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Artificial Intelligence

Can a Large Language Model replace a scientist?

nature machine intelligence

Article https://doi.org/10.1038/s42256-024-00832-8

Augmentinglarge language modelswith
chemistry tools

2024-9-4

recaived: 3sepember Thie Al Scientist: Towards Fully Automated
- Open-Ended Scientific Discovery

Chris Lul-2", Cong Lu
*Equal Contribution, 1Sak

Atonats toeud asing ATOMAGENTS: ALLOY DESIGN AND DISCOVERY THROUGH
PHYSICS-AWARE MULTI-MODAL MULTI-AGENT ARTIFICIAL
INTELLIGENCE *

MPI for Sustainable Materials | Jan Janssen M.C. Ramos et al., arXiv 2407.01603 (2024).



Artificial Intelligence
Can a Large Language Model replace a scientist?

Recent publications claim that
Large Language Models can predict novel materials.

MPI for Sustainable Materials | Jan Janssen 2



State of the Art - ChatGPT 40 Model
Hands-on: Let’s give it a try!

Calculate the bulk modulus for aluminium with ASE using @
the EMT simulation code.
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State of the Art - ChatGPT 40 Model
Hands-on: Let’s give it a try!

Calculate the[bulk modulus forlaluminium with[ASH using
the

Answer form ChatGPT: Physical Parameters, Technical Parameters
@ Thought for 12 seconds

To calculate the bulk modulus of aluminum using the Atomic Simulation Environment
(ASE) with the Effective Medium Theory (EMT) potential, you can follow these steps:

1. Set up the aluminum bulk structure.
Assign the EMT calculator to the structure.
Compute the energies at different volumes by scaling the unit cell.

Fit the calculated energies and volumes to an equation of state (EOS).

o & W B

Extract the bulk modulus from the EOS fit.
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State of the Art - ChatGPT 40 Model
Hands-on: Let’s give it a try!

Calculate the|bulk modulus| forfaluminium| with[ASH using @
° EMT simulation code.
Answer form ChatGPT: thefEMT simulation code

@ [1]: from ase.build import bulk
from ase.calculators.emt import EMT
from ase.eos import EquationOfState
import numpy as np

# Create an aluminum bulk structure
al_bulk = bulk('Al', 'fcc', a=4.05, cubic=True)

# Attach the EMT calculator
al_bulk.calc = EMT()

# Define a range of scaling factors for volume

scaling_factors = np.linspace(0.94, 1.06, 10) # Scale between 94% and 106%
volumes = []

energies = []
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State of the Art - ChatGPT 40 Model
Hands-on: Let’s give it a try!

Calculate the/bulk modulus forfaluminium| with[ASH using
: EMT simulation code!
Answer form ChatGPT: the[EMT simulation code

@ [1]:[ from ase.build import bulk Technical Parameter:

from ase.calculators.emt import EMT . . . .
£708 se eos Qmrort E-uatitrorstate | ttomic Simulation Environment (ASE)

import numpy as np

[2]1:| # Create an aluminum bulk structure Physical Parameter: («’

al_bulk = bulk('Al', 'fcc', a=4.05, cubic=True) Aluminium

[3]:| # Attach the EMT calculator Technical Parameter:
al_bulk.calc = EMT() Effective Medium Theory (EMT)

[4]: # Define a range of scaling factors for volume
scaling_factors = np.linspace(0.94, 1.06, 10) # Scale between 94% and 106%
volumes = []
energies = []
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State of the Art - ChatGPT 40 Model
Hands-on: Let’s give it a try!

Calculate the|bulk modulus| forfaluminium| with[ASH using @
° EMT simulation code.
Answer form ChatGPT: thefEMT simulation code

@E [5]: # Loop over scaling factors, calculating energy for each
for factor in scaling_factors:
al_bulk.set_cell(al_bulk.get_cell() * factor, scale_atoms=True)
volumes.append(al_bulk.get_volume())
energies.append(al_bulk.get_potential_energy())

# Fit the Equation of State (EO0S)
eos = EquationOfState(volumes, energies)
vd, e0, B = eos.fit() # Fit returns equilibrium volume, energy, and bulk modulus

# Print results

print(f"Equilibrium volume: {v0:.2f} A3")
print(f"Equilibrium energy: {e@:.2f} eV")
print(f"Bulk modulus: {B:.2f} GPa")

Equilibrium volume: 62.50 A3
Equilibrium energy: -0.03 eV
Bulk modulus: 0.26 GPa
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State of the Art - ChatGPT 40 Model
Hands-on: Let’s give it a try!

