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AI-Driven, Autonomous, High-Throughput 
Materials Science 

Martin L. Green, Jason Hattrick-Simpers, Gilad Kusne and Zachary Trautt 
Materials Measurement Science Division 

National Institute of Standards and Technology (NIST) 
Gaithersburg, Maryland USA 20899 

Several critical technologies are currently materials-limited, awaiting novel materials solutions 
for advancement, e.g., transportation (light-weight, high-strength alloys, and corrosion resistant 
coatings), sustainable energy (earth-abundant catalysts for solar fuel production), and 
nanoelectronics (low-energy/operation integrated circuit devices). A fundamental obstacle to 
efficient discovery of such novel materials is the large number of candidate materials, and their 
associated processing parameters. Modern materials scientists train for decades in the 
fundamentals of the field to develop the knowledge and intuition required to discover new 
materials. They must then plan and conduct a series of experiments to test their hypotheses, 
analyze the resultant data, generate new hypotheses based on the knowledge gained, and plan the 
next series of experiments. They are constrained to study relatively simple materials (e.g., those 
that may contain ≤ 4 elements and involve ≤ 2 processing parameters). This is because while the 
number of variable parameters (n) increases linearly, the number of candidate 
materials/processing schemes increases 
exponentially (~102n). I will discuss the 
development of a novel NIST platform 
which will place artificial intelligence in 
charge of materials optimization and 
discovery, thereby transforming “dumb” 
instrumentation into “intelligent” 
systems capable of planning, executing, 
analyzing, and extracting knowledge 
from experimental and modeling data. 
The marriage of artificial intelligence 
and materials science will result in a sea-change in materials science, enabling a 102 – 104  
acceleration of materials discovery and 
process optimization.    

Figure: AI applied to materials will reduce the 
cost of materials information, just as second 

generation genomic algorithms have disrupted 
the cost of determining a genome 
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Machine Learning and Ultrafast Experimental Screening 

of Polymer and Perovskite Solar Cells 

Akinori Saeki1,2 
1Department of Applied Chemistry, Osaka University, Japan 

2PRESTO, Japan Science and Technology Agency (JST), Japan 

Owing to the diverse chemical structures, organic photovoltaic (OPV) applications with a bulk 
heterojunction framework have greatly evolved over the last two decades, which produces 
numerous organic semiconductors exhibiting improved power conversion efficiencies (PCEs). 
Despite the recent fast progress in materials informatics and data science, data-driven molecular 
design of OPV materials remains challenging. We report a screening of conjugated molecules for 
polymer-fullerene OPV applications by random forest (RF).[1] Approximately one thousand 
experimental parameters including PCE, molecular weight, and electronic properties are manually 
collected from the literature and subjected to machine learning with digitized chemical structures. 
We demonstrate the application of RF screening for the design, synthesis, and characterization of 
a conjugated polymer, which facilitates a rapid development of optoelectronic materials (Fig. 1). 

Perovskite solar cell (PSC) has been expected as the 
promising candidate for the next generation energy 
harvesting; however, toxicity of lead has remained as a 
critical issue. We searched more than 200 materials 
using a unique, proprietary ultrafast screening 
method[2] that can evaluate optoelectronic properties, 
even when only powdered samples are available. We 
found that bismuth sulfide, which is inexpensive and less 
toxic than conventional inorganic solar cell materials, 
can be processed in a way that does not compromise its 
excellent photoelectrical properties.[3] Most importantly, the film exhibited a moderate Hall 
effect electron mobility and excellent performance as a photoresistor with improved 
photoconductance and on-off ratio compared to those prepared by conventional methods.  

[1]. S. Nagasawa, E. Al-Naamani, A. Saeki, J. Phys. Chem. Lett. 9, 2639 (2018) 
[2]. A. Saeki, S. Yoshikawa et al., J. Am. Chem. Soc. 134, 19035 (2012) 
[3]. R. Nishikubo, A. Saeki, J. Phys. Chem. Lett. 9, 5392 (2018) 

Fig. 1 Graphic abstract of the work. 
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Machine-learning-assisted discovery of high thermal 
conductivity polymers using a molecular design algorithm 

S. Wu1,2, Y. Kondo3, M. Kakimoto3, H. Yamada1, I. Kuwajima3, G. Lambard3, K. 
Hongo3,4,5, Y. Xu3, J. Shiomi3,6, J. Morikawa7 and R. Yoshida1,2,3 

1The Institute of Statistical Mathematics, 2The Graduate University for Advanced Studies, 
3National Institute for Materials Science, 4Japan Advanced Institute of Science and 
Technology, 5PRESTO, JST, 6The University of Tokyo, 7Tokyo Institute of Technology 

Introduction: High thermal conductivity polymers are indispensable to modern electric and 
electronic applications. A Bayesian molecular design algorithm, called iqspr, was put into action 
for the successful discovery of new polymers, coupled with a post-screening technique relying on 
transfer learning which is a key driver to overcoming a critical issue of polymer informatics, that 
is, the limited supply of polymeric properties data. 
Inverse design for high thermal conductivity of polymers: The potential homopolymer 
candidates was generated using iqspr package in R [1], which targeted high glass transition and 
melting temperature. By Bayes’ Theorem, the posterior distribution ( | ∈ ), where (. ) is 
a probability function, S denotes the chemical structure of a polymer and Y denotes the set of 
material properties with target region U, can be calculated as the product of a likelihood function 
( | ∈ ) and a prior ( ). The likelihood function was constructed by either a linear model 

or a machine learning (ML) model specified by a user. Figure 1 demonstrates the prediction 
performance of the trained Bayesian linear model of Tg.   
Post-screening with transfer learning: The transfer learning technique in ML was applied by 
using a deep neural network pre-trained on a large 
database, and the source model was fine-tuned using 
the target small data set on thermal conductivity. The 
prediction model of thermal conductivity transferred 
from Tg and Tm was found to have the best prediction 
performance. This model was used to predict thermal 
conductivity of all the generated molecules from 
iqspr. The target design of liquid-crystalline polymers 
was introduced in the perspective of other important 
factors such as the synthetic accessibility and the 
processing easiness indispensable in a practical use in 
industry. The thermal conductivity of selected and 
synthesized selected polymers were well suited to the 
prediction values of thermal conductivity in the post-
screening results. 

[1]. H.Ikebata, K.Hongo, T.Isomura, R.Maezono, R.Yoshida, J Comput Aided Mol Des 31, 4:379-391(2017). 

Fig.1 Testing accuracy of a random forest 
model to predict glass transition temperature 
using PolyInfo data. 
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Deep learning in Scanning Transmission Electron 

Microscopy: from physics to atomic manipulation 

Sergei V. Karini1 
1Institute for Functional Imaging of Materials, Oak Ridge National Laboratory, USA 

Atomically-resolved imaging of materials has become the mainstay of modern materials 
science, as enabled by advent of aberration corrected scanning transmission electron 
microscopy (STEM). However, the wealth of quantitative information contained in the 
fine details of atomic structure or spectra remains largely unexplored.  

In this talk, I will present the new opportunities enabled by physics-informed big 
data and machine learning technologies to extract physical information from static and 
dynamic STEM images, ranging from statistical thermodynamics of alloys to kinetics of 
solid-state reactions on a single defect level. Synergy of deep learning image analytics 
and real-time feedback further allows harnessing beam-induced atomic and bond 
dynamics to enable direct atom-by-atom fabrication. Examples of direct atomic motion 
over mesoscopic distances, engineered doping at selected lattice site, and assembly of 
multiatomic structures will be demonstrated.  

These advances position STEM towards transition from purely imaging tool for 
atomic-scale laboratory of electronic, phonon, and quantum phenomena in atomically-
engineered structures.  

JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan 

Data-driven approach for interface and spectrum 

T. Mizoguchi1,2, S. Kiyohara1 
1Institute of Industrial Science, The University of Tokyo, Japan 

2PRESTO-JST, Japan 

An interface is a lattice defect inside materials, and influences to material properties. Thus, 
determination of the interface structure is crucial for a comprehensive understanding of the 
interface properties. However, extensive calculations are necessary to determine even one 
interface structure because of geometrical freedoms of the interface. To accelerate the interface 
structure searching, very efficient methods based on data-driven approaches techniques, including 
virtual screening and Bayesian optimization have been proposed [1,2]. 

In the virtual screening, the prediction model was constructed using 4~5  interfaces, and 
totally 83 descriptors related to the geometrical data were used. The constructed prediction model 
successfully determined more than 50 interfaces [1]. 

Furthermore, an alternative method called kriging was also applied for the interface structure 
searching [2]. The kriging method has been used to determine the grain boundaries of fcc-Cu, 
bcc-Fe, MgO, rutile-TiO2, and CeO2 GBs [3-4]. 

In addition to the interface structure searching, we applied the data-driven approach for 
spectroscopic method. Near edge structures observed by electron and X-ray (ELNES/XANES) 
are powerful analysis methods for materials, and we have developed the theoretical calculation 
of ELNES/XANES [5]. Recently, the data-driven approach was used to interpret the spectrum [6]. 

The details on those studies will be shown in my presentation and poster. 

[1]. S. Kiyohara, H. Oda, T. Miyata, and T. Mizoguchi, Science Adv. 2(11), e1600746 (2016). 
[2]. S. Kiyohara, H. Oda, K. Tsuda, and T. Mizoguchi, Jpn. J. Appl. Phys. 55(4), 2 (2016). 
[3]. H. Oda, S. Kiyohara, K. Tsuda, and T. Mizoguchi, J. Phys. Soc. Japan 86(12), 123601 (2017). 
[4]. S. Kikuchi, H. Oda, S. Kiyohara, and T. Mizoguchi, Physica B, 532 (2018) 24-28. 
[5]. T. Mizoguchi et al., Micron 41 (2010) 695–709, Microscopy, 66 (2017) 305–327.  
[6]. S. Kiyohara, T. Miyata, K. Tsuda, and T. Mizoguchi, Sci. Rep. 8 (2018) 13548-1-12. 
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Computational design of peptide-based materials 

with maximum entropy molecular simulation 

and data-driven modeling
Andrew White 

1Department of Chemical Engineering, University of Rochester, NY, USA 

Peptides are small proteins built from monomer units called amino acids. Peptides can be 
precisely synthesized using solid-phase peptide synthesis and their constituent amino acids can 
provide functional groups ranging from hydrogen bond-donors to aromatics. Peptides can be 
immobilized onto surfaces or nanoparticles as shown in Figure 1. This flexibility and precise 
control give a wide-range of potential applications including self-assembling antifouling surface 
coatings, antimicrobial therapeutics, and nucleating crystal structures. In this talk, I will present 
computational methods my group has used to design peptides for antifouling, antimicrobial, and 
self-assembly. Our approach is to use insight from nature through data-driven informatics 
methods and maximum entropy molecular simulation. Molecular simulation seeks to model the 
dynamics of peptides at the atomic level. Maximum entropy methods minimally modify 
molecular simulations to match experimental data. This enables better accuracy, which is critical 
for modeling self-assembly of peptides. Much of our tools and methods are freely available and 
this talk will describe how they can be used for other systems as well.  

Fig.1 A visualization of peptides (purple) immobilized on surface or nanoparticles to reduce 
fouling or to add antimicrobial activity. 
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Combining High-Throughput Experimentation 

and Machine Learning 
L. Ward1,2 

1Department of Computer Science, University of Chicago, United States 
2Data Science and Learning Division, Argonne National Laboratory, United States 

Machine learning models can make predictions much faster and be improved much easier 
than conventional computational methods. These two capabilities, in particular, mean that 
machine learning approaches can easily outpace the ability to perform experiments or 
calculations based on their recommendations. Consequently, automated experimental or 
computational methods will be necessary to fully realize the benefits of machine learning 
in materials engineering. In this talk, we will discuss examples how high-throughput 
experiments and computations that can be combined with machine learning to discover 
new metallic glasses and Heusler materials. We will also discuss the limitations of current 
machine learning approaches to highlight the research needed to enable autonomous 
materials design. 
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Machine learning interatomic potential with  

group-theoretical high-order rotational invariants 

A. Seko1 
1Department of Materials Science and Engineering, Kyoto University, Japan 

Machine-learning interatomic potential (MLIP) has been of growing interest as a useful method 
to describe the energetics of systems of interest. Firstly, we examine the accuracy of linearized 
pairwise MLIPs and angular-dependent MLIPs for 31 elemental metals [1]. They correspond to 
generalizations of the embedded atom method (EAM) and modified EAM potentials, respectively. 
Building the optimal MLIPs for the 31 elemental metals, we show the robustness of the linearized 
frameworks, the general trend of the predictive power of MLIPs and the limitation of pairwise 
MLIPs. We also introduce higher-order rotational invariants for improving the accuracy of 
linearized MLIPs. In this study, a set of rotational invariants up to six-order is derived by the 
general process of reducing Kronecker products of irreducible representations for SO(3) group. 
The use of high-order invariants significantly improves the prediction error for a wide range of 
structures generated from many structure types as shown in Fig. 1. 

Fig.1 Dependence of fitting error on the structure group for elemental Al. 

[1]. A. Takahashi, A. Seko and I. Tanaka, Phys. Rev. Mater. 1, 063801 (2017). A. Takahashi, A. 
Seko and I. Tanaka, J. Chem. Phys. 148, 234106 (2018). 
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Liquid electrolyte materials search for Li-ion batteries 

K. Sodeyama1,2,3, Y. Igarashi2,4, T. Nakayama4, A. Ishikawa2,3,5, Y. Tateyama1,3,5 and 
M. Okada1,4 

1Research and Services Division of Materials Data and Integrated System (MaDIS), 
National Institute for Materials Science (NIMS), Japan 

2PRESTO, Japan Science and Technology Agency (JST), Japan 
3Elements Strategy Initiative for Catalysts & Batteries (ESICB), Kyoto University 

4Graduate School of Frontier Sciences, The University of Tokyo, Japan 
5Center for Green Research on Energy and Environmental Materials (GREEN), NIMS, 

Exploring new liquid electrolyte materials is a fundamental target for developing new high-
performance lithium-ion batteries. In contrast to solid materials, disordered liquid solution 
properties have been less studied by data-driven information techniques. We examined the 
estimation accuracy and efficiency of three information techniques, multiple linear regression 
(MLR), least absolute shrinkage and selection operator (LASSO), and exhaustive search with 
linear regression (ES-LiR), by using coordination energy and melting point as test liquid 
properties. We then confirmed that the ES-LiR gives the most accurate estimation among the 
techniques. We also found that the ES-LiR can provide the relationship between the “prediction 
accuracy” and “calculation cost” of the properties via weight diagram of descriptors (Fig. 2). This 
technique makes possible to choose the balance of the “accuracy” and “cost” when the huge 
amount of new materials search carried out.  

[1]. K. Sodeyama, Y. Igarashi, T. Nakayama, Y. Tateyama and M. Okada, Phys. Chem. Chem. 
Phys. 20, 22585 (2018). 

Fig.1. Representative 15 solvent molecules. Fig.2. Weight diagram of the descriptors
on accurate top 25 combinations for the 

coordination energy prediction. 
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Machine-learning interatomic potential (MLIP) has been of growing interest as a useful method 
to describe the energetics of systems of interest. Firstly, we examine the accuracy of linearized 
pairwise MLIPs and angular-dependent MLIPs for 31 elemental metals [1]. They correspond to 
generalizations of the embedded atom method (EAM) and modified EAM potentials, respectively. 
Building the optimal MLIPs for the 31 elemental metals, we show the robustness of the linearized 
frameworks, the general trend of the predictive power of MLIPs and the limitation of pairwise 
MLIPs. We also introduce higher-order rotational invariants for improving the accuracy of 
linearized MLIPs. In this study, a set of rotational invariants up to six-order is derived by the 
general process of reducing Kronecker products of irreducible representations for SO(3) group. 
The use of high-order invariants significantly improves the prediction error for a wide range of 
structures generated from many structure types as shown in Fig. 1. 

Fig.1 Dependence of fitting error on the structure group for elemental Al. 

[1]. A. Takahashi, A. Seko and I. Tanaka, Phys. Rev. Mater. 1, 063801 (2017). A. Takahashi, A. 
Seko and I. Tanaka, J. Chem. Phys. 148, 234106 (2018). 
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MARVEL[1] is a National Centre of Competence in Research (NCCR) on Computational Design 
and Discovery of Novel Materials; it started its operation in May 2014 and is financed by the 
Swiss National Science Foundation. The MARVEL mission is to accelerate design and discovery 
of novel materials in order 
to archive improved properties and performance or witness the emergence of original physical 
properties via a materials' informatics platform of high-throughput quantum mechanical 
simulations, powered by advanced electronic-structure capabilities, for predictive accuracy; 
innovative sampling methods to explore configurational and compositional space; and the 
application of big-data concepts to computational materials science. 

In the first phase the project focused on uniting the community of computational scientists 
towards the goals of materials design and discovery, developing computational tools for 
predictive simulations and to leverage new ideas from data mining and machine learning. In the 
second phase that started 2018, the MARVEL community will work on six design and discovery 
projects, two incubator projects, an open science platform (the AiiDA[2] materials' informatic 
infrastructure), and the Materials Cloud[3] for the  dissemination of curated and raw data, 
educational materials, open-source tools, user services, and archival solutions. 

[1]. http://nccr-marvel.ch/ 
[2]. G. Pizzi et al., AiiDA: automated interactive infrastructure and database for computational 
science, Comp. Mat. Sci. 111, 218-230 (2016) ; http://www.aiida.net/ 
[3]. https://www.materialscloud.org/ 
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Computational design and exploration of 

novel semiconductors 
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2CMI2, MaDIS, National Institute for Materials Science, Japan 

The search for novel semiconductors is increasingly important as the applications of 
semiconductors become more prevalent in modern society. This situation stimulates not only 
experimental but also computational exploration of as-yet-unreported semiconductors, typically 
using first-principles calculations. In such computational searches, reliable design principles, as 
well as accurate and efficient computational schemes, are key requirements for successful 
identification of target materials and functionalities. 
    In this talk, I will discuss the design and 
exploration of semiconductors using first-principles 
calculations. Topics to be covered include the 
prediction of a novel nitride semiconductor CaZn2N2 
[Fig. 1 and Ref. 1] and p-type Cu3N via F chemical 
doping [2], both of which have been verified 
experimentally, as well as computational methods for 
the prediction of fundamental and defect properties of 
semiconductors, particularly point defect energetics 
and band alignment [3-6]. 

