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To double the speed with which we discover, develop, and manufacture new
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FY12 budget includes $100 million to launch the Materials Genome Initiative.
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EUROPEAN CENTER OF EXCELLENCE (CoE) FOR
NOVEL MATERIALS DISCOVERY (NOMAD)

NOVEL HATEHIAIZS DISCOVERY Funded by the EU Commission under the Horizon2020 programs

http://nomad-lab.eu/

The NOMAD CoE develops a Materials Encyclopedia and Big-Data Analytics
tools for materials science and engineering. Eight complementary research groups
of highest scientific standing in computational materials science along with four
high-performance computer centers form the synergetic core of this CoE.
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MARVEL Materials' Revolution: Computational
O00® Design and Discovery of Novel
NMaterials

_ _ Swiss National Science Foundation
Vertical Projects

Nicola Marzari

VP1 - Novel Materials Physics Dir
lrector

VP2 - Novel Materials Applications EPFL, Lausanne
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Enormous nhumber of chemical combinations

18
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Inorganic Crystal Structure Database (ICSD)

World largest database

FIZ/NIST for known inorganic crystals.
Inorganic
Crystal
pucture 177,000 crystal structures
Version 1.9.6 - 55,000 structures
Cosviomsionaannm. excluding duplicates.

and Technology, Gaithersburg
c2015 by Fachinfarmationszentrum Karlsruhe, and the .S,
Secretary of Commerce on behalf of the United States. All

9,100 structure prototypes

(e.g. rock-salt, perovskite, ...)

Number of Number of
chemical elements in ICSD

120
1,700
4,700
4.300 10

Days left an license 110

1
2
3
4



First Principles Calculations

Useful to fill the gap between enormous number of
chemical combinations and experimental database.

Electronic structure calculations entirely based on
guantum theory without using empirical parameters.

Total energy

Force/Stress
Electronic/Magnetic structures
Physical properties

11



First Principles Calculations

INPUT

Space Group

Unit Cell Parameters

Atoms / Atomic Number and Coordinates

v

-

Density Functional Theory Calculations

2V V() + | %drwvxc(rﬂwi(r)wiwi(r)

y

OUTPUT

Total Energy

Stress / Force
Electronic Structures

Computational Cost 0 (CCO)

structure optimization

SITiO,
(cubic perovskite)
Space Group Pm3m
1xSr+1xTi+3x0

= 5 atoms/unit cell

Computational Cost
CCOx10=CC1

12



Cost for First Principles Calculations

—CCO 1min  Single shot GGA ?‘?%f PC cluster
¢Ceog® 5 nodes x 20 cores =100 cores
—CC1 Structure opt. price ~ USD30k (JPY 4M)
< 1hour
3 —CC2 2x2x2 supercell Single shot GGA 1min
=
= Phonon frequenc
5 CC3 1gay quency ) jm
o~ L 1hour 10 nodes
< 3
5 —CC4 1week =
< Lattice thermal conductivity —
= =
- B =
= = 1day
(7))
= lyear = — S
Diffusivity by FPMD simulation = 1 week
o
1000 atoms cell Single shot GGA &
2
=
S 1 year

13



A set of DFT calculations during a lunch break

300
250 r
w© 0\’:!1020
an
O 200+ Y
S 150 | -
S W
X 100 ¢ cubic perovskite
@
90
0 Numbelr of compl)ounds: I530 |
20 40 60 80 100 120
CC1 x 530 calculations Volume ( AS)

by a 100 core PC cluster 14



Materials Project @MIT https://materialsproject.org/
ICSDURERDIEET — 22 DNT, EFHIRILF—ONURF TR EDE —REHERR

Harnessing the power of supercomputing and state of the art electronic

structure methods, the Matenals Project provides open web-based access to

computed information on known and predicted materials as well as powerful

M ateria Is analysis tools to inspire and design novel materials.
Project

to start using

Electronic Structure Density of States ITl;F :
]

