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The most important problem

The
Great Acceleration
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Socio-economic trends1

1Steffen et al. 2015.
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Earth system trends1

1Steffen et al. 2015.
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The most important problem

The
Great Acceleration

Changes Earth’s
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How long will the change last?

Model simulation of
atmospheric CO2
concentration from
combustion of fossil
fuelsa.

aInman 2008.
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We are 20 percent done

1965 20231970 1980 1990 2000 2010
0%

20%

40%

60%

80%

100%
Nuclear

Renewables

Fossil fuels

Data source: Energy Ins�tute - Sta�s�cal Review of World Energy (2024) OurWorldInData.org/energy | CC BY

Primary energy
consumption from fossil
fuels, nuclear and
renewables, Worlda.

aRitchie, Rosado, and Roser
2024.
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The most important problem

The
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Example: The Energy Challenge in Information Technology
Overall power use

Computing power trends
in relation to global
power consumption
2010 to 2030.
The share rises from 5
to 15 % from 2010 to
2030a.

aAndrae 2020.
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Example: The Energy Challenge in Information Technology

1

1Sevilla et al. 2022.



A disruptive technology: Quantum Materials
Precise control of the electron spin will enable ultra-low power, neuromorphic and quantum
computing

a

Magnetic skyrmion
aHoffmann et al. 2017.

a

Majorana zero modes
aRüßmann, Silva, et al. 2023.
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Materials discovery is too slow

1

1Reinhardt 2024.
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Accelerate materials discovery
With emerging scientific paradigms

2nd Paradigm

Theory

1st Paradigm

Observation

3rd Paradigm

Simulation

4th Paradigm

Data Science

5th Paradigm

Emulation
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The most important problem
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Is a
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Computational
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First-principles electronic structure methods

“The underlying laws necessary for the mathematical theory of a
large part of physics and the whole of chemistry are thus com-
pletely known, and the difficulty is only that exact applications
of these laws lead to equations which are too complicated to be
soluble.”

P.M.A. Dirac, Proceedings of the Royal Society A123, 714 (1929)

Schrödinger equation

�

Density functional theory

H |Ψ⟩ = E |Ψ⟩ , Ψ(r , r2, . . . , rN)

(
−∇2

i + veff(r)
)
φi(r) = εiφi(r)

O(3N)

�

O(N3
el)
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The most important problem

The
Great Acceleration

Changes Earth’s
atmosphere

Decarbonize in
our lifetime

The
Energy Challenge

Is a
Materials ChallengeAccelerate discovery

Computational
Materials Design Is not fast enough
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“Big AI” has joined the game



The most important problem

The
Great Acceleration

Changes Earth’s
atmosphere

Decarbonize in
our lifetime

The
Energy Challenge

Is a
Materials ChallengeAccelerate discovery

Computational
Materials Design Is not fast enough AI to the rescue!
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All-electron DFT is the gold standard
A frontier for electronic structure machine learning, developed in Jülich

judft.de // § JuDFTteam

Discrepancy of the
equilibrium volume
V0, the bulk modulus
B0 across popular
DFT codesa

aBosoni et al. 2024.

http://judft.de
https://github.com/JuDFTteam


The full proposed hybrid physics/AI pipeline
For all-electron DFT codes

Atomic Features
A = {⃗ri ,ai , G⃗, S⃗i , . . . }

First-Principles Simulator
Codes

Primary Output
n(⃗r), V (⃗r)

Secondary Output
Etot , DOS, Jij ’s, . . .

Tertiary Output
Tc , S⃗i ’s, . . .

Representation
|A;λµ⟩

Secondary Emulator

Magnetic properties

Multiscale simulator

-Spirit

Primary Emulator

Charge density, potentialvectors, tensors

symmetries

train

HTC & AL

train

Electronic structure learning
for fast SCF convergence

Magnetic property prediction
for spin dynamics simulation
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Electronic structure learning
Extension of the
Jacobi-Legendre frameworka to
all-electron potentials

aDomina 2024.



