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The NOMAD Archive includes data from AFLOW, Materials Project, OQMD,
and more, and from numerous individual researchers.
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retrieved can be analysed on the fly with the
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The NOMAD Archive includes data from AFLOW, Materials Project, OQMD,
and more, and from numerous individual researchers.

=) Findable Al Ready data

The NOMAD Archive can be queried from
the Artificial-Intelligence Toolkit, and the data
retrieved can be analysed on the fly with the
desired Al tools.

In the NOMAD Atrtificial-Intelligence
Toolkit, we maintain several notebooks
demonstrating the latest applications of
Al to materials science data.

The Artificial-Intelligence Toolkit
hosts tutorials for hands-on learning
of the most popular Al tools.
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* Jupyter Notebook is used as environment for tutorials.

* Machine-learning packages, i.e. scikit-learn, tensorflow, ..., can
be imported within the environment for immediate deployment.

» Servers deployed by the NOMAD Al toolkit are hosted by the
Max Planck Computer & Data Facility in Garching.
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NOMAD Laboratory

enables FAIR sharing and use of materials science data
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UPLOAD MATERIALS CALCULATIONS Al TOOLKIT TUTORIALS
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The NOMAD Atrtificial-Intelligence toolkit

Powerful Artificial-Intelligence Tools for
Materials Science

Find New Patterns and Information
in Materials-Science Big Data

o

oy
TS @

Query the archive - View tutorials —> Reproduce results —> Get to work —> ©)
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Reproducing published results

Identifying domains of applicability of
machine-Learning models for materials science

Discovery of new topological insulators in
alloyed tetradymites

Learn how to find descriptive parameters (short formulas) that
predict whether alloyed materials are topological or trivial
insulators, using the example of tetradymites. This notebook is
based on the algorithm 'sure independence screening and
sparsifying operator’ (SISSO) that enables to search for optimal
descriptor by scanning huge feature spaces.

'@ ACCESS TUTORIAL

ARISE - Robust recognition and exploratory
analysis of crystal structures via Bayesian deep
learning

Subgroup discovery of catalysts’ genes for
carbon-dioxide activation on semiconductor
oxides

Authors: Mohammad-Yasin Arif | Luigi Sbailo |
Luca M. Ghiringhelli

Authors: Luigi Sbailo | Thomas A. R. Purcell |
Luca M. Ghiringhelli | Matthias Scheffler

Al methods:

|Supervised Iearning| ’CIassification| ’Symbolic

regression‘ ’Features selection‘ IAtomic features|

SISSO
System:

ITetradymites‘ lTopoIogicaI insulatorsl

Additional Resources:

Authors: Andreas Leitherer | Angelo Ziletti |
Luca M. Ghiringhelli

Authors: Aliaksei Mazheika | Luigi Sbailo | Luca
M. Ghiringhelli | Sergey Levchenko | Matthias
Scheffler

Luigi Sbailé (Humboldt —Universitat zu Berlin)

luigi.sbailo@physik.hu-berlin.de

- NFDI workshop April 2022 -
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Discovery of new topological insulators in alloyed tetradymites

created by: Luigi Sbaildo, Thomas A. R. Purcell, Luca M. Ghiringhelli, and Matthias Scheffler

Fritz Haber Institute of the Max Planck Society, Faradayweg 4-6, D-14195 Berlin, Germany
[Last updated: Sep 29, 2020]

NOVEL MATERIALS DISCOVERY
MAX-PLANCK-GESELLSCHAFT

Introduction

With the default settings, the method reproduces the same results from:

G. Cao, R. Ouyang, L. M. Ghiringhelli, M. Scheffler, H. Liu, C. Carbogno, and Z. Zhang: Atrtificial intelligence for high-throughput discovery of topological
insulators: The example of alloyed tetradymites, Phys. Rev. Materials 4, 034204 (2020) [PDF],

- NFDI workshop April 2022 -
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Y of new in alloyed Operations:

x+y

xX=Yy

[x =yl

xX-y

x/y

exp(x)

exp(—x)
1/x

Efs e~ FEESITIL

log(x)

|x]

1D model

c0:8.968

Luigi Sbailé (Humboldt —Universitat zu Berlin)

2D model

c0:25.55

Features: Settings:
Z cations SISSO rung:
Xcations PRM2020 Vv
Acations To unfreeze the feature selection,
please select any rung other than PRM2020.
Zanians
Xanions Number of selected features per SIS iteration:

Maximum number of dimensions:

