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World largest database
for known inorganic crystals.

Inorganic Crystal Structure Database (ICSD)

187,000 crystal structures
- 82,000 structures

excluding duplicates
incompletes, etc.

Number of chemical : el c_>f :
elements chemical combinations
(only for simple composition ratio)

1 ~100
2 ~100,000

3 ~10,000,000

4 ~1,000,000,000 (1billion)

Many systems are yet-unexplored ! 2



Vast chemistry space to explore

~1B

experimental database
for crystal structure

ICSD
~82k
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Discovery of a novel Sn(ll)-based oxide for
daylight-driven photocatalyst

DFT calcs + Experiments

Hiroyuki Hayashi, Shota Katayama, Takahiro Komura, Yoyo Hinuma,
Tomoyasu Yokoyama, Kou Mibu, Fumiyasu Oba and IT

Advanced Science 9, (2016) 1600246

Hiroyuki Hayashi



Target compounds of interests; Sn(ll)-M-oxides

o - 4A — 6A transition metal oxides
H He
-M-O B o widely used for photocatalysts
[Na R A EEE <[~ ,
< [EIE e e e ol ] e ex. TiO,, WO,, NaTaO,, TaON, ...
B ll ¢ R RhlAg ca| m/ BY[so] e 1 [e]
AuHg] 1 Pb ] &1 ] Po At e i -
: h Wide band-gaps
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Lone pair

Sn(ll) oxides
Narrow band-gaps

SnO-MO,, pseudobinary

q M known compounds

4 Ti, Zr, Hf SnTiO,, Sn,TiO,

5 V, Nb, Ta SnNb,Og, Sn,Nb,0O;, SnTa,0g, Sn,Ta,0,, SnTa,O;;
6 Cr, Mo, W [ SnWOSn,WO;, SnWO,

Only 10 compounds are known
Reported high visible-light photocatalytic activity



Inorganic Crystal Structure Database (ICSD)

@ FIZ Korleruhe World largest database
ICSD for known inorganic crystals.

177,000 crystal structures
- 82,000 structures
excluding duplicates,
Incompletes, etc.

9,100 structure prototypes
(e.g. rock-salt, perovskite, ...)

Number of Number of
chemical elements in ICSD

120
1,700
4,700
4.300 7
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Hypothetical compounds with prototype structures

NdYbS; type SnTiO,
s

# hypothetical compounds

Formal ionic charge

Formal ionic charge

1 2 3 4 5 6
1 154 | 122 | 359 | 209 | 438 | 251
2 | 454 | 258 | 663 | 220 | 409
3 | 500 [ 184 | 297 | 109
4 | 444 | 52 | 149
5 72 | 45
6 78

ICSD prototype
NdYbS; type




Formation energy by DFT calcs

SnO-WO, pseudo binary system
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'.\ Convex hull

1

Formation energy (eV/atom)

SnO WO,
9



Formation energy by DFT calcs

SnO-MoO, pseudo binary system
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| Reported oxides in ICSD

1 (Red characters)
| the convex hull.
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Band Gap

Band gap of actual photocatalysts = 2 eV (GGA)

Band gap
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Experimental results

Synthesis of SnMoO,
o ‘I,SnfCI2 ' n KCI | x Unknfawn VI' Ruitle—l!ke
‘JM N a 473!K

Mixture of SnCl, and K,MoO, powders

1 hour annealing in Ar gas

Y

Washed and dried

Intensity (arb. units)
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Crystal structure of ShMoO,

Newly discovered compound

—T—— T — 1 T — 1 T T 71— Space group type: P2,3
498 K-synthesized sample . e bage 91otp yp(Cubié)

Lattice constant: a =7.26 A

Intensity (arb. units)
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10 20 30 40 50 60 70 80 90 100 Trigonal prism which is

26 (deg.) characteristic of Sn(ll)
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Photocatalytic activity of ShMoO,

Degradation of methylene blue under
simulated day-light

1.0&-,:3:‘____‘____
0.8L . e Photolysis
o6f  SNMoO,; -l B.snwo, -

e -

~..
iy

0 10 20 30 40 50 60
Time (min.)
Newly-discovered SnMoO, powder exhibits

clear photocatalytic activity. .