Material Details

Firal Magew i Masnent:
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Farmation Ky hom
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- Herrman Mg
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EXPLORE EXPLORE BATTERIES VISUALIZE INVENT CALCULATE
MATERIALS Find candidate materials STABILITY STRUCTURES Caleulate the enthalpy of
Search for matenals for lithium battenes. Get Generate phasze and Dlesign new compounds 10,000+ reactions and
information by chemistry, voltage profiles and pourbaix diagrams to find with our structure editor compare with
composition, or property oxygen evolution data. stable phases and study and substitution sxpenmental values
reaction pathways algorithms

Database Statistics

58251 41831 1766

COMPOUNDS BANDSTRUCTURES ELASTIC TENSORS
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Discovery of nhew low thermal conductivity
materials

First-Principles Anharmonic Lattice-Dynamics Calculations
and Bayesian Optimization

.I
.; o, /

Atsuto Seko, Atsushi Togo, Hiroyuki Hayashi,

i

Koji Tsuda, Laurent Chaput, and IT

A. Seko, A.Togo, H.Hayashi, K. Tsuda, L. Chaput, and IT PRL 115, 205901 (2015) 17



Discovery of ultra-low thermal conductivity
materials of 0. 1W//mK level
in ICSD database (55,000 crystals)
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Background

Thermal Conductivity (TC)

K = Kelectonic + KIattice

Lattice Thermal Conductivity (LTC)

v Reliable experimental dataset is limited ( < 100 crystals).

v Reliable first principles calculations are very expensive.
(CC5 class : 1 day/100 cores for 1 simple crystal.)

v Little knowledge to predict LTC deductively.

(Chemistry-structure-LTC relationships are not clear.)

Materials search has been made through “modification” of

known compounds showing high/low LTC.
19



Thermoelectric materials

Essential for utilizing otherwise waste heat.

Low T
A A
Electric current Heat flux Electric current
n-type | Mé é p-type
> ==
Electric current \"" 3 High T
Figure of SZ o S : Seebeck coefficient

Merit /T = —— T o : electrical conductivity
K Kk : thermal conductivity

20



Physical origin of thermal resistivity

Phonon-phonon scattering (phonon anharmonicity)
Harmonic phonons do not interact.

q //// honon

A
(T

phonon

21



phonopy: open source for ab-initio phonon caics

30

http://phonopy.sf.net/

Phonon dispersion
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Lattice Thermal Conductivity (LTC)@300K

First principles calculation vs. Experimental data

-
o
L

LTC calculation (W/m-K)

o
o

o
(S

- BN 3
BPo a
GaN ooy
AIN * eAIN
AISb. .- GaP i
ZnO ﬁ:}Ig :
ZnS G%%B
Li ,Ga
'-lﬂafﬁ; GaAs
@J&j anles
InSb
NaCl q%; ;
Cule  KF&CdTs
CuBr; b aBr IE(E:}Ir
CuCl@ |'
Agl-
L °Na ll’lg
PbS
10° 10" 102 103

LTC experiment (W/m-K)

CC5 class : 1 day by 100 cores

| for 1 simple crystal

| Reliable calculations
| whose accuracy are
| comparable to

| experiments!
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Virtual Screening

machine learning virtual screening
T T mm—_ LN
s a
l predictors |
B initial '
E data
! model
I
I
B e - candidates

Bayesian optimization

__________________________ oy

validation

Y

- ———
L & & & § R _§ § § 3
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Correlations between LTC and predictors

CC5 class
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Candidates of descriptors for LTC

Model 1: Volume IVand Density p

1e+04 1 T T 1 1e+04 T T T L E—

1e+03 1e+03 y

< < ]
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S S Z
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1e-01 | 1 1 L 1 1 J 1e-01 | 1 1 1 L )
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Volume (A*atom) Density (g/cm®)

Model 2: Model 1 + primitive elemental descriptors
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Toward discovery of new low LTC materials
Kriging

Interpolation method for which the interpolated values are modeled by a
Gaussian process governed by prior covariances, originally from geo-statistics.