I

Number of features generated: 15000

# misclassified: 25
SVM dividing line: c0 + aO*[[[Z11A*Z11B]/sqrt[X16E]]/[[Z11A/211C]+[2Z211B/Z11D]]] = O

| a0:-0.01492

# misclassified: 0
SVM dividing line: cO + aO*abs[[[X16C+X16D]*[Z11E/X16B]]-[[211C+Z11D]+abs[Z11C-Z11D]]] + al*[[[Z11A+Z11B]*[Z11C+Z11
D]]-abs[[Z11A*Z11D]-[Z11B*Z11C]]] = 0

| a0:0.1313 | al:-0.004255

luigi.sbailo@physik.hu-berlin.de

Default selection
Run

Plot interactive map
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in alloyed ( Operations: Features: Settings: ) Default selection
x+y Z cations SISSO rung: Run
S xX=Yy Xecations PRM2020 Vv Plot interactive map
|x =y Acations To unfreeze the feature selection,
please select any rung other than PRM2020.
Xy Zanians
x/y Xanions Number of selected features per SIS iteration:
060
exp(—x) Maximum number of dimensions: Input parameters
%2
%3
------ > Vx
Vx
log(x)
X J
Number of features generated: 15000
HE ANt E 1D model
o : # misclassified: 25
B/ SVM dividing line: cO + aO*[[[Z11A*Z11B]/sqrt[X16E]]/[[Z211A/211C]+[211B/Z11D]]] = O
N c0:8.968 | a0:-0.01492
T e ] e
/ 2D model
, # misclassified: 0
> SVM dividing line: c0 + aO*abs[[[X16C+X16D]*[Z11E/X16B]]-[[Z211C+211D]+abs[Z11C-211D]]] + al*[[[Z11A+Z11B]*[Z11C+211
.j. A D]]-abs[[Z11A*Z11D]-[211B*Z11C]]] = 0
c0:25.55 | a0:0.1313 | al:-0.004255
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Number of features generated: 15000

# misclassified: 25
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D]]-abs[[Z11A*Z11D]-[Z11B*2%11C]]] = 0

| a0:0.1313 | al:-0.004255

J

Luigi Sbailé (Humboldt —Universitat zu Berlin)
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Luigi Sbailé (Humboldt —Universitat zu Berlin)

x-axis | [[[Z11A+Z11B]*[Z11C+Z11D]]-aV|

y-axis | abs[[[X16C+X16D]*[Z11E/X16B v |

Marker | Default size

v|

Color | Default color

v|

Dy =[[[Z11A + Z11B] % [Z11C + Z11D]] — abs[[Z11A x Z11D] — [Z11B x Z11C]]]
D, = abs[[[X16C + X16D] * [Z11E/X16B]] — [[Z11C + Z11D] + abs[Z11C — Z11D]]]

80—

20—

Class 0:
Topological insulators
Class 1:
Trivial insulators
_ Convex
hull 0
_ Convex
hull 1
Classification
line

Toggle on/off the plot appearance utils

luigi.sbailo@physik.hu-berlin.de
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in alloyed

D,

Luigi Sbailé (Humboldt —Universitat zu Berlin)

x-axis | [[[Z11A+Z11B]*[211C+Z11D]]-a ¥ | Marker | Default size v l

y-axis | abs|[[[X16C+X16D]*[Z11E/X16B V| Color | Default color V‘

Dy =[[[Z11A + Z11B] % [Z11C + Z11D]] — abs[[Z11A x Z11D] — [Z11B x Z11C]]]
D, = abs[[[X16C + X16D] * [Z11E/X16B]] — [[Z11C + Z11D] + abs[Z11C — Z11D]]]

80—

Class 0:
Topological insulators
Class 1:

Trivial insulators

_ Convex
hull 0
_ Convex
hull 1

Olaccifa

20—

Toggle on/off the plot appearance utils

Compound: | Sb_Bi_Se_Te.

Display

Tick the box next to the cross symbols in order to choose which windows visualizes the next structure selected in the map above.

Compound: | Bi_As_Se_Se Display

& 9

luigi.sbailo@physik.hu-berlin.de
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Guohua Cao et al., Phys. Rev. Materials 4, 034204

Luigi Sbailé (Humboldt —Universitat zu Berlin)
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Publish

@ Publish your data with our without
embargo, get a DOI, and share data
with others.

@ we support input and output files of
most electronic-structure codes.

@ Watch our video tutorial on how to
upload and publish data.