ICSD
~82k
rmodynamically unstable compounds/




Recommender system for discovery of
CRC (Chemically Relevant Composition)
using ICSD database

i

A. Seko, H. Hayashi, H. Kashima and IT

A. Seko, H. Hayashi, H. Kashima, |. Tanaka, Phys. Rev. Mater. 2, 013805 (2018)
A. Seko, H. Hayashi, and |. Tanaka, J. Chem. Phys. 148, 241719 (2018). 17



“Recommender system” in E-commerce

A system that can suggest items to customers, which is sometimes useful.

Solid State Physics 1st Edition
by Neil W. Ashcroft * (Author)

i i oy * 57 customer reviews

Hardcover
$35.60 - $118.65

Paperback

ASHCROFT/ MERMIN $81.42

Rent

Due Date: Dec 18, 2017 Rental Details

= FREE return shipping at the end of the semester.

rentals.

Amazon

SOLID STATE PHYSICS

More Buying Choices

36 New from $14.86
from $81.42

23 Used from $13.79

[#)]

Customers who bought this item also bought = Recommendation

o

SOLID STATE
PHYSICS

Introduction to Solid State

The Oxford Solid State

Modern Quantum

Basics Mechanics: PNIE Physics

» Steven H. Simon » J. ). Sakurai » Charles Kittel
Wil 20 Wl Wiy 34 Wi o2
Paperback Paperback Paperback

$31.99 75 offers from $17.04 54 offers from $14.12

1 Rentals

Other Sellers

from $14.86

Add to Reni

= Access codes and supplements are not guaranteed with

In Stock. Rented from Amazon Warehouse Deals , Fulfilled by

60 offers fr

EIEHIHL{_,“IUN
Introduction to
Solid State Physics

CHARLES HITTEL

Introduction to Solid State
Physics

3 Charles Kittel

Wilrdrrir o2
Hardcowver

$164.93 vprime

See All Buying Op

Amazon.com

Netflix.com

Pagi

Classical
Electrodynamics

Classical Electrodynamics
» John David Jackson
Wkl 171
Paperback

54 offers from $17.29

\: 7

18



CRC (Chemically Relevant Composition)

A,X-BX pseudo-binary (A", B2+, X2)

@ ICSD _zﬁ'q T
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= < & =
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BAX5BX (ABsXs) | | - aRe | IR
AX Composition BX
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Rating matrix used for recommender system

Rating matrix

123|te4m56 1435726 1435726

A il
2 c

S

9o E ]

3 F .

O ¢ D
H | G
| | i
J E E

Underlying assumption: a low-rank structure of rating matrix.

= Application to discover new Chemically Relevant Composition (CRC)

20



Candidate chemical compositions

Ternary:A_B X, max(a, b, x) = 8, N=7.4x106

Quaternary: A,B,C_ X, max(a, b, ¢, x) = 20, N=1.2x10°

Quinary: A,B,.C.D,X, max(a, b, c,d, x)=20, N=2.3x10

Cations Li,Na,K,Rb,Cs,Be,Mg,Ca,Sr,Ba,Zn,Cd,Hg,
B,AlSc,Y,La,Ga,In,T1,Si,Ge,Sn,Pb,P,As,Sb,Bi
Ti,Zr,Hf,V,Nb,Ta,Cr,Mo,W,Mn,Tc,Re,
Fe,Ru,0s,Co,Rh,Ir,Ni,Pd,Pt,Cu,Ag,Au,
Ce,Pr,Nd,Pm,Sm,Eu,Gd,Tb,Dy,Ho,Er,Tm,Yb,Lu

