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Discovering novel materials
and sharing materials data:
Benefits and challenges
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Atomistic simulations
of molecules and crystals
using quantum-mechanical
first-principles methods (DFT, ...)
to predict and discover new materials
and materials properties

How is open data important in our field?
What are the obstacles to open data?

What are we doing to go encourage open data?



Simulation codes

www.flapw.de

leur ot
s|esta

KYam\bo ex@ilng

Accuracy and predictive power
of quantum engines




Exponential increase in
computational power in the past
years (“Moore’s law”)
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Result: materials design and discovery via
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..but did we think at how to manage simulations and share the data?
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What happens to the data?
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optical phonon modes in GaAs has been determined by an ab initio calculation
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L. INTRODUCTION

In pure insulating crystals, the intrinsic lifetimes of
phonons are due to anharmonic multi-phonon processes. If
energy and momentum conservation allow for three-phonon
processes to occur, these are usually the dominant ones. The
finite lifetimes of long-wavelength optical phonons give rise
to nonzero widths of the Raman lines and are relevant in
other physical situations too. In polar semiconductors, the
lifetimes of longitudinal optical (LO) phonons play an im-

ortant role in the dynamics of highly excited free carriers.'

ecise knowledge of the decay efficiencies of long-
wavelength optical phonons into acoustic phonons is also
required for a quantitative interpretation of experiments car-
ried out on nonequilibrium phonon dynamics in GaP?

For covalent semiconductors, the width of the Raman line
has been calculated ab initio in very good agreement with
w\pcnmcm." ® The cubic anharmonic coupling coefficients
needed for these calculations have been determined in two
different ways: In their pioneering work, Debernardi er al’
have applied the “2n+ 1 theorem” by Gonze and Vigneron’
to determine the cubic coefficients directly in the framework
of density-functional perturbation theory (DFPT). Lang
et al® have combined DFPT with the frozen phonon ap-
proach to calculate cubic coupling coefficients as numerical
derivatives of dynamical matrices with respect to a frozen-in
displacement pattern corresponding to an optical zone-center
mode. This method was also used to determine lifetimes of
vibrational adlayer modes.® In this way, fourth-order anhar-
monic force constants have also been determined that are
needed for a calculation of the temperature dependence of
zone-center phonon frequencies.’® Debernardi® has com
bined these two methods in his calculation of fourth-order
coupling coefficients by taking numerically a first derivative
of third-order force constants determined by DFPT for non-
equilibrium configurations.

In the case of polar crystals, both approaches have to be
modified to account for nonanalytic terms that occur in the
anharmonic coupling coefficients due to the long-range Cou-

polar crystals that leads to the Lyddane-Sachs-Teller
splitting.” In the following section, we derive the form of
these nonanalytic terms and relate them to other physical
quantities. In the case of cubic anharmonic coupling coeffi-
cients, these are the diclectric tensor, the second-order non-
linear susceptibility tensor, the first-order and second-order
dipole moments, and the first-order Raman tensor. Once
these quantities are known, the cubic coupling coefficients
relevant for the lifetimes of long-wavelength LO and TO
phonons may be calculated using either of the two ap-
proaches. In Sec. IIl, we present ab initio data for the differ-
ence of LO and TO damping functions in GaAs. The influ-
ence of the macroscopic field on the temperature dependence
of the zone-center optical frequencies is briefly discussed in
Sec. IV, which is followed by concluding remarks.

I1. CUBIC ANHARMONIC COUPLING COEFFICIENTS

The dynamical matrix of a polar crystal contains a contri-
bution from the long-range Coulomb interaction of the ions,
which is not analytic as a function of the wave vector q at
q=0 (Ref. 9). As a consequence of this contribution, the
limit q— 0 is not unique and depends on the direction from
which the center of the Brillouin zone is approached. Analo-
gous terms exist in the Fourier-transformed anharmonic
force constants. They are the subject of this work

To identify these nonanalytic terms in the anharmonic
coupling coefficients of polar crystals, we conveniently start
with an expression for the potential energy of a crystal in a
macroscopic electric field that contains the Fourier ampli-
tudes E,(q) of the macroscopic field E(R) as explicit vari-
ables in addition to the Fourier transforms u,(x|q) of the
atomic displacement vectors u(€x). Here, a=x,y,z is a
Cartesian index, € labels the unit cells, and « the sublattices
of the polar crystal. We adopt the definitions

1«
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viving rise I <
.hkunh interactions giving rise to macroscopic electric lxgld\.‘ u(€x) . 2‘ u(k|q)el RO, 2.1
They are analogous to the term in the dynamical matrices of NG
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5-star open data
(5stardata.info)
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http://5stardata.info

Why is it not so easy?

