefore, unless one is able to identify
niche markets for the MA products and the powders
produced in large volumes, cost is likely to continue to be
high. However, in some cases, e.g., hydrogen storage
materials or magnetic alloys, the high cost may be
acceptable in view of the improved properties and
enhanced performance.

Consolidation of the milled powder continues to be a
serious problem. There have not been many
investigations to report successful consolidation of MA
powders to achieve full density and simultaneously retain
the metastable effects. Newer and improved methods or
modification/combination of the existing methods may be
necessary.”>>

The last point is that contamination of the MA powder
has been a serious issue in many cases.'* Some
solutions have also been suggested to minimize/avoid
contamination completely. These include enclosing the
mills inside chambers that have been evacuated and/or
filled with an inert gas, or using high-purity gaseous
atmosphere in which the powders could be milled. Both
options could be expensive and/or impractical.

The MA powders could also be used in the as-
produced powder condition without consolidation.
Examples for such applications include use as catalysts,
pigments, solder, hydrogen storage materials, materials
for printed electronics, (CIGS powders are already in use
for printed solar cells, Nanosolar ), etc. In that case,
some of the above problems mentioned above may not be
relevant. Further, even if a bulk component made of MA
powder needs to be used, then if that material could
tolerate high gaseous impurities, then also there is no
problem. With the intense research activity going on all
over the world, there is great potential for MA products
and bright future for research in this area.
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Nowadays usually we use the term, tunnel magnetoresistance, but it required a long time to combine
both words tunnel and magnetoresistance. The study of tunnel junction may originate from p-n junction
studied first around 1950. On the other hand, magnetoresistance effect was reported first in 1857 which
was about 100 years earlier than the start of tunnel junction study. The research of tunnel
magnetoresistance has been mainly developed first for Al-oxide tunnel barrier junctions and made a
remarkable progress by the appearance of MgO barrier junctions for both basic research and applications.
Most recently, Heusler electrode tunnel junction exhibits a large TMR ratio up to about 750 %. We will
describe first the history of the study of tunnel junction and magnetoresistance effect. Then, we will focus
on the Heusler electrode junctions and also application of tunnel magnetoresistance junctions.

1. Introduction

The discovery of giant magnetorestance effect'”
(GMR) of a metallic artificial lattice and tunnel
magnetoreistance effect (TMR) ** in the ferromagnetic
tunnel junction became a trigger for the field called
“spin-electronics” or “spintronics” in the past about 20
years, which has developed steadily. The point that this
research is excellent is that not only the object of a basic
research but also application. It has greatly contributed to
the development of industry, as the magnetoresistive
reading heads and nonvolatile random access memory
(MRAM). First of all, the authors want to examine the
root of tunnel magnetoresistance here. Next, the
development of the TMR effect using the Al,O5 barrier is
described. Using the MgO barrier instead of the Al,Os
barrier, the TMR ratio increased rapidly. Also the TMR
ratio increased, when the Heusler alloy is used for the
electrodes. Finally, the situations of spin-RAM
development and a few associated researchare being done
now are introduced.

2. Root of TMR effect

(a) Root of tunnel effect

The term TMR consists of the two words of the
magnetoresistance and the tunnel. Why does the physics
of the tunnel phenomenon become to be interested in? As
you know, the tunnel effect is a quantum-mechanical
phenomenon which is impossible on basis of classical
mechanics. G. Gamow explained the a particle (He-
nuclei) - decay on the basis of the tunnel effect in 1928. It
may be said that the term tunnel effect was used, for the
first time, by him. However, it was an electronic tunnel
phenomenon in solid that in around 1960 after about 30
years it was popularly known. Especially, the research of
the diode p-n junction was developed into the device by
Esaki.” in 1958. Giaever et al.”, early in 1960’s, began
the research of the energy gap of the superconductor,
using the junction consisting of superconductor/
insulator/superconductor. The conduction electron can
pass through the insulating layer by the tunnel effect even
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if the metal or the semiconductor is separated by a thin
insulator or a potential barrier. Giaever et al.” paid
attention to this respect, measured the energy gap of the
superconductor for the /-I" characteristics of various
junctions, and clarified the density of state of
superconductor. On the other hand, Tedrow et al.”” ®
obtained the various ferromagnetic polarization including
Ni by replacing the other superconductor of the junction
by ferromagnetic material, and analyzing the {-F
characteristics. These data of spin polarization were fine
and very useful in order to investigate a high TMR
junction. Julliere” (1975) reported on the applied voltage
dependence of conductance of tunnel junction of which
both electrodes consist of ferromagnetic substance.
Moreover, they discussed the change of conductance with
the change of magnetization direction in both magnetic
layers  using  spin  polarization. = The  term
“magnetoresistance” is not used, though this paper is the
first one of the TMR effect. The term magnetoresistance
was not used though the researches wusing a
ferromagnetic/insulator/ferromagnetic/ junction by 1990
were often reported. One of double terms, “tunnel” was
often used in the papers. An interesting respect is a point
to approach to the terms magnetoresistance. The term of
tunneling resistance by Maekawa et al. '” or magnetic
valve by Slonczewski'", was used in each of their papers.
The typical junctions mentioned above are shown in
Table 1, together with the fields of the research. By the
way, tunneling junction with the vacuum instead of the
insulator was reported by Binnig et al.'” in 1982. It has
been practically used as STM (Scanning Tunneling
Microscope), which gives much contribution to the
research on the physics of surface phenomena.

(b) Root of magnetoresistance effect

The first report of magnetoresistance effect in Ni and
Fe was published by Thomson'® in 1857. The term of the
so-called magnetoresistance was not used at that time
even though the paper was published on the effect of an
anisotropic resistance. By the way, the title is “Effects of
magnetization on the electric conductivity of Nickel and
of Iron.” He was later elevated to Lord Kelvin by his



Table 1. Historical details of research of junctions.

Table 2. History of research of magnetoresistance effect.

Junction
@ p—n

@ AgNIALO, AL
AIIALO,M/SnE!
All/ALO,/PbIS

@ FelfIALO,WAIS)

Research targets

Semiconductor

Density of state for
superconductors

Josephson junction
Spin polarization of
ferromagnetic

Bias dependence of G
Field dependence of R

@ FelMIGeOM/ColP
NitFiNiO/ColtF)

® FelR/CriN)/Fel®
Fel™/AuM/ColF

® 80Ni-FelFI/Al-AlLO,/Colf)

Interlayer coupling
Giant magnetoresistance

1857 Effects of Magnetization on the Electric Conductivity of Nickel
and of Iron, WilliamThomson, Proc.Roy.Soc. (London) 8 (1857)546-550.
1930 ~60 Anisotropic magnetoresistance effect in 3d transition metal and alloys

1960 ~70
current model,p., p ). These are mainly carried out by Campbell and Fert.

*Giant magnetoresistance effect in magnetic semiconductors (CdCr,Se - - +)
See the following papers
Anisotropic Magnetoresistance in Ferromagnetic 3d allys,T.R.McGuire

and R. L. Potter, IEEE Trans. Magn. MAG-11 (1975) 1018,

Thin Film Magnetoresistors in Memory, Storage and Related
Applications, D. A. Thompson et al., IEEE Trans. Magn. MAG-11 (1975) 1039.

1988 Giant magnetoresistance in Fe/Cr super-lattices

(AMR Effect)
*AMR effect in metal and alloys and its interpretation (two

FelF/ Al O, /Fel®)
CoFelP ALO,0 /Col)
FelF)/ MgO® /Fel®
FeColF)f MgO! /FeColF!

Tunnel
magnetoresistance

2

: Paramagnet. (1) : Insulator, (S) : Superconductor, (F) :Ferromagnetic

contribution to the fundamental science and engineering.
However, the one century is required for the contribution
to engineering in work practically, since at that time it did
not attract much practical attention. The term
magnetoresistance was used in the paper of McKeehan'"
in 1930 though the first paper using magnetoresisetance
is not made clear. An overview of anisotropic
magnetoresistance up to about 1975, was given by
Mcguire and Potter.'”” Moreover, the review of the
applied researches that came to be done extensively
around 1960-1970 was given by Thomson.'® The first
attempt to construct the theory of anisotropic
magnetoresistance was made mainly in Europe in the
1950-1970's.  Especially, Smit'” took up this problem at
early time. Moreover, both the theory and the experiment
have been researched by Fert and Campbell**” for a
long time. These theoretical considerations®" were based
on the two current model by Mott. Research of
magnetoresistance is roughly summarized as shown in
Table 2. Apparently, the term
“tunnel magnetoresistance” was not
used in the 1980's. Later in 1990's
several reports of magnetoresistance

gradually after 1995 and the term TMR came to be used.
The author's group used TMR, for the first time in the
latter half of 1990’s.?”  The root in the effect of TMR
effect is summarized as shown in Fig.1. Moreover, the
author's group observed a large TMR ratio of about 18 %
at room temperature for the first time with the
corresponding hysteresis curve as shown in Fig. 2.