UPLOAD

Explore

@ Search for materials (Encyclopedia)
or calculations (Repository).

@ Allraw and processed data can be
downloaded and used under the CC
BY 4.0.

@ Watch our video tutorials on how to
use the Encyclopedia and Repository.

MATERIALS CALCULATIONS

Analyze

- Analyze data with Jupyter notebooks
directly on NOMAD servers (Artificial
Intelligence (Al) Toolkit).

@ Access all data programmatically via
NOMAD APl or OPTIMADE API.

@ Watch our video tutorial on how to
use the NOMAD API.

Al TOOLKIT TUTORIALS

There is a new version of NOMAD (1.0) that we currently provide as a beta version. This installation contains most of NOMAD's

data and you can already use it to upload and publish more data. Eventually all data will be migrated to this version. It will become

the official NOMAD after a short beta phase. We also provide an empty test version of NOMAD. You can use this to try the upload

(FUGVERES8)  NOMAD 1.0 TEST

and publish process without any consequences. We will routinly void the test data.

9
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Luigi Sbaild (Humboldt —Universitat zu Berlin)
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uerying the NOMAD Archive

PUBLISH vv ANALYZE v ABOUT v
Entries search ©&
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ENTRIES SEARCH & 2,149,963 RESULTS &
FILTERS C X <> i ELEMENTS / FORMULA
Material > Elements linear v+ @
Elements / Formula > . [C] only compositions that exclusively contain these atoms He
Elements 3 & 5 7 8 8 10
Li | Be B N | F || Ne
29.7K B.60k| 13.3k 1.01M FAL ©8.8k| 66
m 1 12 13 14 15 16 17 18
Na || Mg Al | Si | P S || C || Ar
19.7K] 29.6k| 16.8K 20.2k| 43.2k) B88.0K| 578k 1
Symmetry > 19 20 21 22 23 2 25 26 27 2 29 30 31 32 33 36 35 36
K | Ca|f Sc | Ti V | Cr [Mn| Fe | Co | Ni|[Cu| Zn || Ga | Ge || As || Se || Br || Kr
13.6ki 38.1K| 468 23.3Kk| 16.4K| 11.7k] 20.2k| 209k 18.6k| 13.6% 27.7K| 34,84 20.5K| 6.61k| 6.88k/ 9.08k| 264Kk 2|
MEthOd > 37 38 39 40 41 42 43 44 &5 45 &7 48 49 50 51 52 53 S5&
Rb || Sr || Y || Zr | Nb | Mo | Tc || Ru || Rh || Pd Cd || In || Sn |[ Sb || Te 1 || Xe
. . 6.73k| 36.4K| BALK] 10.5k| B.06K| 9.45k| 4.52k| TALK 6.23K| 7324} 15.6K| 27.24 B.05K 9.06k| 711k 5.98k| 6.05k| 5|
SImUIatlon > 55 56 72 73 74 75 76 77 78 79 80 81 182 83 B&
Cs || Ba Hf | Ta | W |[Re || Os || Ir || Pt || Au |[Hg | Tl || Pb || Bi || Po | At | Rn
5.79K 33.5K| 4.52K| 6.16k| B.70k| 6.40K| 4.00k| 11.6k| 6.78%| 9.72k| 12.8%| 5.13Kk| 18.3K| 9.90k| 1.20k]
DFT > =
Fr || Ra Rf [ Db || Sg ((Bh | Hs Mt | Ds [ Rg | Cn [ Nh || FI | Mc || Lv | Ts || Og
123]
GW >
Uue
Experiment
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La [ Ce [ Pr | Nd [[Pm | Sm || Eu | Gd || Tb || Dy || Ho || Er || Tm [[ Yb || Lu
EELS > 9.98k| 3.08k| 3.74K) 4.31K] 2.06k| 4.28k] 3.09k(| 3.40K] 3.08k 2834 2.8GkK| 2.73k| 207k 2.64k| 2.2k
89 90 191 92 193 94
Ac | Th|{Pa|| U [N Pu [[Am |[Cm || Bk || Cf || Es || Fm || Md | No || Lr
properﬁes 134K 1.59Kk| 1.32k| 4.38k] 1.58k| 152k]

Luigi Sbaild (Humboldt —Universitat zu Berlin) luigi.sbailo@physik.hu-berlin.de - NFDI workshop April 2022 - 11
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uerying the NOMAD Archive

