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Creating and discovering new materials by using 
high-quality complex-oxide-thin-film 

growth technology

—Could you tell us about your current research?

My research theme focuses on creating new materi-
als and elucidating their physical properties. In the 

three years since my last interview for “Front-line 
Researchers,” our research team made three main 
accomplishments: (i) discovery of a new copper 
oxide (cuprate) superconductor through the forma-
tion of artificial superlattices; (ii) development of a 
pioneering and efficient method for growing high-
quality thin films; and (iii) substantiation of a mag-
netic Weyl semimetal state in SrRuO3 (Sr: strontium, 
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Ru: ruthenium, O: oxygen) by using ultra-high-qual-
ity thin films.

I’ll explain the first accomplishment, discovery of 
a new cuprate superconductor, in more detail. Super-
conductivity is a phenomenon in which electrical 
resistance in a material disappears under certain con-
ditions; as a result, an electric current continues to 
flow in the material without heat generation or other 
losses. A material that has this property is called a 
superconductor. We created a new superconductor 
using a thin-film growth method we developed. To 
achieve superconductivity, it had been necessary to 
cool materials to cryogenic temperatures. Some 
hydrides have recently been found to exhibit super-
conductivity at temperatures approaching room tem-
perature: the highest superconducting critical tem-
perature Tc ≈ −25°C. This discovery suggests the 
existence of yet-undiscovered materials that can 
exhibit superconductivity at room temperature. How-
ever, such hydrides with high critical temperatures 
are stable only under ultra-high pressure, about 200 
GPa. The materials change their crystal structures 
under ambient pressure and become non-supercon-
ducting. The material family with the second highest 
Tc is cuprate. The highest Tc in the cuprates is about 
–130°C, so lower temperatures are required, but 
cuprate superconductors have the advantage of 
exhibiting superconductivity under ambient pressure.

There are two approaches to achieve the ultimate 
goal of discovering materials that exhibit supercon-
ductivity at ambient pressure and room temperature: 
(i) focusing on hydrides that show high Tc under high 
pressure and searching for materials that can be stabi-
lized under ambient pressure and (ii) focusing on 
cuprates that exhibit relatively high Tc under ambient 
pressure and searching for materials that are likely to 
have higher Tc. Making artificial superlattices of 
cuprates is in line with the second plan.

The crystal structure of cuprate superconductors is 
a natural superlattice composed of periodically 
stacked superconducting layers and charge-reservoir 
layers. Therefore, a bottom-up technique for material 
creation, i.e., superconducting layers and charge-res-
ervoir layers are alternately stacked to form an artifi-
cial superlattice, has long been considered promising. 
However, the crystal structure is complex, and each 
layer has a totally different crystal structure; there-
fore, a top-down technique for material creation has 
been used, i.e., natural superlattice structures are 
synthesized through solid-state reactions via a so-
called powder mixing + sintering process. Our oxide-
thin-film growth technology, coupled with further 
technological developments (Fig. 1), has reached a 
level at which we can now create difficult-to-prepare 
artificial superlattices. Our challenge was to design 
and prepare an artificial superlattice that combines a 

Fig. 1.   Technology for growing high-quality complex-oxide superlattices.
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compound called IL-CaCuO2 (infinite-layer calcium 
copper oxide) as a superconducting layer and another 
oxide as a charge-reservoir layer. Since IL-CaCuO2 is 
a quasi-stable phase, the IL-CaCuO2 layers can only 
be stabilized on lattice-matched substrate (and lat-
tice-matched charge-reservoir layers) and within a 
limited growth temperature range (590–600°C) while 
maintaining strong oxidizing conditions. According-
ly, the material to be combined with IL-CaCuO2 must 
have growth-condition compatibility and lattice 
matching with IL-CaCuO2. Through case studies, we 
found a material that fulfills these requirements, 
Ca2Fe2O5 (calcium iron oxide), and were able to form 
the [(CaCuO2)n/(Ca2Fe2O5)m]N superlattices as 
designed, which showed superconductivity.