3. Giant tunnel magnetoresistance effect
3.1 Tunnel junction with MgO barrier

During early ten years of the start of TMR research,
the effect of TMR with tunnel barrier layer of an
amorphous aluminum oxide (Al-oxide) was a main
current of research. After 2004, however, much more
attention has been paid to the research of junction of
which barrier layer is the crystalline magnesium oxide
(MgO). When the electron tunnels through the

Table 3. Early research of tunnel magnetoresistance effect.

of the tunnel junction became to be 1975 Juliiere

published besides GMR. It may be
said, from the other point of view,
that the research intended for
application could link magneto-
resistance with tunnel. The titles
of the papers of tunnel junction
quoted often until 1995 are shown
in Table 3. The term tunnel
magnetoresistance (TMR) is not
used, though the two terms of tunnel
(tunneling) and magnetoresistance
were used in the title. This kind of

1989 Slonczewski
barrier

tunneling junction

to a magnetic field

Tunneling between ferromagnetic films
1982 Maekawa and Gafvert

1987 Suezawa and Gongo
multilayered ferromagnetic thin films

1988 GMR reports

Conductance and exchange coupling of two ferromagnets separated by tunneling

1991 Miyazaki etal. Large magnetoresistance effect in 82Ni-FelAl-Al,0,/Co magnetic
1991 Nakatani and Kitada Changes in the electrical resistivity of Fe-C/Al,04/Fe-Ru multilayered films due

1992 Mowak and Rauluszkiewicz Spin dependent electron tunneling between ferromagnetic films

1993 Suezawa and Gondo Spin-polarized electrons and magnetoresistance in ferromagnetic
tunnel junctions and multilayers

1995 Miyazaki and Tezuka Giant magnetic tunneling effect in FelAl,04/Fe junction

1995 Moodera st al. Large Magnetoresistance atroom
film tunnel junctions

Electron tunneling between ferromagnetic films
Effect of spin-dependent tunneling on the magnetic properties of

ature in ferr tic thin

research has been increasing
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1950-Semiconductor p-n junction

-1960-Energy gap of superconductors / *AMR of Fe, Ni (1857)

» 1970-Spin polarization of tunnel
junction

» 1980-Tunneling phenomena of
‘erromagnetic tunnel junction

Fig. 1. TMR research combined with tunnel and magnetoresistance

through GMR.

amorphous Al-oxide barrier layer, scattering is received
and information on the wavenumber vector is lost
(incoherent tunnel). On the other hand, the electron can
tunnel coherently through the tunnel junctions on
epitaxially developed layer such as Fe (001)/MgO
(001)/Fe (001) junction. Butler**'and Mathon®” showed
that it is possible to obtain a giant TMR ratio of as large
as over 1000% by the theoretical calculation for
Fe/MgO/Fe tunnel junction in 2001. In the tunnel
junction with the MgO barrier, Fe/MgO/Fe made by the
MBE method, Yuasa et al.”” observed as large as 88 %
TMR ratio experimentally at room temperature. Having
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Fig. 2. (a) magnetoresistance curve of Fe/Al,03/Fe junction
at RT. (b) the corresponding magnetization curve.

agnetoresistance

-AMR both Experiment , Theory
.*GMR of magnetic semiconductg

exceeded the maximum of TMR ratio of
the tunnel junction with the Al-oxide
barrier layer at that time is of meaningful
use, though it was relatively smaller than
the theoretical estimation. Afterwards,
Yuasa et al.(Fig. 3) and Parkin et al.
succeeded in the observation of as large as
200% TMR ratio at room temperature in
2004.>'2? In addition, the researchers at
AIST and Canon-Anelba jointly showed
that the huge TMR ratio can be achieved by
combining the amorphous ferromagnetic
material and the MgO barrier layer named
CoFeB by the sputtering method
appropriate for the productive process.*”
Afterwards, this technology continues
developing, and the TMR ratio up to 600%
at room temperature is observed now. **
The MgO barrier tunnel junction is used
now for the read head of the latest hard disk.
The TMR ratio of typical MgO barrier tunnel junctions is
summarized in Table 4. Moreover, the growth of the
TMR ratio at room temperature, using the MgO and
Al,Os5 barrier for years is plotted in Fig. 4.
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Fig. 3. Magnetoresistance curve of Fe/MgO/Fe junction.

Table 4. TMR ratio of typical MgO barrier tunnel junction.

Junction Prep. Method TI\:: ‘_:;io Ref.
Fe/MgO/Fe MBE 88% 30]
Fe/MgO/Fe MBE 180% (31]

CoFe/MgO/CoFe Sputtering 220% 132]
CoFeB/MgO/CoFeB | Sputtering 230% 133]
CoFeB/MgO/CoFeB | Sputtering 604% 134]
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Fig. 4. Development of TMR ratio of Ferro/Al,Os/Ferro
and Ferro/MgO/Ferro junction (after S. Ikeda).

3.2 Tunnel junction with half metal electrodes

The attempt to improve the TMR ratio by using
ferromagnetic electrode material with the large spin
polarization has been made as an approach besides the
MgO barrier layer tunnel junction.

The so-called half metal is expected for an ideal
ferromagnetic material to improve the effect of TMR. It
is a material that completely polarizes spin on Fermi
surface (only either one type of electronic spin of the two
types of electrons i.e., electron with spin up, or electron
with spin down), of which spin polarization is ideally
100 % (Fig.5). The TMR ratio could be expected to
become infinity theoretically in the tunnel junction using
the half metal for the electrodes, based on the Julliere’s
model”. Half metal material is classified roughly into the
oxide system and the metal system. First of all, the
related physical quantities such as Curie temperature,

E

Fig. 5. Electronic state density of half metal material
(schematic).

energy gap, magnetic moment for each unit molecule
(theoretical value), crystal structure, and the TMR ratio
of the tunnel junction with these electrodes are
collectively shown for typical oxide system half metal
reported up to now in Table 5. The band gap of the oxide
system half metal is as large as leV, which is
advantageous for large TMR ratio in the high bias voltage.
On the other hand, the disadvantage is a point that the
Curie temperatures of them are rather low. Each of the
Curie temperatures of LSMO, LCMO, and CrO, are level
with room temperature, therefore it is difficult to observe
a large TMR ratio at room temperature. As understood
from Table 5, TMR ratios at room temperature of tunnel
junction using the oxide system half metal are as small as
10% in the reports of the past, in contrast to the huge
TMR ratios observed at low temperatures. Moreover,
another feature of oxide system is for the effect of
inverse-TMR to be observed. In contrast to a usual effect
of TMR, inverse-TMR effect has a feature that the
parallel resistance is large, but the anti-parallel resistance
is small in respect of orientation of magnetization. It is,
physically, a very interesting phenomenon though a huge
effect of inverse-TMR is not observed at present. The
authors explain, here, historical details of the Heusler
alloy that is a half metallic material : it was discovered by
F. Heusler first in 1903, which had been named
commemorating the discoverer.*” It is notable that the
material exhibits strong ferromagnetism though an alloy
named Cu,MnAl is composed only of the nonmagnetic
metals. Afterwards, it has become attracting the attention
as a half metal material after 1983, though a basic
research on the evaluation of physical properties had
been studied for about 80 years. Groot et al.*” in 1983
carried out the band calculation of the Heusler alloy of
composition named NiMnSb and concluded that this
material has the half metal electronic state. In 1995
afterwards, the calculated result that the compounds such
as Co,MnSi and Co,MnGe could be the half metal was
reported by Ishida et al.*® It came to be paid attention
again in the Spintronics field, since the high Curie
temperature of the Heusler alloy is very advantageous for
application. Physical quantities of typical Heusler alloys
such as the Curie temperature, the magnetic moment, and

Table 5. Magnetic properties and TMR ratio of oxide half

metal.
e %‘::: Band | Moment | Crystal iR -
b C) " | gap (eV) | (ugfu.) | structure L i
LaCaMnO, . LCMO/NdGa0,/LCMO :
(LEMO) 08-15 Perovskite 86% (77K), 40% (100K) [35,36]
LSMO/STO/LSMO :
LaSrMnO, ’ 1850% (4.2K)
(LSMO) 370 14 Perovskite LSMO/STO/Co * [37.38,39]
-32% (40K)
" CrO,inatural oxidation/CO
Cro, 398 15 20 Rutile 8% (5K) [40,41]
; Fe,0,/Al-oxide/Co :
Fe, 0, 850 13 4.0 Spinel 43% (4.2K) [42,43]
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the energy gap are summarized in Table 6. The Heusler
alloys are classified into a half Heusler alloy such as
NiMnSb and a full Heusler alloy such as Co,MnSi. Here,
the full Heusler alloy with a large TMR ratio will be
simply described the Heusler alloy, and the authors
explain it a little more in detail. The Heusler alloy
basically has the X,YZ composition, and takes three units
lattice structures according to the rule of the atomic
ordered arrangement as shown in Fig. 6. The elements
that enter each of sites are as follows,
X: Fe, Co, Ni, Ru, Rh, Pd, Ir, Pt, Cu, Zn, Ag, Cd,
and Au/chiefly VIIL, IB, IIB family
Y: Ti, V, Cr, Mn, Y, Zr, Nb, Hf, Ta, Gd, Tb, Dy, Ho,
Er, Tm, Yb/chiefly III, IV, V, VI, VII family
RE Z: Al, Si, Ga, Ge, As, In, Sn, Sb, TL, Pb, and
Bi/chiefly, III B, IVB family.

structure: the atoms are completely and
regularly arranged.