PUBLISH v EXPLORE v~ ANALYZE v ABOUT v

Entries search @

. .
ENTRIES SEARCH \ & 2,149,963 RESULTS <

FILTERS e X @ :  ELEMENTS/ FORMULA
Material > Elements linear v+ @
Elements / Formula > . [C] only compositions that exclusively contain these atoms He
Elements 3 & 5 7 8 g 10
Li || Be B N 0 Ne
29.7K] B.60K| 133K 1.0 2.15M 68.8k| 66
@ n 12 13 % 15 16 17 18
Na || Mg Al Si P S cl Ar
19.7k| 29.6Kk| 168k 20.2k| 43.2K] 88.0k| 57.8k| 1
Symmetry > 19 20 21 22 23 2 25 26 27 28 29 0 3 32 33 34 35 36
K || Cdlf Sc| Ti V [ Cr [Mn| Fe || Co| Ni | Cu| Zn || Ga || Ge || As || Se || Br || Kr
13.6k| 38.1k| 4684 23.3k| 16.4K| 11.7K] 20.2k| 20.9K| 18.6k| 13.6| 27.7K| 34,84 20.5k| 6.61k| 6.88k| 9.08k| 264K 2
Method > 37 38 39 w0 1 12 63 m 5 46 W7 0 19 50 51 52 53 54
Rb | Sr Y Zr [ Nb ||Mo | Tc || Ru |Rh | Pd || Ag | Cd || In [ Sn || Sb || Te I Xe
. . 6.73k| 36.6K| BALk) 10.5Kk} B8.06K| 9.45k| 452k TALK 6.23K| 7324 15.6k| 27.24] B.05k| 9.06k| 711K 5.98k| 6.05k| 5
SImUIatlon > S5 56 72 73 74 75 76 77 78 79 80 81 182 83 B4
Cs || Ba Hf | Ta | W |[Re || Os || Ir || Pt || Au |[Hg | Tl || Pb || Bi || Po | At | Rn
5.79K 33.5Kk| &.52Kk| 6.16k| B.70k] 6.40K| L.00k] 11.6k| 6.78K| 9.72K| 12.84| 5.13K| 18.3k| 9.90k| 1.20k|
DFT > =
Fr || Ra Rf [ Db || Sg ((Bh | Hs Mt | Ds [ Rg | Cn [ Nh || FI | Mc || Lv | Ts || Og
123
GW >
Uue
Experiment
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La [ Ce [ Pr | Nd [[Pm | Sm || Eu | Gd || Tb || Dy || Ho || Er || Tm [[ Yb || Lu
EELS > 9.98k| 3.08k| 3.74K| 4.31k] 2.06k| 4.28k| 3.09k| 3.40K| 3.08Kk| 283K 2.B6K| 2.73k| 207k 2.64k| 2.2k
89 90 191 92 193 |94
Ac || Th || Pa U | N Pu [|[Am [[Cm || Bk || Cf || Es || Fm || Md || No || Lr
properﬁes 134K 1.59k| 132k 4.38k| 1.58k| 152k|
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Querying the NOMAD Archive

API Code

My et e S pred Cen apl reee T s et Lama | AT

—— ot

type-ternar pht

Pt tal At temec ol Lo L Code _ name vt s 0 E

Cwr wy et M L P e R MR 8N e sl "pages Lage . page- | Be B0 Bycug sad | aebartec s Ldone  nd !t bowme s ogub) [ttt e ! E

Lapart reguests
respanse -
‘eary '
T Gm_y |~ o
AR N
LA e ——t,
‘o yla_syvtem -
A e,
ot - E)

TRt . peatl WYy manad Lah s prel T/ ML/ W IN Len ety

Access the archive with the NOMAD client library:

from nomad import client, config
config.client.url = 'http://nomad-lab.eu/prod/rae/api'
results = client.query_archive(query={
'domain': 'dft',
'dft.xc_functional': 'GGA',
'dft.compound_type': 'ternary',
‘dft.crystal_system': 'cubic',
'dft.code_name': 'VASP',
‘atoms': ['0']})
print(results)

\

Luigi Sbaild (Humboldt —Universitat zu Berlin)

luigi.sbailo@physik.hu-berlin.de

- NFDI workshop April 2022 -
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Querying the NOMAD Archive

NOVEL MATERIALS DISCOVERY

Powerful Artificial-Intelligence Tools for
Materials Science

Find New Patterns and Information
in Materials-Science Big Data

=

Query the archive - View tutorials —> Reproduce results —> Get to work —> ©)

