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Inherent multiscale character of materials

Multiscale & multiscale simulations often require complex simulation workflows and large-scale simulations

Ø But: Tools have been independently developed and are not interoperable

Multiscale challenge in materials modeling and experiment
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Challenge: Multiscale and Multiphysics Character
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Ø Predict response of material to thermodynamic, electrochemical, mechanical environments

Real Environments

Thermodynamics

Ø T, p, µ

Electrochemical

Ø pH, U, Efield

Mechanical
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…
Virtual Materials Design
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Exploring and navigating high-dimensional configuration spaces

Methodological challenges
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Exploring and navigating high-dimensional configuration spaces

Methodological challenges
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Exploring and navigating high-dimensional configuration spaces
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Exploring and navigating high-dimensional configuration spaces

Methodological challenges
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Key Challenge – Sampling Huge Configuration Spaces
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Ø Exploration of a huge (8N dimensional) configuration space!

Ø In principle well-suited for exascale computing

Ø But any brute force approach is unfeasible:
Ø 10 data points on each coordinate
Ø 100 atoms
Ø 10800 configurations

Dimensionality reduction is mandatory!
Ø Math + ML concepts
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Practical examples of sampling/navigating in 
high-dimensional configuration spaces 



Ab initio up to the melting temperature

X. Zhang, T. Hickel, B. Grabowski, JN, Comp. Mat. Sci. (2018)Max-Planck-Institut für Eisenforschung GmbH | Jörg Neugebauer

Temperature (K)

GGA

LDA
Experiment

Thermal expansion coefficient vs T

Bulk Al

Temperature [K]

TMelting

Workflows reduce computational 
effort from 107 down to 102 high-
quality DFT calculations needed!



ALPS

Spin MC

Ab initio up to the melting temperature
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Electronic DOS

Gibbs High-Throughput
Materials screening

…

Anharmonic Vibrations

phonopy

phonopy

Harmonic Vibrations

X. Zhang, T. Hickel, B. Grabowski, JN, Comp. Mat. Sci. (2018)



Fully autonomous algorithm to determine melting point

Zhu, Janssen, Ishibashi, Kormann, Grabowski, JN, Comp. Mat. Sci. 187, 12 (2021)

Chemical trends & 
descriptors

Ø Overheating/undercooling 
vs Tm

Ø > 300 emp. potentials

Janssen PhD thesis
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High-entropy alloy discovery 
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Experimental validation

Discovery of a new 
generation of invar alloys
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Many of the recent breakthroughs in materials science 
simulations rely on complex simulation protocols (workflows)

Monolithic 
program/code

past

Large number of 
interacting 

codes and tasks

future
paradigm 
change



Workflows: Fundamentals 
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Code 1 Code 2

Input

a=3.4
c=4.2

a=3.4
c=4.2

Output

a=3.4
c=4.2 (inp, wf, out)



Workflows: Challenges 
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Lammps Vasp

Input

a=3.4
c=4.2

a=3.4
c=4.2

Output

a=3.4
c=4.2 (inp, wf, out)

Lack of 
interoperability/

interactivity

Code specific input
Ø Technical 

expertise for all 
codes in workflow 
is mandatory

Code 
specific 
output

Manual 
upload to 
repository

Installation/versioning of 
all codes 



Libraries that successfully address some of these issues 

Max-Planck-Institut für Eisenforschung GmbH | Jörg Neugebauer



Libraries that successfully address some of these issues 
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generic 
output

generic input

method selection via 
single parameter

standard python 
data types

Fully embedded in python! 



method=‘vasp’,

Translation to materials science simulations
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generic 
output

generic input

method selection via 
single parameter

standard python 
data types

Fully embedded in python! 

structure,
energy_conv=1e-6, force_conv=1e-4)

>>>  res.output.energy_tot



method=‘vasp’,

Translation to materials science simulations
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generic 
output

generic input

method selection via 
single parameter

standard python 
data types

Fully embedded in python! 

structure,
energy_conv=1e-6, force_conv=1e-4)