Calculate the|bulk modulus| forfaluminium| with[ASH using @

Answer form ChatGPT: L BT AL L e Ze el
@@ [5]: # Loop over scaling factors, calculating energy for each
for factor in scaling_factors:
al_bulk.set_cell(al_bulk.get_cell() * factor, scale_atoms=True) «
volumes.append(al_bulk.get_volume())

energies.append(al_bulk.get_potential_energy())

# Fit the Equation of State (EO0S)
eos = EquationOfState(volumes, energies)

vDd, ed, B = eos.fit() # Fit returns equilibrium volume, energy, and bulk modulus

# Print results

print(f"Equilibrium volume: {v0:.2f} A3")
print(f"Equilibrium energy: {e@:.2f} eV")
print(f"Bulk modulus: {B:.2f} GPa")

Equilibrium volume: 62.50 A3
Equilibrium energy: -0.03 eV
[Bulk modulus: 0.26 GPa I Experiment: 62 GPa
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State of the Art - ChatGPT 40 Model
Hands-on: Let’s give it a try!

Calculate the/bulk modulus forfaluminium| with[ASH using @

ing: EMT simulation code.
Debuggmg. thelEMT simulation code

<§§>[9J: eos. fit??

Signature: eos.fit(warn=True)
Source:
def fit(self, warn=True):
"iCalculate volume, energy, and bulk modulus.

Returns the optimal volume, the minimum energy, and the bulk
modulus. Notice that the ASE units for the bulk modulus 1is
eV/Angstrom™3 - to get the value in GPa, do this::

vd, ed, B = eos.fit()
print(B / kJ *x 1.0e24, 'GPa')

With Correction: 40 GPa Experiment: 62 GPa
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State of the Art - ChatGPT 40 Model
Hands-on: Let’s give it a try!

The code produced by ChatGPT 40 can be executed.
The generated code is >90% correct, but the scientific result is wrong.

MPI for Sustainable Materials | Jan Janssen 3



Materials Informatics Group
Our Expertise: Workflows for Sustainable Materials
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Machine-Learned Interatomic
Potentials for Extreme Environments
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Automated Workflow for Calculating
Melting Temperatures

Element

Heat Bulk

Fix Half Structure

I
\ Continue Heating

'
Solid-Liquid Interface

Strain in z-Direction

NVT NVT

NVE

NVE

Temperature
over Pressure

L.F. Zhu, J. Janssen, et al. Comp. Mat. Sci. 187 (2021)

pyiron Workflow Framework 32¢

pYron
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Materials Informatics Group %’J
Our Expertise: Workflows for Sustainable Materials 0~ A O
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The pyiron workflow framework enables data-driven materials science, by moving away
from the terminal-/shell-based interface towards a programmatic Python-based interface.

MPI for Sustainable Materials | Jan Janssen 4



LangSim

pyiron based Large Language Model Interface for Atomistic Simulation
B + X O » m C » Code v Notebook [7 # Python 3 (ipykernel) () =

%sreload_ext langsim

%%chat
@ I am looking for a material with a bulk modulus in the range of 200 GPa.
Can you compute the bulk modulus for the noble metals using EMT for me?

@ Here are the computed bulk moduli for the noble metals using the EMT model:

e Gold (Au): 173.86 GPa
¢ Silver (Ag): 100.15 GPa
e Platinum (Pt): 278.20 GPa

Among these, Platinum (Pt) has a bulk modulus within the range of 200 GPa.

MPI for Sustainable Materials | Jan Janssen https://jan-janssen.com/LangSim - arXiv 2505.03049 (2025). 5



LangSim
pyiron based Large Language Model Interface for Atomistic Simulation

B + X O » m C » Code v Notebook [ # Python 3 (ipykernel) ) =

%sreload_ext langsim

%%chat
@ I am looking for a material with a bulk modulus in the range of 200 GPa.
Can you compute the bulk modulus for the noble metals using EMT for me?

@ Here are the computed bulk moduli for the noble metals using the EMT model:

e Gold (Au): 173.86 GPa
¢ Silver (Ag): 100.15 GPa
e Platinum (Pt): 278.20 GPa

Among these, Platinum (Pt) has a bulk modulus within the range of 200 GPa.

@ %%chat
How does this compare to experiment?

Here are the experimental bulk moduli for the noble metals:

e Gold (Au): 180 GPa
¢ Silver (Ag): 100 GPa
e Platinum (Pt): 230 GPa

MPI for Sustainable Materials | Jan Janssen https://jan-janssen.com/LangSim - arXiv 2505.03049 (2025). 5



LangSim
pyiron based Large Language Model Interface for Atomistic Simulation

B+ XOO0O » m C » Code v Notebook [ # Python 3 (ipykernel) ) =

%sreload_ext langsim

%%chat
@ I am looking for a material with a bulk modulus in the range of 200 GPa.
Can you compute the bulk modulus for the noble metals using EMT for me?

> Entering new AgentExecutor chain...

