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Materials discovery 2

v Superconductor having highest T_?
v' Harder material than diamond ?

v’ Strong magnet ?
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Atomic species + Composition + Structure




History of permanent magnet
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v High saturation magnetization
v High coercivity = High magnetocrystalline anisotropy

v High Curie temperature
v" Phase stability



Magnet compound vs Magnet material

Intrinsic properties Sample dependent
(microstructure, interfaces, ...)
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K. Hono (NIMS)

v’ Saturation magnetization
v' Magnetocrystalline anisotropy
v' Curie temperature

v Coercivity
v" Microstructure



Magnet compounds 5

Magnetic properties e o.M
« Saturation magnetization Y A e

* Magnetocrystalline anisotropy

Nd, Sm, ...

« Curie temperature

Structural properties
* Phase stability

B,C,N,...

Other elements ?7??

. Slater-Pauling curve
" ~ Calculation by H. Akai



Hard-magnetic compounds
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Hirayama, Miyake and Hono, JOM 67, 1344 (2015)

2:14:1 type
Nd,Fe,,B

1:5 type (m=1, n=0)
SmCos, YCos

2:17, 2:17:3 type (m=3, n=1)
Sm,Co,;, Sm,Fe;N;

1:12 type (m=2, n=1)
SmkFe, Ti, NdFe, TiN

Rm-nT5m+2n




NdFe,,N film 7

Magnetic anisotropy Magnetization
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Chemical substitution 8

Ce, Pr,Nd, Sm, ... B,C.N

\ /

R (Fel—a Ta )12X

o

Ti, Cr, V, Mn, Co, Ni, ...

Magnetization

Magnetocrystalline anisotropy
Curie temperature

Formation energy




High-throughput computational screening

Direct screening of 1,280 compounds by first-principles calculation
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Topological materials

Structure data
from database

Electronic structure
by first-principles calc.

T. Zhang et al., arXiv: 1807.08756

c.f. F Tang et al., arXiv:1807.09774
M.G. Vergniory et al., arXiv:1807.10271

39,519 materials from ICSD

8,056 are topological

5,005 topological semimetals
1,814 topological insulators
1,237 topological crystalline insulators



Exhaustive search ??

Material data
from database

l

Candidate compounds
by chemical substitution

l

Evaluate properties by
first-principles calculation

l

Recommend new compounds

{ x; } material

{x’;} material

{y;} property



Virtual screening

Material data , _
Machine-learning model

y=fx)

{ x; } material
{y:} property

Candidate compounds l
by chemical substitution

l {x)} material =) {7y} property

Validation by
first-principles calculation

l

Recommend new compounds



Virtual screening

Material data @ , _
Machine-learning model
R-T-X — = f(X)
Candidate compounds l

by chemical substitution

€)

l Nd-Fe-B —p {y’;} formation energy

Validation by
first-principles calculation

l

Recommend new compounds



(D Computational database

o Q M D . Home Materals Analysis Documentation Download
.

The Open Quantum Materials Database

Newsflash: OQMD v1.1 is out! (Download it here.)

Welcome to the Open Quantum
Materials Database

The OQMD is a database of DFT-calculated thermodynamic and structural
properties, This online interface & for convenlent, small-scale access: for a
more powerful utilization of the data, we recommend downloading the entire
database and the API for interfacing with it, from the ink below.,

You can...

Search for materials by composition,
Create phase diagrams using the thermochermical data in OQMD,

Determine ground state compounds at any compostion,
Visualize crystal structures, or

Downioad the entire database (and the APT) for your own use!

http://ogmd.org

Current status

OQMD v1.1 has been released! Downicad it haro,

The database now containg 4718587 entries. In addition,

calculations of new structures are constnmry ongong'
Rocontfy addod compounds include: £
PaR Acla

v 9485 Fe compounds
v 9541 Co compounds
v 9932 Ni compounds

RTX materials

T4d-5d = [IIYII, IIZrII, IINbII,
IIMOII, IITcII, “Rull, IIRhII, IIPdII,
IIAgII’ IICdII’ IIHfII, IITaII’ IIWII,
IIReII, Ilosll, IIIrII, IIPtII, IIAuII,
“Hgll]

T3d = [IITiII, IIVII’ "Cr“, IIMnII,
IIFeII, Ilcoll, IINiII, "CU", “anl]

R = [IILaII, Ilcell’ IIPrII’ IINdII,
IIPmII, "Sm", IIEuII, IIGdII,
IITbII, IIDyII, IIHoII’ IIErII, IITmII,
“Ybll, “Lull]

X = [IIBII, IICII, IINII, IIOII]

Optimized structure
Total energy
Magnetic moment
etc.