B2 structure: the Y-Z atoms are irregularly arranged.
A2 structure: the X-Y-Z atoms are completely
irregularly arranged.

The property as half metal, an electric conduction
characteristic, and magnetic characteristic etc. of Heusler
alloy may be influenced according to the degree of the
order. Miura ' calculated the irregularity

L2,

et.al
dependence of spin polarization and magnetic moment in
the Co,CrAl Heusler alloy. As a result, an ideal state of
half metal is achieved in the state of a complete order
(L2, structure), but the spin polarization decreases
rapidly with an irregularity between Co-Cr (A2 structure).
Therefore, the evaluation of the structure factor is
important for developing the Heusler alloy. The
evaluation of the most popular atomic structure factors

Table 6. Magnetic properties of typical Heusler alloys.

. Curie Temp.| Band gap Moment
Materials Ref.
(°C) (eV) (ng/fu.)
NiMnSb 730 1.55 4.0 [47]
Co,MnSi 985 0.7 5.0 [48]
Co,MnGe 905 1.04 5.0 [49]
Co,MnAl 693 0.4 4.0 [46]
Half metallic full Heusler Alloys X,YZ
L24-structure B2-structure  A2-structure
0~ '.0_"6'. ’9
Telife
e | i vl | 2
X

i

Disordered-state

Ordered-state

Fig. 6. Crystal structure of Heusler alloy.
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can be deduced by the X-ray diffraction experiment.
Briefly, it can be estimated from measuring the strength
ratio of the basic lattice line to the super-lattice line.
The TMR ratios of tunnel junction that combine the
Heusler alloy electrode with the amorphous Al-oxide
barrier layer are collectively shown in Tab 7. In a
pioneering research, the composition NiMnSb of the
Heusler alloys was used for an electrode. But the TMR
ratio is as small as about 10% even at low temperature™’,
which is not enough to prove the characteristics of half
metal. Afterwards, in around 2003 the research using a
full Heusler with the structures steadier than the half
Heusler ones was started and the tens % TMR ratio came
to be observed. > °” The breakthrough in the tunnel
junction using Heusler alloy began with making the
interfaces of the epitaxially developed Heusler alloy
between insulators smoothly and cleanly. Sakuraba et al.
obtained the ratio of 159% at low temperature for the
Co,MnSi/Al- oxide /CoFe tunnel junction with the
Co,MnSi Heusler alloy epitaxially developed on MgO
single crystalline substrate.”® The spin polarization of
Co,MnSi estimated on the basis of Julliere’s model from
this TMR ratio is as large as 89% (spin polarization of
CoFe is assumed to be 50%"). It was shown for the
first time that the spin polarization of Co,MnSi is very
high. Afterwards, 570% TMR ratio was observed in
Co,MnSi/Al-oxide/Co,MnSi  junction of  which
composition of both electrodes is Co,MnSi* (fig.7).

Table 7. TMR ratio of typical Heusler alloy electrodes and
Al-oxide barrier tunnel junctions.

Materials Crystal structure TMR ratio Ref.

NiMnSb/Al-oxide/NiFe
NiMnSb/Al-oxide/NiFe
Co,MnSi/Al-oxide/CoFe
Co,MnSi/Al-oxide/CoFe

9% (RT), 19.5% (4.2K)
2.4% (RT), 8.1%(77K)

[51]

NiMnSb &l

33% (RT), 86% (10K) | .y

Co,MnSi bt 70% (RT), 159% (2K) | 150
2 ) [55]
oxide/Co,MnSi 67 (RT), 510% (2K
Co.CrFeAl Co,CrFeAl/Al-oxide/Co 6% (RT), 10.8% (10K) 16
= Co,CrFeAl/Al-oxide/CoFe | 19% (RT), 26.5% (5K) 157]
Co,MnAl Co,MnAl/Al-oxide/CoFe 40%(RT), 60%(10K) 58]
F coMnsiALoCoMnSi
500+
E?; 400+
0
=
(3]
= 300+
o
=
=
200+
b —_——
0 50 100 150 200 250 300

Temperature (K)

Fig. 7. Temperature dependence of TMR ratio of Heusler
electrode with Al-oxide barrier tunnel junction.



However, the TMR ratio was as small as 100% or less at
room temperature in the junction using the Al-oxide
barrier layer. The analysis of the bias dependence of
conductance shows clearly the band gap of the Co,MnSi
electrodes, but the Fermi level in the gap is very close to
the bottom conduction band (fig.8).This is the reason for
the strong temperature dependence of TMR. Recently,
the development of the tunnel junction that combines the
Heusler alloy with the MgO barrier layer has rapidly
advanced. Table 8 shows typical results. The lattice
adjustment of the Heusler alloy and MgO has an
advantage of full possible epitaxial growth up to the
above part of ferromagnetic electrode. In addition, the
possibility to generate a large TMR ratio was
theoretically shown"" by the synergy effect of the half
metal: the coherent tunneling phenomenon and the
Heusler alloy separated by the MgO barrier layer.
Experimentally, a huge TMR ratio of 200% or more was
obtained, at room temperature for the tunnel junction that
combines the Heusler alloy with MgO.""*"*Y High
expectations have been paid for the progress of a further
research and development in a near future. The growth of
TMR ratio of the tunnel junction with Heusler electrode
vs. year is presented in Fig. 9.

4. Spin transfer torques %"

In the effect of the tunnel magnetoresistance (same
with the effect of GMR), the electric current can be
controlled by the direction of magnetization. In contrast,
the direction of magnetization may be altered, depending
on the current in a spin transfer torque. The current with
polarized spin is altered by a relative angle of
magnetization for the effect of TMR. Thus the spin
polarized current is needed, to cause the spin transfer
torque.

Table 8. TMR ratio of typical Heusler alloy electrodes and
MgO barrier tunnel junctions.

Materials Crystal structure TMR ratio Ref.
Bl Co,MnSi/MgO/CoFe 217% (RT), 753% (2K) 0]
= Co,MnSi/Mg0O/Co,MnSi 179% (RT), 683%(4.2K) 81
Co;MnGe Co,MnGe/MgO/CoFe 83% (RT), 185% (4.2K) [62]
Co,CrFeAl Co,CrFeAl/MgO/CoFe 109% (RT), 317% (4.2K) 163]
Co,FeAlSi | Co,FeAlSi/MgO/Co,FeAlSi | 220% (RT), 390% (5K) 184]

80

700

600
__ 500/ -
=
2 400f.
e
£ 300
s '

200/- Go,MnSi//CoFe |— -

Heuslér + AIO
1001 Eofinkiicore Ao
7 2003 2004 2005 \ 2006 2007 2008

Co,CrFeAl/iCoFe Year CMGI/CoFe

Fig. 9. Development of TMR ratio of Heusler electrode
tunnel junction (after M. Oogane).

For an intuitive image of this physics, it is only
thought that the magnetoresistance effect and spin
transfer effect (torque) could analogously correspond to
“law of action and reaction” of the Newton mechanics
(Fig.10).

We will explain a little more detail of
spin transfer torque: when both ends of

ferromagnetic (F1)/nonmagnetic
(N)/ferromagnetic (F2) junction could
be applied by voltage, current flows
from right to left, and electron, vice
versa, as shown in Fig.11. Each of spin
angular momentum of electron in
electrodes is denoted as S; and S,,
respectively. The (unpolarized) spin s of

Co,MnSi/Al-O t,, = 50 s/CoFe
4 \
P \ E
; 3 % \ ‘_3 % AV> +400 mV
-..‘P, AP mT-ag E)_ T AV<-10mV AV~0 Paralle!
O, R LE — ,
L - for CMS is located just below CB of half-metallic gap
\ 1%
1
T=10K
400 200 0 200 400 600 E o\ il — 8, < 10 meV
Bias voltage (mV) F

Elastic tunneling
GP o= DLMDRM * DLmDRm
G, o= DL DR+ Dt DR

Co,MnSi

Fig. 8. Bias dependence of tunnel conductance of Co.MnSi/Al-O/CoFe

junction.

- E, : 350 - 400 meV

the conduction electron which enters in
the F1 layer from a left electrode can be
changed to spin-polarized ones parallel
to S;.  When this polarized spin s pass
through F2 layer, the momentum of s
can be altered by interaction of s and S;
and the difference of angular momentum
moved to S;. As a result, S; may receive
torque. The direction of the torque
received by S; is expressed in terms of
S; and the unit vector of spin s of
conduction electron. It is noted that
depending on the direction of the current,



TMR,GMR effect

Spin transfer effect

(Control of magnetization)

Fig. 10. Relation between TMR and spin transfer torque.