An atomic-resolution scanning transmission elec-
tron microscope (STEM) equipped with an element-
distinctive electron energy-loss spectroscopy (EELS) 
apparatus enabled direct observation of the atomic 
arrangements in the superlattices and evaluation of 
their crystallinity. The capability of visualizing atom-
ic arrangements has been of great help in optimizing 
the growth conditions for such superlattices com-
posed of materials with different crystal structures.

Our newly discovered and synthesized artificial-
superlattice high-Tc superconductor [(CaCuO2)n/
(Ca2Fe2O5)m]N has a Tc below −223°C, which does 
not reach the highest record for cuprates; neverthe-
less, we have demonstrated that a new superconduc-
tor can be synthesized by stacking two layers with 
completely different crystal structures. This suggests 
that the creation of artificial superlattices with even 

higher Tc by changing the material combined with 
IL-CaCuO2 is possible. It had not been clear why the 
IL-CaCuO2 layer, which is responsible for supercon-
ductivity in the superlattice, does not exhibit super-
conductivity by itself; however, through our research, 
we were able to clarify the mechanism by which the 
IL-CaCuO2 layer exhibits superconductivity when 
embedded in the superlattice. As shown on the left 
side of Fig. 2, in bare IL-CaCuO2 layers, the CuO2 
planes, the playground of superconductivity are dis-
continuous due to the displacement of the atomic 
arrangement. In contrast, as shown on the right side 
of Fig. 2, when embedded in the superlattice, the 
pristine CuO2 planes are formed.

Drs. Ai Ikeda and Yoshiharu Krockenberger have 
been the main players in achieving these research 
accomplishments, which have been published in four 
scientific papers [1–4], leading to an invited talk in an 
international conference in 2021. We will be giving 
two more invited talks in November and December 
2023. Dr. Ikeda received the 50th (Spring 2021) 
Japan Society of Applied Physics (JSAP) Young 
Scientist Presentation Award and the 14th JSAP 
Superconductors Division Young Scientist Award for 
an Excellent Article (March 2023), proving our 
research has been highly evaluated. Going forward, 
aiming for a higher Tc superconductor, we will try to 
establish material-design guidelines by varying the 
number of IL-CaCuO2 layers in one superlattice cell 
as well as using empirical rules concerning the types 
of charge-reservoir layers in materials that exhibit 
high Tc.

Fig. 2.   The reason why IL-CaCuO2 layers exhibit superconductivity when embedded in the superlattice structure.
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Through such activities, we intend to elucidate the 
mechanism of high-Tc superconductivity in cuprates. 
As represented by the study of infinite-layer materi-
als such as IL-CaCuO2, we have reported that the 
electronic phase diagram, which is the key to compre-
hending the mechanism of superconductivity in 
cuprate superconductors, is strongly affected by the 
integrity of the CuO2 planes, the playground of super-
conductivity [5]. Although it is on cuprates that 
slightly differ from those we have been studying, 
another research group has recently reported similar 
results [6], which is of great interest from the view-
point of comprehending the mechanism of supercon-
ductivity.

—Thin-film growth technology is important in terms 
of creating new materials and elucidating phenome-
na associated with them, right?

New substances and materials are generally synthe-
sized either by reactions in beakers or flasks or, in the 
case of oxides, by solid-state reactions in which pow-
ders of constituent materials are mixed and fired in a 
furnace to synthesize bulk materials. In contrast, NTT 
aims to create new materials through thin-film syn-
thesis—in which atomic beams of constituent ele-
ments are supplied and reacted under ultra-high vac-
uum—using the world’s most-advanced multi-source 
oxide molecular beam epitaxy (MBE) with high-
precision control of evaporation rates that we have 
developed and improved over the years. The follow-
ing are three key technologies: (i) for evaporating 
high-melting-point elements (≥ 2000°C) by high-
energy-electron irradiation; (ii) for controlling the 
evaporation rates of multiple elements with high 
accuracy and in real time by using electron impact 
emission spectroscopy (EIES); and (iii) for oxidizing 
materials under ultra-high vacuum conditions by 
using ozone and atomic oxygen.