Invoking: “get_atom_dict_bulk_structure’ with " {'chemical_symbol': 'Au'}"
numbers=[79] positions=[[0.0, 0.0, 0.0]] cell=[[0.0, 2.04, 2.04], [2.04, 0.0,
2.04], [2.04, 2.04, 0.0]] pbc=[True, True, True]

Invoking: “get_atom_dict_equilibrated_structure’ with “{'atom_dict': {'number
s': [79], 'positions': [[0.0, 0.0, 0.0]], 'cell': [[0.0, 2.04, 2.04], [2.04, O.
0, 2.04], [2.04, 2.04, 0.0]], 'pbc': [True, True, Truel]}, 'calculator_str': 'em

t'}

Step Time Energy fmax
LBFGS: ® 19:55:11 0.002606 0.308859
LBFGS: 1 19:55:11 0.000032 0.077808
LBFGS: 2 19:55:11 -0.000135 0.003099
LBFGS: 3 19:55:11 -0.000135 0.000029
LBFGS: 4 19:55:11 -0.000135 0.000000

MPI for Sustainable Materials | Jan Janssen https://jan-janssen.com/LangSim - arXiv 2505.03049 (2025). 5



LangSim
pyiron based Large Language Model Interface for Atomistic Simulation

B + XTO [ » m C » Code v Notebook [ # Python 3 (ipykernel) ) =

11]: %reload_ext langsim

(2] %%Chat
<z;§> I am looking for a material with a bulk modulus in the range of 200 GPa.
Can you compute the bulk modulus for the noble metals using EMT for me?

> Entering new AgentExecutor chain...

Invoking: “get_atom_dict_bulk_structure’ with " {'chemical_symbol': 'Au'}"
numbers=[79] positions=[[0.0, 0.0, 0.0]] cell=[[0.0, 2.04, 2.04], [2.04, 0.0,
2.04]1, [2.04, 2.04, 0.0]] pbc=[True, True, True]

Invoking: “get_atom_dict_equilibrated_structure™ with “{'atom_dict': {'number
s': [79], 'positions': [[0.0, 0.0, 0.0]], 'cell': [[0.0, 2.04, 2.04], [2.04, O.
0, 2.04], [2.04, 2.04, 0.0]], 'pbc': [True, True, Truel}, 'calculator_str': 'em

t'}

Step Time Energy fmax
LBFGS: ® 19:55:11 0.002606 0.308859
LBFGS: 1 19:55:11 0.000032 0.077808
LBFGS: 2 19:55:11 -0.000135 0.003099
LBFGS: 3 19:55:11 -0.000135 0.000029
LBFGS: 4 19:55:11 -0.000135 0.000000
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LangSim
pyiron based Large Language Model Interface for Atomistic Simulation

Using specialized agents, the Large Language Model (LLM)
can interface with atomistic simulation codes and utilities.

MPI for Sustainable Materials | Jan Janssen




How Can the LLM Install Scientific Software?
Compare Scientific Software Installation to Downloading an App on your Smartphone

How to get the code?

 Get the source code
« Install the required dependencies
« Compile the software

MPI for Sustainable Materials | Jan Janssen 6



How Can the LLM Install Scientific Software?
Compare Scientific Software Installation to Downloading an App on your Smartphone

How to get the code?

 Get the source code
« Install the required dependencies
« Compile the software

How to make VASP

Copy one of the makefile.include.* filesin root/arch to root/makefile. include. Take one that most closely reflects your system (hopefully).

cp arch/makefile.include.linux_intel ./makefile.include

In many cases these makefile.include files will have to be adapted to the particulars of your system (see below).

When you've finished setting up makefile.include , build VASP:

make all

MPI for Sustainable Materials | Jan Janssen 6



How Can the LLM Install Scientific Software?
Compare Scientific Software Installation to Downloading an App on your Smartphone

How to get the code?

 Get the source code
« Install the required dependencies
« Compile the software

How to make VASP

Copy one of the makefile.include.* filesin root/arch to root/makefile. include. Take one that most closely reflects your system (hopefully).

cp arch/makefile.include.linux_intel ./makefile.include

In many cases these makefile.include files will have to be adapted to the particulars of your system (see below).

When you've finished setting up makefile.include , build VASP:

make all

MPI for Sustainable Materials | Jan Janssen 6



How Can the LLM Install Scientific Software?
Compare Scientific Software Installation to Downloading an App on your Smartphone

How to get the code? Installation Documentation
* Get the source code « VASP - 19 pages

« Install the required dependencies « LAMMPS - 50 pages

« Compile the software « DAMASK - 14 pages

How to make VASP

Copy one of the makefile.include.* filesin root/arch to root/makefile. include. Take one that most closely reflects your system (hopefully).
cp arch/makefile.include.linux_intel ./makefile.include

In many cases these makefile.include files will have to be adapted to the particulars of your system (see below).

When you've finished setting up makefile.include , build VASP:

make all

MPI for Sustainable Materials | Jan Janssen



How Can the LLM Install Scientific Software?
Compare Scientific Software Installation to Downloading an App on your Smartphone

While the source code is available,
the installation of a scientific software can be challenging.