[1]. Y. Hinuma, T. Hatakeyama, Y. Kumagai, L. A. Burton, H. Sato, Y. Muraba, S. Iimura, 
H. Hiramatsu, I. Tanaka, H. Hosono, and F. Oba, Nat. Commun. 7, 11962 (2016). 

[2]. K. Matsuzaki, K. Harada, Y. Kumagai, S. Koshiya, K. Kimoto, S. Ueda, M. Sasase, A. Maeda, 
T. Susaki, M. Kitano, F. Oba, and H. Hosono, Adv. Mater. 30, 1801968 (2018). 

[3]. F. Oba and Y. Kumagai, Appl. Phys. Express 11, 060101 (2018). [Review]  

[4]. Y. Kumagai and F. Oba, Phys. Rev. B 89, 195205 (2014). 

[5]. A. Grüneis, G. Kresse, Y. Hinuma, and F. Oba, Phys. Rev. Lett. 112, 096401 (2014). 

[6]. Y. Hinuma, Y. Kumagai, I. Tanaka, and F. Oba, Phys. Rev. B 95, 075302 (2017). 

Fig. 1. Crystal structure of CaZn2N2 
identified by computational screening 
and experimental verification of band-
edge red photoluminescence [1]. 
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Heterogeneous catalysis is of paramount importance in many areas of the chemical and energy 
industries. But it is a quite complex process involving many hard-to-quantify intertwined factors, 
which complicates their atomic-level characterization by modeling and experiment. For examples, 
the catalytic activities depend on composition, support, surface termination, particle size, particle 
morphology, atomic coordination environment as well as reaction conditions, and the catalyst 
structures are disordered or amorphous in their active state. The rational design and development 
of novel heterogeneous catalysts would thus still have many significant hurdles to overcome. 
    In order to make sense and use of the accumulated data, we have been deepening three levels 
of ML-based understandings: i) predicting DFT-calculated properties known to correlate the 
catalytic trends; ii) predicting DFT-calculated adsorption energies, direct indicators of catalytic 
activity; iii) predicting experimental catalytic activities based on data reported in the past literature. 

These ML predictions are quite useful as surrogates for any time-consuming simulations and 
experiments, but we also need to be aware that ML models are just representative of the training 
data (available knowns). To optimize catalyst activities using these ML surrogates, we also need 
to integrate statistical methods to balance the exploration-exploitation trade-off between the need 
to obtain new knowledge/data and the need to use that knowledge/data to improve performance. 

[1]. E.-J. Ras, G. Rothenberg, RSC Adv. 4, 5963-5974 (2014).  
[2]. B. R. Goldsmith, J. Esterhuizen, J. Liu, C. J. Bartel, C. Sutton, AIChE J., 64, 2311-2323 (2018) 
[3]. A. J. Medford, M. Ross Kunz, S. M. Ewing, T. Borders, R. Fushimi, ACS Catal., 8 (8), 7403-7429 (2018) 
[4]. J. R. Kitchin, Nat. Catal. 1, 230-232 (2018). 
[5]. Z. Li, S. Wang, H. Xin, Nat. Catal. 1, 641-642 (2018) 
[6]. I. Takigawa, K. Shimizu, K. Tsuda, S. Takakusagi, RSC Adv. 6, 52587-52595 (2016). 
[7]. I. Takigawa, K. Shimizu, K. Tsuda, S. Takakusagi, Chapter 3. Nanoinformatics (I. Tanaka (eds)). Springer, 45-64 
(2018). 
[8]. T. Toyao, K. Suzuki, S. Kikuchi, S. Takakusagi, K. Shimizu, I. Takigawa, J. Phys. Chem. C. 122(15), 8315-8326 
(2018). 
[9]. Y. Hinuma, T. Toyao, T. Kamachi, Z. Maeno, S. Takakusagi, F. Furukawa, I. Takigawa, K. Shimizu, J. Phys. 
Chem. C. ASAP (2018). 
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Discovery in chemistry falls mainly into one of four types of areas with the discovery of new 
molecules, new reactions, new reactivity, and finally new physical properties of the resulting 
compounds or materials. Establishing new reactivity leads to new reactions which also leads to 
new molecules. This is therefore the order of impact for discoveries in terms of the amount of 
chemical knowledge that they contribute. Such findings must, by definition, belong outside the 
known or predictable; and they are outliers and as such can oppose conventions, assumptions and 
biases.  By developing the meta-physics of chemistry and chemical reactivity we should be able 
to establish a new set of ontologies in chemistry that relate back to the practical core operations, 
but also can be translated into molecular structures and the discovery of function. The truth of 
chemistry lies with finding the intrinsic reactivity of the input chemicals, and then encouraging 
or enabling reactivity by process control. Whilst the new discovery and reaction should be 
translatable to chemical bonding theory, chemists need to grapple with the fact that the application 
of the current rules will not allow discovery, instead they will act to restrict it to the known rules. 
So chemical discovery requires that the current rules are updated, broken, or new ones are made 
where before there were none. The discovery of Diels-Alder or cross-coupling reactions are 
excellent examples of new rules that were just discovered without any prior warning.  

Without a deeper development of a meta-physics of chemistry the use of big data and 
artificial intelligence will just tell us what we already know we know, and maybe predictable 
extensions, rather than enabling discovery. The challenge for the chemist is not the use of artificial 
intelligence, but the intelligent use of algorithms and automation for novel discoveries. In this 
talk I will explain how this might be possible. 

[1]. Granda. J, Donina, L., Dragone, V., Long, D.-L., Cronin, L. (2018) Nature, in press, DOI: 10.1038/s41586-018-

0307-8. 

[2]. Points, L. J., Taylor, J. W., Grizou, J., Donkers, K., Cronin, L. (2018) Proc. Natl. Acad. Sci. USA, 115, 885-890. 

[3]. Gutierrez, J. M. P., Tsuda, S., Grizou, J., Taylor, J. W., Henson, A., Cronin, L., (2017) Nat. Commun., 8, 1144. 

[4]. Duros, V., Grizou, J., Xuan, W., Hosni, Z., Long, D. -L., Miras, H. N., Cronin, L., (2017) Angew. Chem. Int. Ed., 

56, 10815-10820. 
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Machine learning technologies are expected to be great tools for material developments. In order 
to apply them to actual material developments, collaboration between scientists and machine 
learning is becoming inevitable. However, black box type machine learnings, such as neural 
network (NN) and support vector machine (SVM), have restricted the collaboration because of 
theirs low interpretability. 

In this presentation, we show a successful material development by one of the explainable 
machine learnings, a factorized asymptotic Bayesian inference hierarchical mixture of experts 
(FAB/HMEs [1]). For the case study, we demonstrate a development of a spin-driven 
thermoelectric material with anomalous Nernst effect (ANE). 

Firstly, we create material big data. In order to obtain experimental data in a short time, we 
take advantage of combinatorial experiments which allow us to obtain a bunch of experimental 
material data in short time. In addition to the experimental data, we also create theoretical material 
data by carrying out high-throughput ab-initio (DFT) calculation. 

Secondly, with these material big data, data-driven models are created by the explainable 
machine learning, FAB/HMEs. For material developments, the FAB/HMEs has three important 
essences: sparse modelling ability, high prediction accuracy and high explainability (i.e. white 
box). The number of material data is often small, therefore the sparse modelling is inevitable to 
avoid over fitting. The prediction accuracy is also important. In addition to these factors, the 
explainability should be considered because scientists 
often need to understand the inside of the data-driven 
model and extract an actionable information. 

Finally, based on the knowledge obtained from 
FAB/HMEs, we develop a better ANE material. In 
this presentation, we’ll show a series of these material 
development processes. 

[1]. R. Eto et al. Fully-Automatic Bayesian Piecewise Sparse Linear Models. In AISTATS (2014). 
Acknowledgements: This work was supported by JST-PRESTO (Grant No. JPMJPR17N4) and 
JST-ERATO (Grant No. JPMJER1402). 
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Traditional approaches to the discovery of molecules with specific physical properties are 
hypotheses driven and heavily dependent on human intuition. When the latter fails due to the 
complexity of the problem, computational high-throughput methods are applied. Frequently, 
these methods substitute the inverse optimization problem, which is difficult to solve, with a direct 
grid-search problem. As the result, designing new molecules with optimized properties becomes 
very inefficient and computationally intensive.  

Recent developments in machine learning (ML), as well as automated synthesis and 
materials characterization, provide us a set of new methods that can make the discovery of new 
materials more efficient. ML techniques have emerged as a powerful tool that complements 
analytical and high-throughput computational methods. The problems that ML has been 
successfully applied to include searches for molecules with specific properties, discoveries of 
chemical reaction pathways, modeling of excitation dynamics, analysis of wave functions of 
complex systems, and identification of phase transitions.  

Figure 1. Schematic diagram of an autonomous materials discovery platform 
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[1]. R. Eto et al. Fully-Automatic Bayesian Piecewise Sparse Linear Models. In AISTATS (2014). 
Acknowledgements: This work was supported by JST-PRESTO (Grant No. JPMJPR17N4) and 
JST-ERATO (Grant No. JPMJER1402). 
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Traditional approaches to the discovery of molecules with specific physical properties are 
hypotheses driven and heavily dependent on human intuition. When the latter fails due to the 
complexity of the problem, computational high-throughput methods are applied. Frequently, 
these methods substitute the inverse optimization problem, which is difficult to solve, with a direct 
grid-search problem. As the result, designing new molecules with optimized properties becomes 
very inefficient and computationally intensive.  

Recent developments in machine learning (ML), as well as automated synthesis and 
materials characterization, provide us a set of new methods that can make the discovery of new 
materials more efficient. ML techniques have emerged as a powerful tool that complements 
analytical and high-throughput computational methods. The problems that ML has been 
successfully applied to include searches for molecules with specific properties, discoveries of 
chemical reaction pathways, modeling of excitation dynamics, analysis of wave functions of 
complex systems, and identification of phase transitions.  

Figure 1. Schematic diagram of an autonomous materials discovery platform 

19



JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan 

In this talk, I will overview recent progress of our team in the development of materials 
modeling methods. Specifically, I will focus on generative ML algorithms such as variational 
autoencoders and generative adversarial networks, which combined with physical models, can be 
used for “dreaming” of new molecules with specific physical properties while avoiding a 
computationally extensive grid search [1,2]. I will discuss how the developed methods can be 
integrated into an autonomous platform for materials discovery, schematically illustrated in Fig. 
1 [3]. Such a closed-loop platform should generate new hypotheses, test them, and come up with 
a decision about the next iterations. This approach will empower expert materials scientists 
providing them with capabilities to generate and test the hypotheses beyond human intuition.  

[1]. R. Gomez-Bombarelli, et al., ACS Cent. Sci. 4, 268-276 (2018).  
[2]. B. Sanchez-Lengeling, A. Aspuru-Guzik, Science 361, 360-365 (2018). 
[3]. D. P. Tabor, et al., Nat. Rev. Mats. 3, 5-20 (2018). 
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Lanthanide compounds have been widely applied for optical materials because they show bright 
visible emissions originating from 4f-4f transitions. To better understand the mechanism and 
rationally design materials, computational studies are indispensable. However, ab initio 
calculations for lanthanide compounds are highly demanding because relativistic effect and 
electron correlation need to be considered explicitly. To overcome the problem, we have proposed 
the energy shift method, a reasonable approximation to describe the potential energy surfaces 
(PESs) and to find the local minima and minimum energy crossing points related to the emission 
and quenching. [1] By using this approximation, we succeeded in explaining the thermosensitivity 
as well as luminescence quantum yield of Tb3+ complexes qualitatively. [1-2] 

Even though the computational cost was decreased dramatically by the energy shift 
approximation, there were two remaining problems. One was the difficulty of proofing strong 
luminescence because it required the information of all the energy crossing points related to the 
quenching. To avoid the thorough search of crossing points, we constructed the database of 
quenching pathways of model complexes and found the rules about the most stable crossing point: 
(i) the most stable crossing point was induced by the local bending motion of one of the moieties, 
(ii) the most stable crossing points was caused by the bending of azo and azomethine moieties, 
followed by diketones,  conjugated rings, and  bonded moieties. These rules enabled us to find 
the most stable crossing point without the exhaustive search.  

Another remaining problem was that the experimental quantum yield of Eu3+ compounds 
could not be predicted and understood by the energy profiles obtained by the energy shift 
approximation. To understand the reason of inconsistency, we gathered the experimental data of 
quantum yield from literatures and built the correlation model by machine learning techniques. 
Based on the analyses of important descriptors, we got the new insights about the role of ligand-
to-metal charge transfer and auxiliary ligands. 
[1]. M. Hatanaka, K. Morokuma, J. Chem. Theory Comput. 10, 4184 (2014). 
[2]. M. Hatanaka, Y. Hirai, Y. Kitagawa, T. Nakanishi, Y. Hasegawa, K. Morokuma, Chem. Sci. 
8, 423 (2017). 
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Many of the most relevant chemical properties of matter depend explicitly on atomistic and 

electronic details, rendering a first principles approach to chemistry mandatory. Alas, even when 

using high-performance computers, brute force high-throughput screening of compounds is 

beyond any capacity for all but the simplest systems and properties due to the combinatorial nature 

of chemical space, i.e. all compositional, constitutional, and conformational isomers. 

Consequently, efficient exploration algorithms need to exploit all implicit redundancies present 

in chemical space. I will discuss recently developed statistical learning approaches for 

interpolating quantum mechanical observables in compositional and constitutional space. Results 

for our models indicate remarkable performance in terms of accuracy, speed, universality, and 

size scalability.    
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RMCProfile: Moving closer to complex modelling 
M.G. Tucker 

Neutron Sciences Directorate, Oak Ridge National Laboratory, Oak Ridge, TN 37831, 
USA 

The importance of local structure and disorder in crystalline materials is being recognized more 
and more as a key property of many functional materials. From negative thermal expansion to 
solid state amorphisation and the ’nanoscale’ problem to improved fuel cell technology, a clear 
picture of the local atomic structure is essential to understanding these phenomena and solving 
the associated problems. Total scattering, an extension of the powder diffraction method, is 
increasingly being used to study crystalline materials. The unique combination of Bragg and 
diffuse scattering can be used to determine both the average structure and the short-range 
fluctuations from this average within a single experiment. To maximize the structural information 
from such data, three-dimensional atomistic models consistent with all aspects of the data are 
required.  RMCProfile [1] expands the reverse Monte Carlo (RMC) modelling technique [2] to 
take explicit account of the Bragg intensity profile from crystalline materials. Analysis of the 
RMCProfile generated atomistic models gives more detailed information than is available directly 
from the data alone. As the systems being studied become more complex, the information from 
many experimental techniques and any prior chemical knowledge needs to be combined into one 
consistent atomic model. The continued development of RMCProfile and its new capabilities are 
moving us closer to the complex modelling paradigm [3] required to drive the discovery of new 
functional materials.  

Fig. 1 (Left) Diagram of complex modelling approach. (Right) Examples of atomistic models 
[1.] see www.rmcprofile.org; M G Tucker, D A Keen, M T Dove, A L Goodwin and Q Hui, J. Phys. 

Condens. Matter 19, 335218 (2007)  

[2]. R L McGreevy amd L Pusztai, Mol. Simul. 1, 359 (1988)  

[3]. S J L Billinge, I Levin, Science, 316, 561 (2007) 
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For controlling multiphase microstructure, information on Gibbs energies of constituent phases 
are needed. Gibbs energies of metastable phases, which often appear in microstructure of practical 
alloys, cannot be determined by conventional experimental study of phase equilibrium. In this 
study, we propose a new method for estimating Gibbs energy parameters of a metastable phase 
from microstructure evolution. We developed a phase-field model to simulate microstructure 
evolution by using Gibbs energy parameters of the metastable phase. Then, an adjoint model [1] 
was developed to assimilate experimental data on microstructure evolution into phase-field 
simulations and estimate/optimize values of parameters in the phase-field model. 
    In order to validate our model, we performed a twin experiment. Fig. 1(a) shows synthetic 
experimental data on microstructure evolution prepared by a phase-field simulation. It is seen that 
a metastable phase (denoted as β) dissolves during isothermal heat treatment. Using data shown 
in Fig. 1(a), we estimated values of three parameters; the kinetic coefficient of α/β interface 
migration (L) and Gibbs energy parameters (c0

β and k). Starting from an arbitrary set of parameter 
values, the phase-field model and adjoint model were iteratively solved and the parameter values 
were optimized so that the misfit between microstructures obtained by simulation and experiment 
became small. Estimation results are shown in 
Fig. 1(b)‒(d). We see that each of the parameter 
values approaches the true value (dotted line) 
with increasing the number of iterations. 
    This work was supported by JST PRESTO 
(Grant Number JPMJPR15NB). 

[1]. S. Ito, H. Nagao, A. Yamanaka, Y. Tsukada, 
T. Koyama, M. Kano and J. Inoue, Phys. Rev. E 

94, 043307 (2016). 