>>>  res.output.energy_tot

Features beyond NumPy/SciPy
Ø Automatic upload of input + selected output to database/storage

Ø Serialization
Ø Upscaling to HPC (exascale)

Ø Job managment
Ø Full integration into Jupyter

Ø e.g. visualization of complex data structures such as atomic trajectories 

(inp, wf, out)

HPC



Integrated development environment (IDE) for workflows
Pyiron: Python + Max Planck Institute for Iron research

Janssen, Surendralal, Hickel, Todorova, Lysogorskiy, Drautz, JN, Comp.Mat. Sci. 163, 24 (2019) 
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Key concept: pyiron objects
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pyiron layer

Identical generic look and 
feel

pyiron layer

job.structure
job.input
job.output.energy_tot
job.run()

job.structure
job.input
job.output.energy_tot
job.run()

Interoperability

pyiron layer
Own 

Workflow/Code

job.structure
job.input
job.output.energy_tot
job.run()

StorageResources
Potentials
Queues, …

Interoperability



Relaxation

Solid Melting

Liquid

Combine

Interface

Structure

L. Zhu, B. Grabowski, JN, Phys. Rev. B 96, 224202 

Melting Point calculation
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Solid at finite temperature
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Solid at finite temperature

Structure

Relaxation

Melting

Solid

Liquid

Combine

Interface

Max-Planck-Institut für Eisenforschung GmbH | Jörg Neugebauer

Direct access of all 
simulation data from 
database
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Direct access of all 
simulation data from 
database



Solid at finite temperature
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Jobs that are already 
in the database are 
automatically loaded 
rather than rerun 
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pyiron tables provide 
a powerful tool to 
map/reduce complex 
data into pandas 
Dataframes
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pyiron tables provide 
a powerful tool to 
map/reduce complex 
data into pandas 
Dataframes
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Even large datasets 
such as trajectories 
are accessible via 
hierarchical database 
structure (sql + hdf5)
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Full integration into 
numpy, matplotlib 
etc.



method=‘vasp’,

Translation to materials science simulations
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generic 
output

generic input

method selection via 
single parameter

standard python 
data types

Pyiron provides all these features!

structure,
energy_conv=1e-6, force_conv=1e-4)

>>>  res.output.energy_tot

Features beyond NumPy/SciPy
Ø Automatic upload of input + selected output to database/storage

Ø Serialization
Ø Upscaling to HPC (exascale)

Ø Job managment
Ø Full integration into Jupyter

Ø e.g. visualization of complex data structures such as atomic trajectories 

(inp, wf, out)

HPC
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Upscale to HPC
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SPHinX

Fully interoperable via 
generic input/output



Fully autonomous algorithm to determine melting point

Zhu, Janssen, Ishibashi, Kormann, Grabowski, JN, Comp. Mat. Sci. 187, 12 (2021)

Chemical trends & 
descriptors

Ø Overheating/undercooling 
vs Tm

Ø > 300 emp. potentials

Janssen PhD thesis
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Centralized 
workflow 
platforms

Sociological challenges
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Human 
effort

Transition 
coordinate

Individual 
solutions

grep & awk

?

How to successfully drive transfer?

Ø user-friendliness
Ø bottom-up development
Ø developers must be active 

users
Ø internal & external workshops
Ø hackathons
Ø documentation & examples
Ø ‘killer’ applications
Ø scientific breakthroughs



pyiron as platform for internal & external collaborations

Hands-on interactive workshops (examples)

From Atomistics to Phase Diagrams

Constructing ML Potentials
Ø Talk by R. Drautz

> 200 participants 

Both with > 100 participants

https://pyiron.org/publications

Publications
Read papers and run published notebooks 
using pyiron and mybinder

Teaching platform (example)

“pyiron changed our exercise lessons drastically, by allowing more time to 
tackle advanced and complex problems instead of dealing with code 

technicalities.” 
– Sander Borgmans (Tutor)

Quote:

Lecture: Modelling and Engineering of Nanoscale Materials (Univ. Gent) 