MPI for Sustainable Materials | Jan Janssen



Conda-Forge
For Materials Science

CONDA-FORGE
Easy installation of scientific software:

conda 1nstall —-c conda-forge <package-name>

matplotlib Advantages:

pandii o « Over 900 materials science package
ase

pytorch bokeh

tensorflow dask « Distribution of precompiled packages
nglview

e« QOver 300 million downloads in total

o . « Linked to defined Python version
sclkit-learn jupyter

pycalphad  phonopy « Dependency of packages clarified
« Operating system independence



Conda-Forge
For Materials Science

matplotli
pandas

ase numpy

;)ytorch bokeh

tensorflow dask
nglview

scikit-learn jupyter
pycalphad  phonopy

MPI for Sustainable Materials | Jan Janssen

CONDA-FORGE

Easy installation of scientific software:

conda 1nstall —-c¢ conda-forge <package-name>

Advantages:

« Over 900 materials science package
« Over 300 million downloads in total

« Distribution of precompiled packages
« Linked to defined Python version

« Dependency of packages clarified

« Operating system independence

7



Conda-Forge
For Materials Science
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openkim
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CONDA-FORGE

Easy installation of scientific software:

conda 1nstall —-c¢ conda-forge <package-name>

Advantages:

« Over 900 materials science package
« Over 300 million downloads in total

« Distribution of precompiled packages
« Linked to defined Python version

« Dependency of packages clarified

« Operating system independence
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Conda-Forge
For Materials Science

Conda-forge became the default solution for distributing
open-source software in the field of materials science.
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Goals
pyiron — Complex Workflows Made Easy
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Goals
pyiron — Complex Workflows Made Easy

Generic Interface

def rosen(x):
"""The Rosenbrock function"""
return sum(
100.0%(x[1:]=x[:=1]%%2)%*x2 +
(1=x[:=1])%x2

X0 = np.array([1.3, 0.7, 0.8, 1.9, 1.2])
res = minimize(

rosen,

X0,

method="nelder-mead",

options={"xatol": 1e-8, "disp": True}
)

Optimization terminated successfully.
. Current function value: 0.000000
@‘SciPy Iterations: 339
- Function evaluations: 571

MPI for Sustainable Materials | Jan Janssen 8
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Generic Interface

def rosen(x):
"""The Rosenbrock function"""
return sum(
100.0%(x[1:]=x[:=1]%%2)%*x2 +
(1-x[:=1])%x%2

X0 = np.array([1.3, 0.7, 0.8, 1.9, 1.2])
res = minimize(
rosen 14 methods
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options={"xatol": 1le-8, "disp": True}

)
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Goals

pyiron — Complex Workflows Made Easy

Generic Interface

def rosen(x):
"""The Rosenbrock function"""
return sum(
100.0%(x[1:]=x[:=1]%%2)%*x2 +
(1-x[:=1])%x%2

X0 = np.array([1.3, 0.7, 0.8, 1.9, 1.2])
res = minimize(
rosen 14 methods
methodi"nelder—mead"
options={"xatol": 1le-8, "disp": True}

)

Optimization terminated successfully.
. Current function value: 0.000000
@SciPy Iterations: 339
- Function evaluations: 571

Up-Scaling

Typical DFT calculation
can take several minutes
to hours. We need a technical
abstraction for calculation and
data management.
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Goals

pyiron — Complex Workflows Made Easy

Generic Interface

def rosen(x):
"""The Rosenbrock function"""
return sum(
100.0%(x[1:]=x[:=1]%%2)%*x2 +
(1=x[z:=1])%x2
)

X0 = np.array([1.3, 0.7, 0.8, 1.9, 1.2])
res = minimize(
rosen 14 methods
methodi"nelder—mead"
options={"xatol": 1le-8, "disp": True}

)

Optimization terminated successfully.
P Current function value: 0.000000
@‘SciPy Iterations: 339
-~ Function evaluations: 571

Up-Scaling

Typical DFT calculation
can take several minutes
to hours. We need a technical
abstraction for calculation and
data management.

Extendability ?
Scientific software is

changing constantly and "_:l'.
depending on your application
you need a different set of
tools.

N

Reproducibility
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Goals

pyiron — Complex Workflows Made Easy

Generic Interface

def rosen(x):
"""The Rosenbrock function"""
return sum(
100.0%(x[1:]=x[:=1]%%2)%*x2 +
(1=x[z:=1])%x2
)

X0 = np.array([1.3, 0.7, 0.8, 1.9, 1.2])
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)

Optimization terminated successfully.
P Current function value: 0.000000
@‘SciPy Iterations: 339
el Function evaluations: 571

Up-Scaling

Typical DFT calculation
can take several minutes
to hours. We need a technical
abstraction for calculation and
data management.

Extendability

Scientific software is %

changing constantly and é’
depending on your application
you need a different set of
tools.

Transferability

»

N

Reproducibility

MPI for Sustainable Materials | Jan Janssen




Goals

pyiron — Complex Workflows Made Easy

Generic Interface
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"""The Rosenbrock function"""
return sum(
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Goals
pyiron — Complex Workflows Made Easy

By separating the technical complexity and the scientific complexity, pyiron lowers the
entry barrier to materials science not only for humans but also for machine learning.