Fig. 1 Synthetic experimental data for 
twin experiment (a) and estimation results 

of values of three parameters (b)–(d). 
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Topics in data-driven materials science: crowd sourcing 

and maps of material properties 
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The number of possible materials is practically infinite, while only few hundred thousands of 
(inorganic) materials are known to exist and for few of them even basic properties are 
systematically known. In order to speed up the identification and design of new and novel optimal 
materials for a desired property or process, strategies for quick and well-guided exploration of the 
materials space are highly needed. A desirable strategy would be to start from a large body of 
experimental or theoretical data, and by means of “big-data-analytics” methods, to identify yet 
unseen patterns or structures in the data. This leads to the identification of maps (or charts) of 
materials where different regions correspond to materials with different properties. The main 
challenge on building such maps is to find the appropriate descriptive parameters (called 
descriptors) that define these regions of interest. Here, I will present methods for the machine-
aided identification of descriptors and materials maps applied to the prediction of novel 
topological insulators, of CO2 activation on metal-oxide surfaces. Furthermore, I will describe an 
experience in crowd-sourcing, where the community was challenged to find a predictive model 
for properties of Al/Ga/In transparent conducting oxides. Finally, I will describe the infrastructure 
to perform such analyses online, via the "Big-data-analytics toolkit" within the framework of the 
Novel-Materials-Discovery (NOMAD) Laboratory.  
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Predicting thermal properties of materials such as thermal conductivity, thermal stability, and 
thermal expansion, only from crystal structure is of paramount importance in the current materials 
science research, where much effort has been devoted to developing efficient and stable energy- 
and light-harvesting materials for thermoelectric and photovoltaic applications. However, an 
accurate prediction of the thermal properties of these materials from first-principles calculation 
has been challenging since phonon dynamics is severely anharmonic, and the conventional lattice 
dynamics (LD) approach based on the harmonic approximation breaks down. Ab initio molecular 
dynamics (MD) can account for anharmonic effects precisely, but it is too costly to apply to a 
variety of materials. Therefore, more accurate and efficient LD and MD methods are highly 
desired. In this talk, we will show that the recently developed ab initio schemes that incorporate 
machine-learning techniques can elegantly overcome the limitation of the conventional methods. 
One of the approaches is based on the self-consistent phonon (SCP) theory [1], which enables us 
to obtain finite-temperature phonons with considering anharmonic effects nonperturbatively. We 
have shown that the high computational cost of the SCP scheme can be reduced significantly by 
employing the compressive sensing method [1,2]. So far, our approach has successfully been used 
to predict and understand the thermal conductivity of oxide [1] and halide [3] perovskites, and 
thermoelectric clathrates [4]. Another approach is the Deep Potential method [5], which has been 
reported to efficiently and accurately represent the potential energy surface. We will show our 
thermal conductivity results calculated based on the Deep Potential and discuss its accuracy 
compared to DFT. 

[1]. T. Tadano and S. Tsuneyuki, Phys. Rev. B 92, 054301 (2015); J. Phys. Soc. Jpn. 87, 041015 (2018). 

[2]. F. Zhou et al., Phys. Rev. Lett. 113, 185501 (2014). 

[3]. T. Tadano and W. A. Saidi, in preparation. 

[4]. T. Tadano and S. Tsuneyuki, Phys. Rev. Lett. 120, 105901 (2018). 

[5]. L. Zhang et al., arXiv:1805.09003. 
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Deep learning and discipline scale data 
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Chemists have tried to algorithmically discover the rules of chemistry since E. J. Corey first 
proposed to use a computer to assist in synthesis planning in the 1960s. Modern methods have 
obviated the need to manually encode the rules of chemistry, instead they can be algorithmically 
extracted and learned from the chemical literature.[1,2,3] These approaches are based on deep 
neural networks and are trained on discipline scale datasets. 
    Alternatively, another class of methods for reaction prediction and retrosynthesis is based on 
graph-theory [4]. One can effectively discover brand new reactions that have no precedence in 
the literature by predicting new links in a graph of known reactions.  
    Furthermore, recurrent neural networks have been shown to perform well in generating 
focused molecule libraries for drug discovery [5]. This new class of methods provides a novel 
way of generating compounds in a high-throughput manner to accelerate discovery. 

[1]. PLANING CHEMICAL SYNTHESES WITH DEEP NEURAL NETWORKS AND 
SYMBOLIC AI, MARWIN H. S. SEGLER, MIKE PREUSS, MARK P. WALLER, Nature, 555, 
604–610.  
[2]. LEARNING TO PLAN CHEMICAL SYNTHESES, MARWIN H. S. SEGLER, MIKE 
PREUSS, MARK P. WALLER, arXiv:1708.04202, 2017.   
[3]. NEURAL-SYMBOLIC MACHINE LEARNING FOR RETROSYNTHESIS AND 
REACTION PREDICTION, MARWIN H.S. SEGLER, MARK P. WALLER Chemistry - A 
European Journal, 2017, 23, 1-7.  
[4]. MODELLING CHEMICAL REASONING TO PREDICT AND INVENT REACTIONS, 
MARWIN H. S. SEGLER, MARK P. WALLER Chemistry - A European Journal, 2017, 23, 
6118–6128. 
[5]. GENERATING FOCUSSED MOLECULE LIBRARIES FOR DRUG DISCOVERY WITH 
RECURRENT NEURAL NETWORKS MARWIN H.S. SEGLER, THIERRY KOGEJ, 
CHRISTIAN TYRCHAN, MARK P. WALLER, ACS Cent. Sci., 2018, 4, 120–131.  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SYMBOLIC AI, MARWIN H. S. SEGLER, MIKE PREUSS, MARK P. WALLER, Nature, 555, 
604–610.  
[2]. LEARNING TO PLAN CHEMICAL SYNTHESES, MARWIN H. S. SEGLER, MIKE 
PREUSS, MARK P. WALLER, arXiv:1708.04202, 2017.   
[3]. NEURAL-SYMBOLIC MACHINE LEARNING FOR RETROSYNTHESIS AND 
REACTION PREDICTION, MARWIN H.S. SEGLER, MARK P. WALLER Chemistry - A 
European Journal, 2017, 23, 1-7.  
[4]. MODELLING CHEMICAL REASONING TO PREDICT AND INVENT REACTIONS, 
MARWIN H. S. SEGLER, MARK P. WALLER Chemistry - A European Journal, 2017, 23, 
6118–6128. 
[5]. GENERATING FOCUSSED MOLECULE LIBRARIES FOR DRUG DISCOVERY WITH 
RECURRENT NEURAL NETWORKS MARWIN H.S. SEGLER, THIERRY KOGEJ, 
CHRISTIAN TYRCHAN, MARK P. WALLER, ACS Cent. Sci., 2018, 4, 120–131.  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Data mining is a broad discipline that aims to develop and use methods for extracting meaningful 
information and knowledge from large data sets. Recently, data mining methods have successfully 
been employed to the field of computational materials science. In this work, through examples of 
magnetic materials, we demonstrate that data mining techniques can be used to automatically 
extract practical knowledge of chemical physics from materials systems. A predictive data mining 
approach can be applied to first-principles calculation data to computationally model the physical 
properties of magnetic materials with high accuracy and low computational cost [1,2]. A 
descriptive data mining approach can be used to obtain interpretable insights into the actuating 
mechanisms of physical phenomena from experimental and first-principles calculation data [3,4]. 
Further, combinations of the two approaches can be used to support the materials design process 
[5]. We also discuss the foundation and future of this research direction from both mathematical 
and physical/chemical perspectives. 

[1]. T. L. Pham and H. C. Dam et al., J. Chem. Phys., 145, 15, 154103 (2016). 
[2]. T. L. Pham and H. C. Dam et al., STAM, 18, 1, 756-765 (2017). 
[3]. D. N. Nguyen and H. C. Dam et al., IUCrJ, 5, 830–840 (2018). 
[4]. H. C. Dam and H. Kino, et al., J. Phys. Soc. Jpn., 87, 113801 (2018) 
[5]. H. C. Dam et al., J. Chem. Phys., 140, 4, 044101 (2014). 
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Over the past decade, advances in high-throughput computations have hugely accelerated the pace 
of materials discovery, proposing many interesting new compounds with superior performances 
and properties for targeted applications [1-4]. However, the materials innovation pipeline remains 
gated by the challenges of experimental synthesis, which may take months or years of trial-and-
error process before a predicted compound can be made. In this project, through leveraging the 
power of Natural Language Processing and Machine Learning techniques, we intend to train 
computers to extract materials synthesis recipes from academic articles published online, and to 
learn a comprehensive materials synthesis theory. The questions of interests central to this theory 
are to predict how to synthesize a predicted material in laboratory, or decide whether or not it is 
even possible [5]. Through this talk, we report the progresses we made in this project, specifically 
in data collection, synthesis paragraph classification, key information extraction and formatted 
synthesis reaction reconstruction. With the extracted recipe database, we show we are now able 
to do data mining on a level and scale that have never been done before on experimental data, and 
deliver human comprehensible insights. 

Fig.1 Long Short-Term Memory Model for Materials Key Word Recognition 

[1]. A. Jain, Y. Shin, K. A. Persson, Computational predictions of energy materials using density functional 
theory. Nature Reviews Materials 1, 15004 (2016).  
[2]. S. Curtarolo, G. L. W. Hart, M. B. Nardelli, N. Mingo, S. Sanvito, O. Levy, The high- throughput 
highway to computational materials design. Nature Materials 12, 191 (2013).  
[3]. A. Jain, S. P. Ong, G. Hautier, W. Chen, W. D. Richards, S. Dacek, S. Cholia, D. Gunter, D. Skinner, 
G. Ceder, K. A. Persson, Commentary: The Materials Project: A materials genome approach to accelerating 
materials innovation. APL Materials 1, 011002 (2013).  
[4]. Z. Rong, P. Xiao, M. Liu, W. Huang, D. C. Hannah, W. Scullin, K. A. Persson, G. Ceder, Fast Mg2+ 
diffusion in Mo3(PO4)3O for Mg batteries. Chemical Communications 53, 7998 (2017). 
[5]. W. Sun, S. T. Dacek, S. P. Ong, G. Hautier, A. Jain, W. D. Richards, A. C. Gamst, K. A. Persson, G. 
Ceder, The thermodynamic scale of inorganic crystalline metastability. Science Advances 2, e1600225 
(2016).  
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Deep neural networks are emerging as a powerful tool in quantum chemistry and materials science, 
combining the benefits of electronic structure methods with excellent computational efficiency. 
Based on the successful SchNet architecture [1-4], we demonstrate that the modular nature of 
deep models can also be exploited to enhance their versatility and offer insights beyond the basic 
relations learned by the network. First, we adapt existing architectures to model different 
spectroscopic quantities, such as vibrational spectra. Going beyond the simple prediction of 
properties, we then explore modifications of SchNet in the form of latent features. Although these 
variables are inferred, they correspond to well-known physical concepts, such as molecular charge 
distributions [3]. Finally, we present a generative model, built on top of SchNet, which may be 
used to discover novel atomistic systems in equilibrium configuration. 

[1]. K. T. Schütt, F. Arbabzadah, S. Chmiela, K.-R. Müller, A. Tkatchenko. Nature 
Communications 8, 13890, (2017) 
[2]. K. T. Schütt, P.-J. Kindermans, H. E. Sauceda, S. Chmiela, A. Tkatchenko, K.-R. Müller. 
Advances in Neural Information Processing System 30, 992–1002, (2017) 
[3]. K. T. Schütt., Huziel E. Sauceda, P-J. Kindermans, Alexandre Tkatchenko, and K-R. Müller. 
The Journal of Chemical Physics 148, no. 24, 241722 (2018). 
[4]. K.T. Schütt, P. Kessel, M. Gastegger, K. Nicoli, A. Tkatchenko, K.-R. Müller. J. Chem. 
Theory and Comput, Article ASAP, 10.1021/acs.jctc.8b00908, (2018) 
[5]. N. W. A. Gebauer, M. Gastegger, K. T. Schütt. NeurIPS Workshop on Machine Learning for 
Molecules and Materials, arXiv:1810.11347, (2018) 
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With the development of microscopy technologies and the first principles calculations, 
the size of datasets to be analyzed in materials science has been rapidly increasing. 
Against such a large size of datasets, informatics technologies such as machine learning 
and data mining have become more important. This talk introduces our recently 
developed machine learning methods for microscopy data analysis [1], [2].  
    The first data analysis method is an automatic chemical component identification 
from spectrum imaging (SI) data such as scanning transmission electron microscopy 
(STEM) with comprehensive electron energy-loss spectroscopy (EELS). This automatic 
analysis can be performed by a matrix factorizations approach such as Principal 
Component Analysis (PCA) and Nonnegative Matrix Factorization (NMF). Because of 
the natural assumption of NMF, in which both spectra and intensities of chemical 
components are non-negative, we took an approach based on NMF and developed a new 
method with several effective extensions.  
    The second method introduced in this talk is an automatic decomposition of 3D 
Raman spectra mixed among different depth layers [2]. This decomposition is performed 
based on a least squares’ optimization of peak component parameters with a spectral 
mixture effect model. This talk also demonstrates our analysis results for real data and 
discusses the effectiveness of our developed methods. 

[1]. M. Shiga, K. Tatsumi, S. Muto, K. Tsuda, Y. Yamamoto, T. Mori and T. Tanji, 
Ultramicroscopy, 170, 43-59 (2016). 
[2]. H. Wang, H. Zhang, B. Da, M. Shiga, H. Kitazawa and D. Fujita, Journal of Physical 
Chemistry C, 122 (13), 7187-7193 (2018). 
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In this talk I will give three examples on applying machine learning algorithms to 
quantum physics problems, including applying fully connected neural network to predict 
scattering length, using convolutional neural network to recognize topological invariants, 
and designing recurrent neural network to map out density distribution from potential. 
Our purpose is not just to show that these algorithms can work, but try to understand how 
it works. 
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Recently machine learning has innovated ways of exposing physical observables, which are 
invisible in the direct scientific measurements. A crucial step is solving underdetermined inverse 
problem to extract observables entangled each other in the experimental data. An enigmatic 
inverse problem in condensed matter physics is found in open issues of high temperature 
superconductors: How electrons are mutually interacting, which is the key to identify the 
mechanism of superconductivity and, however, invisible in experiments so far. 
    In this study, we utilized the Boltzmann machine to extract physical quantities hidden in 
experimental data, combined with physically sound prior knowledge. The method is applied to 
the angle-resolved photoemission spectroscopy spectra of copper oxide superconductors [1] to 
extract the metallic (normal) and superconducting (anomalous) contributions in the self-energy 
separately, in which mutual interactions among electrons are encoded (see Fig.1). We found 
prominent peak structures emerging both in the normal and anomalous self-energies, Σnor and W, 
respectively, which are canceled in the total self-energy Σ and hence invisible in experiments, as 
the origin of high-temperature superconductivity [2]. The present achievement may open avenues 
for innovative machine-learning spectroscopy. 

Fig.1 Non-linear inverse problem (a), given spectral weight (b), and obtained self-energies (c). 

[1]. T. Kondo, et al., Nature 457, 296 (2009). 
[2]. Y. Yamaji, T. Yoshida, A. Fujimori and M. Imada, submitted. 
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Recent technical advances in the area of first-principles calculation and materials informatics have 
led to unprecedented capabilities for materials discovery and development. Screening and making 
a selection of materials by first-principles calculation and informatics are accelerating the 
materials discovery and development. In addition, these have a beneficial effect on the 
development of unexplored material groups (Figure). Among the undeveloped material groups, 
layered complex nitrides are of interest because remarkable physical properties have been 
predicted. Several layered complex nitrides have been synthesized, however mostly physical 
properties are unidentified [1]. We have predicted the electronic structures and thermoelectric 
transport properties of layered complex nitrides, AMN2 (A and M are s-, p- block metal ions and 
transition metal ions, respectively.) using density functional theory and Boltzmann theory 
calculations [2-7]. Recently, a new thin film growth method for the synthesis of layered complex 
nitrides is developed [8]. Capability of combination of first-principles calculation, machine 
learning and thin film growth techniques to facilitate efficient development of unexplored 
materials will be discussed. 

Figure: The number of crystalline compounds plotted as a function of types of 
compounds based on international centre for diffraction data (ICDD) base (2018). 

[1]. R. Niewa et al., Chem. Mater. 10, 2733 (1998). [2]. I. Ohkubo et al., Chem. Mater. 26, 2532 (2014). [3]. I. 
Ohkubo et al., Inorg. Chem. 53, 8979 (2014). [4]. I. Ohkubo et al., Eur. J. Inorg. Chem. 3715 (2015). [5]. I. 
Ohkubo et al., Chem. Mater. 27, 7265 (2015). [6]. I. Ohkubo et al., APL Mater. 4, 10480 (2016). [7]. I. Ohkubo 
et al., J. Phys. Soc. Jpn. 86, 074705 (2017). [8]. I. Ohkubo et al., in preparation. 
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Interfaces created by crystals have significant effect on important properties of materials. 
However, exhaustive investigation by theoretical calculations is not feasible because there exist 
infinite number of possible interface structures. To overcome this difficulty, we utilize machine 
learning models estimated from limited amount of simulation results, and show that it provides 
fast and accurate prediction of interface properties for efficient screening of materials. In the 
presentation, we will show our recent results of 1) GB atomic energy prediction (Fig.1), and 2) 
simultaneous structure search for multiple energy surfaces (Fig.2), through case studies on the 
fcc-Al tilt grain boundary. 

Fig.1 GB atomic energy prediction Fig2. GB structure search 
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Recent advances in computer technologies and quantum chemistry programs have enabled 
performing high-throughput quantum chemical calculations. The global reaction route map 
(GRRM) strategy [1], which can construct the database of transition states (TSs) connecting 
equilibrium geometries by automatic reaction path search, is an example that is enabled by the 
high-throughput treatment. The use of the informatics techniques has recently been attracted 
attention as a method to analyze enormous information obtained from the high-throughput 
calculation and to predict the behavior of new chemical systems. In this study, we applied the 
informatics techniques to a series of the quantum chemical calculation results of metal nanocluster 
catalysts obtained from the GRRM program for extracting the key factors and predicting the 
adsorption properties and catalytic activity. The metal nanoclusters consisting of up to several 
hundred atoms show catalytic activity depending on many factors such as the size, composition, 
and shape [2]. We focused on the catalytic activity of Cu13 cluster for the NO dissociation reaction 
[3]. To extract the key factors for the catalytic 
activity, we utilized the L1 regularized 
regression, as typified by LASSO, for 12 TSs 
of NO dissociation catalyzed by Cu13. 
Particularly, the regression of TS energy with 
87 descriptors obtained from the quantum 
chemical calculations indicated the negative 
correlation with LUMO energy (Fig.). In the 
presentation, we will also show the results for 
adsorption energy prediction.  

[1]. S. Maeda, K. Ohno, and K. Morokuma, Phys. Chem. Chem. Phys. 15, 3683 (2013). 
[2]. M. Gao, A. Lyalin, S. Maeda, and T. Taketsugu, J. Chem. Theory Comput. 10, 1623 (2014). 
[3]. T. Iwasa, T. Sato, M. Takagi, M. Gao, A. Lyalin, M. Kobayashi, K.-i. Shimizu, S. Maeda, 
and T. Taketsugu, J. Phys. Chem. A, in press (DOI: 10.1021/acs.jpca.8b08868). 