Fi__ N F2
ds'n E o & 51y o)

Fig. 11. Explanation of spin transfer torque (schematic).

this torque movement is attenuated and or the direction of
spin is made reversed. On the basis of calculation by
Slonczewski®, the reversal spin condition is given by

nl

oM VH g < g(e)2

, where each of the signs a, M, V,

and H.y is the damping constant that is a measure of the
gyromagnetic precession, the saturation magnetization,
the volume and the effective magnetic field in F2,
respectively. The symbol g is a spin transfer efficiency
coefficient that is a function of the spin polarization.
Each of 7/2, I and e is the angular momentum, the
current and the unit charge of an electron. The research to
control the magnetization of the magnetic memory has
been extensively studied by using this physics. In the
memory of high density (>Gbits) of which cell size is 100
nm or less, a large current is needed for a conventional
magnetic field reversing method. In contrast, even small
current makes the reversing possible by the flux reversal
technology using this spin transfer torque. This will be
described again by the next section.

5. Development of MRAM using spin
transfer torque

Magnetic memory MRAM (Magneto-
resistive ~ Random  Access = Memory)
development has been increased every year,
ie.,, 1 kbit in 2000 (IBM), and 2 Mbit in
2004 (Motolola) and 16 Mbit in 2006
(Toshiba-NEC). However, power
consumption is as large as about 4 mA per

(Control of current)

MRAM with Lines

cell in switching of the
magnetization due to the
magnetic field by the
conventional wiring current
method. The achievement of
the large capacity MRAM
was considerably difficult
by the cell structure.
However, the reversal of
magnetization was proven
to be possible by spin
transfer torque as mentioned above, and the development
of magnetic memory (especially, spin-RAM in distinction
from the conventional type) has come to be paid to
attention. The spin memory can be 4 kbit (Sony) ** in
2005, and 2 Mbit in 2007 (Hitachi-Tohoku University).*”
In addition, using the cell of perpendicular magnetization
to plane than in plane, an excellent spin-RAM technology
has been made in the research of the most recently by
Toshiba™. The research for the target has been studied
intensely all over the world. The current trend from
MRAM to spin-RAM is schematically shown in Fig. 12.
Then, why is the cell geometry of vertical magnetization
advantageous compared with the case in plane? The
critical current density J, necessary to reverse the
magnetization according to the spin transfer torque is

given by Slonczewski®”,

2eq.,

1g(6)

Here, d is the film thickness, on the other hand, the
meaning of the other signs has been mentioned already in
the foregoing section. The value of 0.5 MA/cm® is
expected as J,, practicably, though details are skipped
here. On the other hand, the direction of magnetization in
cell tends to turn around easily by thermal energy k7
with decreasing the size of cell (the signal disappears).

The product of magnetic anisotropy constant and the
volume of magnetic substance should be large to prevent
this loss of signal. The ratio of both of them A is given by

JcO -

dM H
s

of (1)

KV
__u
kBT

)

~ Current

Spin-RAM

(In Plane)

Spin-RAM
(Out of Plane)

Fig. 12. Change of TMR cell in research of magnetic memory.
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A necessary condition is A>60 for commercial product.

After all, the current density and the heat stability shown
by egs.1 and 2 will mean which to be satisfied easily with
a cell of the magnetization in a plane or out of plane. The
effective magnetic fields H.y in eq.(1) are denoted

as Hy ,+2nM  and  H —4nM, respectively,

depending on the magnetization in the plane or out of
plane. K, in eq.2 is given by K,=H\M/2. For various M,
both of J, and A may be calculated by eqs. 1 and 2, as
shown in Fig. 13. Here, it is assumed that in any case of
in-plane or out of plane, the magnitudes of the quantities
o, g and d are the same, and 0.01 0.5, and 2 nm,
respectively. The fine lines in the figure are the case of
the magnetization in the plane, while the solid line is the
one out of plane. Moreover, J, and A are plotted for a
few anisotropic magnetic fields. The out of plane
magnetization shown by the solid line can be understood
to take the margin overwhelmingly to satisfy the
conditions of both J,,<0.5MA/cm? and A>60 in the range
of M, between 100 and 400 emu/cm’. Therefore, the

development of the thin film material with 400 emu/cm’
or less and perpendicular magnetic anisotropy will be
important. For an example, the authors exhibit the

10

>

[ 20 kOe

TTITTTTYT
i

800
M, (emu/cc)

1200

800

M, (emu/cc)

Fig. 13. Critical current density(./.;) due to spin injection
magnetization reversal and thermal stability (A=K, V/k.T)
as a function of saturation magnetization of junction
electrode. Solid curves in figure indicate perpendicular
magnetization film, while broken curves magnetization in
plane film. Parameters in eq. (1) are, a=0.01, g=0.5, d=2
nm, and junction area ¢ =100 nm.
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hysteresis loop of the new perpendicular anisotropy
material Mn, sGa which they are studying now (fig.14"")
To be interesting, it has a large perpendicular anisotropy
of the order of 10” erg/cm’, even though M is as small as
300 emu/cm’. Taking account to eq.(1) that J, is

proportional to «, correspondingly, the study to lower
the damping constant « is also an important subject.
Figure 15 shows the i, dependence of « . Certainly, «
tends to be increased with a decrease of Af,. which will be
studied further.

6. Spin transfer resonance and spin torque diode
effect

The magnetic field exerts a torque on magnetization,
which gives rise to the magnetic moment to precess. The
authors explained that the change in electronic angular
momentum of S; was given by the spin polarized electron
in Fig.11of the foregoing section. It should be noted that

300

e BB

47 "'(_.)hm—of—l’lnnc

OO

200

e ol

100 + ot
i “"In-Plane

=100

M (emu!cm“)

=200

=300

25 50

H (kOe)

Fig. 14. Magnetization curve of Mn. :Ga single crystalline
thin film.
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Co,MnAl M s
Co,MnSi P
0 (Co,FeAl Fe ..,
0 1000 2000
Ms (emu/cc)
Fig. 15. Relation between damping constant « and

saturation magnetization.



each of an angular momentum or a magnetic moment is
the opposite direction. Fig.16 shows the schematic of the
precession movement when spin (magnetic moment) in
the F2 layer is put on the magnetic field z axially. In this
figure, - is a magnetic moment corresponding to .S-.
Moreover, §, (#,) is the direction shown in figure. Using
a relation led from Newton's law, time derivative of
angular momentum is the torque operating to magnetic
moment, the angular velocity of the precession is

o, =| 2 |H=yH, y=2C¢ where 1, is permeability
S, 2m,

of free space, g is g -factor (2 in spin). Under

assumption that H = 10° A/m, we have

®; =2.2x10"/sec, or about 35 GHz for frequency /. In

the figure, (D shows the torque exerted on a magnetic
moment while @ the damping of precession. In
ferromagnetic resonance (FMR), the external high
frequency h=hysino;t magnetic field is exerted

vertically on spin, which make the precession to be
continued. The resonance condition depends on both of f°
and H. In general, f'is fixed at constant, and H is swept
for the resonance condition, which is unusually in case of
opposite. Kieselev.et al " succeeded the first time in a
spectrum measurement of the high frequency output of
Co/Cu/Co junction. Spin-transfer torque shown in @ of
figure takes place in this case, and the precession of spin
is continued. On the other hand, the adjustment of both of
the spin polarization current from F1 to F2 and the
external magnetic field is necessary to look for the
resonance condition in spin-transfer oscillation (STO).
The application of a small radio-frequency alternating
current to a magnetic tunnel junction can give rise to a
direct-current (d.c.) voltage across the device when the
frequency is resonant with the spin oscillations that arise
from the spin-torque effect, which can be tuned by an

D —ym xH +
mo xh=
my xhysina, t

o

P
o)

@
Spin transfer
torque 1 x (my x1m,)

Fig. 16. Spin precession due to external high field
magnetic field or spin-transfer torque (Schematic).
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external magnetic field. This behavior is remarkably
different from that of a conventional semiconductor diode.
As an intuitive understanding why the direct current
voltage is caused, it only has to be thought that the
resistance of the element may change by the
magnetoresistance effect with the same phase of
frequency of an applied current, since the voltage is a
product of the current and resistance. Refer to details
described in topics ¥ and commentary ' of the
Magnetics Japan.
7. Conclusions

The contents described in secs. 4 and 5 are well-known
among researchers of spintronics field with keen interest
recently. There are many researches such as a basic
research on the magnetic domain wall movement ™ using
spin transfer torques and the application research such as
race-track memory etc. In addition, a similar research on
spintronics of magnetic semiconductor instead of metals
is being advanced. Furthermore for an interesting
phenomenon in spintronics, the coherence length of spin
(several ten A) , amount of the spin polarization of
material and etc. are important physical quantities. It is
necessary to process the material by the accuracy of this
level or more to catch the phenomenon adequately if we
would pay attention to the physical quantity of the former.
It came to be able to make an artificial material compared
with the past, especially the control of the film thickness
by remarkable accuracy with the formation of spintronics.
However, the authors think that there are not a few
studies that should be still done for microfabrication
processing of the magnetic substance.