MPI for Sustainable Materials | Jan Janssen



Simulation Life Cycle
Workflow Provenance
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Simulation Life Cycle
Workflow Provenance
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Simulation Life Cycle
Workflow Provenance

By covering the whole simulation lifecycle
pyiron is able to capture the provenance of the workflow.

MPI for Sustainable Materials | Jan Janssen 9



Simulation Workflows
pyiron Enables Rapid Prototyping and Up-Scaling

In [1]: from pyiron import Project

In [2]: pr = Project("demonstration")

In

In

In

In

In

In

[3]:

[4]:

[5]:

[6]:

[7]:

[8]:

job = pr.create.job.Lammps("my_calculation")
job.structure = pr.create.structure.ase.bulk("Cu")

# job.list_potentials()

job.potential = "2012--Mendelev-M-I-—Cu——LAMMPS—iprl"
job.server.cores = 2

job.run()

The job my_calculation was saved and received the ID: 2

MPI for Sustainable Materials | Jan Janssen J. Janssen, et al., Comp. Mat. Sci. 161 (2019)
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Simulation Workflows
pyiron Enables Rapid Prototyping and Up-Scaling

The resources (executable, interatomic potentials, queuing system, ...)
are configured once and can be used in every simulation protocol.

MPI for Sustainable Materials | Jan Janssen 10



pyiron Objects
Interfaces

‘ user interface

Python operator
interface | overload

i

pyiron object

D data nested resources

user space factoring

automation " Ghjects .
data storage | setof | resources
|
| .
, Pyiron i —
HDF5 saL serialize | objects : specialized | computer | parameter
| | codes cluster | database

N ——
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pyiron Objects
Interfaces

Abstract the technical complexity
to focus on the implementation of the scientific simulation protocol.

MPI for Sustainable Materials | Jan Janssen 11



Parameter Studies
Collecting Results with the pyiron Table Object

from pyiron import Project # Import Project object
pr = Project("demonstration") # Create a project/folder
structure = pr.create.structure.bulk("Al") # Create an aluminium bulk structure

for job_type in ["Lammps", "Sphinx"]: # Iterate over simulation codes
job = pr.create_job( # Create a job object
job_type=job_type,
job_name=job_type
)
job.structure = structure # assign the structure
job.run() # Execute the calculation

MPI for Sustainable Materials | Jan Janssen J. Janssen, et al., Comp. Mat. Sci. 161 (2019) 12
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Collecting Results with the pyiron Table Object

from pyiron import Project # Import Project object
pr = Project("demonstration") # Create a project/folder
structure = pr.create.structure.bulk("Al") # Create an aluminium bulk structure

for job_type in ["Lammps", "Sphinx"]: # Iterate over simulation codes
job = pr.create_job( # Create a job object
job_type=job_type,
job_name=job_type
)
job.structure = structure # assign the structure
job.run() # Execute the calculation

table = pr.create_table() # Create analysis object

table.add.get_energy_tot # Define analysis functions

table.add.get_volume # get the volume and total energy

table.add["job_type"] = lambda job: job.__name__ # Add custom analysis function
table.run() # Execute the analysis

table.get_dataframe() # Results are summarized in DataFrame
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Parameter Studies

Collecting Results with the pyiron Table Object

from pyiron import Project # Import Project object

pr = Project("demonstration") # Create a project/folder

structure

= pr.creat

e.structure.bulk("Al") # Create an aluminium bulk structure

for job_type in ["Lammps", "Sphinx"]: # Iterate over simulation codes
job = pr.create_job( # Create a job object
job_type=job_type,

job_name=job_type

) job_id energy_tot volume job_type

job.structure = structure # assign the structure

job.run() # Execute the calculation 0 1 -3.36000 16.607531 Lammps
table = pr.create_table() # Create analysis object . .
table.add.get_energy_tol # Define analysis functions 1 2 9719579 16.607505 Sphinx
\table.add.get_volume| # get the volume and total energy
table.add["job type"] = lambda job: job. name # Add custom analysis function
table.run() # Execute the analysis
table.get_dataframe() # Results are summarized in DataFrame

MPI for Sustainable Materials | Jan Janssen J. Janssen, et al., Comp. Mat. Sci. 161 (2019) 12



Parameter Studies
Collecting Results with the pyiron Table Object

Iterate over interatomic potentials or even simulation codes
and afterwards collect the results using map-reduce.

MPI for Sustainable Materials | Jan Janssen 12



Software for Materials Science
Automate Your Research - One Step at a Time

Ve oot b 6 6

Conda-Forge
Installation of Scientific Software

~

atomman

gpenkim D

x1iff CONDA-FORGE

aflow
matminer
pyhull

bytorch bokeh atomate

tensorflow dask
nglview sgsgenerator
scikit-learn jupyter

pymatgen
pycalphad  phonopy

Maintaining over 900 materials
informatics packages on conda-forge
with over 300 million downloads so far.

pyiron
Workflow Framework

Jupyter Lab based interface for data-
driven materials informatics to enable

rapid prototyping and up-scaling.