Fig. LASSO regression coefficients for TS 
energies of NO dissociation on Cu13. 
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Interfaces created by crystals have significant effect on important properties of materials. 
However, exhaustive investigation by theoretical calculations is not feasible because there exist 
infinite number of possible interface structures. To overcome this difficulty, we utilize machine 
learning models estimated from limited amount of simulation results, and show that it provides 
fast and accurate prediction of interface properties for efficient screening of materials. In the 
presentation, we will show our recent results of 1) GB atomic energy prediction (Fig.1), and 2) 
simultaneous structure search for multiple energy surfaces (Fig.2), through case studies on the 
fcc-Al tilt grain boundary. 
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Recent advances in computer technologies and quantum chemistry programs have enabled 
performing high-throughput quantum chemical calculations. The global reaction route map 
(GRRM) strategy [1], which can construct the database of transition states (TSs) connecting 
equilibrium geometries by automatic reaction path search, is an example that is enabled by the 
high-throughput treatment. The use of the informatics techniques has recently been attracted 
attention as a method to analyze enormous information obtained from the high-throughput 
calculation and to predict the behavior of new chemical systems. In this study, we applied the 
informatics techniques to a series of the quantum chemical calculation results of metal nanocluster 
catalysts obtained from the GRRM program for extracting the key factors and predicting the 
adsorption properties and catalytic activity. The metal nanoclusters consisting of up to several 
hundred atoms show catalytic activity depending on many factors such as the size, composition, 
and shape [2]. We focused on the catalytic activity of Cu13 cluster for the NO dissociation reaction 
[3]. To extract the key factors for the catalytic 
activity, we utilized the L1 regularized 
regression, as typified by LASSO, for 12 TSs 
of NO dissociation catalyzed by Cu13. 
Particularly, the regression of TS energy with 
87 descriptors obtained from the quantum 
chemical calculations indicated the negative 
correlation with LUMO energy (Fig.). In the 
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Fig. LASSO regression coefficients for TS 
energies of NO dissociation on Cu13. 

β i

ln λ
−5 −4 −3 −2 −1

0.10

−0.05

0

0.05

−0.10

LUMO energy
ln(λopt) = −2.7

39



JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Unravelling diffraction from glass, liquid, 
and amorphous materials 

S. Kohara1,2,3 

1National Institute for Materials Science, Japan 
2PRESTO, Japan Science and Technology Agency, Japan 
3Japan Synchrotron Radiation Research Institute, Japan 

The structure of glassy, liquid, and amorphous materials is still not well understood owing to their 
lack of distinct translational periodicity, which, in turn, is the result of disorder. It is well known 
that glass forming oxide materials exhibit a first sharp diffraction peak (FSDP), manifesting the 
formation of intermediate-range ordering. Figure 1 shows total structure factors S(Q) for Z r50Cu50 
metallic glass, amorphous Si [1], and SiO2 glass [2]. The definition of Q1, Q2, and Q3 was proposed 
by Zeidler and Salmon [3]. As can be seen in 
Fig. 1, SiO2 glass exhibits Q1 (FSDP), Q2 
(principal peak, PP), and Q3. On the other hand, 
an FSDP can hardly be observed in the S(Q) of 
amorphous Si and Zr50Cu50 metallic glass has 
only Q3 peak. We apply this classification to 
other disordered materials for systematic 
understanding of diffraction from disordered 
materials. Furthermore, a topological analysis 
method employing persistent homology 
proposed by Hiraoka et al. [4] will be 
introduced to unlock the relationship between 
diffraction pattern and topology. 

[1]. K. Laaziri et al., Phys. Rev. Lett. 82, 3460 (1999). 
[2]. http://www.alexhannon.co.uk/DBindex.htm. 
[3]. A. Zeidler and P. S. Salmon, Phys. Rev. B 93, 214204 (2016). 
[4]. Y. Hiraoka et al., Proc. Natl. Acad. Sci. U.S.A. 113, 7035 (2016). 

Fig. 1 Total structure factors S(Q) for 
Zr50Cu50 metallic glass, amorphous Si, and 
SiO2 glass. Scattering vector Q is normalized 
by multiplying d (first correlation distance 
appeared in real space function obtained by a 
Fourier transformation of the S(Q)). 
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Topological properties of electronic band structures in magnetic materials play a key role in 
understanding macroscopic quantities such as anomalous Hall and Nernst effects. Since these 
properties highly depend on the details of the band structures, dense k-mesh calculations are 
required and thus, tight-binding representation of the band structures is convenient. The tight-
binding Hamiltonians can be also utilized to obtain other important quantities such as 
Dzyaloshinskii-Moriya interaction[1,2]. Here, we show systematically generated tight-binding 
Hamiltonians from a crystal-structure database using first-principles calculations. Based on these 
Hamiltonians, we discuss the relations among the crystal structures, magnetic moments, and the 
anomalous Hall effect. Relations to other quantities will be also discussed. 

[1]. T. Kikuchi, T. Koretsune, R. Arita, and G. Tatara, Phys. Rev. Lett 116 247201 (2016). 
[2]. T. Koretsune, T. Kikuchi and R. Arita, J. Phys. Soc. Jpn. 87 041011 (2018). 
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HAADF-STEM can be used to observe the three-dimensional structure of a nano-scale object by 
using the projected images like a CT. In HAADF-STEM. However, we can not expect to obtain 
abundant images from electron CT like X-ray CT. Our group succeeded in reconstructing the 
internal structure of gold atomic nano-clusters by using sparse compressive sensing (Fig.1). 

Compressive sensing makes it possible to reconstruct from a small amount of data by a 
regularization term [1]. However, if the amount is too small, the reconstruction fails. Whether the 
reconstructed image is correct or not is in principle determined by the relationship between the 
sparsity of the original structure and the amount of data required for reconstruction, which can be 
estimated from the phase diagram [2]. However, in the case of reconstruction from structured data, 
there are cases which are hard to obtain the phase boundary. 

In this study, we propose a method for distinguishing if the structured data gives correct 
reconstruction. There are qualitative differences in the behavior of the dispersion from the 
bootstrap method [3] between the reconstruction from sufficient amount of data and that from 
insufficient ones as shown in Fig.2.  

Fig.1 : Reconstruction result Fig.2 : Dispersion by bootstrap 

[1]. D.L.Donoho and J.Tannar, J. Am. Math. Soc. Vol. 22, pp 1 (2009). 
[2]. T.Wadayama, Y.Kabashima, and T.Tanaka, J.Stat.Mech, L09003 (2009). 
[3]. B.Efron, Biometrika, Vol. 68, pp589-599. (1981) 
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Topological data analysis, especially persistent homology [1], has recently been applied to various 
research fields. Persistent homology and its visualization "Persistence Diagram (PD)" express the 
features of holes (ring and cavity) embedded in the data as two-dimensional scatter plots. In this 
sense, PD can be regarded as a coarse-grained distribution function of holes.  

By using PDs, we have developed the method to characterize microscopic structure obtained 
by the molecular dynamics (MD) simulation [2]. In this presentation we first introduce how to 
take the geometric information from the PDs based on some typical structures. Then, we introduce 
the character of PDs for bulk system obtained by the MD simulation. Namely, atomistic 
configurations for the ideal gas (uniform random), the face-centered cubic crystals with and 
without thermal noise, and Lennard-Jones liquid (Fig. 1) are considered. Finally, we introduce 
the application of PD for the atomistic 
configuration of glassy solid. There, we 
found that PDs can give a unified view for 
the various medium-range order 
structures.[3] 

[1]. H. Edelsbrunner and J. Harer, Computational Topology: An Introduction, (Amer. Math. Soc., 
2010). 
[2]. T. Nakamura, Y. Hiraoka, A. Hirata, E. G. Emerson, and Y. Nishiura, Nanotechnology, 26, 
304001, (2015) 
[3]. Y. Hiraoka, T. Nakamura, A. Hirata, E. G. Emerson, K. Matsue, and Y. Nishiura, PNAS 113, 
7035, (2016) 

Fig. 1 Persistence diagrams of ring and cavity for 
Lennard-Jones liquid 
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The x-ray absorption spectroscopy (XAS) is a powerful technique to investigate the local atomic 
and electronic structures of specific elements in materials. Theoretical calculations based on the 
quantum mechanics are necessary to extract useful information from experimental spectra. We 
have investigated various first-principles approaches for the analysis and interpretation of XAS 
spectra [1]. In this scheme, possible candidates of atomic structure models are constructed, and 
theoretical XAS spectra corresponding to those models are computed using the first-principles 
calculations which are used as the theoretical fingerprints for experimental spectra. Though this 
approach is most reliable, the computational costs could be enormously large when the number 
of atomic structures could be large, e.g., when considering the spectra from impurity atoms in 
solids or adsorbates on surfaces. A novel approach, which can simulate and predict XAS spectra 
from given atomic structures with much less computational time than first-principles calculations, 
is highly desirable. 

In this study, we tackled this problem by applying machine learning approach. Theoretical 
O K-edge XAS spectra computed with the multiple scattering theory (FEFF code) were collected 
from the Materials Project [2,3]. Then, neural network models which took descriptors easily 
obtained from atomic structures and output XAS spectrum, were constructed (50,000 learning 
data, 500 test data). We succeeded to construct the model such that almost all main features of 
XAS spectra can be reproduced in more than 60 % of test data. These preliminary results 
demonstrate that the XAS spectral shape can be directly translated from the atomic structures by 
using the neural network model. This approach could be very useful for analyzing a large number 
of spectra measured by the state-of-art techniques, such as time-resolved XAS or operando. 

[1]. H. Ikeno and T. Mizoguchi, Micron 66, 205 (2017). 
[2]. C. Zheng et al., NPJ Comput. Mater. 4, 12 (2018). 
[3]. K. Mathew et al., Scientific Data 5, 180151 (2018). 
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A variety of inorganic and organic nanosheets with characteristic structures and properties can be 
synthesized through exfoliation of layered materials. In general, exploration of exfoliation 
conditions and characterization of nanosheets requires immense time and efforts. Here we propose 
a materials-informatics-assisted high-yield synthesis of nanosheets.[1] Our group found that 
layered composites containing inorganic layers and interlayer organic guests are delaminated into 
nanosheets in a variety of dispersion media.[2–4] Sparse modeling was used facilitating the 
extraction of important factors predicting the yield of nanosheets. High-yield (up to 
approximately 50 %) syntheses of nanosheets were demonstrated in unknown systems in a 
minimum number of experiments. The yield was higher than those typically reported for layered 
materials. We expect that the effective combination has potentials for not only discovery of 
compounds but also structure control of materials. 

Fig.1   Schematic illustration of the present work. 

[1]. G. Nakada, Y. Igarashi, H. Imai and Y. Oaki, Adv. Theory Simul. in press (2019). [2] G. 
Nakada, H. Imai and Y. Oaki, Chem. Commun. 54, 244 (2018). [3] Y. Ishijima, M. Okaniwa, Y. 
Oaki and H. Imai, Chem. Sci. 8, 647 (2017). [4] M. Honda, Y. Oaki and H. Imai, Chem. Mater. 
26, 3579 (2014).  
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The x-ray absorption spectroscopy (XAS) is a powerful technique to investigate the local atomic 
and electronic structures of specific elements in materials. Theoretical calculations based on the 
quantum mechanics are necessary to extract useful information from experimental spectra. We 
have investigated various first-principles approaches for the analysis and interpretation of XAS 
spectra [1]. In this scheme, possible candidates of atomic structure models are constructed, and 
theoretical XAS spectra corresponding to those models are computed using the first-principles 
calculations which are used as the theoretical fingerprints for experimental spectra. Though this 
approach is most reliable, the computational costs could be enormously large when the number 
of atomic structures could be large, e.g., when considering the spectra from impurity atoms in 
solids or adsorbates on surfaces. A novel approach, which can simulate and predict XAS spectra 
from given atomic structures with much less computational time than first-principles calculations, 
is highly desirable. 

In this study, we tackled this problem by applying machine learning approach. Theoretical 
O K-edge XAS spectra computed with the multiple scattering theory (FEFF code) were collected 
from the Materials Project [2,3]. Then, neural network models which took descriptors easily 
obtained from atomic structures and output XAS spectrum, were constructed (50,000 learning 
data, 500 test data). We succeeded to construct the model such that almost all main features of 
XAS spectra can be reproduced in more than 60 % of test data. These preliminary results 
demonstrate that the XAS spectral shape can be directly translated from the atomic structures by 
using the neural network model. This approach could be very useful for analyzing a large number 
of spectra measured by the state-of-art techniques, such as time-resolved XAS or operando. 

[1]. H. Ikeno and T. Mizoguchi, Micron 66, 205 (2017). 
[2]. C. Zheng et al., NPJ Comput. Mater. 4, 12 (2018). 
[3]. K. Mathew et al., Scientific Data 5, 180151 (2018). 
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A variety of inorganic and organic nanosheets with characteristic structures and properties can be 
synthesized through exfoliation of layered materials. In general, exploration of exfoliation 
conditions and characterization of nanosheets requires immense time and efforts. Here we propose 
a materials-informatics-assisted high-yield synthesis of nanosheets.[1] Our group found that 
layered composites containing inorganic layers and interlayer organic guests are delaminated into 
nanosheets in a variety of dispersion media.[2–4] Sparse modeling was used facilitating the 
extraction of important factors predicting the yield of nanosheets. High-yield (up to 
approximately 50 %) syntheses of nanosheets were demonstrated in unknown systems in a 
minimum number of experiments. The yield was higher than those typically reported for layered 
materials. We expect that the effective combination has potentials for not only discovery of 
compounds but also structure control of materials. 

Fig.1   Schematic illustration of the present work. 
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Single-electron charge sensors utilizing semiconductor quantum dots (QDs) are important in 
operation of nano-probes which access local electronic states in nanostructures and a readout of 
semiconductor spin qubits for quantum information processing. Transport through the sensor QDs 
is sensitive to electrostatic potentials and affected by surrounding charges. In measurements of 
the charge sensors, high-frequency techniques are used for the fast operation. The reflected high-
frequency signal is monitored, and the signal is affected by noise in the measurement. We analyze 
the data with Bayesian estimation and evaluate the performance compared to the conventional 
simple averaging method. 

The sensor signals are demodulated high-frequency waves from a resonance tank circuit 
including the sensor QD. The target information is whether an electron is in the target QD (1) or 
not (0). We estimate the charge state by calculating probabilities of 0 and 1 with given data sets 
utilizing Bayes’ theorem. The Bayesian approach shows better estimation reliability compared to 
the conventional averaging method in a simulation assuming a variety of noise. 

We apply the Bayesian approach on real data sets obtained in experiments. The estimation 
error becomes smaller as same to the previous simulation. In the estimation of the real-time charge 
state of the target QD, the Bayesian approach enables 
reliable estimation with shorter data acquisition time 
compared to the simple averaging. This means that we 
can extract more reliable data points from the same 
measurement result by just changing the analysis 
method. These results are important in improving the 
operation of the charge sensing and contribute to 
realizing better nano-electronic probes and qubit 
sensing. 

Fig.1 Extracted charge signal by 
Bayesian approach. 
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Oxygen vacancies (VO) have a vast influence on the functionalities of oxides. Most of the previous 
theoretical studies, however, focused on VO only in a few oxides, which is insufficient to 
investigate general tendency of VO formation energy (E(VO)) in terms of chemical trend, 
coordination numbers, and so on. Here, we evaluated E(VO) in more than 1,000 oxides using first-
principles calculations and construct the prediction model using machine learning techniques. 

We calculated nonequivalent oxygen vacancies in more than 1,000 oxides. Calculations 
were performed using the projector augmented-wave method [1] as implemented in VASP [2] 
and the PBEsol functional [3]. To predict E(VO), we adopted the linear regression with the 
descriptors suggested by Deml et al. [4] and the random forest regression using the coordination 
numbers to respective cations as descriptors in addition to those of the Deml’s model.  

Figure 1 shows the E(VO) distribution predicted by the models against that calculated 
from first principles. One can see our random forest model better reproduces the first principles 
calculations than the Deml’s one. This result indicates more descriptors and machine-learning 
techniques are advantageous for constructing better prediction models. 

Fig.1 Formation energies of VO
0 calculated from first principles against those predicted by (a) 

the linear regression model and (b) the random forest model. 

[1]. P. E. Blöchl, Phys. Rev. B 50, 17953 (1994). 
[2]. G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996). 
[3]. J. P. Perdew et al., Phys. Rev. Lett. 100, 136406 (2008).  
[4]. A. M. Deml et al., J. Phys. Chem. Lett. 6, 1948 (2015). 
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Continuous-time quantum Monte Carlo (CT-QMC) methods are numerically exact and ubiquitous 
impurity solvers for the dynamical mean-field theory, which is widely used for material 
simulations of strongly correlated electron systems. While the CT-QMC is successful for the 
single-site and relatively small sized cluster DMFT, it generally encounters a negative sign 
problem when applied to large clusters and many-orbital systems, where the computational cost 
diverges exponentially as the temperature decreases. One way to relax the negative sign is to 
choose an appropriate single-particle basis used for an expansion of the partition function in CT-
QMC [1]. However, it has not been well understood so far how to find such an optimal basis for 
general situations. 

Recently, a machine-learning approach has been proposed to efficiently learn the 
probability distribution generated by CT-QMC methods (“self-learning Monte Carlo”) [2][3]. 
Here we apply a machine-learning idea to the hybridization-expansion-based CT-QMC, which 
works most efficiently for strongly correlated systems. To this end, we adopt effective models 
that fit the Monte Carlo probability distribution including or excluding the local trace part. The 
models are trained and tested for the single-site Anderson impurity problem. We discuss the 
efficiency of the learning models and future perspectives on applications to the optimization 
problem of the expansion basis in CT-QMC. 