Are the thin film making technology and the
microfabrication technology that raise the level by
another step indispensable for an ultimate spin control?
Moreover, such a technology might be requested
corresponding to each interesting material. New
development may be opened by its progress.
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New Research Organization






New Research Organization
We modified our research organization as of April 1, 2010 as follows:

Thrust 1: Bulk Metallic Glasses
Advanced Functional Materials Laboratory
Chen group, Louzguine group, Greer group, Yavari group, Hemker group
Theory Laboratory

Tokuyama group

Thrust 2: Materials Physics

Advanced Spectroscopy for Materials Physics Laboratory
Yamada group, Takahashi group, Xue group

Interface PhysChem Laboratory
Kawasaki group, Ikuhara group, Lagally group, Weiss group, Teizer group,
Hitosugi group

Electronic Materials Laboratory
Tanigaki group

Theory Laboratory
Tsukada group, Shluger group

Thrust 3: Soft Materials
Interface PhysChem Laboratory
Itaya group, Kurihara group, Wan group
Organosoft and Hybrid Materials Laboratory

Yamamoto group, Yamaguchi group, Nishi group, Adschiri group, Russell group

Thrust 4: Device/System Construction
Spintronics Materials Laboratory
Miyazaki group
Electronic Materials Laboratory
Ohmi group
MEMS Materials Laboratory
Esashi group, Gessner group
Bio Device Laboratory
Shimomura group, Khademhosseini group, Wu group
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WPI-AIMR
Newly Appointed Research Staff






Curriculum Vitae

Hiromitsu TAKABA

Associate Professor

TEL: +81-22-795-7236

E-mail: takaba@aki.che.tohoku.ac.jp

URL: http://www.aki.che.tohoku.ac.jp/index.html

ACADEMIC:
1993 B.S. in Engineering, Tohoku University, Japan
1995 M.S. in Engineering, Tohoku University, Japan
1998 Dr. in Engineering, Tohoku University, Japan

PROFESSIONAL EXPERIENCE:
1996-1998 JSPS Fellow (DC), Department of Chemical Engineering, Tohoku University
1998-2006 Research Associate, Department of Chemical System Engineering, The University of Tokyo
(2001-2002 Postdoctoral Fellow, Colorado School of Mines, USA)
2006-2008 Associate Professor, Department of Applied Chemistry, Tohoku University
2008-present Associate Professor, Department of Chemical Engineering, Tohoku University
2010-present Associate Professor, WPI Advance Institute for Materials Research, Tohoku University

CURRENT RESEARCH:
Development of an experiment integrated multi-scale modeling technique and its application to
practical systems, e.g. fuel cell, water purification, lithium ion battery, and automobile catalyst

Sungdae JI

Assistant Professor
TEL: +81-22-215-2039
E-mail: jsungdae@imr.tohoku.ac.jp

ACADEMIC:
1999 B.S. in Physics, POSTECH, Republic of Korea
2001 M.S. in Physics, POSTECH, Republic of Korea
2007 Ph.D. in Physics, POSTECH, Republic of Korea

PROFESSIONAL EXPERIENCE:
2007 BK21 Post-Doc, Physics, POSTECH, Republic of Korea
2007-2009 Guest Researcher, NIST/University of Virginia, USA
2009-2010 Research Associate, University of Virginia, USA
2010-2010 Guest Researcher, ORNL/University of Virginia, USA
2010-Present  Assistant Professor, WPI Advance Institute for Materials Research, Tohoku University

CURRENT RESEARCH:
e Investigation of frustrated magnetism in spinels, kagome and triangular systems including low-
dimensional magnetism
e Magneto-elastic coupling in multiferroic materials
e Unconventional superconductivity
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Curriculum Vitae

Jianli KANG

Research Associate
E-mail: kangjianli@wpi-aimr.tohoku.ac.jp

ACADEMIC:
2004 B.S. in Materials Science, Zhengzhou University, China
2006 M.S. in Materials Science, Tianjin University, China
2009 Dr. Eng. in Materials Science, Tianjin University, China.

PROFESSIONAL EXPERIENCE:
2007-2009 Joint Ph. D, Thermal Processing Technology Center, Illinois Institute of Technology,
USA
2009-2010 Assistant Professor, School of Mechanical and Electronic Engineering, Tianjin
Polytechnic University, China
2010-present  Research Associate, WPI Advance Institute for Materials Research, Tohoku University

CURRENT RESEARCH:
The application of atom probe upon nanostructured materials prepared by electrodeposition and
nanocrystallization of metallic glasses

Lei LI

Research Associate

TEL: +81-22-217-6142

E-mail: lilei@wpi-aimr.tohoku.ac.jp
URL: http://www.wpi-aimr.tohoku.ac.jp/

ACADEMIC:
2003 B.S. in Thermal Engineer, Tsinghua University, China
2009 Dr. in Biomedical Engineer, Tsinghua University, China

PROFESSIONAL EXPERIENCE:
2009-present  Research Associate, Institute of Semiconductors, Chinese Academy of Sciences
2010-present  Research Associate, WPI Advance Institute for Materials Research, Tohoku University

CURRENT RESEARCH:

We use the technologies in MEMS, microfluidics, soft lithography, and surface chemistry to design and
provide new tools for the applications in biological sciences and clinical medicine.
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Curriculum Vitae

Serge OSTROVIDOV

Research Associate

E-mail: ostrovidov@wpi-aimr.tohoku.ac.jp
URL: http://www.wpi-aimr.tohoku.ac.jp/
Specialist in microfluidic and bioMEMS

ACADEMIC:
1997 Doctorate in biology and health Medical school Nancy France

PROFESSIONAL EXPERIENCE:
2003-2005 Post-Doctoral fellow in bioMEMS, the University of Tokyo
2005-2008 Researcher, Pentax Corporation
2008-2009 Researcher Hoya Corporation-Pentax Division
2009-2010 Post-Doctoral fellow in bioMEMS, the University of Tokyo
2010 —currently Research Associate, WPI-Advance Institute for Materials Research, Tohoku University

CURRENT RESEARCH:
Development of bioMEMS for tissue engineering and regenerative medicine
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Newly Appointed
Adjunct Professors






Curriculum Vitae of Adjunct Professor

Jorg F. Loffler

PRIMARY AFFILIATION:

ETH Zurich

Laboratory of Metal Physics and Technology (LMPT)
Department of Materials

Wolfgang-Pauli-Str. 10

8093 Zurich, Switzerland

Tel: +41 (044) 632 2565

Fax: +41 (044) 633 1421

E-mail: joerg.loeffler@mat.ethz.ch

ACADEMIC:

1994  Diploma in Physics, University of Saarbrucken, Germany
1997  Ph.D. in Physics, ETH Zurich, Switzerland

PROFESSIONAL EXPERIENCE:

1997-1998 Postdoctoral Researcher, Paul Scherrer Institute, Switzerland

1998-2001 Research Fellow (Alexander von Humboldt Foundation), Department of Materials Science,
California Institute of Technology, Pasadena, USA

2001 Senior Research Fellow, California Institute of Technology, Pasadena, USA

2001-2003 Assistant Professor (Tenure-track), Department of Materials Science, University of

California, Davis, USA
2003-2007 Assistant Professor (Tenure-track), Department of Materials, ETH Zurich, Switzerland
2007-present  Full Professor and Chair of Metal Physics and Technology, Department of Materials, ETH
Zurich, Switzerland
2010-present  Head of Department of Materials, ETH Zurich, Switzerland

RECOGNITION:

4 Various Awards at International Conferences (1996, 1998, 2000)

4 Fellowship of the German National Merit Foundation (1991-1997)

4 ETH Medal and Award for Outstanding Ph.D. Thesis, ETH Zurich, Switzerland (1998)
4 Alexander von Humboldt Fellow (Feodor-Lynen Program), Germany (1998-2001)

4+ Visiting Faculty Position, California Institute of Technology, Pasadena, USA (2001)

4 Masing Memorial Prize of the German Society for Materials (2005)

CURRENT RESEARCH:

- Bulk Metallic Glasses

- Metals for Medical Applications

- Magnetism on Mesoscopic Length Scales
- Nano-Optics

- Microstructure Analysis and Modeling
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Curriculum Vitae of Adjunct Professor

Taigang Nieh

PRIMARY AFFILIATION:

Professor

Department of Materials Science & Engineering
422 Dougherty Engineering Building
Knoxville, TN 37996-2200

USA

Tel: +1-865-974-5328

Fax: +1-865-974-4115

E-mail: tnich@utk.edu

ACADEMIC:

B.S., Physics, National Cheng—Kung University, Taiwan, 1973
M.S., Physics, University of Washington, Seattle, Washington, 1976
Ph.D., Materials Science and Engineering, Stanford University, 1980

PROFESSIONAL EXPERIENCE:

1980-1980 Postdoctoral Fellow, Stanford University

1980-1992 Group Leader, Lockheed Missiles and Space Co., Inc. (now Lockheed-Martin)
1992-2004 Senior Fellow, Lawrence Livermore National Laboratory

2004-present Professor, University of Tennessee

RECOGNITION:
4 Fellow, ASM International, 1992

4 ISI Highly-cited Materials Scientist 2003
4 Fellow, The Minerals, Metals & Materials Society (TMS), 2004

CURRENT RESEARCH:
Bulk metallic glasses, nanocrystalline materials, high temperature alloys, superplasticity and superplastic

forming, lightweight aluminum and magnesium alloys, metal-matrix composites, intermetallics, refractory

metals, bioceramics, and multilayers.
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Curriculum Vitae of Adjunct Associate Professor