Anions C,N,0,S,Se,Te,F,Cl1,Br,I

21



Number of entry compounds in three databases

Number of entry compounds

Ternary Quaternary Quinary
9,313 7,742 155 Pl
9,278 7,864 1,326
&) Springerteras 10,461 8,141 1,893
—
Test data 4,134 4,961 1,616
Candidates | 7,405,200 1,188,038,460 | 23,104,706,560

Materials

@ est

22



Matrix factorization

(a) NMF  Non-negative Matrix Factorization

.
X ~ | W

(r x m)

I : given rank
nxm (n X r

(b) SVD Singular Value Decomposition

D VTW

(rxr) (rxm)

X ~ | &

I : given rank

SCIKIT-LEARN 273



Matrix representation of ternary composition

Aa BE:-XI

Example of Rating Matrix (Type 1)

L,o LL,O LO L,O LO

(1,1,1) (1,1,2) (1,2,2) (1,3,3) (1,4,3)

0
(U

0

\0

0
0
1

b—l * ®

0
0
0

-]

0
0
0

0

0
0
0

P—L

1
0
0

-

0
0
0

-]

0
1
0

—

0
0
0

-]

IO IO IO InO InO
(1.1,2) (1,1,3) (1,2,4) (2.2,5) (3,3,8)

0
[]\

Typel {A} and {B, X, (a,b,x)}
Type2 {A, X} and {B, (a,b,x)}
Type3 {A, B} and {X, (a,b,x)}

Na
Mg
Al

Cu
Zn
Ga

24



Validation of CRC prediction by a recommender system

for ternary compounds using Tucker decomposition
Ternary # Elements : 7,405,200

800 I T — I | I I I | I I
- (a) NMF, type 1 1 L (b) NMF, type 2 1 L (c) NMF, type 3 TOP3.000
600 _ 0 compositions
soo LTI |1 with high predicted
rating.
200 Discovery rate
{ { > 21% !

800

| (d) SVD, type 1 | (f)SVD, type 3
60 - T T .

L S

0
0 10 20 30 40 500 20 40 60 80 1000 20 40 60 80 100
Rank

v' Dependence on rank is weak.
v' SVD performs slightly better than NMF.
v' Type 2 representation works best. 25

Number of correct answers
included in ICDD & SpMat




Tensor representation of binary composition

Integer set

{1,1}{1 2)(1,3)(1,4)(2,3)(2,4)(3,4) 170

10 =

é\'@ SEf

=
N

b

O
Li
MNa

e

=
(=]

(@)

(@)
Cation type
M~
=

=

=

¢ -

Cr Ti,0,

y

Binary: # Elements : 66x10x170=112,200 26



Tensor factorization

(a) CP decomposition
(canonical polyadic)

Al

—— r'req_ }
— 4
F. L. Hitchcock, Stud. Appl. Math. 6, 164 (1927).

(b) Tucker decomposition

(higher order singular value
decomposition, HO-SVD)

X

A3

/
L. R. Tucker Psychometrika 31, 279 (1966).

SCIKIT-TENSOR 27/




Validation of CRC prediction by a recommender system

for ternary compounds using Tucker decomposition
Ternary # Elements : 7,405,200

800
CP decomposition Tucker decomposition

700 T — -

600 \ _ =1 |-
Best matrix factorization

500 | (SVD type2) |

400 | i i

300 - -

Number of correct answers
Included in ICDD & SpMat

200 -1 -

100 | -

— — ey, i, — — — T, e, e, T, e —

e e e R T

T T T ™ it it” i i

Rank 2 8



Validation of CRC prediction by a recommender system

for ternary compounds using Tucker decomposition

Number of correct answers

Included in ICDD & SpMat

800

700

600

500

400

300

200

100

Ternary # Elements : 7,405,200

Tucker decomposition

TOP3,000 compositions
Y With high predicted rating.

sl Discovery rate > 25% !!