Another approach is to introduce efficient measures that can be used to infer the optimal 
basis to suppress the negative sign. As such, we consider the ratio between the partition functions 
of fermionic and bosonic Hubbard clusters and their Kullback-Leibler divergence. These 
quantities measure a ‘distance’ between fermion and boson models, and is related to how 
frequently the negative sign appears. We apply this measure to several models and discuss its 
usefulness. 
[1]. H. Shinaoka, Y. Nomura, S. Biermann, M. Troyer, and P. Werner, Phys. Rev. B 92, 
195126 (2015). 
[2]. J. Liu, Y. Qi, Z. Y. Meng, and L. Fu, Phys. Rev. B 95, 041101(R) (2017). 
[3]. Y. Nagai, H. Shen, Y. Qi, J. Liu, and L. Fu, Phys. Rev. B 96, 161102(R) (2017). 
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An importance of conical intersections (CIs) in photoreactions is widely known, and a minimum 
energy CI (MECI) which is the energetically most preferred point in the intersection seam is 
optimized as the representative geometry of a CI region. Recently, molecular fluorescence has 
been discussed by exploring S1/S0-MECIs and non-radiative decay paths to reach them [1]. Time 
dependent density functional theory (TDDFT) is a method which describes electronic excited 
states with reasonable accuracy and cost. However, the potential energy surface (PES) around an 
S0/S1-CI is discontinuous because the reference state, which is normally the ground state, becomes 
the excited state. Thus, TDDFT is not used to optimize S1/S0-MECIs [2]. 
    In this study, we developed a method to optimize approximate S0/S1-MECI geometries at 
TDDFT levels using the energy shift (ES) method [3, 4] which was developed to calculate 4fN 
excited states of lanthanide compounds. The approximate S0/S1-MECI geometries and energies 
obtained using the present method well reproduced the true S0/S1-MECI geometries and energies 
at the TDDFT level. Also, the approximate S0/S1-MECI geometries were explored with a 
combination use of the ES/TDDFT method and a systematic search method for MECIs [5], and 
all the approximate S0/S1-MECIs were obtained [6]. 

[1]. Y. Harabuchi, T. Taketsugu, S. Maeda, Phys. Chem. Chem. Phys., 17, 22561 (2015). 
[2]. B.G. Levine, C. Ko, J. Quenneville, T.J. Martinez, Mol. Phys., 104, 1039 (2006).  
[3]. M. Hatanaka and K. Morokuma, J. Chem. Theory Comput., 10, 4184 (2014).  
[4]. M. Hatanaka, Y. Hirai, Y. Kitagawa, T. Nakanishi, Y. Hasegawa, K. Morokuma, Chem. Sci., 
8, 423 (2017).  
[5]. Y. Harabuchi, T. Taketsugu, and S. Maeda, Chem. Phys. Lett., 674, 141 (2017). 
[6]. Y. Harabuchi, M. Hatanaka, S. Maeda, Chem. Phys. Lett., in press. 
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Herein we present our recent efforts towards the development of efficient computational search 
techniques to find novel solid electrolytes which are important technological materials for all-
solid-state batteries. One topic will highlight on screening of solid electrolyte candidates, with 
our proposed approach using a Bayesian-driven first-principles calculations (see Figure 1).[1] The 
second part is about development of general material descriptor sets for crystalline solids for 
potential use in large-scale material screening tasks based on Voronoi-tessellation real feature 
values and atomic property data for encoding structure and chemical information, respectively.[2] 

Fig.1 Schematic representation for a) solid electrolyte screening based on Bayesian-driven first-
principles calculations, and b) a proposed material descriptor formulation for crystalline solids. 

[1]. R. Jalem, K. Kanamori, I. Takeuchi, M. Nakayama, H. Yamasaki, T. Saito, Sci. Rep. 8, 5845 
(2018). 
[2]. R. Jalem, M. Nakayama, Y. Noda, T. Le, I. Takeuchi, Y. Tateyama and H. Yamazaki, 
STAM 19, 231 (2018).  
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With the advent of “Material Genome Initiative” in 2011, Materials Informatics (MI) has attracted 
enormous attention all over the world. In most MI researches, first-principles/ab initio simulations 
generate database to construct machine learning based property-prediction models that enable one 
to utilize high throughput virtual screening approaches to efficiently exploring materials with 
desirable properties. Although their success in MI, the virtual screening cannot intrinsically create 
novel materials (unknown compounds and structures) with desirable properties in silico. 
Computational materials design is an inverse problem of property prediction for a given structure. 
This problem is known to be quite hard to be solved because on-demand materials would be 
hidden in the huge material space including more than 1060 compounds, though we only know 
109 compounds at most therein. To challenge this problem, we have recently proposed a new 
computational approach based on a combination of Bayesian statistics and first-principles 
simulations [1]. The Bayesian approach efficiently creates/proposes new compounds and samples 
candidate compounds with preset properties according to a posterior distribution consisting of 
likelihood (regression/machine learning) multiplied by a prior distribution (Bayes' law). This 
stochastic approach was found to be very useful to explore new materials (Fig. 1). From the 
viewpoint of reliability, however, statistics/machine learning itself is not guaranteed to predict 
properties for the new materials located outside the existing data, i.e., extrapolation in which 
simulations have a definite advantage over machine learning alone. In this sense, advances in 
simulations are also important to enhance the reliability of MI and to extend its applicability. This 
presentation will demonstrate not 
only our recent MI projects, but 
also our recent achievements in 
first-principles simulations 
towards MI. 

Fig.1 (Top) Molecular structures having each of properties Ui (i = 1-3) generated from our search algorithm. 
(Bottom) PubChem registered molecules having similarities to the found molecules. “No match” implies 
the generated molecules have novel compositions and structures that have not been ever discovered. 
[1]. H. Ikebata, K. Hongo, T. Isomura, R. Maezono, R. Yoshida, J. Comput. Aided Mol. Des. 31, 379 (2017). 
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viewpoint of reliability, however, statistics/machine learning itself is not guaranteed to predict 
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Fig.1 (Top) Molecular structures having each of properties Ui (i = 1-3) generated from our search algorithm. 
(Bottom) PubChem registered molecules having similarities to the found molecules. “No match” implies 
the generated molecules have novel compositions and structures that have not been ever discovered. 
[1]. H. Ikebata, K. Hongo, T. Isomura, R. Maezono, R. Yoshida, J. Comput. Aided Mol. Des. 31, 379 (2017). 
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Refrigerants are substances that can be used in the refrigeration cycle of air conditioning and 
refrigeration equipment because of their thermodynamic properties.  Among various chemical 
compounds, chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs) had been utilized 
as refrigerants since their cooling efficiency are very high.  However, as is well known, usage 
of these compounds is being phased out under the Montreal Protocol, an international agreement 
to protect the ozone layer.  To develop substituent materials with high cooling efficiency and 
low environmental loads, many researchers and engineers have been working very hard to search 
for such materials.  However, no better materials than those currently used have not been found. 
One of the most effective strategy to search for novel green refrigerants is using mixed refrigerants. 
In mixed materials, however, intermolecular interactions among different species cause non-
linear thermodynamic property change to molar fraction.  It had been considered difficult to 
predict candidate mixed green solvent prior to performing a number of experiments, which are 
expensive and time consuming.   

With the above backgrounds, we have tried to develop a novel database that combine 
theoretical and experimental thermodynamic data for applying artificial intelligence in the field 
of refrigerants development.  In this talk, a novel approach to find out green solvent materials 
which is based on quantum chemical calculations and information science will be introduced. 

Which mixed refrigerants are the
promising one as green refrigerants?

[This study]
Development of AI to search for 

green refrigerants

Quantum
chemistry

Information Science

+
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Recent research developments in the field of -conjugated molecules have led to the discovery of 
unique solid-state fluorophores that change their emission color in response to external stimuli. 
While earlier studies mainly focused on changes in photoluminescence (PL) color in response to 
external stimuli, stimuli‐responsive electroluminescence (EL) has not yet been explored for 
color‐tunable emitters in organic light‐emitting diodes (OLEDs). Here we report a stimuli‐

responsive -conjugated molecule that switches its emission color between green and orange in 
the solid state upon grinding, heating and exposure to chemical vapor. A mechanistic study 
combining X‐ray diffraction analysis and quantum chemical calculations reveals that the tunable 
green/orange emissions originate from its alternating excited‐state conformers formed in the 
crystalline and amorphous phases. By taking advantage of this stimuli‐responsive fluorescence, 
two‐ color emissive OLEDs were fabricated using the same fluorophore in different solid 

phases.[1] 

[1]. K. Isayama,† N. Aizawa,† J. Y. Kim, T. Yasuda,* Angew. Chem. Int. Ed., 57, 11982 (2018). 
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In x-ray absorption spectra, fine structures appear due to interference between emitted
photoelectron waves just above the absorption edge of a certain atom, which are called extended 
x-ray absorption fine structures (EXAFS). We have applied Bayesian sparse modeling (SpM) 
onto the EXAFS analysis on the basis of L1-regularization to obtain local structural information 
nearby the atom that absorbs x-rays and extract the physical model appropriately.  
In order to demonstrate the validity of SpM for EXAFS data analysis, the well-known EXAFS 
spectrum of copper was measured by using the BL11 beamline at the SAGA Light Source as 
shown in Fig. 1(a). To discuss the radial structure function (RSF), the Fourier Transformation(FT) 
of the EXAFS data was employed. The dominant peaks in this FT-RSF spectrum have broad 
bandwidths spectrum, which is contrary to the sparsity of atomic coordination. In contrast, the 
magnitude spectrum obtained by sparse modeling can be expected to provide more appropriate 
and realistic in Fig. 1(c), and the number of selected basis functions is 65, which is only 
approximately one-fifth of the total number. Moreover, using Bayesian theorem, we can estimate 
a reliability of the sparse solution by a standard deviation of amplitude as shown in Fig. 1(c).  

Fig.1 (a) Measured background-subtracted and k3-weighted EXAFS data for copper (solid line) and fitted 

data using sparse modeling. (b) Magnitude spectra of the FT before phase shift correction and coordination 

number N(R) as a function of R displayed by a gray line and black bars, respectively. (c) Magnitude spectra 

by sparse modeling with mean and one standard deviation displayed by circles and whiskers, respectively. 

[1]. I. Akai, K. Iwamitsu, Y. Igarashi, M. Okada, H. Setoyama, T. Okadajima and Y. Hirai, J. Phys. Soc. Jpn. 87(8), 

074003 (2018). 

JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Mathematical structures behind grain-boundary atomic 

arrangements and atomic-scale observations 

K. Inoue1,2, M. Kotani2 and Y. Ikuhara2,3,4 

1 JST-PRESTO, Honcho 4-1-8, Kawaguchi, Saitama 332-0012, Japan  
2 WPI Research Center, Advanced Institute for Materials Research, Tohoku University, 

Katahira 2-1-1, Aoba-ku, Sendai, Miyagi 980-8577, Japan
3 Institute of Engineering Innovation, The University of Tokyo, 2-11-16, Yayoi, Bunkyo-

ku, Tokyo 113-8656, Japan 
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It has been recognized that most of materials are used by polycristalline form, and crysalline 
defects such as grain boundaries(GBs) affect significantly on materials properties. It is important 
to reveal the background mathematical structure behind the atomic arrangement of GBs in order 
to estimate the property of polycrystaline materials systematically. Low-angle GBs have been 
described by dislocation arrangements while high-angle GBs by an arrangement of structural units. 
As a consequence of the locally interacting nature of GB dislocations in high-angle GBs, the 
minority structural units, where GB dislocations are introduced, should be maximally separated 
in order to minimize the GB energy. It has been often observed that symmetrical tilt GBs are 
composed of two kinds of reference structural units. Then, the arrangement of them should vary 
as continuously as possible as a function of the misorientation. Therefore, it can be concluded that 
the periodicity of structural units and their arrangemets are closely related to the distribution of 
rational numbers that has been successfully described by so-called the Farey sequence [1]. Our 
prediction based on number theory made it possible to predict the arrangement of structural units 
and it has been verified by atomic-scale observations with aberration-corrected scanning 
transmission electron microscopy (STEM) in various kinds of materials [1,2]. The twist GBs, 
though they have not been often observed by STEM, can also have a similar mathematical 
structure behind them. We investigate the structure of tilt and twist GBs to establish a unified 
theory so as to analyze the structure of random GBs. 

[1]. K. Inoue, M. Saito, C. L. Chen, M. Kotani, Y. Ikuhara, Microscopy, 65, 479-487, (2016). 
[2]. K. Inoue, B. Feng, N. Shibata, M. Kotani, Y. Ikuhara, J. Mater. Sci., 52, 4278-4287 (2017). 

54



JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Sparse modeling of EXAFS 

Y. IGARASHI1,4,5, K. IWAMITSU2, T. OKAJIMA3, I. AKAI2,3 and M. OKADA4,5 
1 Japan Science and Technology Agency, PRESTO, 2 Institute of Pulsed Power Science, 
Kumamoto University, 3 Kyushu Synchrotron Light Research Center, 4 Graduate School 

of Frontier Science, The University of Tokyo, 5NIMS MaDIS 

In x-ray absorption spectra, fine structures appear due to interference between emitted
photoelectron waves just above the absorption edge of a certain atom, which are called extended 
x-ray absorption fine structures (EXAFS). We have applied Bayesian sparse modeling (SpM) 
onto the EXAFS analysis on the basis of L1-regularization to obtain local structural information 
nearby the atom that absorbs x-rays and extract the physical model appropriately.  
In order to demonstrate the validity of SpM for EXAFS data analysis, the well-known EXAFS 
spectrum of copper was measured by using the BL11 beamline at the SAGA Light Source as 
shown in Fig. 1(a). To discuss the radial structure function (RSF), the Fourier Transformation(FT) 
of the EXAFS data was employed. The dominant peaks in this FT-RSF spectrum have broad 
bandwidths spectrum, which is contrary to the sparsity of atomic coordination. In contrast, the 
magnitude spectrum obtained by sparse modeling can be expected to provide more appropriate 
and realistic in Fig. 1(c), and the number of selected basis functions is 65, which is only 
approximately one-fifth of the total number. Moreover, using Bayesian theorem, we can estimate 
a reliability of the sparse solution by a standard deviation of amplitude as shown in Fig. 1(c).  

Fig.1 (a) Measured background-subtracted and k3-weighted EXAFS data for copper (solid line) and fitted 

data using sparse modeling. (b) Magnitude spectra of the FT before phase shift correction and coordination 

number N(R) as a function of R displayed by a gray line and black bars, respectively. (c) Magnitude spectra 

by sparse modeling with mean and one standard deviation displayed by circles and whiskers, respectively. 

[1]. I. Akai, K. Iwamitsu, Y. Igarashi, M. Okada, H. Setoyama, T. Okadajima and Y. Hirai, J. Phys. Soc. Jpn. 87(8), 

074003 (2018). 

JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Mathematical structures behind grain-boundary atomic 

arrangements and atomic-scale observations 

K. Inoue1,2, M. Kotani2 and Y. Ikuhara2,3,4 

1 JST-PRESTO, Honcho 4-1-8, Kawaguchi, Saitama 332-0012, Japan  
2 WPI Research Center, Advanced Institute for Materials Research, Tohoku University, 

Katahira 2-1-1, Aoba-ku, Sendai, Miyagi 980-8577, Japan
3 Institute of Engineering Innovation, The University of Tokyo, 2-11-16, Yayoi, Bunkyo-

ku, Tokyo 113-8656, Japan 
4 Nanostructures Research Laboratory, Japan Fine Ceramics Center, 2-4-1, Mutsuno, 

Atsuta, Nagoya 456-8587, Japan 

It has been recognized that most of materials are used by polycristalline form, and crysalline 
defects such as grain boundaries(GBs) affect significantly on materials properties. It is important 
to reveal the background mathematical structure behind the atomic arrangement of GBs in order 
to estimate the property of polycrystaline materials systematically. Low-angle GBs have been 
described by dislocation arrangements while high-angle GBs by an arrangement of structural units. 
As a consequence of the locally interacting nature of GB dislocations in high-angle GBs, the 
minority structural units, where GB dislocations are introduced, should be maximally separated 
in order to minimize the GB energy. It has been often observed that symmetrical tilt GBs are 
composed of two kinds of reference structural units. Then, the arrangement of them should vary 
as continuously as possible as a function of the misorientation. Therefore, it can be concluded that 
the periodicity of structural units and their arrangemets are closely related to the distribution of 
rational numbers that has been successfully described by so-called the Farey sequence [1]. Our 
prediction based on number theory made it possible to predict the arrangement of structural units 
and it has been verified by atomic-scale observations with aberration-corrected scanning 
transmission electron microscopy (STEM) in various kinds of materials [1,2]. The twist GBs, 
though they have not been often observed by STEM, can also have a similar mathematical 
structure behind them. We investigate the structure of tilt and twist GBs to establish a unified 
theory so as to analyze the structure of random GBs. 
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55



JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Structural-controlled synthesis of single-walled carbon 

nanotubes based on machine-learning approach  

T. Kato1,2 
1 Department of Electronic Engineering, Tohoku University, 6-6-05 Aoba, Aramaki, 

Aoba-ku, Sendai, 980-8579 Japan 
2 JST-PRESTO 

Atomically thin layered materials such as single-walled carbon nanotubes (SWNTs), graphene, 
graphene nanoribbon (GNR), and transition metal dichalcogenides (TMD) are known as ideal 
layered nanomaterials including excellent electrical and optical features. Since these features are 
sensitive to their atomic structures, establishing a novel method for structural-controlled synthesis 
of those nanomaterials with atomic accuracy is very important. Up to now, we have developed 
novel growth methods and realized several innovative syntheses for those nanomaterials [1-5]. In 
this study, to further improve the structural controllability of those nanomaterials, we attempted 
to use approach based on machine learning. As a first target, we tried to improve the purity of 
(6,4) SWNTs [3]. Gas phase information during the 
growth process were collected with quadrupole (Q) -
mass spectroscopy. The correlation between the Q-
mass spectrum and purity of (6,4) SWNTs were 
carefully analyzed based on machine-learning 
approach. Several interesting correlation can be 
obtained between specific gas phase species and purity 
of (6,4) SWNTs, which can be important findings for 
further improving the purity of (6,4) SWNTs.. 

