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THE RISE OF COMPUTATIONAL SCIENCE

A calculation that took 
one year in 1992 takes
one second in 2021
(33-million-fold increase).

And this is just with bits: neurons
are in, and qubits on the horizon. 
21st-century science and discovery 
will be driven by computational 
science.



THE TOP 100 PAPERS:
12 papers on density-
functional theory in the 
top-100 most cited papers 
in the entire scientific-
medical-engineering 
literature, ever.

NATURE,  OCT 2014

IMPACT OF COMPUTATIONAL QUANTUM MECHANICS



MOST CITED PAPERS IN THE HISTORY OF APS

Marzari 
(11 Apr 2019)



THE RISE OF MATERIALS SCIENCE



IF WE FLY AGAIN…



THE MOST IMPORTANT MATERIAL EVER?



We need novel materials for:

– Energy harvesting, conversion, storage, efficiency

– Environmental protection and reparation

– High-tech and high-value industries

– Information and communication technologies

– Health care and biomedical engineering

– Pharmaceuticals (crystallization, stability, polytypes)

– Monitoring, provenance, and safety of foods 

– Fundamental science (graphene and 2D materials, topological insulators, 
entangled spins for quantum computing, high-Tc)

– Experimental science (detectors, sensors, magnets)

MATERIALS ARE KEY TO SOCIETAL WELL BEING 



COMPUTATIONAL MATERIALS DESIGN AND DISCOVERY

Yet today, we’re in the midst of a 
materials revolution. Powerful 
simulation techniques, combined 
with increased computing power 
and machine learning, are 
enabling researchers to automate 
much of the discovery process, 
vastly accelerating the 
development of new materials

BARRON’S (April 2019)



1) PREDICTIVE ACCURACY

2) REALISTIC COMPLEXITY

3) MATERIALS’ INFORMATICS



HUBBARD FUNCTIONALS (DFT+U+V)

M. Cococcioni and N. Marzari, Phys. Rev. Materials 3, 033801 (2019).

3+
2+

3+

2+

Li0.5FePO4



COMPLEXITY: MULTI-SCALE MODELING FOR ELECTROCHEMISTRY

O. Andreussi et al., J. Chem. Phys. 136, 064102 (2012) 

F. Nattino et al., J. Chem. Phys. 150, 041722 (2019)



G. Prandini, G.M. Rignanese, and N. Marzari,

npj Computational Materials 5, 129 (2019)

COMPLEXITY: PREDICTING THE COLOUR OF A MATERIAL



C.-H. Park et al., Nano Letters (2014)

T. Y. Kim, C.-H. Park, and N. Marzari, Nano Letters (2016)

THEORY                                          EXPTS (Kim 2010)

COMPLEXITY: MULTI-PHYSICS MODELING OF TRANSPORT 



THERMOELECTRICS AND THERMAL BARRIER COATINGS



RELIABLY, REPRODUCIBLY, HIGH-THROUGHPUT



COMPUTATIONAL EXFOLIATION OF

ALL KNOWN INORGANIC MATERIALS
EXAMPLE: COMPUTATIONAL EXFOLIATION OF 

ALL KNOWN INORGANIC MATERIALS



PHYSICS AND CHEMISTRY IN LOW DIMENSIONS

von Klitzing 1985
Laughlin, Störmer, 

Tsui 1989
Fert, Grünberg 2007

Bednorz and Müller 1987 Geim and Novoselov 2010

Ertl 2007

Binnig, Rohrer 1986



HOW DO WE PRODUCE 2D MATERIALS?

Mechanical (e.g. Geim/Novoselov, fig. from 

Nature/NUS) or liquid exfoliation (e.g. 

Nicolosi/Coleman, fig. from Science), 

electrochemical intercalation. Also, bottom-

up: CVD and wet chemical synthesis.



External 
databases   

(ICSD, COD, 
Pauling File)

Geometrically 
layered

VdW-DFT 
electronic 
structure, 

binding energies

Magnetic

Electronic

Mechanical Photocatalysis

Membranes

…….