concentration of mineral

15

0.5 F

o5f |/

b e -
interpolation ——
I a5% confidence intemnvals
) _&\ observations (]
e x‘- ".IIIII

P
I "
-L
'

confidence intervals/

geographical location
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Minimum of LTC (W/mK)

Krlglng usmg 101 ab-initio LTC data

(a) PbSe (b) L|I '
Kriging with 2 descriptors
34 el tal d ipt
Kriging with 2 descriptors ELN i?rg)en al desctiptors
10 i ( ave_11) ave
- . _ Random
Kriging with 2 descriptors (N.._ =50)
O + 34 elemental descriptors e
(N, =19)
Kriging with 2 descriptors |
Random (N, = 65)
/ (N ave ~ =99) /av
1 i R Sttt L T Y- PP
0 20 40 60 80 100 0 20 40 60 80 100

Number of observations

Number of observations

First prediction was made using N, (=5) LTC data and GPR.

Use of 34 elemental descriptors on top of V and p is found to be effective
to overcome an outlier problem.

28



Ranking of LTC for 54,779 compounds in ICSD library

7-score “Virtual screening”

Z(x")

[f(x*) — fbest]/\/ v(x*)

f=—logxk, The higher Z-score, the lower predicted LTC!

Materials Id Formula Z-score Materials [d Fornuila L-score Materials 1d Formula Z-score
1|mp-23517 RbPbI3 1.90 34|mp-23037 CsPbCI3 1.14 67|mp-622106 Ba5Pb3 0.81
2|mp-571465 PblBr 1.76 35|mp-675524 CsPbCI3 1.14 68|mp-T71877 Ca3Pb3114 0.80
3|mp-28564 Rb4PbEr6 1.56 36|mp-675022 CsPbCI3 114 69[mp-621612 AgPb2Brs 0.80
4|mp-23053 PbICI 1.56 37|mp-23475 Rb2PbCl6 113 70f{mp-21246 Ba2Pb 0.78
5|mp-22997 PbBrCl 1.56 38|mp-29212 TI4Pbl6 112 T1{mp-37163 AgIHgl4 0.78
6|mp-23043 RbPb2Br3 145 39|mp-581775 Cs3(KPb6)3 1.09 72{mp-569465 CsINb6PbCI18 0.77
7|mp-22883 Pbl2 1.44 40|mp-23380 TI3PbIS 1.08 73|mp-554116 BaPb2BrF 3 0.76
8|mp-567503 Pbll 143 41|mp-630851 Cs3NaPbd 1.07 74|mp-674993 KPbiCI5 0.73
9mp-540839 CsPbl3 1.40 42|mp-574070 Cs4Pb9 1.05 75|mp-607267 KPb2CI5 0.72