LangSim
Large Language Model Interface

B+ XD 0O» = C » Code v Notebook [ # Python 3 (ipykernel) O =

%reload_ext langsim

%%schat
I am looking for a material with a bulk modulus in the range of 200 GPa.
Can you compute the bulk modulus for the noble metals using EMT for me?

> Entering new AgentExecutor chain...

Invoking: “get_atom_dict_bulk_structure’ with “{'chemical_symbol': 'Au'}"
numbers=[79] positions=[[0.0, 0.0, 0.0]] cell=[[0.0, 2.04, 2.04], [2.04, 0.0,
2.04], [2.04, 2.04, 0.0]] pbc=[True, True, True]

Invoking: “get_atom_dict_equilibrated_structure’ with {‘atom_dict': {'number
s': [79], 'positions': [[0.0, 0.0, 0.0]], 'cell': [[0.0, 2.04, 2.04], [2.04, 0.
0, 2.04], [2.04, 2.04, 0.0]], 'pbc': [True, True, True]}, 'calculator_str': ‘em

t'}

Step Time Energy fmax
LBFGS: 0 19:55:11 0.002606 0.308859
LBFGS: 1 19:55:11 0.000032 0.077808
LBFGS: 2 19:55:11 -0.000135 0.003099
LBFGS: 3 19:55:11 -0.000135 0.000029
LBFGS: 4 19:55:11 -0.000135 0.000000

Workflows developed for high
throughput screening are now
accessible through language interfaces.

MPI for Sustainable Materials | Jan Janssen
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Software for Materials Science 90 %%1 o4
Automate Your Research - One Step at a Time Bon~ o

We enables autonomous materials discovery by combing
scientific software management, the pyiron workflow framework and an LLM interface.
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Data-Driven Design Metal Alloys

Periodic Table

1 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16 17
| |

4 5 9
Be B F
Beryllium Boron Fluorine
0.01218 10.810 18.99840
12 13 14 17
Mg Al Si cl
Magnesium Auminum Silicon Chlorine
24.305 26.98154 28.085 35.450
20 N 32 33 35
Ca Ga Ge As Br
Calcium Gallium Germanium Arsenic Bromine
40.078 69.723 72.630 74.92159 79.904
38 49 50 51 52 53
Sr In Sn Sb Te |
Strontium Indium Tin Antimony Tellurium lodine
87.62 114818 118.710 121.760 127.80 126.90447
56 81 82 83 84 85
Ba TI Pb Bi Po At
Barium Thallium Lead Bismuth Polonium Astatine
137.327 204.380 207.2 208.98040 [209] [210]
88 113 114 115 116 117
Ra Nh Fl Mc Lv Ts
Radium Nihonium Flerovium  Moscovium  Livermorium  Tennessine
[226] [286] [289] [288] [203] [204]
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Data-Driven Design Metal Alloys
How to design ductile Magnesium alloys?

Pure Magnesium is brittle

'y
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10% Compression (CR)
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Data-Driven Design Metal Alloys
How to design ductile Magnesium alloys?

Pure Magnesium is brittle

10% Compression (CR)

0.5m
=

-~

Z. Huang, et.al. Sci Rep 8, 3570 (2018)
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Data-Driven Design Metal Alloys
How to design ductile Magnesium alloys?

Pure Magnesium is brittle

:}
10% Compression (CR)

MPI for Sustainable Materials | Jan Janssen
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Data-Driven Design Metal Alloys
How to design ductile Magnesium alloys?

Pure Magnesium is brittle

41 basal < a> a tensile twin
{0001}(1120) {1012}(1011)

Dislocation Slip: Macgnesium Yttrium Alloy

8% CR 16% CR 24% CR 32% CR 40% CR 47% CR

a1 pasal < a> a1 tensile twin d1 pyramidal < ct+a >
{0001}(1120) {1012}1011) {1011}(1123)
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Data-Driven Design Metal Alloys
How to design ductile Magnesium alloys?

Yttrium Similarity Index (YSI)
B ARAA

.............. - :

Y,Zr,Nb, Mo, Ic, Ru, Rh, P,Ag,Cd,In

3 sn,sb,Te,l,Cs, Ba,La, Ce, Pr,Nd,Sm_§

MPI for Sustainable Materials | Jan Janssen

Dislocation Slip: Pure Magnesium
C C
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a1 basal < a> a; tensile twin

{0001}(1120) {1012}1011)

Dislocation Slip: Macgnesium Yttrium Alloy

ORISR A Ve

93 ay

RANTEE
\ A ==
\ / \ 2
/ \
A,
P 8 - -
y
4 /

P> —a, P —>a

---->—> 3

2

a1 tensile twin d; pyramidal < c+a >

a1 pasal < a > 1siie t - x
{1012}1011) {1011}(1123)

{0001}(1120)
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Data-Driven Design Metal Alloys
How to design ductile Magnesium alloys?