Hackathons & Journal Club

Ø Weekly 2-3 hour events
Ø 5-10 people
Ø Interactive prototyping & 

development of new concepts and 
tools 
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ADIS 2021

Interactive seminars



Nucleus for large-scale networks: MaterialDigital 
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Initiative to digitize materials: particular strategic 
importance for Germany as a business location

www.materialdigital.de



Nucleus for large-scale networks: MaterialDigital 
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Initiative to digitize materials: particular strategic 
importance for Germany as a business location

www.materialdigital.de

Automated workflows



Nucleus for large-scale networks: NFDI-MatWerk
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Workflows as central 
part in materials science 
& engineering!



High 
throughput

simulation code

generic output

data collection

analysis

model

project

generic input

validation

visualization
Setup

Protocols

ML + AI

Analysis

Code 1

Code 

VR

Data Quality

Automating simulation life cycle by pyiron
HPC

Storage

SFE design

Visualize

SFE
Validation



Next steps
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IronFlow - Jupyter-based visual scripting gui for running pyiron workflow graphs

https://github.com/pyiron/ironflow

Ø Note: under active development
Ø not yet production ready

Ø Features
Ø Ontologic typing
Ø Fully integrated in Jupyter
Ø Batch jobs (e.g.for  ML)
Ø New nodes can be easily 

written and added

Ø Workflow programming and 
application for everybody



Node-based pyiron architecture
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https://github.com/pyiron/ironflow/issues/175



Alloy design

Sandlobes et al. Sci. Reports 2017
Rao et al., Science 2022 

Corrosion

Surendralal et al. PRL 2018 & 2021
Yoo et al. PRL 2018

Nano-aerogels Magnetic materials (HEA, …)

Enhanced strength and ductility by activating TRIP!

Application: Materials design

Max-Planck-Institut für Eisenforschung GmbH | Jörg Neugebauer

Kim et al., JACS 2022
Yoo et al. NJP 2022

Rao et al. Adv. Funct. Mater. 2021 
Ikeda et al. NPJ Comp. Mat 2021

Explore configuration 
space by automated 

workflows



Atomic forces
Magnetic 

configuration

Example: Paramagnetic description of defects

O. Hegde, TH et al. Phys. Rev. B 102 (2020) 144101

Chemical 
positions

SQS generator 
(Disorder)

AimsGB
(GB structure)

Atomic forces

:
:

SxExtOpt
(Freysoldt scheme)

Magnetic 
configuration

DFT: SPHInX
(spin constraints)
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I. Stockem et al. PRL 2018
O. Hegde et al., PRB 2020



Example: Alloy Discovery
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Identify from millions of possible compositionally complex alloy compositions 
those with the lowest/vanishing thermal expansion coefficient (Invar alloys)

Aim:

Original Invar Alloy (FeNi) Challenges:

Ø Sharp local minima

Ø Interplay between 
magnetism & phonons

Ø > 5 elements



ML Architecture
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Importance of Physics-Informed Descriptors 
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Inclusion of DFT computed descriptors significantly improves ML model! 

Physics descriptors: 
ws - magnetostriction
Tc - Curie temperature): 

Rao et al., Science 378, 78–85 (2022) 



Dimensionality Reduction
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Isla
nd

Rao et al., Science 378, 78–85 (2022) 

Islands in latent space reflect compositional differences and 
provide treasure map for HEA-based Invar alloys!

GMM - Gaussian mixture model 
MCMC - Markov chain Monte Carlo sampling
WAE - Wasserstein autoencoder architecture 



Discovery of Invar Alloys
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Experiment Comparison

Rao et al., Science 378, 78–85 (2022) 

Design of high-entropy Invar alloys using very sparse experimental data by employing DFT 
descriptors based on physical models! 



Conclusions

Advanced thermodynamic and ML approaches together with physics-based descriptors 
provide powerful tools to explore and utilize high-dimensional configuration spaces

Workflows/simulation protocols to run these approaches become exceedingly 
complex

→ Our approach: pyiron as materials IDE

Enable computational materials design in high-dimensional configuration 
spaces
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