[1]. T. Kato and R. Hatakeyama, Nature 
Nanotechnology 7, 651 (2012). 
[2]. H. Suzuki, T. Kaneko, Y. Shibuta, M. Ohno, Y. Maekawa, and T. Kato, Nature 
Communications 7, 11797 (2016).  
[3]. B. Xu, T. Kaneko, Y. Shibuta, T. Kato, Scientific Reports 7, 11149 (2017).  
[4]. T. Akama, W. Okita, R. Nagai, C. Li, T. Kaneko, T. Kato, Scientific Reports 7, 11967 (2017). 
[5]. H. Suzuki, N. Ogura, T. Kaneko, and T. Kato, Scientific Reports 8, 11819 (2018). 

Fig. 1 Typical photoluminescence 
-excitation map of (6,4) dominant 
SWNTs. 
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As well as conventional energy-device applications[1], metal hydrides have recently attracted 
enormous attention in fields ranging from electrochemistry and condensed matter physics due to 
high ionic conductivity (Na+, Mg2+, H-)[2] and high-transition-temperature superconductivity 
(H3S and LaHx)[3]. For electronics applications, it is of great importance to fabricate such metal 
hydrides in a thin-film form, requiring optimization of many growth conditions such as growth 
temperature and hydrogen partial pressure. However, there has been no growth guideline for metal 
hydrides thin films, hindering the experimental efficiency. 
    To speed up the discovery of exotic properties, in this research, we combine a robot system 
using Bayesian optimization and thin film deposition to develop a fully-automatic and 
autonomous thin film growth system. Figure shows a schematic illustration of the apparatus, 
which has a robot arm at the center accessible to each satellite chamber for automatic thin film 
growth and physical properties measurements. Using the values obtained from the measurements, 
Bayesian optimization can autonomously indicate the ideal growth conditions, as shown in the 
case of TiH2 thin films [4]. Through the superfast optimization of growth conditions, we aim to 
establish a guiding principle for the emergence of exotic physical properties in metal hydrides. 

Figure: Schematic illustration of our apparatus. 

[1]. L. Schlapbach and A. Züttel, Nature 414, 353 (2001). 
[2]. R. Mohtadi and S. Orimo, Nat. Rev. Mater. 2, 16091 (2016). 
[3]. Drozdov et al., Nature 525, 73 (2015), arXiv:1808.07039. 
[4]. R. Shimizu et al., APL Mater. 5, 086102 (2017). 
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Lithium ion conducting oxides are the key material for developing the all-solid-state lithium 
battery with high stability. Therefore, novel lithium ion conductors are required while the material 
search takes a long time and the progress rate of search strongly depends on the skills and 
experience of the material scientists. In particular, choosing the target chemical composition or 
search area in the phase diagram is an important step in determining the success of the material 
search. Recently, owing to the development of computer science, chemically relevant 
compositions (CRCs) can be predicted by a recommender system using a database of known 
materials in such as ICSD and ICDD [1]. Unknown CRCs are recommended with a predicted 
rating depending on the material probability; the unknown CRC with a high predicted rating can 
be a good candidate to be synthesized. In this study, the feasibility of a novel material search 
method, which arises from combining the classical approach of material scientists and the 
recommender system, was examined.  

Several quasi-ternary phase diagrams were selected as the target field of material search for 
lithium ion conducting oxides with considering the contained element. In the diagrams, the 
compositions on the tie line between the known materials, and of predicted unknown CRCs are 
synthesized by conventional solid-state reactions. In the Li2O-ZnO-GeO2 quasi-ternary system, a 
lithium conductor of Li3Zn0.65Ge4.35O10.85 was discovered by a combination of the recommender 
system and a conventional material search method. This new phase exhibited a relatively high 
ionic conductivity of 1.1 x 10–6 S cm–1 at room temperature compared to that of the related 
LISICON system (Li14Zn(GeO4)4) [2]. The novel material search method can be expected to 
enhance the discovering efficiency for lithium ion conductors. 

[1]. Physical Review Materials, 2 (2018). 
[2]. Electrochim. Acta, 23, 1395 (1978). 
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Magnetism is one of the most important phenomena of functional materials. The degree of 
freedom for magnetic moment configurations enables the creation of variety of macroscopic 
phenomena, such as anomalous Hall effect, electromagnetic effect, and optical response 
phenomena. These macroscopic phenomena are often discussed with the specific magnetic 
structures characterized by multipole and toroidal moments, which are expansion coefficients of 
multipole expansion of magnetic distribution [1, 2]. We have recently developed a method to 
automatically generate an orthonormal basis set represented by magnetic structures classified 
according to multipole moments and magnetic symmetries (Fig.1). The magnetic structure bases 
express any possible magnetic structures in crystal by taking a linear combination of the bases. 
We have been developing a framework to evaluate the most stable magnetic structures from first-
principles calculations by generating good candidates of initial magnetic structures used as inputs 
for first-principles calculations from generated magnetic structure bases. We here discuss the 
framework to predict the most stable magnetic structures in the new framework combining first-
principles calculations and automatic generation of initial magnetic structures. 

Fig.1 Magnetic structure basis set classified according to multipole moments and irreducible 
representation of the crystallographic point group for pyrochlore crystal structure. 

[1]. M.-T. Suzuki, T. Koretsune, M. Ochi, R. Arita, Phys. Rev. B 95, 094406 (2017). 
[2]. T. Higo et al., Nat. Photon. 12, 73 (2018). 
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Lithium ion conducting oxides are the key material for developing the all-solid-state lithium 
battery with high stability. Therefore, novel lithium ion conductors are required while the material 
search takes a long time and the progress rate of search strongly depends on the skills and 
experience of the material scientists. In particular, choosing the target chemical composition or 
search area in the phase diagram is an important step in determining the success of the material 
search. Recently, owing to the development of computer science, chemically relevant 
compositions (CRCs) can be predicted by a recommender system using a database of known 
materials in such as ICSD and ICDD [1]. Unknown CRCs are recommended with a predicted 
rating depending on the material probability; the unknown CRC with a high predicted rating can 
be a good candidate to be synthesized. In this study, the feasibility of a novel material search 
method, which arises from combining the classical approach of material scientists and the 
recommender system, was examined.  

Several quasi-ternary phase diagrams were selected as the target field of material search for 
lithium ion conducting oxides with considering the contained element. In the diagrams, the 
compositions on the tie line between the known materials, and of predicted unknown CRCs are 
synthesized by conventional solid-state reactions. In the Li2O-ZnO-GeO2 quasi-ternary system, a 
lithium conductor of Li3Zn0.65Ge4.35O10.85 was discovered by a combination of the recommender 
system and a conventional material search method. This new phase exhibited a relatively high 
ionic conductivity of 1.1 x 10–6 S cm–1 at room temperature compared to that of the related 
LISICON system (Li14Zn(GeO4)4) [2]. The novel material search method can be expected to 
enhance the discovering efficiency for lithium ion conductors. 

[1]. Physical Review Materials, 2 (2018). 
[2]. Electrochim. Acta, 23, 1395 (1978). 
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Magnetism is one of the most important phenomena of functional materials. The degree of 
freedom for magnetic moment configurations enables the creation of variety of macroscopic 
phenomena, such as anomalous Hall effect, electromagnetic effect, and optical response 
phenomena. These macroscopic phenomena are often discussed with the specific magnetic 
structures characterized by multipole and toroidal moments, which are expansion coefficients of 
multipole expansion of magnetic distribution [1, 2]. We have recently developed a method to 
automatically generate an orthonormal basis set represented by magnetic structures classified 
according to multipole moments and magnetic symmetries (Fig.1). The magnetic structure bases 
express any possible magnetic structures in crystal by taking a linear combination of the bases. 
We have been developing a framework to evaluate the most stable magnetic structures from first-
principles calculations by generating good candidates of initial magnetic structures used as inputs 
for first-principles calculations from generated magnetic structure bases. We here discuss the 
framework to predict the most stable magnetic structures in the new framework combining first-
principles calculations and automatic generation of initial magnetic structures. 

Fig.1 Magnetic structure basis set classified according to multipole moments and irreducible 
representation of the crystallographic point group for pyrochlore crystal structure. 

[1]. M.-T. Suzuki, T. Koretsune, M. Ochi, R. Arita, Phys. Rev. B 95, 094406 (2017). 
[2]. T. Higo et al., Nat. Photon. 12, 73 (2018). 
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Density functional theory (DFT) is one of the most popular scheme for obtaining electronic states 
and its properties in molecules and materials. The modern DFT was originally developed by 
Hohenberg and Kohn [1], who proved that the total energy of electrons can be written as a 
functional of the electron density information. The DFT calculations assume that the total energy 
is divided into four contributions: the kinetic energy (KE), the interaction energy of the electron 
density with the external potential, the classical two-electron Coulomb repulsion energy, and the 
quantum exchange-correlation (XC) energy. The second and third energies have explicit formulae 
in terms of electron density. On the other hand, the kinetic and XC energies have approximate 
formulae because the exact expressions are unknown. 
    For the KE, the majority use the Kohn-Sham (KS) expression, which introduces a set of one-
electron KS orbitals instead of using the explicit functional in terms of electron density. This is 
because the development of a practical KE density functional (KEDF) has been a difficult task 
both for isolated and bulk systems. However, the orbital-free (OF-)DFT with the practically 
accurate KEDF has possibilities to realize further efficient calculations of electronic states. 
    The present study attempts to construct the KEDF using machine learning (ML). The present 
scheme adopts electron densities and their gradients as descriptors, and the KE density of KS as 
the objective value in atoms and molecules. A multi-layer neural network was adopted here for 
ML. The results showed that the ML KEDF provides closer KEs with the KS expression than 37 
conventional KEDFs [2]. Furthermore, the ML procedure was applied to a construction of KS 
potential functional, which is the derivative of KEDF in terms of electron density. The ML KEDF 
and potential functional are utilized for the optimization of electron density in the OF-DFT 
framework. The procedure in details and accuracy will be discussed in the presentation. 

[1]. P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964). [2]. J. Seino, R. Kageyama, M. 
Fujinami, Y. Ikabata, and H. Nakai, J. Chem. Phys. 148, 241705 (2018). 
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Understanding the mechanism at beginning of the crystallization process of Metal Organic 
Frameworks (MOFs) is essential for design of novel MOFs and controlling their crystal 
morphology although it has been incompletely understood yet. We have developed an in-situ 
fluidic measurement system with a micro flow reactor to observe the reaction solution and have 
demonstrated that the observation of MOF crystal surfaces by atomic force microscope (AFM) 
can reveal the detail crystal growth mechanism of MOFs (Figure 1).1 

In this presentation, we will focus on the nucleation mechanism of pillared-layer MOFs. 
Genertally, it is difficult to homogenously mix solutions and to continuously observe the 
nucleation process by conventional bulk synthesis methods. On the other hand, microflow 
reactors are being used in a wide-range of chemical and pharmaceutical industries for the general 
syntheses of organic and inorganic materials. By using microflow reactors, we have succeeded in 
observing the non-equilibrium nucleation process of multicomponent MOFs, coordination 
polymers with pillared-layer structure (CPL), [Cu2(pzdc)2L] (pzdc = pyrazine-2,3-dicarboxylate; 
CPL-1: L= pyrazine (pyz), CPL-2: L=4,4’- bipyridine (bpy)). Multistep fluidic synthesis and in-
situ flow XAFS measurements have demonstrated that the formation of the layer structures of 
pzdc and Cu ions would be a key for the initiation of nucleation. The pillar ligands (pyz or bpy) 
suppress the nucleation, which stabilizes the super-saturated solutions of CPL. We also 
determined conditions that suppress nucleation by stabilizing supersaturated solutions of these 
pillared coordination polymers by coordination modulators. 

Fig.1 Techniques for Ovserving Crystallization Processes of MOFs 
[1]. Atomic Force Microscopy Study of the Influence of the Synthesis Conditions on the Single‐Crystal Surface of 
Interdigitated Metal‐Organic Frameworks Y. Kamakura, N. Hosono, A. Terashima, S. Kitagawa, H. Yoshikawa, D. 
Tanaka* ChemPhysChem 2018, 19, 2134-2138. (Front Cover) DOI:10.1002/cphc.201800439 
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Recently, various kinds of high resolution and multi-parameter spectral analysis is available by 
using high brilliant quantum beams like synchrotron radiation X-rays for probes of spectroscopy. 
This tendency results in enormous increase of spectral data per experiment. Efficient 
interpretation of huge spectral data beyond manual peak fitting is an urgent issue. 
    Here we adopt machine learning technique for peak 
shift detection in spectral imaging data taken by a SR soft 
X-ray scanning photoelectron microscopy system, called 
“3D nano-ESCA”[1]. This equipment has bias voltage 
application circuit, so we perform electric potential 
mapping by detecting the spatial distribution of XPS core-
level peak shift in microscopic device structures during 
device operation with high spatial resolution (~ 70 nm).  
    To reduce computational cost for high-throughput 
analysis compared with previous studies using a Bayesian 
peak separation with the exchange Monte Carlo 
method[2], we used an expectation-maximization 
(EM) algorithm and confirmed drastic acceleration of 
peak fitting in comparison to the manual approach[3]. 
    In the presentation, we show concrete applications to the synthetic data of graphene field 
effect transistors (FETs)[4] and other semiconductor fine devices. 

[1]. K. Horiba et al., Rev. Sci. Instrum. 82, 113701 (2011). 
[2]. K. Nagata et al., Neural Networks 3, 82 (2012). 
[3]. T. Matsumura, et al., submitted (2018). 
[4]. N. Nagamura et al., Appl. Phys. Lett. 102, 241604 (2013). 

Fig. 1 Schematic image of the 3D nano-ESCA 
system (upper) and photoelectron intensity 
mapping with pin-point XPS spectra (lower). 

JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Material Informatics for designs of biomaterials 

Rudolf Jason Kwaria1, Hiroyuki Tahara1 and Tomohiro Hayashi1,2 
1 Department of Materials Science and Engineering, School of Materials and Chemical 

Technology, Tokyo Institute of Technology, Japan 
2JST-PRESTO 

We used machine learning using an artificial neural network model to investigate the correlation 
among chemical structure, physicochemical properties of SAMs, protein adsorption, and cell 
adhesion. Our machine learning using about 300 data of SAMs from previous literature enables 
us to predict the amount of adsorbed proteins and adhered cells from the molecular structures. 
Moreover, the machine learning clarified the importance of each parameter of chemical structure 
and physicochemical property for protein adsorption. (Fig. 1) 

Our results suggest that the accuracy of the prediction of water contact angle and the amount 
of adsorbed protein on the SAMs critically depends on the quality of the database. When the data 
was acquired with a unique experimental condition, the ANN can predict the water contact angle 
and the amounts of proteins adsorbed on the SAMs. 

Finally, we attempted the material design of protein-resistant SAMs by using machine 
learning. Interestingly, the ANN trained without data of oligo(ethylene glycol)-terminated 
alkanethiols suggested the structure of poly(ethylene glycol) as a protein-resistant surface, 
indicating the possibility of a design of unknown biomaterials from the information on known 
biomaterials. 

Fig.1 experimental and predicted values of water contact angle (left) amounts of adsorbed 
fibrinogen (right). Comparison of predictions by machine leanings using literature and our own 

experimental data 
[1]. R. Chang, et al. Polym. J. (Tokyo, Jpn.) 2018 in print. T. Sekine, et al. J Biomater Sci Polym 
Ed 2017, 28, 1231. T. Sekine, et al. Langmuir 2015, 31, 7100. T. Hayashi, et al. Phys. Chem. 
Chem. Phys. 2012, 14, 10196. Other related literatures are found at http://lab.spm.jp/ 
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Chem. Phys. 2012, 14, 10196. Other related literatures are found at http://lab.spm.jp/ 

63



JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Similarity between synthesis conditions by tensor 

factorization of synthesis database 

H. Hayashi1,2,3, A. Seko1,2,3 and I. Tanaka1,3 
1 Department of Materials Science and Engineering, Kyoto University, Japan 

2 JST, PRESTO, Japan 
3 Center for Materials Research by Information Integration, National Institute for 

Materials Science, Japan 

In order to evaluate the similarity between synthesis conditions, we obtained 1,000 synthesis 
conditions and their ratings of pseudo-binary oxides with various synthesis temperatures and 
methods such as solid-state reaction, polymerized complex, cyclic ether sol-gel, and spray 
coprecipitation methods and the constructed a tensor-type database with raw material1, raw 

material2, cation mixing ratio, precursor 
preparing method, and synthesis 
temperature as axes. We employed the 
SCIKIT-TENSOR [1] package to use 
Tucker decomposition method [2]. The 
ranks of the core tensor were optimized so 
that the prediction ability of some masked 
data was the highest. In order to evaluate 
the similarity between synthesis 
conditions, the factor matrices were 
regarded as a set of vectors of each 
element, and the cosine similarity between 
the vectors was evaluated. Figure 1 is a 
dendrogram plotted using cosine 
similarity between rows of factor matrix
of raw materials. This shows that similar

materials such as nitrate and chloride produce similar synthesis results. It suggests that chemical 
similarity between raw materials can be properly expressed by tensor factorization of synthesis 
condition database. 
[1]. M. Nickel, SCIKIT-TENSOR, available online (2013). 
[2]. L. R. Tucker, Psychometrika 31, 279 (1966). 

Fig.1 Dendrogram of cosine similarity between 
rows of factor matrix of raw materials. 
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One of the challenges in quantum chemistry calculations is the high efficient determination of 
multireference (MR) many-electron wave functions. MR chemical problems arise from, for 
example, excited states, non-equilibrium geometries, or transition-metal compounds. It is well 
known that their wave functions can be formally characterized using a superposition of multiple 
determinants; however, there is a severe practical limitation in the number of electrons that should 
be handled in the correlation space of the MR wave function. In recent years, The density matrix 
renormalization group (DMRG) method now has been recognized as a powerful tool of ab initio 
quantum chemistry calculation to efficiently compute MR wave function [1]. In this poster 
presentation, I will describe an alternative approach to attempt to determine ab initio MR wave 
function using the the artificial neural network base quantum algorithm, which was recently 
proposed by Carleo et al [Science 355, 602–606 (2017)]. 

[1]. T. Yanai, Y. Kurashige, W. Mizukami, J. Chalupský, T. N. Lan, and M. Saitow, Int. J. 
Quantum Chem. 115, 283-299 (2015). 