Yttrium Similarity Index (YSI) YSI > 0.95
" ‘». Al u‘. ::::: ll“‘w“m’ M=

OmD T

Messssssnsnnen .
..................... -

Y,Zr,Nb, Mo, Tc, Ru, Rh, P, Ag, Cd, In_. [HE¥
A8 Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr JHHE
S8 Sn,Sb,Te,l,Cs, Ba, La,Ce, Pr,Nd, Sm. Bl

Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf

g8 PS5, CLK Ca, Sc, Ti, V,Cr, Mn, Fe Y
S
------ :

MPI for Sustainable Materials | Jan Janssen S. SandlIGbes, et al. Sci. Rep. 7, 10458 (2017) 15



Data-Driven Design Metal Alloys
How to design ductile Magnesium alloys?

Yttrium Similarity Index (YSI) YS! > 0.95 Solubility & Cost
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. .
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S

Mg-1Al-0.1Ca is ductile
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Data-Driven Design Metal Alloys
How to design ductile Magnesium alloys?

The Yttrium-Similarity Index enables the prediction of alloying compositions,
which have pyramidal dislocation slip, based on ab-initio simulation.

MPI for Sustainable Materials | Jan Janssen 15



Materials Modelling
Hierarchical Nature of Structural Materials

Length [m]
A
100 =
1073 = finite elements
grain structure
106 — grain boundaries, orientation
segregations, multiple phases
crystal plasticity

9

10 structure, dynamics of dislocations
chemical binding / electronic structure
| | | | | | —
10715 107 1073 108 Time|[s]

Hierarchical, interacting sets of complex many-body problems

MPI for Sustainable Materials | Jan Janssen
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Materials Modelling
Hierarchical Nature of Structural Materials

Length [m]
A

100 =

103 = finite elements

grain structure
106 — grain boundaries, orientation
segregations, multiple phases

107

10715 10 1073 103 Time [s]

Hierarchical, interacting sets of complex many-body problems
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Materials Modelling
Hierarchical Nature of Structural Materials

Materials Science is intrinsically hierarchical,
so Materials Modelling requires a hierarchical simulation approach.

MPI for Sustainable Materials | Jan Janssen 16



Ab-initio Thermodynamics
Adiabatic Approach

S Calcium:

m Ulyanov 1985

® Kubaschewski 1950
A Jauch 1946

O Clusius 1930
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Ab-initio Thermodynamics
Adiabatic Approach

Ab-initio Thermodynamics enables
a quantitative prediction of material properties.

MPI for Sustainable Materials | Jan Janssen 17



Adiabatic Approach

F(V,T) = EPY(V) +FeY(V,T) + FI"(V,T) + F"(V,T)

E(V) Curve
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Adiabatic Approach
F(V,T) = EPY(V) +FeY(V,T) + FI"(V,T) + F"(V,T)
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Adiabatic Approach
F(V,T) = EPY(V) +FeY(V,T) + FI"(V,T) + F"(V,T)

Efficient high-precision ab-initio thermodynamic
calculation result in complex simulation protocols.

MPI for Sustainable Materials | Jan Janssen 18



Machine-Learned Interatomic Potentials
Workflow Perspective
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Machine-Learned Interatomic Potentials
Workflow Perspective

PyTorch

Neural network

Gaussian process

SciPy

Linear regression 1
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Descriptors for the Fitting to energies
atomic environment and forces
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Workflow Perspective

PyTorch

Neural network

Gaussian process
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Machine-Learned Interatomic Potentials
Workflow Perspective

Machine-Learned interatomic potentials couple
the electronic scale with the interatomic scale.

MPI for Sustainable Materials | Jan Janssen 19



Divers Training Sets
Automated Small SYmmetric Structure Training (ASSYST)

Space Group Symmetry based Structures
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Divers Training Sets
Automated Small SYmmetric Structure Training (ASSYST)

The diverse training sets prevent the MLIPs from extrapolating. The structures typically
contain less than 10 atoms, which improves computational efficiency.

MPI for Sustainable Materials | Jan Janssen 20



Optimal Cut-off Radius
For Spectral Neighbour Analysis Potential (SNAP)
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Optimal Cut-off Radius
For Spectral Neighbour Analysis Potential (SNAP)

The optimal cutoff radius for a given number of parameters
is shifting towards larger cut-off radii with increasing number of parameters.
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Computational Cost calculating Molecular Dynamics
For Spectral Neighbour Analysis Potential (SNAP)
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Computational Cost calculating Molecular Dynamics
For Spectral Neighbour Analysis Potential (SNAP)

For long-time scale simulation the performance
in terms of precision at a given computational cost is key.
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Pareto Front
Including Computational Cost
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Pareto Front
Including Computational Cost
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Pareto Front
Including Computational Cost

The cut-off radius is primarily a numerical hyperparameter,
considerations based on the radial distribution function are less relevant.
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Ab-initio Thermodynamic Workflows
Melting Temperature for Interatomic Force Fields
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Ab-initio Thermodynamic Workflows
Melting Temperature for Interatomic Force Fields
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Ab-initio Thermodynamic Workflows
Melting Temperature for Interatomic Force Fields
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Ab-initio Thermodynamic Workflows
Melting Temperature for Interatomic Force Fields
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Ab-initio Thermodynamic Workflows
Melting Temperature for Interatomic Force Fields

Three steps of a workflow, (1) develop the method, (2) add error handling and uncertainty
quantification to enables high-throughput screening and (3) add LLM agent interface.