Yuzuru TAKAMURA

PRIMARY AFFILIATION:

Associate Professor

School of Materials Science

Japan Advanced Institute of Science and Technology (JAIST)
1-1 Asahidai, Nomi-shi, Ishikawa 923-1292, Japan

Tel: +81-761-51-1661

Fax: +81-761-51-1665

E-mail: takamura@jaist.ac.jp

ACADEMIC:
1990  B.S. in Metallurgy and Materials Science, The University of Tokyo, Japan
1992 M.S. in Metallurgy and Materials Science, The University of Tokyo, Japan
1995  Ph.D. in Metallurgy, The University of Tokyo, Japan

PROFESSIONAL EXPERIENCE:
1995-1996 Japan Society for the Promotion of Science Research Fellow, The University of Tokyo
1996-1999 Research Associate, The Institute of Space and Astronautical Science
1999-2003 Research Associate, Department of Materials Engineering, The University of Tokyo
2003-pressent  Associate Professor, Department of Materials Science,
Japan Advanced Institute of Science and Technology (JAIST)
2003-2007 PRESTO Researcher of Japan Science and Technology Agency

RECOGNITION:
4 Best Paper Award, International Conference on Solid State Devices and Material (2002)
4 Small and Medium Enterprise Excellent New Technology New Product Award,
Resona Foundation and The Nikkan Kogyo Shinbun (2009)
4 Incentive Award, Society for Chemistry and Micro-Nano Systems (2009)

CURRENT RESEARCH:
Creation of highly integrated functional biochip employing nanofabrication technique

Study on high sensitive biosensors using carbon nano tube and nano particles

Development of micro elemental analyzer using liquid electrode plasma in micro channel
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Curriculum Vitae of Adjunct Associate Professor

Mitsuo UMETSU

PRIMARY AFFILIATION:

Associate Professor

Tohoku University

6-6-11 Aoba, Aramaki, Aoba-ku, Sendai, 980-8579, Japan
Tel&Fax: +81-22-795-7276

E-mail: mitsuo@kuma.che.tohoku.ac.jp

ACADEMIC:

1995 B.S. in Engineering, Tohoku University
1997 M.S. in Engineering, Tohoku University
2000 Dr. of Engineering, Tohoku University

PROFESSIONAL EXPERIENCE:

2000-2001 JSPS Postdoctoral Fellow for Research Abroad (Leiden University, The Netherlands)
2001-2002 Research associate, Department of Biomolecular Engineering, Tohoku University
2002-2006 Research associate, Institute of Multidisciplinary Research for Advanced Materials,

Tohoku University

2006-present Associate professor, Department of Biomolecular Engineering, Tohoku University
2008-present Researcher, Precursory Research for Embryonic Science and Technology (PRESTO),
Japan Science and Technology Corporation (JST)

2008-present Senior Researcher, Bio Electromechanical Autonomous Nano Systems (BEANS)

Laboratory

RECOGNITION:

4 Incentive Award, Aoba Foundation for the Promotion of Engineering (2003)
4+ YABEC Award, Young Asian Biochemical Engineers’ Community (2004)

4 Incentive Award, Intelligent Cosmos Foundation (2005)

4 Incentive Award (Naito-Masayoshi Prize), Society of Chemical Engineers, Japan (2005)
4 Best Talk Award, Division of Biofunctional Chemistry, The Chemical Society of Japan (2006)

4 Best Poster Award, 2008 MRS Spring Meeting (2008)

CURRENT RESEARCH:

4 Protein engineering design for generating organic-inorganic-biomolecule hybrid nanodevices
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Announcement






Junior Faculty/Post-doctoral Positions

Tohoku University
WPI-AIMR

Effective October 1, 2007, Tohoku University created a new Research Institute, the
Advanced Institute for Materials Research (AIMR), based on an initiative of the
Japanese Department of Education (MEXT) for World Premier International Research
Center Initiative (WPI) to bring together scientists involved in research on nano-science
and technology.

In the 21* century, material science, broadly defined as the study of how complex/novel
properties arise in matters/materials from the interactions of individual components, will
comprise of inter-discipline collaboration.

(http://www.wpi-aimr.tohoku.ac.jp)

Over the next few years, as many as one hundred new appointments at the levels of
post-doctoral fellows and junior faculty will be available. All innovative researchers
are welcome as active promoters of basic/applied sciences in the fields of physical
metallurgy, physics, chemistry, precision mechanical engineering and electronic /
informational engineering.

We are continuously looking for excellent applicants throughout the year.
Please submit

1) a curriculum vitae,

2) research proposal (<3,000 words),

3) summary of previous research accomplishments (<2,000 words),
4) copies of 5 significant publications, and

5) 2 letters of recommendation

by email to:

wpi-office@bureau.tohoku.ac.jp

All files must be submitted electronically in pdf or Word format.

Applications from, or nominations of, women and minority candidates are encouraged.
Tohoku University WPI-AIMR is an affirmative action / equal opportunity employer.
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Graduate Student Scholarship
in Materials Science/Engineering

WPI-AIMR
Graduate Student Scholarship

Effective October 1, 2007, Tohoku University created a new Research Institute, the
Advanced Institute for Materials Research (AIMR), based on an initiative of the
Japanese Department of Education (MEXT) for World Premier International Research
Center Initiative (WPI) to bring together scientists involved in research on nano-science
and technology.

In the 21* century, material science, broadly defined as the study of how complex/novel
properties arise in matters/materials from the interactions of individual components, will
becomes an essential and most important research topics
(http://www.wpi-aimr.tohoku.ac.jp)

TU WPI-AIMR is now looking for young motivated Ph.D. graduate student candidates
in the fields of physical metallurgy, physics, chemistry, mechanical engineering and
electronic / informational technology. All innovative M. S. students are welcome as
active promoters of basic/applied sciences in these fields.

Applications are continuously screened throughout the year.
Please submit

1) a curriculum vitae,

2) research proposal (<1,000 words),

3) 2 letters of recommendation,

4) by email to:

wpi-office@bureau.tohoku.ac.jp

All files must be submitted electronically in pdf or Word format.
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WPI-AIMR
Workshop Guideline

Tohoku University’s new Research Institute, the Advanced Institute for Materials
Research (WPI-AIMR) solicits several applications per year for International
Workshops in the field of “broadly defined Materials Science.”

Guidelines:

1) Organizers

Qualified research staff of academic institutions and public or private research
establishments can submit the application for an international workshop to be held at
WPI-AIMR or its Satellite branches, jointly with the WPI-AIMR principal
investigator(s) whose research interest overlaps with the scope of the workshop.

2) Financial support

Under normal circumstances, WPI-IMR supports up to 2/3 of the workshop budget,
while the organizer is expected to cover the rest.

3) deadline

The application must be received at least four months in advance to:

wpi-office@bureau.tohoku.ac.jp
All files must be submitted electronically in pdf or Word format.

167






Appendix






Laboratories Visit
Ikuhara Group (Materials Physics)
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Yamada Group (Materials Physics)
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DIRECTORY

As of September 1, 2010
Name Phone Number E-mail Address
(+81-(0)22- )
1. YAMAMOTO, Yoshinori (Institute Director) 217-5130 yoshi@m.tohoku.ac.jp
2. IWAMOTO, Wataru (Administrative Director) 217-5965 iwamoto@wpi-aimr.tohoku.ac.jp
<Research Staff>

3. ADSCHIRI, Tadafumi (PI, Prof.) 217-5629 ajiri@tagen.tohoku.ac.jp

4. HOJO, Daisuke (Assist. Prof.) 217-5631 dhojo@tagen.tohoku.ac.jp

5. HARTON, Shane (Research Assoc.) 217-5630 shane.harton@wpi-aimr.tohoku.ac.jp

6. ATASHFARAZ, Mehrnoosh (Researcher) 217-5630 mehr@mail.tagen.tohoku.ac.jp

7. LU, Jinfeng (Researcher) 217-5630 lujfl@mail.tagen.tohoku.ac.jp

8. MANABE, Noriyoshi (Researcher) 217-5631 manabe@niche.tohoku.ac.jp

9. TOGASHI, Takanari (Researcher) 217-5630 togashi@tagen.tohoku.ac.jp
10. WATANABE, Eiichi (Researcher) 217-5630 eiwata@mail.tagen.tohoku.ac.jp
11. RANI, Varu (Research Assist.) 217-5630 chauhan@mail.tagen.tohoku.ac.jp
12. CHEN, Mingwei (PI, Prof.) 217-5992 mwchen@wpi-aimr.tohoku.ac.jp
13. FUJITA, Takeshi (Assist. Prof.) 217-5959 tfujita@wpi-aimr.tohoku.ac.jp
14. HIRATA, Akihiko (Assist. Prof.) 217-5959 hirata@wpi-aimr.tohoku.ac.jp
15. CHEN, Luyang (Research Assoc.) 217-5959 chenly@wpi-aimr.tohoku.ac.jp
16. GUAN, Pengtfei (Research Assoc.) 217-5959 pf.guan@wpi-aimr.tohoku.ac.jp
17. LANG, Xingyou (Research Assoc.) 217-5959 xylang@wpi-aimr.tohoku.ac.jp
18. KANG, Jianli (Research Assoc.) 217-5959 kangjianli@wpi-aimr.tohoku.ac.jp
19. ESASHI, Masayoshi (PI, Prof.) 795-6934 esashi@mems.mech.tohoku.ac.jp
20. MUROYAMA, Masanori (Assist. Prof.) 795-6937 muroyama@mems.mech.tohoku.ac.jp
21. YOSHIDA, Shinya (Assist. Prof.) 795-6936 s-yoshida@mems.mech.tohoku.ac.jp
22. KAUSHIK, Neelam (Research Assoc.) 795-6936 neelam@mems.mech.tohoku.ac.jp
23. GESSNER, Thomas (PI) +49-37-53124060 thomas.gessner@zfm.tu-chemnitz.de
24. LIN, Yu-Ching (Assist. Prof.) 795-6256 yclin@mems.mech.tohoku.ac.jp
25. LEE, Jae Wung (Research Assoc.) 795-6256 dlwodnd77@mems.mech.tohoku.ac.jp



26.
27.