(2) Machine-learning model

Kernel regression

f(@) = % ak(z, 7)

Gaussian kernel
k(7,2') = Cexp(—p||7 — 2'|*)

Laplacian kernel

k(Z,2) = Cexp(—p||Z — 27]|)



(2) Descriptor 16

Orbital Field Matrix (OFM) Pham et al., STAM 18, 756 (2017)

Atomic Atomic local environment one-hot vector Orbital field matrix of local structure
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Predicted energy (eV/atom)

-0.5 1

-1.0 1

-1.51

-2.0 1

-2.5

-3.0 1

(2) Orbital Field Matrix (OFM) 17

Formation energy
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Pham et al., STAM 18, 756 (2017)

Data: 4,220 R-T-X compounds
DFT: VASP+GGA
Machine learning: KRR + OFM

RMSE = 0.190 eV/atom
MAE = 0.112 eV/atom
R2=0.98



(2) OFM, OFM1 18

Pham et al., STAM 18, 756 (2017)

Formation energy

0.5 1

0.0 1

-0.5 1

-1.0 1

-1.51
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-2.5

-3.0 1

Predicted energy (eV/atom)

T
-4.04 L&

-35 Sage
kg

« Data: 4,220 R-T-X compounds
 DFT: VASP+GGA
* Machine learning: KRR + OFM

RMSE = 0.190 eV/atom
MAE = 0.112 eV/atom
R2=0.98

-4.0 -3.5

DFT energy (eV/atom) 1

OFM1 + Manhattan distance + Laplace kernel regressor
RMSE = 0.110 eV/atom
MAE = 0.067 eV/atom

Pham et al., JCP 148, 204106 (2018) R2 = 0.994



(3) Phase stability

formation
energy

fraction

__________ of B
__________________ (5
AE = E; - E
AE < 0 : Stable

https://materialsproject.org/wiki/images/6/6f/Convexhull.png



Curie temperature of R-T bimetals
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Collect experimental T:’s of 101 R-T alloys from database (AtomWork)
H. Kino (NIMS)



Descriptors

v" Represent a compound by a vector x

v’ 27 primary descriptors characterizing crystal constituent elements and

structure

Category

Descriptors

Atomic properties of
transition metals (T)

Zr,rr, 1y, IPT, X1, 834, L3a, J34

Atomic properties of
rare-earth metals (R)

ZR, TR, TR s IPR, XR, Saf, Laf, Jaf, 87, Jargy,

Jap(d —gy)

Structural information

(S)

Cr, Cr, dr—-r, dr-R, dr-r, N7-R, NR_R,

Np-r

..)



score

Machine learning

v Select a subset of 27 primary descriptors that maximizes prediction

accuracy (Exhaustive search for 227-1 combinations)

v' Gaussian kernel-ridge regression
v" 10-fold cross validation

0.97

0.96 1
0.95
0.94 4
0.93 1
0.92 1
0.91

0.90

n score descriptor(s)

2 | 0.870153 | Cr.Zr

3 | 0942222 | Cr.Zr.Zr

4 | 0953386 | J34,Cr.Zr.Zr

5 | 0.954294 | L34,J34,Cr.Zr.ZT

6 0.954391 Lgd,]3d,)(T,CR,ZR,ZT

7 | 0954452 | L3g,.J3a.x1.CRZR.ZT 15

8 | 0.954448 | L3q,J3a.x1.IP7,CR.ZR,ZT 1<

2

4 6 8 10 12 14 16 18
numer of descriptors

Dam et al., J. Phys. Soc. Jpn. (accepted)




TCVtest

T- of R-T bimetals

Prediction
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Understanding?




Subgroup relevance analysis 24

Dam et al., J. Phys. Soc. Jpn. (accepted)
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Summary

B High-throughput screening by a combined
computational and machine-learning technigques

B Virtual screening of Nd-Fe-B compounds using
kernel-ridge regression and orbital-field-matrix

B Kernel-ridge regression of Curie temperature:
Important descriptors and descriptor groups by
subgroup relevance analysis