64



JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Similarity between synthesis conditions by tensor 

factorization of synthesis database 

H. Hayashi1,2,3, A. Seko1,2,3 and I. Tanaka1,3 
1 Department of Materials Science and Engineering, Kyoto University, Japan 

2 JST, PRESTO, Japan 
3 Center for Materials Research by Information Integration, National Institute for 

Materials Science, Japan 

In order to evaluate the similarity between synthesis conditions, we obtained 1,000 synthesis 
conditions and their ratings of pseudo-binary oxides with various synthesis temperatures and 
methods such as solid-state reaction, polymerized complex, cyclic ether sol-gel, and spray 
coprecipitation methods and the constructed a tensor-type database with raw material1, raw 

material2, cation mixing ratio, precursor 
preparing method, and synthesis 
temperature as axes. We employed the 
SCIKIT-TENSOR [1] package to use 
Tucker decomposition method [2]. The 
ranks of the core tensor were optimized so 
that the prediction ability of some masked 
data was the highest. In order to evaluate 
the similarity between synthesis 
conditions, the factor matrices were 
regarded as a set of vectors of each 
element, and the cosine similarity between 
the vectors was evaluated. Figure 1 is a 
dendrogram plotted using cosine 
similarity between rows of factor matrix
of raw materials. This shows that similar

materials such as nitrate and chloride produce similar synthesis results. It suggests that chemical 
similarity between raw materials can be properly expressed by tensor factorization of synthesis 
condition database. 
[1]. M. Nickel, SCIKIT-TENSOR, available online (2013). 
[2]. L. R. Tucker, Psychometrika 31, 279 (1966). 

Fig.1 Dendrogram of cosine similarity between 
rows of factor matrix of raw materials. 

JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Determination of quantum chemistry wave function  

using artificial neural network based quantum state model 

T. Yanai1 
1Intitute of Transformative Bio-Molecules (ITbM), Nagoya University, Japan 

One of the challenges in quantum chemistry calculations is the high efficient determination of 
multireference (MR) many-electron wave functions. MR chemical problems arise from, for 
example, excited states, non-equilibrium geometries, or transition-metal compounds. It is well 
known that their wave functions can be formally characterized using a superposition of multiple 
determinants; however, there is a severe practical limitation in the number of electrons that should 
be handled in the correlation space of the MR wave function. In recent years, The density matrix 
renormalization group (DMRG) method now has been recognized as a powerful tool of ab initio 
quantum chemistry calculation to efficiently compute MR wave function [1]. In this poster 
presentation, I will describe an alternative approach to attempt to determine ab initio MR wave 
function using the the artificial neural network base quantum algorithm, which was recently 
proposed by Carleo et al [Science 355, 602–606 (2017)]. 

[1]. T. Yanai, Y. Kurashige, W. Mizukami, J. Chalupský, T. N. Lan, and M. Saitow, Int. J. 
Quantum Chem. 115, 283-299 (2015). 

65



JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Design and development of organic semiconductors: 

Toward using materials informatics 

Tatsuo Hasegawa1,2 
1Department of Applied Physics, The University of Tokyo, Japan 

2FLEC, National Institute of Advanced Industrial Science & Technology (AIST), Japan 

The design and control of molecular packing motifs in organic semiconductor crystals is critical 
to realizing efficient carrier transport and, consequently, high device performance in organic 
electronics devices. Among the variety of packing motifs, layered-herringbone (LHB) packing is 
unique and is known to be the most suitable for obtaining high-performance organic thin-film 
transistors (OTFTs). The highly layered crystallinity, characteristic of LHB packing, is optimal 
for the production of uniform channel layers with flat semiconductor-insulator interfaces; thus, it 
facilitates to generate high-performance OTFTs, as shown in Fig. 1. However, the problem is how 
to design and develop new organic semiconductors with the LHB packing by the choice of -
electron skeletons and their substituents. We present our experimental and theoretical analyses on 
a series of organic semiconductors showing LHB packing [1 5], and discuss the crystal structure 
predictions of newly designed molecules with use of structural database and materials informatics. 

Fig.1 A typical molecular structure (Ph-BTBT-Cn) of organic semiconductors. (b) LHB packing, 
and a schematic for OTFT. (c) Variation of crystal structure of Ph-BTBT-Cn by chain length n. 

[1]. S. Arai et al., Adv. Mater. 30, 1707256 (2018). [2] S. Inoue et al. Chem. Mater. 30, 5050 
(2018). [3] H. Minemawari et al., Chem. Mater. 29, 1245 (2017). [4] M. Yoneya et al., J. Phys. 
Chem. C 121, 8796 (2017). [5] S. Inoue et al., Chem. Mater. 27, 3809 (2015). 
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The design and control of molecular packing motifs in organic semiconductor crystals is critical 
to realizing efficient carrier transport and, consequently, high device performance in organic 
electronics devices. Among the variety of packing motifs, layered-herringbone (LHB) packing is 
unique and is known to be the most suitable for obtaining high-performance organic thin-film 
transistors (OTFTs). The highly layered crystallinity, characteristic of LHB packing, is optimal 
for the production of uniform channel layers with flat semiconductor-insulator interfaces; thus, it 
facilitates to generate high-performance OTFTs, as shown in Fig. 1. However, the problem is how 
to design and develop new organic semiconductors with the LHB packing by the choice of -
electron skeletons and their substituents. We present our experimental and theoretical analyses on 
a series of organic semiconductors showing LHB packing [1 5], and discuss the crystal structure 
predictions of newly designed molecules with use of structural database and materials informatics. 

Fig.1 A typical molecular structure (Ph-BTBT-Cn) of organic semiconductors. (b) LHB packing, 
and a schematic for OTFT. (c) Variation of crystal structure of Ph-BTBT-Cn by chain length n. 

[1]. S. Arai et al., Adv. Mater. 30, 1707256 (2018). [2] S. Inoue et al. Chem. Mater. 30, 5050 
(2018). [3] H. Minemawari et al., Chem. Mater. 29, 1245 (2017). [4] M. Yoneya et al., J. Phys. 
Chem. C 121, 8796 (2017). [5] S. Inoue et al., Chem. Mater. 27, 3809 (2015). 
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systems based on subgroup relevance analysis 

Hiori Kino 
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Magnets are now widely used and play an important role in energy savings. One of the most 
important applications of magnets is electric motors, whose performance signicantly depends on 
the performance of magnets. Nd – Fe – B based rare-earth magnets are the strongest among the 
existing permanent magnets, and are almost the only type of permanent magnets that meets the 
stringent performance requirements of the recent electric motors. However one of the problems 
with Nd – Fe – B magnets is the relatively low Curie temperature compared to the operation 
temperatures of the motors. Therefore, many researchers have carried out studies to overcome 
this drawback, including the exploration of new magnets. 

We analyze the Curie temperatures of rare-earth transition metal binary alloys using machine 
learning. In order to select important descriptors and descriptor groups, we introduce a newly 
developed subgroup relevance analysis and adopt hierarchical clustering in the representation. 
We execute exhaustive search and demonstrate that our approach results in the successful 
selection of important descriptors and descriptor groups. It helps us to choose the combination of 
descriptors and to understand the meaning of the selected combination of descriptors. [1] 

Fig.1  R2 scores of the subgroup relevance analysis on the hierarchical clustering of the descriptors. 

[1]. C.H. Dam et al., J. Phys. Soc. Jpn. 87, 113801 (2018).  
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In papers of materials science, the most informative sources of experimental data are graphical 
plot images. In this study, we developed a web system named Starrydata [1] to let researchers 
easily extract and share numerical data stored in plot images in published papers. It allows 
worldwide users to browse, add, edit and download these experimental data through GUI and API, 
free of charge. It was designed to host databases of various fields of materials science. As a 
prototype, we created a database of thermoelectric materials, which contains experimental 
thermoelectric properties of 10,000+ samples of thermoelectric materials from 8,000+ figures in 
1,600+ papers. We collected temperature (T) dependences of Seebeck coefficient S, electrical 
conductivity σ, thermal conductivity κ, power factor P=S2σ and dimensionless figure of merit 
ZT=PT/κ=S2σT/κ, as shown in Fig. 1.  Our dataset was far greater than UCSB thermoelectric 
data [2], which contains about 300 samples from 100 papers. By using this dataset, we attempted 
direct prediction of thermoelectric properties from chemical compositions by machine learning. 

[1]. Starrydata web system. URL: https://www.starrydata2.org/ 
[2]. M. W. Gaultois, T. D. Sparks, C. K. H. Borg, R. Seshadri, W. D. Bonificio, and D. R. 

Clarke, Chem. Mater., 25, 2911–2920 (2013). 
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Predicting the most stable structure for a given chemical composition is a very difficult problem. 
So far, several approaches to structure prediction for crystalline systems combined with structure 
optimization methods have been developed such as random search (RS) [1] and evolutionary 
algorithm (EA) [2]. We have developed searching algorithms accelerated by Bayesian 
optimization (BO) [3] and look ahead based on quadratic approximation (LAQA) [4] as shown in 
Fig. 1. Both BO and LAQA are classified into a selection-type algorithm which can efficiently 
select potential candidates from a large number of structures using machine learning techniques. 
BO enables us to balance the tradeoff between exploration and exploitation of the search space. 
LAQA optimally assigns local optimization steps to each candidate structure. Moreover, we have 
published a crystal structure prediction tool, CrySPY [5], as an open source software. In CrySPY, 
searching algorithms of RS, EA, BO and LAQA are available. 

Fig.1 Selection-type algorithms, (a) Bayesian optimization and (b) LAQA, in crystal structure prediction. 
[1]. C. J. Pickard and R. J. Needs, Phys. Rev. Lett. 97, 045504 (2006). 
[2]. A. R. Oganov and C. W. Glass, J. Chem. Phys. 124, 244704 (2006). 
[3]. T. Yamashita, N. Sato, H. Kino, T. Miyake, K. Tsuda, and T. Oguchi, Phys. Rev. Mater. 2, 013803 (2018). 
[4]. K. Terayama, T. Yamashita, T. Oguchi, and K. Tsuda, npj Comput. Mater. 4, 32 (2018). 
[5]. https://github.com/Tomoki-YAMASHITA/CrySPY 
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Investigation of the liquid state at high temperatures is very challenging particularly above about 
1500 ˚C, because chemical reactions with containers are very difficult to avoid. In addition, the 
contribution of diffraction from a crystalline container makes it difficult to obtain high quality 
diffraction data from liquids. However, the use of levitation and containerless methods can 
overcome these problems and, in many cases, enable deep undercooling and enhanced glass 
formation owing to the elimination of extrinsic heterogeneous nucleation. Recently, studies on 
liquids and the formation of glasses from supercooled liquids using levitation techniques have 
been of particular interest in understanding the structure of these materials and the process of 
glass formation. Quantum beam measurements especially synchrotron X-ray and neutron 
diffraction techniques combined with density and viscosity measurements at the International 
Space Station are powerful for studying the atomic arrangement in glasses and liquids. 

We have been working on high temperature oxide melt, SiO2 (glass-forming liquid) and ZrO2 
(non-glass-forming liquid) [1-3] to uncover the relationship between glass-forming ability and 
atomistic structure in liquid. In this presentation, we report the results of our recent study on Er2O3 
(non-glass-forming liquid) by synchrotron X-ray diffraction and density measurements, and 
reverse Monte Carlo – molecular dynamics simulations in comparison with other high-
temperature liquid oxides. 

[1]. S. Kohara et al., Nat. Commun. 5, 5892 (2014). 
[2]. S. Kohara, J. Ceram. Soc. Jpn. 125, 799 (2017). 
[3]. S. Kohara et al., Quantum. Beam Sci. 2, 5 (2018). 
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Recently, Material Informatics is now one of central scientific and 
engineering subjects, and is rapidly enlarging its applications. 
Coercivity is an important magnetic property determining power 
generation efficiency of dynamo; however, its detailed mechanism has 
not been perfectly understood. One fundamental issue is the difference 
in data dimension, the correlation between 0-dimensional coercivity 
and multidimensional magnetic domain structure have not been 
established so far.  

In this study, we applied “Persistent Homology” to the magnetic 
domain structure and demonstrated the feature extraction describing 
macroscopic magnetic properties. Persistent Homology is a powerful 
methodology for quantitative evaluation of topological feature in 
structural data, and reduces the dimension. Moreover, it provides us the 
inverse analysis from magnetic property to original structural data in 
the combination with machine learning. We here demonstrate 
Persistent Homology analysis on magnetic domain structure and 
examine the validity and usefulness as a descriptor. Magnetic 
domain observation was performed on YIG garnet single 
crystal thin film by Kerr microscope, and clear maze pattern 
was obtained. Persistent Homology was applied to construct 
persistence diagram (PD).  

Fig.1 a) Magnetic domain 
image obtained by Kerr 
microscopy. b) Persistence 
diagram of magnetic domain. c) 
a result of inverse analysis 
obtained by PH and PCA. 
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Horizontal and vertical axes in PD represent birth and death of space, respectively. The vertical 
spread of the data points is the topological feature reflecting the non-uniform of magnetic domain 
width. In order to examine the validity of PD, we analysed a number of magnetic domain 
structures with the same brightness and different domain structures. The output PD showed a 
statistically common behaviour. Next, we investigated magnetic field dependence of PD. The 
output PD continuously changes as the domain structure changes. PD also pinned particularly in 
correspondence with the pinning of the magnetic domain. These results indicate the excellent 
usefulness of PD as a descriptor of magnetic domains. Furthermore, we attempted inverse analysis 
to visualize dominant contributor of coercivity in the combination with PCA.  

[1]. Edelsbrunner, et. al., Discrete and Comput. Geom., 28, 511–533, (2002). 
[2]. Obayashi et al. arXiv:1706.10082  
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There has been a growing need for using machine learning (ML) to derive ultrafast prediction 
models on materials properties.  In recent years, various kinds of databases have begun to 
emerge with the aim to transform materials science into being fully data driven. However, the 
volume and diversity of data being accumulated remain far from enabling us to fully enjoy 
remarkable advances recently made in ML. A ML framework called transfer learning has the 
great potential to break this barrier. For a target property with a limited supply of training data, 
models on physically related proxy properties are pre-trained on large amounts of data, which 
capture features of materials generally applicable to the target task. Re-purposing such ML-
acquired knowledge on a new task provides an outstanding prediction ability as highly 
experienced experts can make rational inferences even on considerably less experienced tasks. 
We have developed a pre-trained model library, called XenonPy.MDL, which can be used to 
predict various properties of small molecules, polymers and inorganic solid-state materials. Along 
with this library, we demonstrate outstanding successful applications of transfer learning. 
Remarkably, ML succeeded to autonomously identify nontrivial transferability across different 
properties even going beyond different disciplines of materials science, such as small molecules 
to polymers and organic to inorganic chemistry. 

[1]. XenonPy: http://xenonpy.readthedocs.io  
[2]. Chuanqi, T.; Fuchun, S.; Tao, K.; Wenchang, Z.; Chao, Y.; Chunfang, L. 2018, 
arXiv:1808.01974. 

74



JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Horizontal and vertical axes in PD represent birth and death of space, respectively. The vertical 
spread of the data points is the topological feature reflecting the non-uniform of magnetic domain 
width. In order to examine the validity of PD, we analysed a number of magnetic domain 
structures with the same brightness and different domain structures. The output PD showed a 
statistically common behaviour. Next, we investigated magnetic field dependence of PD. The 
output PD continuously changes as the domain structure changes. PD also pinned particularly in 
correspondence with the pinning of the magnetic domain. These results indicate the excellent 
usefulness of PD as a descriptor of magnetic domains. Furthermore, we attempted inverse analysis 
to visualize dominant contributor of coercivity in the combination with PCA.  

[1]. Edelsbrunner, et. al., Discrete and Comput. Geom., 28, 511–533, (2002). 
[2]. Obayashi et al. arXiv:1706.10082  

JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Transfer learning: a next key driver of accelerating 

materials discovery with machine learning 

C. Liu1,2, H. Yamada1, S. Wu1,3, Y. Koyama1 and R. Yoshida1,2,3 
1 The Institute of Statistical Mathematics, Research Organization of Information and 

Systems, Tachikawa, Tokyo 190-8562, Japan 
2 National Institute for Materials Science, Tsukuba, Ibaraki 305-0047, Japan 

3 The Graduate University for Advanced Studies, Tachikawa, Tokyo 190-8562, Japan 

There has been a growing need for using machine learning (ML) to derive ultrafast prediction 
models on materials properties.  In recent years, various kinds of databases have begun to 
emerge with the aim to transform materials science into being fully data driven. However, the 
volume and diversity of data being accumulated remain far from enabling us to fully enjoy 
remarkable advances recently made in ML. A ML framework called transfer learning has the 
great potential to break this barrier. For a target property with a limited supply of training data, 
models on physically related proxy properties are pre-trained on large amounts of data, which 
capture features of materials generally applicable to the target task. Re-purposing such ML-
acquired knowledge on a new task provides an outstanding prediction ability as highly 
experienced experts can make rational inferences even on considerably less experienced tasks. 
We have developed a pre-trained model library, called XenonPy.MDL, which can be used to 
predict various properties of small molecules, polymers and inorganic solid-state materials. Along 
with this library, we demonstrate outstanding successful applications of transfer learning. 
Remarkably, ML succeeded to autonomously identify nontrivial transferability across different 
properties even going beyond different disciplines of materials science, such as small molecules 
to polymers and organic to inorganic chemistry. 

[1]. XenonPy: http://xenonpy.readthedocs.io  
[2]. Chuanqi, T.; Fuchun, S.; Tao, K.; Wenchang, Z.; Chao, Y.; Chunfang, L. 2018, 
arXiv:1808.01974. 

75



JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Bayesian inference for molecular design and retro-synthesis 

Z. Guo, H1. Yamada2, S. Wu1,2, C. Liu2,3 and R. Yoshida1,2,3 
1 The Graduate University for Advanced Studies, Tachikawa, Tokyo 190-8562, Japan, 2 The Institute of 
Statistical Mathematics, Research Organization of Information and Systems, Tachikawa, Tokyo 190-

8562, Japan, 3 National Institute for Materials Science, Tsukuba, Ibaraki 305-0047, Japan 

The ability of machine intelligence trained on massive amounts of data to reach or even 
outperform humans has been demonstrated in intellectually demanding tasks across various fields. 
Under such circumstance, there has been a growing interest in using machine learning (ML) to 
accelerate the discovery and development of new materials. In this talk, we will describe some 
key drivers of ML technologies to achieve this goal [1-3]. 