Magnetic property prediction
Jij (meV)

1-2:0

1-1:1

1-2:2

-KKR database of transition metal defects
embedded into a topological insulator, in reviewa

Benchmark study of ML interatomic potentials trained
on the exchange interaction Jij for spin dynamics,
ongoing

Jij = − 1
π
Im

∫ EF

−∞
dE Tr[δtiGijδtjGji ] −→

H = −1
2

∑
i,j

Jij S⃗i · S⃗j −→ Jij =
∑

k

(Jij)k

3.1

aMozumder et al. 2024.

Data size 2’000 calculations
Model SOAP+KRR
Best model MAE = 0.21,

R2 = 0.97
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Community resources
Best of atomistic machine learning

Largest list of atomistic ML tools on the web
(400+), auto-ranked, regular updatesa

go.fzj.de/baml
aWasmer et al. 2023.

https://go.fzj.de/best-of-aml


Discussion slides



Topological insulators and magnetic impurities
H

enk et al., P
R

L 109
, 07680

1 (2012)

o Magnetic doping of topological 
insulators (TIs) can induce a 
topological phase transition

• Ferromagnetic ordering

• Out-of-plane anisotropy

S
. O

h, S
cience

340
, 153 (2013)

(QSHE)

� Topological insulator

Two counter propagating 
edge states

(QAHE)
One single edge state



Magnetic co-doping of topological insulators1

Bi2Te3 Dimer clusters of 3d , 4d transition metal defects

Bi1

Bi2

QL

(a)

Y

Z

X

Mn Mn

1-1:1 (R=4.38 Ang.)

Mn

Mn

1-2:0 (R=4.79 Ang.)

Mn

Mn

1-2:1 (R=6.10 Ang.)

Mn Mn

1-1:6 (R=11.60 Ang.)

Mn

Mn

1-2:9 (R=11.76 Ang.)

Mn

Mn

1-1:7 (R=12.17 Ang.)

, [···

···], 

Mn

Mn

1-2:2 (R=6.49 Ang.)

Mn

Mn

1-1:5 (R=11.35 Ang.)

Single-impurity dabase, N=2’000.
go.fzj.de/judit

Dimer database (this), N=2’000.

Co-doping can help to control

critical Tc of QAHE
exchange splitting ∆xc

long-range magnetic ordering

for applications in spintronics and
fault-tolerant quantum computing.

1Rubel Mozumder et al. (July 5, 2024). High-Throughput Magnetic Co-Doping and Design of Exchange Interactions in a Topological
Insulator. arXiv: 2407.04413 [cond-mat]. URL: http://arxiv.org/abs/2407.04413 (visited on 07/08/2024). Pre-published.

https://go.fzj.de/judit
https://arxiv.org/abs/2407.04413
http://arxiv.org/abs/2407.04413


Impurity embeddings with Korringa-Kohn-Rostoker
Green function
G(E) = (E −H)−1

Perturbed system
H = H0 +∆V

The KKR SCF cycle

V (m)

V (0)
L=0

G = G0 + G0 ∆V G ρ V (m+1)

V (M)

not converged

Observables ⟨O⟩ =
− 1

π ImTr
∫ EF

−∞ dE OG(E)

Electron density ⟨ρ(r)⟩ =
− 1

π Im
∫ EF

−∞ dE G(r, r,E)
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-KKR workflows2

r_offset

co
m
bi
n
e_

im
p
s_
w
c

kkr_imp_scf_wc

Extended Heisenberg Hamiltonian. H = − 1
2

∑
i,j Jij S⃗i · S⃗j − 1

2

∑
i,j D⃗ij ·

(
S⃗i × S⃗j

)
Exchange constants from method of infinitesimal rotations1. Jij = − 1

π Im
∫ EF

−∞ dE Tr[δtiGijδtjGji ]
1Liechtenstein et al. 1987.
2Rüßmann, Bertoldo, and Blügel 2021.



(a) (b) (c)

(d) (e) (f)

Jij (meV)

1-2:0

1-1:1

1-2:2





Long-range magnetic ordering
Jij decay with distance Mean-field Tc for all impurity combinations
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