Researchers’ main interests are

publications (and citations)

Spending time to “make order” is not
perceived as giving direct benefit

| don't want to share my data

before publication (or patent)

| want to publish as soon as possible;
After I'll spend time to “prepare” the
data only if it won’t take too much time

There is no easy tool to help me
organise my computational
research data

Even if | organise my data, how
do | share it so that it is useful for
others?




Our (open-source) tool: AiiDA

We run computer laboratories:
we should manage simulations
and data with a dedicated platform
to make the data share-ready
already during its generation

OQQAiiDA http://www.aiida.net

Automated Interactive Infrastructure and
Database for Computational Science

O Bitbucket Teams~ Projects ~ Repositories ~ Snippets ~

MIT License

Q . .
05 AiiDATeam / AiiDA_core

Overview

il SSH~ git@bitbucket.org:aiida_team/aiida_core.| [* Share o - “
ul Recent activity ®
Last updated 23 hours ago 8 5 l Possible mispelled library in documenta open source
| I | I u initi i
; . i Branches Tags initiative
@ Website http:/www.aiida.net/ g Issue #217 created in aiida_team/aiida_core
¢ Language Python Fernando Gargiulo - 20 hours ago Approved License
Access level  Admin (revoke) 8 1 9
1 Forks Watchers B tutorial_june_2016

Rranch creoated in aiida team/aiida core



What are our driving requirements
for computational science? It should be...

reproducible

Often not possible from the data
reported in papers

reliable

Results in repositories, automated
verification procedures

searchable

Find and reuse
existing calculations

shareable

towards “open data’, but
private before publication

OISIGL



The ADES model

We have encoded these requirements in the four pillars
for a computational science infrastructure

ADES
| |
Automation Data Environment Sharing
Remote management | Storage High-level workspace | Social ecosystem
Coupling to data Provenance Scientific workflows | Standardization
High-throughput Database Data analytics Repository pipelines

Low-level pillars

User-level pillars

G. Pizzi et al., Comp. Mat. Sci 111, 218-230 (2016)

OISIGL




Automation and Data in AiiDA

ADES

!

L ¢ 1

Remote management
Coupling to data
High-throughput

Storage

Provenance

Database

G. Pizzi et al., Comp. Mat. Sci 111, 218-230 (2016)
OCo0e®



What is AiiDA?

Users

N e N o

Scheduler
manager
verdi i

“ "\ (cmdline) . AIDA
AiiDA AP daemon

(the main python code) (submit, retrieve,
python parse, ...) -

oM

Calc ORM Data ORM

HPC clusters

scripts

A

Storage

Database Repository

---------- SSAIDA -




Automation: coupling to data

(
D .
GL) y verd
N (cmdline)
»
4 python
scripts
g J

/

Scheduler
Calc ORM Data ORM manager
AIIDA
AiiDA AP daemon

e main python ¢

e)

(submit, retrieve,

parse, ...)

N

B e Nifo

()

« Coupling automation to data:
— uniformity of the input data, usage of codes and computers

OISIGL

— full reproducibility of calculations (data is stored first)

A

Storage

Database

Repository

N

HPC clusters



Storage and provenance @Pm

Open Provenance Mode

« How do we store simulations preserving the connected
structure between them?

in iny
 Inspiration from the
open provenance model

calc

« Any calculation: a function,
converting inputs to outputs:
out, outz = F(in1, iny) out out;

OISIGL



Data provenance: Directed Acyclic Graphs

.Parameters ‘ Structure

SCF

‘ Results

Relax

Parameters ‘
‘ Results

Value of the data limited
without knowing its @
provenance!