10)mp-569595 Pbll 134 43|mp-674339 TI6PbI10 1.04 76[{mp-3 Cs 0.71
11)mp-567246 Pbll 134 44|mp-23425 Cs2PbCl6 1.03 T7|mp-27662 CsI2Br 0.71
12|mp-23436 Cs4PbBrb 1.34 45|mp-771691 CaPbl6 1.01 78[mp-20136 BaPb 0.70
13|mp-505148 ThPbl6 1.34 46|mp-756313 CaPbl4 0.99 79|mp-573579 Cs 0.70
14|mp-22893 Pbll 134 47|mp-673703 Rb3Bi7Pb3(10)10 0.99 80|mp-672241 Cs 0.70
15|mp-567199 Pbll 1.32 48|mp-680463 Rb4Pb9 0.97 81fmp-11832 Cs 0.70
16|mp-580202 Pbll 1.32 49|mp-755943 CaPbl4 0.96 82fmp-1 Cs 0.69
17)mp-600089 CsPbBr3 131 50|mp-622294 Hg2Pb(5Br)2 0.96 83[mp-639727 Cs 0.69
18|mp-640058 Pbl2 131 51fmp-21525 RbPb 0.96 84{mp-569225 Mo6Pbl14 0.67
19|mp-574189 Pbl2 1.30 52|mp-571638 Rb2Cu(BrCI)2 0.90 85|mp-541112 Zr14 0.66
20|mp-567542 Pbll 1.30 53|mp-756136 CaPbl4 0.90 86|mp-28077 PbBrl 0.66
21{mp-540789 Pbll 1.30 S4lmp-31317 La3Pbl3 0.88 87|mp-569866 Cs6K7 0.64
22{mp-567178 Pbll 1.29 55|mp-756451 CaPbl4 0.88 88[mp-31288 LaSPb3I 0.64
23|mp-567629 CsPbBr3 1.29 56|mp-753670 CaPbl4 0.87 89|mp-554245 BaPb2IES 0.64
24|mp-672671 Pbl2 1.28 57|mp-569879 Cs2TabPbCl18 0.86 90{mp-613652 PbCIF 0.63
25|mp-561320 PbS 1.27 38|mp-570753 TI3PbBrS 0.86 91|mp-5811 CsPbF3 0.61
26|mp-6802035 Pbll 1.25 59|mp-27451 TI3PbBrS 0.85 92|mp-570333 PbCH 0.61
27|mp-29883 Rb3PbCl3 1.25 60]mp-569238 Cs3Lil4 0.85 93{mp-20282 CsPbE3 0.60
28[mp-567681 CsPbBr3 124 61|mp-755977 CaPbl4 0.84 94{mp-579536 CsCu2IC12 0.60
29{mp-608081 Rb3Pb4Au 1.18 62|mp-680159 CsTa6PbCl18 0.84 95[mp-22969 PbIF 0.59
30|mp-27552 TIPbI3 1.17 63mp-557719 Pos 0.82 96{mp-559470 AgPbBrO 0.58
31|mp-674972 Rb6PLSCILE 1.15 64|mp-755056 CaPbl4 0.82 97|mp-674359 TI3PbCIS 0.58
32|mp-31508 KPblBrS 1.15 65|mp-771827 Ca3Pb3114 0.81 98|mp-30519 TI3PbCIS 0.58
33{mp-771814 CaPbl6 1.14 66|mp-754540 CaPbl4 0.81 99{mp-23066 Pb5(SI3)2 0.36 29




Top 10 lowest LTC compounds among 54,779

Virtual screening of 54,779 compounds in MPD library

compound
ranking | Z-score space "
formula ¥ 0 =
group %o D%C o
1 1.90 PbRbls Pnma |
2 1.76 PblBr Pnma ——
3 1.56 PbRba4Brs R-3c
4 1.56 PbICI Pnma
5 1.56 PbCIBr Pnma
7 1.44 Pbl: R-3m
8 1.43 Pbl: PE3mc

PblBr
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Lattice Thermal Conductivity (LTC)

Unit cell volume (A3/a

Newly discovered //

= 1
=]
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= %
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Thermoelectric materials

Essential for utilizing otherwise waste heat.

Low T
A A
Electric current Heat flux Electric current
n-type | Mé é p-type
> ==
Electric current \"" 3 High T
Figure of SZ o S : Seebeck coefficient

Merit /T = —— T o : electrical conductivity
K Kk : thermal conductivity
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Top 10 lowest LTC compounds among 54,779

Virtual screening of 54,779 compounds in MPD library

compound o | Band
ranking | Z-score space abinitio LTC Gap
formula (Wim-K)

group (eV)
1 1.90 PbRbls Pnma 0.10 2.46
2 1.76 PbiBr Pnma 0.13 2.56
3 1.56 PbRb4Brs R-3c¢ 0.08 3.90
4 1.56 PbICI Pnma 0.18 2.72
5 1.56 PbCIBr Pnma 0.09 3.44
7 1.44 Pblz R-3m 0.29 2.42
8 1.43 Pbl2 P63mc | 0.29 2.45
121 0.39 KzCdPb Ama?2 0.45 0.18
144 0.29 Csz[PdCl4]lz | I4/mmm | 0.31 0.88
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Newly discovered candidates for thermoelectrics

with low LTC of <0.5 W/mK (@300 K)

and narrow band gap of <1 eV.
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