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Magnetic two-dimensional materials

Gong, doi:10.1038/nature22060 

Cr
2
Ge

2
Te

6

Jarillo-Herrero, 
doi:10.1038/nature22391 

CrI
3



8



ML in materials physics education

1. Physics research: Beginners guide to ML 

2. Coursework: ML in physics

3. Workshops: Data science for physicists

Overview

o Machine learning for materials discovery
• Two-dimensional (2D) magnetic materials
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How do we find new 2D materials?

How to find new 2D magnetic materials?

Magnetic two-dimensional materials
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Materials science + Artificial intelligence

y    =    f(x1, x2, …, xN )

Number of spin up electrons
Number of valence electrons
… 
Electronegativity

Magnetic
moment

Data-driven study of 2D magnetic materials
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Machine Learning for Materials studies

o  Materials databases

o  Chemical space descriptors exist 

o  Datascience tools  
•Scikit learn, TensorFlow, Pytorch
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Machine Learning for Materials studies

Data
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o  Mathematical representation of a material
• Atomic properties

• Pymatgen, Matminer

• Encodes the crystal structure
• SOAP kernal, Coulomb kernel (Dscribe python package)

Machine Learning for Materials studies
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Machine Learning for Materials studies
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Machine Learning for Materials studies

Magnetic 2D crystals
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A2B2X6 crystal structure

Transition metal chalcogenides are magnetic 2D crystals

1. Sivadas et al., PRB 91 235425 (2015) 2. C. Gong et al., Nature 546, 265 (2017)

o CrGeTe
3
 is a 

ferromagnet 
(FM)1,2

o CrSiTe
3
 is an 

antiferromagnet 
(AFM)1

Machine Learning for Materials studies

Magnetic 2D crystals
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o CrGeTe
3
 is a 

ferromagnet 
(FM)1,2

o CrSiTe
3
 is an 

antiferromagnet 
(AFM)1

FM AFM

spin up

spin down

 Magnetic configurations

Transition metal chalcogenides are magnetic 2D crystals

Machine Learning for Materials studies

Magnetic 2D crystals

1. Sivadas et al., PRB 91 235425 (2015) 2. C. Gong et al., Nature 546, 265 (2017) 19



o 198 A
2
B

2
X

6
 structures using 

first-principles quantum calculations 
(DFT) 

• Total # of structures ~104

• NM, FM and AFM spin 
configurations 

o Extract data:
• Formation energy
• Magnetic order
• Magnetic moment
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Magnetic van der Waals materials
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Rhone, T.D., et al., Sci Rep 10, 15795 
(2020).
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Substitutions:
o A site: 

• Cr
0.5

A
0.5

• A: Ti, V, Cr, Mn, Fe, Co, Ni, Cu, 
  Y, Nb, Ru 

o B site: 
• Si, Ge, P combinations
• B: Si, Ge, P, Si
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o X site: 
• S, Se, Te 
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Magnetic van der Waals materials
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Rhone, T.D., et al., Sci Rep 10, 15795 
(2020).
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Rhone, et al., Sci 
Rep 10, 15795 
(2020).
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Materials descriptors

o Describe system using easily 
attainable components
• Atomic properties, p

o Compound Property, P 
• mean(p(A), p(B), p(X))
• variance(p(A), p(B), p(X))

o Total # of descriptors: 
• 61

o Atomic property, p:
• Number of spin up e’s 
• atomic radius
• etc.

Machine learning in materials science
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Data visualization

∆cov_rad∆ion_E ∆electroneg∆polariz.E
form

∆c
o

v_
ra

d
∆i

o
n

_E
∆e

le
ct

ro
n

eg
∆p

o
la

ri
z.

E fo
rm

o Atomic properties, p
• Polarizability
• Ionization energy
• Covalent radius
• electronegativity

Machine learning in materials science
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Machine Learning models

o Random forest regression
o Inputs: X

• Number of spin up e’s
o Output: Y

• Magnetic moment
o Training data (70%)
o Test data (30%)

1. G.A. Landrum, H. Genin, Journal of Solid State Chemistry 176 (2003) 
587–593 

▪ Node m,  region R
m

, N
m

 observations
▪ Mean Absolute Error
▪ minimize L1 error using median values 

at terminal nodes

L
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Machine Learning models
Training data versus test data
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Machine Learning models
Training data versus test data

x

y

Goal: 
Build predictive 
model

o Train model using 
training data

o Model predictions 
compared with 
test data

Training data

Test data
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Machine learning predictions of DFT formation energy
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Machine learning predictions of DFT formation energy

Random Forests

DFT  Formation Energy

R2 = 0.913

33
Rhone, et al., Sci 
Rep 10, 15795 
(2020).



Machine learning predictions of DFT formation energy

Neural NetworkRandom ForestsKernel Ridge

DFT  Formation Energy

R2 = 0.972 R2 = 0.978R2 = 0.913

M
L 

Pr
ed

ic
te

d
 E

F

Rhone, et al., Sci 
Rep 10, 15795 
(2020).
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DFT 𝝁 
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o N = 262
o Random forest R2 = 0.98
o Mean absolute error       

(MAE) = 0.30 𝝁
B

Training data
Test data

Magnetic moment, X=Te 
Machine learning predictions

DFT: first-principles quantum calculations
𝝁: magnetic moment ~ magnetization 

35Rhone, et al., Sci Rep 10, 15795 (2020).



Magnetic moment, X=Te 

DFT 𝝁 
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Training data
Test data
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Top 6 descriptors

Machine learning predictions
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ML in materials physics education

1. Physics research: Beginners guide to ML 

2. Coursework: ML in physics

3. Workshops: Data science for physicists

Overview
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ML in physics coursework

o 5 lectures on data science:
• Introduction to data science
• Introduction to neural networks
• Neural networks for image analysis

Computational physics course
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ML in physics coursework

o Introduction to data science
•Data mining
•Data visualization
•Machine learning models

Computational physics course
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ML in physics coursework

o Introduction to data science
•In-class exercises

Computational physics course

40



ML in physics coursework

o Introduction to neural networks
•Feed forward neural networks
•Convolutional neural networks

Computational physics course
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Neural Networks
Architectures

Perceptron
Feed Forward 

NN
Deep 
NN

Autoencoder Recurrent 
NN
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Neural Networks
Architectures
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Convolutional Neural Networks (CNN)



ML in physics coursework

o Neural networks for image analysis

Computational physics course
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 Neural networks for image analysis
You Only Look Once (YOLO) - 2016
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Mask- RCNN - 2017

 Neural networks for image analysis
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ML in physics coursework

o Neural networks for image analysis

Computational physics course
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ML in physics coursework

o Neural networks for image analysis
•MNIST digits data set
•Xray images of covid patients 

Computational physics course
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Google colaboratory 
excercise

https://www.kaggle.com/datasets/tawsifurrahman/covid19-ra
diography-database

COVID-19 RADIOGRAPHY DATABASE 

Database from Kaggle!
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Workshops: Data science for physicists

o APS Topical Group on Data Science workshop (2020), 
A beginner's guide to using data science for physicists 

o TWIML AI Symposium (2020), Webinar,  
Data science education for physicists

o Magnetic properties from first-principles workshop, Bilkent 
University (2021), 

Machine Learning Approaches for Magnetic Characterization

o YouTube tutorials
∙ www.materials-intelligence.com
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