Our thin-film growth technology has been applied 
to synthesize new materials and prepare high-quality 
thin films of materials already in existence; however, 
to prepare the highest-quality thin films, it has been 
necessary to optimize the growth conditions through 
several hundreds to a thousand trial-and-error runs. 
To address this issue, we used process informatics to 
develop a methodology, algorithm, and program suit-
able for optimizing the thin-film growth conditions, 
which enabled us to efficiently prepare the world’s 
highest-quality thin films in less than 50 growth runs 
(Fig. 3). This is the second example of our major 
accomplishments mentioned at the beginning, i.e., 

(ii) the development of a pioneering and efficient 
method for growing high-quality thin films. In addi-
tion to establishing the superlattice-formation tech-
nology mentioned above, this technology has made 
rapid progress in the past five years or so thanks to the 
collaboration between NTT Basic Research Labora-
tories and NTT Communication Science Laborato-
ries, where Dr. Yuki K. Wakabayashi has been play-
ing a central role.

The development of this method, called machine-
learning-assisted molecular-beam epitaxy (ML-
MBE), enabled us to demonstrate the magnetic Weyl 
semimetal state by using ultra-high-quality SrRuO3 
thin films, our main accomplishment (iii) mentioned 
at the beginning. The compound SrRuO3 has been 
studied extensively from the viewpoints of both 
physics and applications because both metallic and 
ferromagnetic states are inherent in it, and it has a 
perovskite structure like many other complex oxides 
that have been widely studied in the field of oxide 
electronics. Since only limited sizes of single crystals 
of SrRuO3 were obtained until recently due to diffi-
culty in crystal growth, research on physical proper-
ties has mainly been conducted using thin-film speci-
mens. We used ML-MBE and successfully prepared 
the world’s highest-quality SrRuO3 thin film. This 
highest-quality thin film enabled us to demonstrate 
that SrRuO3 is a novel material in a unique quantum 
state: metallic, ferromagnetic, and Weyl semimetal 
states simultaneously occur in it [7‒9]. These 
research outcomes have been published in many 
papers (approaching 15) first authored by Dr. Yuki K. 
Wakabayashi.

What is common sense in one field may not be in 
another, so a team of researchers with various 
backgrounds can turn something that does not 

seem common sense into something that is 

—Please tell us what you keep in mind as a researcher.

We are currently researching as a team, but as a 
team manager, I try to take a bird’s-eye view when 
searching for research themes and subjects, and when 
interpreting experimental results. Regarding research 
themes, I first set a major theme and then leave the 
rest to our team members while making sure to 
respect their autonomy. Of course, I give advice 
based on my own experience and knowledge, and 
some problems can be solved based on that experi-
ence; however, a dilemma arises if we put too much 
emphasis on that experience: our ideas and research 
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will become more and more predictable. I believe that 
this balance between past-experience-based advice 
and on-the-fly thinking by individual researchers 
must be kept in mind to maximize the strengths of a 
research team consisting of members of different 
generations. Regardless of generation, what is com-
mon sense in one field is often not in another. Fortu-
nately, our team members have various expertise and 
backgrounds, and pursuing research while discussing 
among themselves often leads to unexpected ideas 
and results; thus, what was thought to be not common 
sense yesterday may become so tomorrow.

I also value the opportunity to talk face-to-face as 
we research as a team. I spend a lot of time on man-
agement-related desk work and in meetings, and it is 
sometimes difficult to find time to talk directly with 
the team members, but the limited time I can find 
conversely highlights the importance of such oppor-
tunity. Under the restrictions on laboratory atten-
dance during the COVID-19 pandemic, I prioritized, 
as much as possible, attendance of the team members 
involved in experiments and I myself shifted to tele-
working. Now that the restrictions have been lifted, I 
feel that face-to-face discussions in the lab and other 
places deepen our mutual understanding of the 

research themes and results. I hope this shift back to 
face-to-face discussion will lead to new discoveries.

NTT Basic Research Laboratories has an external 
evaluation committee called the Advisory Board, 
whose members include prominent researchers, 
including Nobel Prize laureates. Thus far, we have 
held twelve Advisory Board Meetings once every 
two years. In those meetings, the members of the 
Advisory Board visit the Laboratories to hold discus-
sions and give evaluations and recommendations on 
our research system, research plans, and progress of 
research, and related matters. In 2021, during the 
COVID-19 pandemic, we were forced to hold the 
meeting online, but one of the members commented 
on my presentation that “This research effort is 
unique in the world, and this presentation is now 
achieving incredible results.” Even though I was dis-
tressed because we could not proceed with experi-
ments and research as we wanted and could not make 
direct discussions due to the pandemic, that comment 
encouraged me a lot.