— — — e — m—m —m —

h N — = = = PN D N
T e o0 o o O
“-h“m_L_l._l._mem
L, T, oo 0o O O
ESEroor0> 0
_—— W W W W W W W

LcLeeeee s

Rank

—

T
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Validation of CRC prediction by a recommender system

for ternary compounds using Tucker decomposition
Ternary # Elements : 7,405,200

2000 | | |

Tucker

1500

1000

Number of correct answers
Included in ICDD & SpMat

500

o 3000 . . .
0 5000 10000 15000 20000
Number of sampling

30



Results for quarternary/quinary systems

100 n 800

(2) TOP100 \ (b)TOP3000 }

<5) 80 ‘\
c% %- ‘600 - _
LA \‘ Ternary
S o3 59 /0 \ | *’* .._.
o n 60 Tgrnany— ! e
(€D) D _*E" \ ...
S O S e LV Tl -
o < ﬁ_,.«s( a1 92% Quaternary
s S 40 - L i
e D % Quaternary '
35 A 200 | .
€ © 20 - Qoirmar :
S 2 s DT LA Quinary |

/ ! | 5% ‘} O e = DR A O o0 S - - B

= <- -0 oo’ | | | |
0 20 40 60 80 100 0 1000 2000 3000
Number of samples Number of samples

Number of entry compounds

Ternary Quaternary Quinary

@ ICSD 9,313 7,742 1,321
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Further validation by first principles calculations for

pseudo-binary compounds with high predicted rating

Rb,In0O, RbINO,

Predicted Predicted
Rating: 0.64 Rating: 1.01

L JI AN
Rb,O In, O,

Formation energy (eV/formula unit)

32



Further validation by first principles calculations for TOP 27

pseudo—bmary compounds with high predlcted ratmg

H = I TeTa T 8§ T Teol T
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2 - -+ -+ —+ aAs,0,(0.93)1 g
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= I 1 roaspor 4 | TIATe e,079) | KGeS,(079) | ]
& 21§ ! 1, AInOJ0.80)- T I - -+ .
= - "% ALOn0, |- Rb,S-ALS, | Rb,S-Sc,S, TI,Te-Al,Te, |- K,S-GeS, |- BaS-Sc,S,
§ - g e T
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<] - -+ - + L -+ - - 5 i
e [ T T CcaGaTe(78) T ] CsInF. (0.77) __\‘kf\l “| P
- - - -+ < —Rb,PSe;. § g
2L 4 4 4 4 1 (0.76) ]
- KCl-ZnCl2 + CaS-Bi,S, | CaTe-Ga,Te, |- KF-TiF, -} CsF-InF, - Rb,Se-P,Se,
-3 ’\Ilnll | \\\\\Illml III!IIIGIII | N I I A | I O | I N N N I |
O‘qu o1 I Igals | “h‘lelig | I | I!I | uI: I8 TF Tl T 1 0 10 10 1
0 =% w e 7\§§ g ! B
- T 1 LiLaS,(0.76) \i 4
1L NaGaSe,(0.76) |- A1 I _
MgAs,0,(0.74) 4 ICSD entry
5 B T T ] = |CDD or SpMat entry
- Na,Se-Ga,Se, Li,S-La,S, < MgO-As,0,
-3 A ) I I I | IS I N Y | N N Y B
0 10 10 1

b’ x2)

Composition yin (A X, ), -(B,X

23 among 27 compositions(85%) are thermodynamically stable by DFT !



Systematic discovery of as-yet-unknown CRC

CRC (chemically relevant composition)
v Use of tensor-based recommender system ONLY with

inorganic crystal database, ICSD.

Rating prediction with neither descriptors, nor DFT results.

v Validation by two other databases, ICDD-PDF & Springer
Materials. Discovery rate is 59/52/15% for TOP 100
ternary/quarternary/quinary CRC.

v" Validation by DFT calculations. Among TOP 27 ternary

(pseudo-binary oxides), 85% are thermodynamically stable. 34