28.

29.
30.
31.
32.
33.

34.
35.
36.

37.
38.
39.
40.
41.

42.
43.
44.
45,

46.
47.

48.

Name

GREER, Alan Lindsay (PI)
MADGE, Shantanu V. (Research Assoc.)

HEMKER, Kevin (PI)

IKUHARA, Yuichi (PI)
TSUKIMOTO, Susumu (Lecturer)
SAITO, Mitsuhiro (Assist. Prof.)
WANG, Zhongchang (Assist. Prof.)
GU, Lin (Research Assoc.)

ITAYA, Kingo (PI, Prof.)
LAHIRI, Abhishek (Research Assoc.)

MUKKANNAN, Azhagurajan (Research Assist.)

KAWASAKI, Masashi (PI, Prof.)
MAKINO, Takayuki (Lecturer)

UENO, Kazunori (Assist. Prof.)
HIRAGA, Hiroki (Research Assoc.)
MARYENKO, Denis (Research Assoc.)

KHADEMHOSSEINI, Ali (Junior PI)
RAMALINGAM, Murugan (Assist. Prof.)
SEIDI, Azadeh (Research Assoc.)
OSTROVIDOV, Serge (Research Assoc.)

KURIHARA, Kazue (PI, Prof.)
HEDIN, Jesper Niels (Researcher)

LAGALLY, Max G. (PI)

Phone Number
(+81-(0)22- )

+44-1223-334308
217-5956

+1-410-5164489

+81-3-58417688
217-5934
217-5933
217-5933
217-5933

217-5977
217-5974
217-5974

215-2085
215-2088
215-2088
215-2088
215-2088

+1-617-768-8395
217-5997
217-6142
217-6142

217-5673
217-5675

+1-608-2632078

E-mail Address

algl3@cam.ac.uk

shantanu.madge@wpi-aimr.tohoku.ac.jp

hemker@jhu.edu

ikuhara@sigma.t.u-tokyo.ac.jp
tsukimoto@wpi-aimr.tohoku.ac.jp
saito@wpi-aimr.tohoku.ac.jp
zcwang@wpi-aimr.tohoku.ac.jp

gu@wpi-aimr.tohoku.ac.jp

itaya@atom.che.tohoku.ac.jp
a.lahiri@atom.che.tohoku.ac.jp

mazhagurajan@atom.che.tohoku.ac.jp

kawasaki@imr.tohoku.ac.jp
tmakino@imr.tohoku.ac.jp
uenok@imr.tohoku.ac.jp
hiraga.hiroki@imr.tohoku.ac.jp
d.maryenko@imr.tohoku.ac.jp

alik@rics.bwh.harvard.edu
murugan@wpi-aimr.tohoku.ac.jp
a.seidi@wpi-aimr.tohoku.ac.jp

ostrovidov@wpi-aimr.tohoku.ac.jp

kurihara@tagen.tohoku.ac.jp
jhedin@tagen.tohoku.ac.jp

lagally@engr.wisc.edu
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55.
56.
57.
58.

59.
60.
61.
62.
63.

64.
65.
66.
67.
68.

69.

70.

Name

LOUZGUINE, Dmitri V. (PI, Prof.)
NAKAYAMA, Koji (Assoc. Prof.)
TAKEUCHI, Akira (Assoc. Prof.)

YOKOYAMA, Yoshihiko [Assoc. Prof. (Concurrent)]

QIN, Chunling (Assist. Prof.)
ZHANG, Qingsheng (Assist. Prof.)
CARON, Arnaud (Research Assoc.)
CHEN, Na (Research Assoc.)

SANCHEZ, Sergio Gonzalez (Research Assoc.)

LI, Song (Researcher)

MIYAZAKI, Terunobu (PI, Prof.)
MIZUKAMI, Shigemi (Assist. Prof.)
KUBOTA, Takahide (Research Assoc.)
ZHANG, Xianmin (Research Assoc.)
WU, Feng (Research Assoc.)

NISHI, Toshio (PI, Prof.)
NAKAJIMA, Ken (Assoc. Prof.)
FUJINAMI, So (Research Assoc.)
LIU, Hao (Research Assoc.)
WANG, Dong (Research Assoc.)

OHMI, Tadahiro (PI, Prof.)

RUSSELL, Thomas (PI)

Phone Number
(+81-(0)22- )

217-5957
217-5950
217-5956
215-2199
217-5956
217-5956
217-5956
217-5956
217-5956
217-5956

217-6000
217-6003
217-6003
217-6003
217-6004

217-5926
217-5927
217-5928
217-5928
217-5928

795-3952

+1-413-5452680

E-mail Address

dml@wpi-aimr.tohoku.ac.jp
kojisn@wpi-aimr.tohoku.ac.jp
takeuchi@wpi-aimr.tohoku.ac.jp
yy@jimr.tohoku.ac.jp
clqin@wpi-aimr.tohoku.ac.jp
gszhang@wpi-aimr.tohoku.ac.jp
a.caron@wpi-aimr.tohoku.ac.jp
chenn@wpi-aimr.tohoku.ac.jp
sergiogs@wpi-aimr.tohoku.ac.jp

lisong@wpi-aimr.tohoku.ac.jp

miyazaki@wpi-aimr.tohoku.ac.jp
mizukami@wpi-aimr.tohoku.ac.jp
takahide@wpi-aimr.tohoku.ac.jp
xmzhang@wpi-aimr.tohoku.ac.jp

fengwu@wpi-aimr.tohoku.ac.jp

nishi.toshio@wpi-aimr.tohoku.ac.jp
knakaji@wpi-aimr.tohoku.ac.jp
fujinami@wpi-aimr.tohoku.ac.jp
livhao@wpi-aimr.tohoku.ac.jp
wangdthu@wpi-aimr.tohoku.ac.jp

ohmi@fft.niche.tohoku.ac.jp

russell@mail.pse.umass.edu
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76.

77.
78.
79.

80.
81.
82.

83.
84.
85.
86.
87.
88.

89.
90.

91.
92.
93.
94.
95.

Name

SHIMOMURA, Masatsugu (PI, Prof.)
ISHII, Daisuke (Assist. Prof.)
HIGUCHI, Takeshi (Research Assoc.)
KAWANO, Takahito (Research Assoc.)
IWASAKI, Junko (Tech. Staff)
KIMURA, Konomi (Tech. Staff)

SHLUGER, Alexander (PI)
MCKENNA, Keith (Assist. Prof.)
TREVETHAN, Thomas (Assist. Prof.)

TAKAHASHI, Takashi (PI, Prof.)
SOUMA, Seigo (Assist. Prof.)
SUGAWARA, Katsuaki (Assist. Prof.)

TANIGAKI, Katsumi (PI, Prof.)
NOUCHLI, Ryo (Assist. Prof.)

TANG, Jung (Assist. Prof.)

TANABE, Yoichi (Research Assoc.)
XU, Jing-Tao (Research Assoc.)
MITOMA, Nobuhiko (Research Assist.)

TEIZER, Winfried (Juior PI)
OLIVEIRA, Daniel (Research Assoc.)

TOKUYAMA, Michio (PI, Prof.)
XU, Limei (Assist. Prof.)
CHO, Young Seok (Research Assoc.)

CHUTIA, Arunabhiram (Research Assoc.)

FUIIIL, Hiroyuki (Research Assist.)