Repository |DbAttribute DbLink
folder node_pk | key |value input_pk |output_pk | label
— J
(r J
DbNode
Pk | type | date | owner | ...
omputer
DbUser
H email \name| ...
Distance

G. Pizzi et al., Comp. Mat. Sci.
111,218-230(2016)

' Results

Need of advanced
databases to store
and efficiently query

Relaxed structure

SCF

OISIGL




Environment and Sharing in AiiDA

ADES

1 ; S , 1

Environment Sharing

High-level workspace | Social ecosystem
Scientific workflows | Standardization
Data analytics Repository pipelines

G. Pizzi et al., Comp. Mat. Sci 111, 218-230 (2016) O O O .



...with seamless
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Sharing in AiiDA

e Private AiiDA instances

e UUIDs used to uniquely identify
all data/calculation objects
Data can be pushed to other
repositories or the outside world
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Materials Cloud
www.materialscloud.org

_ mozilla Firefox

AWeb nterface

cor\'\P“‘E(s s o Calculations - AiiDA Web Interface
werf..-
uters - AIDA web %
Bcom? awi/cOTP Calculations - AlIDA Web Interface
(host:8000

& @ \oc@

A'\'\DA\Neb \nterface

) List
Compute Y Filters

gcheduler

me
User Transport Hostna!
. bsSpro
: De“"phon anes.epl\.ch p!

State Creation~

Type Computer

6 June 2014
215 Test QE pw.x with..., PwCalculation daint 2= 18:17:29 Action v
GMT+02:00

it c865.CN

o B2

| | .

Access curated sets of ] Find documentation e @
- =3

project results including e and the AiiDA AppStore  [TRASd
structures and their of plugins and

6 June 2014
221 Test QE pw.x with..., PwCalculation daint ool 18:17:27 Action v
GMT+02:00

properties JM workflows = petalls
. 6 June 2014
") pisable i .
217 Test QE pw.x with... ~ PwCalculation daint FINISHED 18:17:26 Action ~
/ Renamé GMT+02:00

glovanni.pizzi@epfl.ch

Test calculation with the Quantum ESPRESSO pw.x code with lattice
constant 4.079

Discover

\.quantt pw.PwCalculation.

job_id 319282

Learn W Explore

jobresource_params default_mpiprocs_... 8

num_machines 1

Learn using materials Directly browse and
including lectures and visualise the AiiDA
video tutorials related to database
materials science




Complex workflows in Materials Science

PW vc-relax
. Restart -
Main-Workﬂow/ Relaxation #1 Restart (wall-time
exceeded, ...)
Structure

Relaxation #2

Relaxation PW vc-relax

Relaxation #n

PW vc-relax

Dynamical

-
matrices

Sub-workflows

several failure cases
handled automatically

Inltlallze PH

s §

Interatomic
force constants

PH on q1

PHon q»

Phonon
dispersion

Collect phonons

Single calculations

PH on qn



Encoding the scientists’ knowledge in workflows

'pw_parameters': {
'SYSTEM': {'ecutwfc': 30.},
"ELECTRONS': {'conv_thr': 1l.e-10}}
'ph_input':{'distance kpoints_ in dispersion': 0.005,
'diagonalization': 'cg'}

params = {'input': {'kpoints_density': 0.2,
'convergence': 'tight'},
'structure': structure,
'pseudo_family': pseudo family,
'machinename’': 'mycluster',
'pw_input':{'volume conv_threshold': 5e-2},

}

wf = asyncd(PhBandsWorkflow, **params)

ParameterData (215522) ( KP"‘“‘??‘;{‘;[S 1817

parameters jpoints.

a(215518)

ParameterData (215519) ParameterData (215521)

—~——
KpointsData (215316)
(1 kpts)

Qpoints

PhCalculation (215520) PhCalculation (215523)
HED | FINISHED I

petrieved
FolderData (215797) FolderData (215848)  FolderData (215924) ) FolderData (215831)

retrieved 4 retrieved 5 retrieved 2 fotrieved 3 Tetrieved 0 Tetrieved_L Tetrieved_8 Tetrieved 9

InlineCalculation (215980)
recollect_gpoints_inline()

Jetrieved

Code (209960)
'q2r-5.1.2-module’

FolderData (215981)

ParameterData (215982)

arent_calc._folder

Q2rCalculation (215983)
FINISHED

force_constants




Encoding the scientists’ knowledge in workflows

'pw_parameters': {
'SYSTEM': {'ecutwfc': 30.},
"ELECTRONS': {'conv_thr': 1l.e-10}}
'ph_input':{'distance kpoints_ in dispersion': 0.005,
'diagonalization': 'cg'}

params = {'input': {'kpoints density': 0.2,
'convergence': 'tight'},
'structure': structure,
'pseudo_family': pseudo family,
'machinename’': 'mycluster',
'pw_input':{'volume conv_threshold': 5e-2},