Exfoliation Characterization Applications

HIGH-THROUGHPUT COMPUTATIONAL EXFOLIATION

Plasmonics

CDW, spintronics

Topological

High e/h mobility

See also: S. Lebègue et al., PRX (2013); R. Hennig et al., 
PRL (2017) and E. Reed et al., Nano Letters (2017), K.
Choudhary, F. Tavazza, et al. Sci. Rep. (2017), and K. 
Thygesen, 2D Materials (2018)



AUTOMATIC WORKFLOWS: FROM STRUCTURE TO 

PROPERTY

Input: Structure

Relaxation of 

input structure

20 DFT calculations

of deformed structures

Fits

Output: Elastic tensor



LET’S START FROM A MATERIAL (VOBr2)



FROM DATABASE ENTRY TO A WORKING 

STRUCTURE

Primitive cell & 

structure symmetry 

refinement



3D RELAXATION

Lowdimfinder on 

relaxed structure

Individual DFT 

calculations

Quantum 

ESPRESSO

Workflow



MAGNETIC SCREENING OF THE 2D MONOLAYER

Electronic &

magnetic

workflow



REMOVING MECHANICAL INSTABILITIES

Stabilization 

procedure

Phonon 

calculation 

Displace atoms along 

unstable eigenvectorsFinal

atomic/cell

relaxation



Band 

structures

Phonon 

dispersion

s

ALL AUTOMATED…



FINALLY…



HOW MANY CANDIDATES? GEOMETRIC SCREENING

*At this level unicity is not tested

Unique to 

COD

Unique to 

ICSD

Common 

to both Total

Entries analyzed 307616 172370 479986*

CIF inputs 99212 87070 186282*

Unique 3D structures 60354 34548 13521 108423

Layered 3D structures 1180 3257 1182 5619



Difference in interlayer distance when computed with/without vdW functionals (%)

• Eb < 30 meV/Å2 (DF2-C09) or Eb < 35 meV/Å2 (rVV10)  → 2D, easily 

exfoliable

• In-between → 2D, potentially exfoliable

• Eb > 130 meV/Å2 → not 2D (discarded)

HOW MANY CANDIDATES? QUANTUM SCREENING

Easily

exfoliable

Potentially

exfoliable

1036 

monolayers

789 monolayers

Not

exfoliable



WHAT TO DO NEXT?



FROM ELECTRONICS…

Magnetic metals

and insulators 

Half-semiconductors

Plasmonics

Transparent 

conductors



…TO THE LARGEST SUPERCONDUCTING Tc IN 2D…

H. Jun et al., Advanced Materials 31, 1902709 (2019) D. Campi, S. Kumari, and N. Marzari, 
Nano Letters 21, 3435 (2021)



…TO MATERIALS: PHOTOCATALYSIS, MEMBRANES

Science Advances (2019), and under review (2021)



THE DISCOVERY OF JACUTINGAITE



Classified as potentially exfoliable

(binding energy of 60 meV Å-2)

THE DISCOVERY OF JACUTINGAITE



A. Marrazzo et al., Phys. Rev. Lett. 120, 117701 (2018)
I. Cucchi, et al., Phys. Rev. Lett. 124, 106402 (2020)

A. Marrazzo, N. Marzari, and M. Gibertini, Phys. Rev. Res. 2, 012063(R) (2020)

ROOM-TEMPERATURE KANE-MELE QSHI



• High electron/hole mobility devices
• Topological insulators, quantum computing
• Ferromagnetic/spintronics in 2D 
• Charge-density waves and superconductors
• Plasmonics, transparent conductors

3D layered parents:
• Solid-state ionic conductors
• Hydrogen or oxygen evolution catalysts
• Membranes for filtration/separation 
• Piezo, ferro, and thermoelectrics

THERE IS PLENTY OF ROOM AT THE 

TOP

N. Mounet, M. Gibertini, P. Schwaller, D. Campi, A. Merkys, A. 

Marrazzo, T. Sohier, I. E. Castelli, A. Cepellotti, G. Pizzi and N. 

Marzari, Nature Nanotechnology 13, 246 (2018)



MACHINE LEARNING AS THE GREAT ACCELERATOR

Nature, May 2016



D. Dragoni, T. Duff, G. Csányi, and N. Marzari, 
Phys. Rev. Materials 2, 013808  (2018)

F. Maresca, D. Dragoni, G. Csányi, N. Marzari, and W. A. Curtin, 
npj Comput Mater 4, 69 (2018)

MACHINE-LEARNING QUANTUM MECHANICS

Dislocation glide by kink-pair nucleation and propagation



D. Dragoni, T. Duff, G. Csányi, and N. Marzari, 
Phys. Rev. Materials 2, 013808  (2018)

F. Maresca, D. Dragoni, G. Csányi, N. Marzari, and W. A. Curtin, 
npj Comput Mater 4, 69 (2018)

Dislocation glide by kink-pair nucleation and propagation

MACHINE-LEARNING QUANTUM MECHANICS



ALL SOLID-STATE BATTERIES



AUTOMATED SCREENING

L. Kahle, A. Marcolongo, and N. Marzari, Energy & Environmental Science 13, 928 (2020)



SCIENCE IN THE CLOUD: 