MPI for Sustainable Materials | Jan Janssen 24



Temperature Concentration Phase Diagram
Ab-initio Thermodynamics
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Temperature Concentration Phase Diagram
Ab-initio Thermodynamics
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Temperature Concentration Phase Diagram
Ab-initio Thermodynamics

With Machine Learned Interatomic Potentials (MLIP)
we predict the full phase diagram from ab-initio.

MPI for Sustainable Materials | Jan Janssen 25



Fitting Interatomic Machine Learning Potentials
Maximize the Resource Utilization
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Fitting Interatomic Machine Learning Potentials
Maximize the Resource Utilization
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Fitting Interatomic Machine Learning Potentials

Maximize the Resource Utilization
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Fitting Interatomic Machine Learning Potentials
Maximize the Resource Utilization

By switching from a step-by-step workflow
to a streaming workflow, the resource utilization is maximized.

MPI for Sustainable Materials | Jan Janssen 26



Develop a Machine Learning Potential in Two Hours
Testing on Frontier
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Develop a Machine Learning Potential in Two Hours
Testing on Frontier
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Develop a Machine Learning Potential in Two Hours
Testing on Frontier

Rather than submitting multiple small individual calculations,
a new machine learning potential is fitted in a single job submitted to the HPC.
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Data-driven Atomistic Simulation
Impact of the pyiron workflow framework for ab-initio thermodynamics
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The combination of FitSNAP and pyiron
was used in the Exascale Computing
project to automate the fitting workflow.
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Data-driven Atomistic Simulation
Impact of the pyiron workflow framework for ab-initio thermodynamics

Data-driven atomistic simulation enable us to identify trends
in increasingly large parameter spaces.
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Materials Acceleration Platform
Closed Loop High-throughput Screening for Battery Materials

Combined Active Learning Loop:

« Screen sections of the periodic table

« High-throughput DFT calculation

« Guided experimental discovery
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Materials Acceleration Platform
Closed Loop High-throughput Screening for Battery Materials

An increasing number of experimental equipment provides Python interfaces,
so an experimental measurement is just another Python function call.

MPI for Sustainable Materials | Jan Janssen 30



Gaussian Process to Predict Resistivity
Couple Experiments and Density Functional Theory
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Gaussian Process to Predict Resistivity
Couple Experiments and Density Functional Theory
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Gaussian Process to Predict Resistivity
Couple Experiments and Density Functional Theory
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Gaussian Process to Predict Resistivity
Couple Experiments and Density Functional Theory

Resistivity: n = 6 n =40 [Q]
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Gaussian Process to Predict Resistivity
Couple Experiments and Density Functional Theory
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Gaussian Process to Predict Resistivity
Couple Experiments and Density Functional Theory

By initializing the experimental measurement based on the results from the DFT simulation,
the number of experimental measurements is drastically reduced.

MPI for Sustainable Materials | Jan Janssen 31



Impact of Machine Learning
On the Materials Science Community
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Growing number of external pyiron users, increasing number of
open-source contributors and extension beyond atomistic simulation.
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Workflows for data-driven Materials Science

Accelerate Your Research with the pyiron Workflow Framework

Ve oot b 6 6

Large Language Model (LLM)
Agents based on Functions

B+ XTO 0 » m C » Code v Notebook [7  # Python 3 (ipykernel) O =

%reload_ext langsim

%%chat
I am looking for a material with a bulk modulus in the range of 200 GPa.
Can you compute the bulk modulus for the noble metals using EMT for me?

> Entering new AgentExecutor chain...

Invoking: “get_atom_dict_bulk_structure’ with {'chemical_symbol': 'Au'}"

numbers=[79] positions=[[0.0, 0.0, 0 0]] cell=[[0.0, 2.04, 2.04], [2 04, 0.0,
2.04]1, [2. 04 2.04, 0.0]] pbc=[True, True, True]
Invoking: “get_atom_dict_equilibr: t d_str t re’ w1th “{'atom_dict': {'number
s': [79], 'positions': [[0.0, 0.0, O. 0]] cell’ [[0.0, 2.04, 2.04], [2.04, 0.
9, 2.04], [2.04, 2.04, 0.0]], ‘pbc': [Tru Tru uel}, ‘calculato : ‘em
t'}

Step Time Energy fmax
LBFGS: @ 19:55:11 0.002606 0.308859
LBFGS: 1 19:55:11 0.000032 0.077808
LBFGS: 2 19:55:11 -0.000135 0.003099
LBFGS: 3 19:55:11 -0.000135 0.000029
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