Phone Number
(+81-(0)22- )

+81-11-
+81-11-

217-5329
217-5824
217-5825
217-5825
758-0056
758-0056

217-5942/+44-(0)20 7679 1312

217-5942
217-5942

795-6417
795-6477
795-6477

795-6469
795-6468
795-6468
795-6468
795-6468
795-6468

217-5979/+1-979-845-7730

217-5979

217-5953
217-5954
217-5954
217-5954
217-5954

E-mail Address

shimo@tagen.tohoku.ac.jp
dishii@tagen.tohoku.ac.jp
higuchi@mail.tagen.tohoku.ac.jp
kawano@poly.tagen.tohoku.ac.jp
iwasaki@poly.es.hokudai.ac.jp
kimura@poly.es.hokudai.ac.jp

a.shluger@ucl.ac.uk
k.mckenna@wpi-aimr.tohoku.ac.jp

tomt@wpi-aimr.tohoku.ac.jp

t.takahashi@arpes.phys.tohoku.ac.jp
s.souma@arpes.phys.tohoku.ac.jp
k.sugawara@arpes.phys.tohoku.ac.jp

tanigaki@sspns.phys.tohoku.ac.jp
nouchi@sspns.phys.tohoku.ac.jp
tangjun@sspns.phys.tohoku.ac.jp
youichi@sspns.phys.tohoku.ac.jp
jtxu@sspns.phys.tohoku.ac.jp
mitoma@sspns.phys.tohoku.ac.jp

teizer@physics.tamu.edu

oliveira@wpi-aimr.tohoku.ac.jp

tokuyama@wpi-aimr.tohoku.ac.jp
limei.xu@wpi-aimr.tohoku.ac.jp
jho@wpi-aimr.tohoku.ac.jp
arun@wpi-aimr.tohoku.ac.jp

fujii@athena22.wpi-aimr.tohoku.ac.jp
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101.

102.
103.

104.

105.
106.

107.
108.

109.
110.
I11.
112.

113.
114.
115.
116.
117.

Name

TSUKADA, Masaru (P, Prof.)
AKAGI, Kazuto (Assoc. Prof.)
HAMADA, Ikutaro (Assist. Prof.)
TAMURA, Hiroyuki (Assist. Prof.)
MASAGO, Akira (Research Assoc.)
ARAIDAI, Masaaki (Researcher)

WAN, Li-Jun (PI)
WEN, Rui (Research Assoc.)

WEISS, Paul S. (PI)

WU, Hongkai (Junior PI)
LI, Lei (Research Assoc.)

XUE, Qikun (PI)
LIU, Hongwen (Assist. Prof.)

YAMADA, Kazuyoshi (PI, Prof.)

SATO, Toyoto (Assist. Prof.)

JI, Sungdae(Assist. Prof.)

HORIGANE, Kazumasa (Research Assoc.)

YAMAGUCHI, Masahiko (PI, Prof.)
YASUI, Yoshizumi (Assist. Prof.)

AN, Zengjian (Research Assoc.)
ICHINOSE, Wataru (Research Assist.)
YAMAMOTO, Koji (Research Assist.)

Phone Number
(+81-(0)22- )

+86-

217-5937
217-5940
217-5938
217-5938
217-5939
217-5939

62558934
795-5869

+1-310-267-5993

+85-223-587-246

+86-10-

217-6142

62795618
217-5948

215-2035
215-2039
215-2039
215-2039

795-6812
795-3873
795-6815
795-6813
795-6815

E-mail Address

tsukada@wpi-aimr.tohoku.ac.jp
akagi@wpi-aimr.tohoku.ac.jp
ikutaro@wpi-aimr.tohoku.ac.jp
hiroyuki@wpi-aimr.tohoku.ac.jp
masago@wpi-aimr.tohoku.ac.jp

araidai@wpi-aimr.tohoku.ac.jp

wanlijun@iccas.ac.cn

ruiwen@atom.che.tohoku.ac.jp

psw(@cnsi.ucla.edu

chhkwu@ust.hk.

lilei@wpi-aimr.tohoku.ac.jp

gkxue@mail.tsinghua.edu.cn

liu@wpi-aimr.tohoku.ac.jp

kyamada@imr.tohoku.ac.jp
toyoto@imr.tohoku.ac.jp
jsungdae@imr.tohoku.ac.jp
khorigane@imr.tohoku.ac.jp

yama@mail.pharm.tohoku.ac.jp
yasui@mail.pharm.tohoku.ac.jp
zjan@mail.pharm.tohoku.ac.jp
a9yd1001@s.he.tohoku.ac.jp
b0yd1008@s.he.tohoku.ac.jp
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119.
120.
121.

122.
123.

124.
125.
126.

127.
128.
129.
130.
131.
132.

Name

YAMAMOTO, Yoshinori (Institute Director)
ASAO, Naoki (Prof.)
JIN, Tienan [Assoc. Prof. (Concurrent)]
UZZAMAN, MD. Akhtar (Research Assoc.)
FERRARA, Giovanni (Research Assist.)

YAVARI, Alain Reza (PI)

Phone Number
(+81-(0)22- )

GEORGARAKIS, Konstantinos (Assist. Prof.)

FUKUDA, Tsuguo (Adjunct Prof.)
EHRENTRAUT, Dirk (Assoc. Prof.)
BAO, Quanxi (Researcher)

HITOSUGI, Taro (Assoc. Prof.)
SHIRAKI, Susumu (Lecturer)
IWAYA, Katsuya (Assist. Prof.)
OHSAWA, Takeo (Assist. Prof.)
FUKUI, Nobuyuki (Research Assoc.)
SHIMIZU, Ryota (Research Assist.)

217-5130
795-3898
795-3585
795-6582
795-3585

+33-(0)4 76 82 65 16

217-5983
217-5983
217-5983

217-5944
217-5948
217-5948
217-5948
217-5948
217-5948

E-mail Address

yoshi@m.tohoku.ac.jp
asao@m.tains.tohoku.ac.jp
tjin@mail.tains.tohoku.ac.jp

akhtar@m.tains.tohoku.ac.jp

yavari@minatec.inpg. fr

georgara@minatec.inpg.fr

ts-fukuda@wpi-aimr.tohoku.ac.jp
ehrentraut@wpi-aimr.tohoku.ac.jp

bao@mail.tagen.tohoku.ac.jp

hitosugi@wpi-aimr.tohoku.ac.jp
shiraki@wpi-aimr.tohoku.ac.jp
iwaya@wpi-aimr.tohoku.ac.jp
ohsawa@wpi-aimr.tohoku.ac.jp
n-fukui@wpi-aimr.tohoku.ac.jp

shimizu@chem.s.u-tokyo.ac.jp



Name

<Supporting Staff>
133. HASHIMOTO, Keiichi (Deputy Administrative Director)

134.
135.
136.
137.
138.
139.

140.
141.
142.
143.

144,
145.
146.
147.
148.
149.

150.
151.
152.
153.

154.
155.

156.

NAGANUMA, Hiromi (Chief)

SAITO, Asuka
OIKAWA, Hiroshi
CHIBA, Yoko
ONODERA, Mariko
UNOURA, Sayaka

SATO, Hiroto (Chief)
OKAZAKI, Tomohiro
ZENIYA, Ippei
KOBAYASHI, Yuki

YOSHIDA, Masahiro (Chief)
HIRAYAMA, Hirotaka
YOSHIDA, Hajime

ONO, Toshio

DAIGAKU, Noriko
OHTOMO, Yumi

YANAGAWA, Yasukazu
SAITO, Tkuo

HAGITA, Etsuko
OKAMOTO, Ayumi

Phone Number

(+81-(0)22- )

217-5980

217-5922 or 5972

217-5956

217-5923 / FAX: 217-5129

217-5924 / FAX: 217-5129

217-5971 / FAX: 217-5129

217-5978
217-5978
217-5970

KAMOSHIDA, Kazuyoshi (Manager)

UMEZAWA, Akiko

IKEDA, Susumu (Outreach Manager)

795-6468

E-mail Address

k-hashi@wpi-aimr.tohoku.ac.jp

wpi-shomu@wpi-aimr.tohoku.ac.jp
naganuma@bureau.tohoku.ac.jp
asuka-s@bureau.tohoku.ac.jp
hiroshi@bureau.tohoku.ac.jp
ykchiba@wpi-aimr.tohoku.ac.jp
m.onodera@wpi-aimr.tohoku.ac.jp
unoura-0@wpi-aimr.tohoku.ac.jp
wpi-keiri@wpi-aimr.tohoku.ac.jp
hiroto-s@bureau.tohoku.ac.jp
tokazaki@bureau.tohoku.ac.jp
zeniya@bureau.tohoku.ac.jp
y-kobayashi@bureau.tohoku.ac.jp
wpi-yodo@wpi-aimr.tohoku.ac.jp
masa-y@bureau.tohoku.ac.jp
h-hiraya@bureau.tohoku.ac.jp
hyoshi@bureau.tohoku.ac.jp
toshi-ono@bureau.tohoku.ac.jp
daigaku@bureau.tohoku.ac.jp
yumi-o@bureau.tohoku.ac.jp
wpi-kenkyo@wpi-aimr.tohoku.ac.jp
yanagawa@bureau.tohoku.ac.jp
s-ikuo@bureau.tohoku.ac.jp
hagita@bureau.tohoku.ac.jp
a-okamoto@bureau.tohoku.ac.jp
wpi-safety@wpi-aimr.tohoku.ac.jp
kamoshida@bureau.tohoku.ac.jp

akiko_umezawa@bureau.tohoku.ac.jp

outreach@wpi-aimr.tohoku.ac.jp

sikeda@sspns.phys.tohoku.ac.jp
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