TOWARDS A DIGITAL INFRASTRUCTURE



OPEN SCIENCE TECHNOLOGY STACK

1. Widely used, open-source community 

codes

2. An operating system for high-throughput 

computational science, data provenance and 

reproducibility – http://aiida.net

3. A work environment for non specialist 

where to run simulations

4. A dissemination platform for raw and 

curated data, simulation services, educational 

tools

http://aiida.net/


Automation         Data         Environment         

Sharing

http://www.aiida.net

S.P. Huber et al., Nature Scientific Data (2020)

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



ADES MODEL FOR COMPUTATIONAL SCIENCE

S.P. Huber et al., Nature Scientific Data (2020)

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





LUMI-C HERO RUN





READY TO GO IN THE QUANTUM MOBILE



COMMON WORKFLOWS

$ aiida-common-workflows launch eos siesta --structure=Al --protocol=precise

S. Huber et al., npj Computational Materials 7, 136 (2021)



AngularJS Framework

Materials Cloud frontend

DISCOVER

Custom viz. plugins (d3, three.js, Highcharts)

Curated datasets

WORK

AiiDA lab: Jupyter notebooks & app mode

Online tools for quick calculations

LEARN

Video lecture player (Slideshot)

Browse and download accompanying resources

Explore

Node  visualization plugins (Chemdoodle, D3.js)

Node data requests

EXPLORE

Node visualization plugins (JSmol, D3.js)

Browse provenance of Ai iDA graphs

ARCHIVE

Submission workflow, full-text search

Research data records with DOIs (invenio 3),

SaaS

Contributed AiiDA DBs,

AiiDA REST API service

Materials Cloud backend

Browser

Researchers,

Web users

Materials Cloud platform

AiiDA lab platform, 

Docker/KubeSpawner

AiiDA users

HTTPS 

AiiDA core API

ORM backends
(django, sqlalchemy)

File manager

AiiDA storage

AiiDA REST API

Query

Builder

CIRCUS

Worker

AiiDA daemon
and workflow engine 

RabbitMQ

REST

Runs on

HPC Centres

Accelerated codes

Parallel filesystemCompute nodes

IaaS provider

Block storage Long-term storageVirtual machines Containers

SSHSWIFT API

 Invenio REST API, OAI-PMH,

PostgreSQL, Elasticsearch
PostgreSQL

AiiDA abstract ORMs
(Codes, data, calculations...)

Uses

D
e
p
lo

p
y
e
d
 a

t

Contributed tools,

Docker containers

Slideshot backend,

video streaming

Contributed data &

visualization backends

L. Talirz et al., Scientific Data 7, 299 

(2020)

MATERIALS CLOUD



FAIR sharing with AiiDA+Materials CloudMATERIALS CLOUD - DISCOVER



MATERIALS CLOUD - ARCHIVE



LET’S BROADEN THE 

HORIZON



THE BEZOS MANDATE: EXTERNALIZABLE SERVICE 

INTERFACES

1) All teams will henceforth expose their data and 

functionality through service interfaces.

2) Teams must communicate with each other through these 

interfaces.

3) There will be no other form of interprocess

communication allowed. 

4) All service interfaces, without exception, must be 

designed from the ground up to be externalizable.



IN ACTION: OPTIMADE UNIVERSAL REST API



IN ACTION: OPTIMADE UNIVERSAL REST API



QUANTUM-AS-A-SERVICE – AiiDAlab deployment

A. V. Yakutovich et 

al., Comp. Mat. Sci. 

188, 110165 (2021)



QUANTUM-AS-A-SERVICE – AiiDAlab deployment



1. Materials enable the technologies that power our 

economy, our lives and our society

2. We can discover novel materials with a speed that 

mirrors ICT technologies, rather than any physical 

infrastructure

3. We can redistribute simulations tools, data, and 

services at will and to the entire world

CONCLUSIONS



NCCR MARVEL – SNSF Review 2021 – Slide 63
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