The first topic is the ML-assisted materials design. In general, the material spaces are 
considerably high-dimensional. For instance, the chemical space of small organic molecules is 
known to consist of as many as 1060 potential candidates. The problem entails a considerably 
complicated combinatorial optimization where it is impractical to fully explore the vast landscape 
of structure-property relationships. We have developed an inverse materials design algorithm by 
the integration of the Bayesian inference and quantum chemistry calculation. The objective is to 
generate promising hypothetical materials that exhibit desired properties of various kinds. The 
method begins by obtaining a set of statistical models that forwardly predict properties of input 
materials for multiple design objectives. The given models are inverted to the backward model 
through Bayes’ law. Then we have a posterior probability distribution which is conditioned by 
desired properties. Exploring high probability regions of the posterior, we aim to identify new 
materials possessing the desired target properties. 

The second topic is a subject of ML-aided synthesis planning [4]. The objective of 
retrosynthesis is to identify potentially accessible synthetic routes to a given designed compound 
which is successively transformed into simpler precursors until commercially available structures 
are reached [5]. More recently, it has been proved that deep neural networks (DNNs) trained on 
a large set of known reactions can exhibit outstanding abilities in predicting reaction outcomes 
[6-8]. Trained models predict the major products of chemical reactions given a set of reactants 
and reagents. Such a forward model could be inverted to the backward prediction through Bayes’s 
law, defining the posterior distribution conditioned by a design target.  
In order to identify promising synthetic routes, we explore high probability regions of the 
posterior distribution using a sequential Monte Carlo method with a given list of commercially 
available initial compounds and reactants. 
[1]. Ikebata. et al. J Comput Aided Mol Des, 31:379-391 (2017), [2]. iQSPR: https://github.com/yoshida-lab/iqspr 
[3]. XenonPy: http://xenonpy.readthedocs.io/en/late, [4]. Segler et al. Nature, 555:604-610 (2018), 
[5]. Corey et al. Science, 166 :178-192 (1969), [6]. Schwaller et al. Chem Sci, 9:6091-6098 (2018) 
[7]. Coley et al. ACS Cent Sci, 3:434-443 (2017), [8]. Schwaller et al. ArXiv, arXiv:1811.02633 (2018) 

JST International Symposium on Materials Informatics, February 9-11, 2019, Koshiba Hall, the University of Tokyo, Japan

Development of linearly independent descriptor 

generation method for empirical law discovery 

H. Fujii1,2, T. Fukushima3,4 and T. Oguchi1,2 
1National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, 

Japan
2Institute of Scientific and Industrial Research, Osaka University, 8-1 Mihogaoka, 

Ibaraki, Osaka 567-0047, Japan  
3Institute for NanoScience Design, Osaka University, 1-3 Machikaneyama, Toyonaka, 

Osaka 560-8531, Japan
4Institute for Datability Science, Osaka University, Suita, Osaka 565-0871, Japan 

We propose several methods and criteria for detecting multicollinearity (MCL) and near 
multicollinearity (NMCL) between descriptors which are problematic in linear regression analysis. 
“Reduced row echelon form” method is used for detecting complete MCL relationships.  For 
evaluating the strength of NMCL, we consider an inner regression in descriptor space with new 
criteria, Ri

2 and gij. By using these methods and criteria, we propose “linearly independent 
descriptor generation (LIDG)” method for increasing the expression capability of linear 
regression model, keeping the linear independence in descriptor space.  LIDG method is applied 
to a regression analysis of Slater-Pauling curve obtained by first-principles calculations and shows 
that a simple, physically interpretable, and versatile regression model can be obtained. 
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Grain boundaries is the area indicated geometrical mismatch between two crystals. The natural 
(polycrystalline) material involves grain boundaries ubiquitously and microscopic structure like 
grain boundary has crucial influences on the macroscopic properties of the entire system. Our 
basic question is what kind of structures appear in the grain boundary. We apply persistent 
homology [1-4] to investigate the topological features of grain boundary of pure MgO bicrystal 
system with Σ5 (310)  tilt grain boundary. The topological analysis reveal that grain boundary is 
able to be characterized by a few types of polyhedra. We succeed to list up candidates of feasible 
grain boundary using persistent homology and focusing on the energy cost of each polyhedra.  

Fig.1: Topological analysis and energy distribution of the characteristic polyhedron of MgO 
bicrystal system with Σ5 (310) tilt grain boundary. 

[1]. H. Edelsbrunner, D. Letscher, and A. Zomorodian, Discrete Comput. Geom. 28 (2002) 511. 
[2]. H. Edelsbrunner and J. Harer, Computational Topology: An Introduction (American 
Mathematical Society, Providence, RI, 2010). 
[3]. A. Hirata et al., Science 341 (2013) 376-379. 
[4]. Y. Hiraoka, et al., PNAS 113 (2016) 7035-7040. 
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Recently materials informatics has attracted much attention because it is able to realize the search 
of novel materials and the elucidation of physical mechanisms by using data mining techniques 
for materials data. To disclose the physical mechanisms involved, it is better to construct a model 
as simple as possible and sparse modeling is crucial for the purpose. One of the pioneering works 
on the sparse modeling was done by Ghiringhelli et al. [1], who analyzed total-energy difference 
calculated between zinc-blende and rock-salt structures in octet binary compound semiconductors 
AB using a linear regression model and least absolute shrinkage and selection operator (LASSO) 
[2]. Although they succeeded in obtaining sparse models, their models are still hard to extract 
physical mechanisms due to complicated descriptor operations. In order to obtain simpler models 
possibly appealing to our intuition as a first step to elucidate physical mechanisms from the 
regression models, we performed a regression analysis of this target problem using a linear 
regression model and sparse modeling method with only polynomial terms of descriptors and 
symmetry consideration. We could construct simpler models with high generalization 
performance as shown in Fig. 1 by sparse modeling specifying the number of descriptors and 
model selection using a criterion Q2 [3]. The physical meaning of our models is discussed from 
the viewpoint of electronegativity and van Arkel-Ketelaar triangles [4], which are known as a 
guideline on chemical bonding in binary compounds. 

Fig. 1: Mapping of training data and data predicted by our model for energy difference between zinc-
blend and rock-salt structures of binary compounds. R2: Criterion of prediction performance for training 

data, Q2: Criterion of prediction performance for unknown data. 

[1]. L. M. Ghiringhelli, J. Vybiral, S. V. Levchenko, C. Draxl, and M. Scheffler, Phys. Rev. Lett. 114, 105503 (2015). 
[2]. R. Tibshirani, J. Royal Statist. Soc. B 58, 267 (1996). 
[3]. G. Schüürmann, R.-U. Ebert, J. Chen, B. Wang, and R. Kühne, J. Chem. Inf. Model. 48, 2140 (2008). 
[4]. L. C. Allen, J. F. Capitani, G. A. Kolks, and G. D. Sproul, J. Mol. Struct. 300, 647 (1993). 
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For wide use of semiconductor materials, it is essential to optimize their crystal growth processes. 
Growth of silicon carbide from melt silicon solution is focused in this study. It is hard to observe 
the melt flow, because the growth temperatures are very high and melt silicon is opaque. 
Therefore, numerical simulation on the crystal growth processes is often used to understand the 
melt flow. However, the numerical simulation takes hours to obtain a steady state of a single 
process condition using a typical workstation. To instantly support researchers’ ideas, rapid 
inference of the melt flow, say, within a second, is expected. In this study, machine learning 
models are built to infer the calculated melt flow from the process parameters. Backward models 
are also built to infer the process parameters from the melt flow.  
    Numerical simulation on the crystal growth of silicon carbide is carried out to obtain the melt 
flow by the finite volume method using a 2-dimensional axisymmetric model. Geometry of the 
melt silicon solution is fixed, whereas the process parameters such as setting temperature and 
rotation speed are varied in about 80 ways. Features of the melt flow such as temperature and 
velocity are sampled on a regular mesh from the simulation results. The forward prediction 
models are built to infer the calculated melt features from the process parameters, and the 
backward models are built to infer the process parameters from the melt features.  
    Figure 1 shows an example of a) in-plane flow velocity calculated by the numerical 
simulation and b) that predicted by a machine learning model of the Ridge regression in 
conjunction with the singular value decomposition of the melt flow features. The predicted flow 
by the machine learning model is very similar to the calculated one by the numerical simulation. 
Inconsistent vortexes can be seen at slow-velocity region, but they are likely insignificant in the 
crystal growth. As the inference time is less than 10 milliseconds, the machine learning model 
can support the researchers in thought experiments. Prediction performance among a variety of 
machine learning models and the backward prediction are discussed at the meeting.  

Fig.1   Flow velocity a) calculated by numerical simulation, and b) predicted by a machine learning 
model. 

a) b) 
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The low thermal conductivity can be achieved when the phonon transport is hindered by 
boundaries, defects, and interfaces which have high interfacial thermal resistance (ITR) in the 
nanoscale. However, the ITR prediction is a high-dimensional mathematical problem which make 
it difficult to achieve high predictive performance. We demonstrate an alternative strategy to 
achieve ultralow thermal conductivity in a dense solid both by experiments and by machine 
learning. The physical, chemical, and material properties which affect ITR are all considered as 
descriptors for the machine learning model and improve the ITR predictive performance to 96%, 
which is higher than the commonly used models, AMM and DMM (60%). Over 80 thousand 
material systems composed of 293 kinds of materials (including elements or binary compounds) 
were input for prediction. The Bi/Si system was selected from the prediction in terms of the high 
ITR, interfacial stabilities and producibility. The size dependence on ITR is considered and 
applied to the interface design of nanostructuring. The Bi/Si nanocomposite, which was composed 
of crystallized Bi and amorphous Si as shown in Fig. 1, was designed with various parameters by 
a laboratory-built combinatorial sputtering system. Electrically conductive, thermally insulating 
BiSi nanocomposites were reported for the first time and have the lowest thermal conductivity of 
0.16 Wm-1K-1 among the inorganic nanostructures reported to date.[1] We believe that the high-
ITR material systems from the prediction can be the potential candidates for thermoelectric 
applications. By combining the machine learning method and experimental control, the potential 
material systems can be discovered and realized for thermal management.  

Fig.1 Bi/Si nanocomposites thin film 
[1]. Y. Wu, M. Sasaki, M. Goto, L. Fang, Y. Xu, ACS Applied Nano Materials, 1, 3355 (2018). 
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[1]. Y. Wu, M. Sasaki, M. Goto, L. Fang, Y. Xu, ACS Applied Nano Materials, 1, 3355 (2018). 
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Interest in  all-solid-state  Li-ion  batteries  (LIBs)  using  non-flammable  Li-
conducting ceramics  such as  solid  electrolytes  has  increased,  as  safe  and  robust 
batteries  are  urgently  desired  as power sources for (hybrid) electric vehicles. However, 
the low Li-ion conductivities of ceramics have hindered all-solid-state LIB commercialization; 
many researchers have attempted to develop fast Li-ion conductors.  We introduce two efficient 
high-throughput computational approaches for   materials   exploration: (i)   exhaustive 
search   and (ii)   informatics-aided   prediction [1].   For demonstration purposes, ~1700 
Li-containing fluorides of varied crystal structures are extracted from the Materials Project 
datasets (Fig. 1 (a)). We calculate the migration energies for Li-ion conduction and the phase 
stabilities (decomposition energies)  of  these  materials  using simulation techniques, 
machine learning (Fig. 1 (b)) and  Bayesian  optimization  to  determine  the  material 
with  the  highest  ionic conductivity. The results show much greater efficiency than a random 
search algorithm. 

Fig.1 (a) Left panel: Exhaustive simulation for Li migration energies of ~ 1700 Li-containing fluorides. 
(b) Right panel: Diagnostic plots between simulated and fitted migration energies.  ~ 350 samples are 

randomly chosen and 20% of them are used as validation datasets. 
[1]. M. Nakayama et al., Chem. Record. 18, 1-9 (2018). 
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A thermophysical property database which contains thermal conductivity, electric conductivity, 
heat capacity and thermal diffusivity of solid materials has been developed. When we develop 
specific heat capacity database, more than 50,000 points of temperature dependent specific heat 
capacity data were systematic collected and digitized. Although specific heat capacity per 
kilogram scatters considerably, clear tendency is visualized by converting specific capacity per 
kilogram to specific heat capacity per mole by counting atomic number as shown in figure 1 [1]. 
This tendency is known as Dulong-Petit law which was discovered by them about 200 years ago. 
It is a typical example of effectiveness of Buckingham’s π-theorem that most data points can be 
approximated by a universal equation of Debye formula after both axis have been converted to 
nondimensional temperature and nondimensional specific heat capacity. [2].  

Data of thermal conductivity and electrical conductivity of metals were also surveyed, 
digitized and accumulated in the database. Correlation between thermal conductivity and 
electrical resistivity was analyzed and discussed based on Wiedemann-Franz-Lorenz law   [3]. 

Fig.1 Temperature dependence of specific heat capacity per kilogram of metals, 
alloys and non-metallic solids (Logarithmic scale for temperature) 

[1]. T. Baba, E. Fujita and Y. Xu, “Investigation of Debye formula and Dulong-Petit law by specific heat capacity 
dataset”, Proc. 39th Japan Symp. on Thermophys. Prop., (2018, Nagoya) . 

[2]. T. Baba and Y. Xu, “Analysis of thermophysical property data by non-dimensional parameters and materials 
informatics”, Proc. 38th Japan Symp. on Thermophys. Prop., (2017, Tsukuba). 

[3]. T. Baba, E. Fujita and Y. Xu, “Development of thermal conductivity, electrical conductivity database of metals 
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Interest in  all-solid-state  Li-ion  batteries  (LIBs)  using  non-flammable  Li-
conducting ceramics  such as  solid  electrolytes  has  increased,  as  safe  and  robust 
batteries  are  urgently  desired  as power sources for (hybrid) electric vehicles. However, 
the low Li-ion conductivities of ceramics have hindered all-solid-state LIB commercialization; 
many researchers have attempted to develop fast Li-ion conductors.  We introduce two efficient 
high-throughput computational approaches for   materials   exploration: (i)   exhaustive 
search   and (ii)   informatics-aided   prediction [1].   For demonstration purposes, ~1700 
Li-containing fluorides of varied crystal structures are extracted from the Materials Project 
datasets (Fig. 1 (a)). We calculate the migration energies for Li-ion conduction and the phase 
stabilities (decomposition energies)  of  these  materials  using simulation techniques, 
machine learning (Fig. 1 (b)) and  Bayesian  optimization  to  determine  the  material 
with  the  highest  ionic conductivity. The results show much greater efficiency than a random 
search algorithm. 

Fig.1 (a) Left panel: Exhaustive simulation for Li migration energies of ~ 1700 Li-containing fluorides. 
(b) Right panel: Diagnostic plots between simulated and fitted migration energies.  ~ 350 samples are 

randomly chosen and 20% of them are used as validation datasets. 
[1]. M. Nakayama et al., Chem. Record. 18, 1-9 (2018). 
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A thermophysical property database which contains thermal conductivity, electric conductivity, 
heat capacity and thermal diffusivity of solid materials has been developed. When we develop 
specific heat capacity database, more than 50,000 points of temperature dependent specific heat 
capacity data were systematic collected and digitized. Although specific heat capacity per 
kilogram scatters considerably, clear tendency is visualized by converting specific capacity per 
kilogram to specific heat capacity per mole by counting atomic number as shown in figure 1 [1]. 
This tendency is known as Dulong-Petit law which was discovered by them about 200 years ago. 
It is a typical example of effectiveness of Buckingham’s π-theorem that most data points can be 
approximated by a universal equation of Debye formula after both axis have been converted to 
nondimensional temperature and nondimensional specific heat capacity. [2].  

Data of thermal conductivity and electrical conductivity of metals were also surveyed, 
digitized and accumulated in the database. Correlation between thermal conductivity and 
electrical resistivity was analyzed and discussed based on Wiedemann-Franz-Lorenz law   [3]. 

Fig.1 Temperature dependence of specific heat capacity per kilogram of metals, 
alloys and non-metallic solids (Logarithmic scale for temperature) 
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We investigate the designing of interface/surface roughness to tune the heat transport in 
nanostructures using Monte Carlo tree search [1]. We explore the limits of inhibition and 
enhancement of phonon transport by optimizing the configuration of interface/surface 
roughness. The number of potential configurations exponentially increases as the degree of 
roughness increases. To explore such large space, we utilize Monte Carlo tree search which was 
proven successful in other materials design applications [2,3] (Fig.1). 
The optimized nanostructures for interface/surface are non-intuitive and their roughness values 
are located in the middle range of roughness distribution of different candidate structures, which 
indicates that too rough/flat surfaces and interfaces are not good for enhancing and inhibiting 
the phonon transport. We concluded that, by manipulating the local roughness of surface and 
interface, we can reach the limit of inhibition and enhancement of phonon transport. The 
proposed machine learning-assisted roughness design for interface and surface add new insights 
into the interface/surface engineering and offers opportunities to tune the heat transport in a 
wider range of applications.  

Fig.1 Monte Carlo tree search in combination with Atomistic Green function to optimize 
interface roughness for thermal transport 

[1]. C.B. Browne, E. Powley, D. Whitehouse, S.M. Lucas, P.I. Cowling, P. Rohlfshagen, S. Tavener, D. Perez, S. 
Samothrakis, and S. Colton. A survey of Monte Carlo tree search methods. IEEE Trans Comput. Intell. AI in Games, 
4(1):1–43, 2012. 
[2]. T. M. Dieb, Z. Hou, and K. Tsuda. Structure prediction of boron-doped graphene by machine learning. J. Chem. 
Phys., 148(24):241716, 2018. 
[3]. T. M. Dieb, S. Ju, K. Yoshizoe, Z. Hou, J. Shiomi, and K. Tsuda. MDTS: automatic complex materials design 
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