}

wf = asyncd(PhBandsWorkflow, **params)

Simple and reliable
“turn-key” workflows
can be a tool to validate results
contributed to a repository =———

e | M

Code (209960)
'q2r-5.1.2-module’

——
FolderData (215981) ParameterData (215982)

arent_calc._folder fode

Q2rCalculation (215983)
FINISHED

force_constants




App-store model: open tools for open data

The MaterialsCloud AiiDA app-store

“App-store”-like model for Simulation codes
plugins & workflows, e.g.
« Computers: automatically
setup a new cluster or
supercomputer Quantum - Yambo Fleur

« DB importers: load structures computing clusters

and data from COD, ICSD, ...
. . CINECA
« Calculations: plugin for your
simulation software olTel
CSCS (CH) CINECA (IT) BSC (ES) Jiilich (DE)

« Turn-key solutions:
workflows to compute a
desired property

Turn-key workflows

Electronic Phonons Optical Transport
density properties



Some final thoughts

 Publishers and funding agencies: How much should they
support/enforce publication of ‘raw’data? (Things are moving: e.g.
Scientific Data@NPQG, ...)

« Quality of metadata: not only raw data, but structure: & e

Relax

provenance, reproducibility, and open/documented format kel

« Ontologies and interoperability: Domain-specific
ontologies (e.g. in RDF) for crystal structures, energy, forces, bulk
modauli, ...; not easy to “convince” researchers... But how much
should we really invest in this?

« Open repository: curated or not? Limited submission or
accepts anything? How to verify the quality of data?

« Access to data: Fully open with no barriers, or via registration

+terms of use? How to know the actual data usage (e.g. to justify S/
project with funding agencies)? What about potential ethical
implications? |
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e MARVEL NCCR

http://marvel-nccr.ch
Swiss National Centre of Competence

MARVEL
Coo®

Who's behind MARVEL?

on Computational Design and
Discovery of Novel Materials

Started May 2014, funded
2014-2026.

33 professors from 11 Swiss
Institutions.

e MaX

http://max-center.eu
“MAterials design at the eXascale”:
EU H2020 e-infrastructure project

From Sep 2015 for 30 months.

Groups from Modena, Trieste,
Lausanne, Barcelona, Julich

+ 5 supercomputing centers:
CINECA, CSCS, BCS, Julich, KTH

!m.,

In collaboration with EPFL

% Management Team Welcome on board

Lewin Boehnke
Postdoc in group of Philipp Werner Read more

Recents News

Software development engineers

Up to three software development engineer positions
will be available as of late summer / early fall 2015 at
SISSA, Trieste.

Visualization contest winner

Andrius Merkys, a MARVEL PhD student at EPFL, has won
the first prize of the ACCES (Application-Centered
Computational Engineering Science) visualisation
contest, in the image section.

& Executive Committee The goal of the NCCR-MARVEL is to radically transform

and accelerate invention and discovery in science and

Eauial Anmactiinisine

DRIVING
M4X THE EXASCALE
TRANSITION

materials design

the centre services people events news links

MaX - Materials design at the
Exascale

a European centre of excellence

MaX is a user-focused, problem-oriented European
Centre of Excellence

It works at the frontiers of the current and future High
Performance Computing (HPC) technologies, to
enable the best use and evolution of HPC for
materials research and innovation.

MaX is creating an ecosystem of capabilities, ambitious
applications, data workflows and analysis, and user-
oriented services. At the same time, MaX enables the
exascale ftransition in the materials domain, by
developing advanced programming models, novel
algorithms, domain-specific libraries, in-memory data

Alessandro Curioni named director of IBM
Research, Zurich
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Shift the scientist’s focus from the management of simulations...
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...making it seamless to share research data




Contacts and info:

¢sAlIDA

Website: http://www.aiida.net

Docs: http://aiida-core.readthedocs.io

Git repo: https://bitbucket.org/aiida_team/aiida_core/

'i https://www.facebook.com/aiidateam

g @aiidateam