Luigi Sbaild (Humboldt —Universitat zu Berlin) luigi.sbailo@physik.hu-berlin.de - NFDI workshop April 2022 - 13
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Querying the NOMAD Archive

20—
15—

10—

).
Weoo. .
“ef CACFCT) CRT co,

_10_

I I I I I I
-5 0 5 10 15 20

2-dimensional embedding, found with umap. Different colors means
different atomic concentration values.
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Querying the NOMAD Archive

NOVEL MATERIALS DISCOVERY

Powerful Artificial-Intelligence Tools for
Materials Science

Find New Patterns and Information
in Materials-Science Big Data

=

.
Query the archive - View tutorials —> Reproduce results —> Get to work —> ©)
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Al tutorials for materials science i Noran 2

&) Learn from tutorials
¢ ®

We develop and implement methods that identify
correlations and structure in big data of materials. This
will enable scientists and engineers to decide which
materials are useful for specific applications or which
new materials should be the focus of future studies.
The following BEGINNER and INTERMEDIATE LEVEL
tutorials are designed to get started with the Al Toolkit.

Filter Tutorials

Author v Al Method v System

BEGINNER LEVEL

Symbolic regression via compressed sensing: a
" tutorial

. Introduction to decision-trees methods

v Introduction to clustering

Luigi Sbaild (Humboldt —Universitat zu Berlin)

i
Y

Authors: Emre Ahmetcik | Angelo Ziletti |
Runhai Ouyang | Luigi Sbail6 | Matthias
Scheffler | Luca M. Ghiringhelli

Authors: Daniel Speckhard | Andreas Leitherer |
Luca M. Ghiringhelli

Authors: Luigi Sbailo | Luca M. Ghiringhelli

luigi.sbailo@physik.hu-berlin.de

@ y D
NOVEL MATERIALS DISCOVERY

Tutorials span the most popular artificial-
intelligence methods, such as clustering,
dimension reduction, symbolic regression,
decision trees, random forest, kernel ridge
regression and deep neural networks.
Applications to materials science are
shown in a preparatory manner.

Hands on exercises are presented
throughout tutorials.

Introductory videos, prepared in occasion
of workshops and lectures held at the
NOMAD Laboratory, are available.

- NFDI workshop April 2022 - 16



Querying the NOMAD Archive

NOVEL MATERIALS DISCOVERY

Powerful Artificial-Intelligence Tools for
Materials Science

Find New Patterns and Information
in Materials-Science Big Data

=

Query the archive - View tutorials —> Reproduce results - Get to work —>
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Contribute

NOVEL MATERIALS DISCOVERY

In the NOMAD Atrtificial-Intelligence
Toolkit, we maintain several notebooks
demonstrating the latest applications of
Al to materials science data.

Contact us!

ghiringhelli@fhi.mpg.de scheffler@fhi.mpg.de

Luigi Sbaild (Humboldt —Universitat zu Berlin) luigi.sbailo@physik.hu-berlin.de - NFDI workshop April 2022 - 18



FAIRMAT HANDS-ON TUTORIAL SERIES

www.fair-di.eu/fairmat-tutorials-3

Luigi Sbailé (Humboldt —Universitat zu Berlin)

whe FAIR Data Infrastructure About < Pillars < Events
- = . .
.,;ﬁ:. for Physics, Chemistry,
X Materials Science,
AU EIM and Astronomy e.V.

FAIRMAT HANDS-ON TUTORIAL SERIES

Overview Registration Tutorial 1 Tutorial 2 Tutorial 3 Tutorial 4 Tutorial 5

TUTORIAL 3: INTRODUCTION TO THE ARTIFICIAL-INTELLIGENCE TOOLKIT

Overview Talk

Apr 6, 15:00 CEST
Sergei V. Kalinin (The University of Tennessee, Knoxville): Bayesian Optimization, structured Gaussian processes, and
hypothesis learning for materials and physical discovery

Hands-on Tutorial

Luca Ghiringhelli (FAIRmat): Overview of the artificial-intelligence toolkit

Apr 6, 16:30 CEST
Luigi Sbailo (FAIRmat): Querying the Archive, performing artificial-intelligence analysis, and introducing the Al-toolkit local
app

Apr 6, 17:15 CEST
Luca Ghiringhelli (FAIRmat): Learning artificial-intelligence tools, reproducing publication, overview of selected tutorials and
exercises assignment

(Apr 6, 15:45 CEST )

luigi.sbailo@physik.hu-berlin.de - NFDI workshop April 2022 -
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