Fig. 3.   Synergetic integration of materials science and data science.
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—What do you aim to achieve as a researcher in the 
future?

The discovery of materials that exhibit supercon-
ductivity at ambient pressure and room temperature 
is the ultimate goal of researchers involved in super-
conductivity. Although there are many possible 
approaches to discovering and synthesizing such 
materials, I want to focus on using thin-film growth 
methods. Although further study and verification are 
needed to determine the specific composition and 
crystal structure to target, fortunately, recent advanc-
es in theoretical and computational science have 
made it possible to predict with a high degree of 
accuracy the stability and electronic structure of 
materials that have not yet been synthesized. It has 
also become possible to (i) estimate the phonon struc-
tures of yet-undiscovered hypothetical materials and 
the magnitude of electron-phonon interactions in 
those materials and (ii) predict the superconducting 
transition temperature to some extent. We plan to 
incorporate such an approach while exploiting joint 
research with other institutions.

Even if a new material is discovered, it usually 
takes a certain amount of time before it can be put to 
practical use. However, if a material that exhibits 
superconductivity at room temperature and ambient 
pressure were put to practical use, it would be possi-
ble to transmit and supply electric power using direct 
current in a lossless manner, and if that material were 
used for wiring in circuits, problematic heat genera-
tion would be greatly reduced, thereby contributing 
to resolving environmental and energy issues. As a 
researcher, I am grateful for being able to conduct 
research at a time when materials that exhibit super-
conductivity at temperatures close to room tempera-
ture—though under ultra-high pressure—have been 
discovered, and I want to challenge myself to achieve 
the ultimate goal, though it will not be achieved over-
night.

Streamline your research process and take 
detours once in a while

—What is your message to younger researchers?

First of all, I want to thank all the team members 
who have achieved outstanding results one after 
another, despite the great headwind of the COVID-19 
pandemic, and NTT Communication Science Labo-
ratories and other collaborators for their sincere 
efforts. To next-generation researchers, including 

those who are not necessarily directly involved in our 
research, I want to say the following. It is important 
to improve time performance so that we can achieve 
results and success in a limited amount of time. It is 
natural that people tend to focus on this time keeping, 
but I also want to point out that it is also important to 
take a detour once in a while. In the aforementioned 
research on artificial superlattices that exhibit super-
conductivity, it may sound as if we had taken the 
shortest route, but, in fact, we took quite a few 
detours. As a result of those detours, we discovered 
the unexpected phenomenon, disruption of the super-
conducting layer due to defects, and we were able to 
proceed with our research with a deep understanding 
of the significance of superlattice formation in pre-
venting such disruption. Although the improvement 
in efficiency of the process for optimizing growth 
conditions through process informatics may seem to 
contradict this story, that efficiency improvement has 
also given us room to take a detour in our research on 
SrRuO3.

I also recommend that if you get a chance, you 
should experience a stay abroad. Living abroad 
means, at least in the short term, your research at that 
point in time will be interrupted. I think that from the 
standpoints of work as well as family and personal 
life, the timing when “everything is in order now and 
I can stay abroad without any problems or worries” 
will almost never come around. Today, we can make 
contact with people from different countries at aca-
demic conferences and other gatherings through web-
conferencing systems and other means. Even so, I 
think that the experience of living abroad is still very 
significant. One example of this significance is to 
experience firsthand cultural differences and differ-
ences in ways of thinking; however, I also feel that 
experiencing other aspects that cannot be adequately 
expressed in words is more significant. I went to 
Stanford University in the USA for eleven months 
from 2004 to 2005 as a joint researcher. The primary 
significance was the deep and fruitful discussions I 
had with local researchers, but that is not all. For 
example, I was able to form valuable contacts and 
then expand that network of contacts, which helped 
us to accept an internship student from the University 
of Twente in the Netherlands from October 2022 to 
May 2023. Going abroad may not necessarily lead 
directly to research results in the short term; in the 
long term, however, the presence or absence of such 
experience will make a difference in your range of 
thinking and approaches to research.
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