
Schlüsseltechnologien / Key Technologies
Band / Volume 291
ISBN 978-3-95806-808-7

Schlüsseltechnologien / Key Technologies
Band / Volume 291
ISBN 978-3-95806-808-7

Ab initio investigation of topological magnetism  
in two-dimensional van der Waals heterostructures
Nihad Abuawwad

291

Sc
hl

üs
se

lte
ch

no
lo

gi
en

  
Ke

y 
Te

ch
no

lo
gi

es
A

b 
in

iti
o 

in
ve

st
ig

at
io

n 
of

 to
po

lo
gi

ca
l m

ag
ne

tis
m

 
in

 tw
o-

di
m

en
si

on
al

 v
an

 d
er

 W
aa

ls
 h

et
er

os
tr

uc
tu

re
s

N
ih

ad
 A

bu
aw

w
ad



Forschungszentrum Jülich GmbH
Peter Grünberg Institut (PGI)
Quanten-Theorie der Materialien (PGI-1)

Ab initio investigation of topological  
magnetism in two-dimensional van der  
Waals heterostructures

Nihad Abuawwad

Schriften des Forschungszentrums Jülich
Reihe Schlüsseltechnologien / Key Technologies	 Band / Volume 291

ISSN 1866-1807		  ISBN 978-3-95806-808-7



Contents

Acknowledgments i

Abstract iii

Zusammenfassung v

List of publications vii

List of Symbols xi

1. Introduction 1

2. Theory of magnetism 7

2.1. Magnetic interactions and classical ground state . . . . . . . . . . . . . . . . 7

2.1.1. Exchange interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.2. Zeeman interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.3. Magnetocrystalline Anisotropy . . . . . . . . . . . . . . . . . . . . . . 9

2.1.4. Dzyaloshinskii–Moriya Interaction(DMI) . . . . . . . . . . . . . . . . 10

2.2. Generalized Heisenberg Hamiltonian . . . . . . . . . . . . . . . . . . . . . . 11

2.3. Spin spirals in two-dimensional lattices . . . . . . . . . . . . . . . . . . . . . 11

2.3.1. Some definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3.2. Case of a square lattice . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.3. Spin models on a general Bravais lattice . . . . . . . . . . . . . . . . 18

2.4. Topological magnetism: skyrmions and merons . . . . . . . . . . . . . . . . . 20

2.4.1. Skyrmions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4.2. Merons and antimerons . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3. Methods: Density Functional Theory 25

3.1. The many-body problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2. Density functional theory: Overview . . . . . . . . . . . . . . . . . . . . . . 26

3.2.1. Kohn-Sham Formulation . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.2. DFT for spin-polarized systems . . . . . . . . . . . . . . . . . . . . . 29

3.2.3. Approximations to the exchange-correlation energy functional . . . . 30

3.3. Plane wave basis and pseudopotentials method . . . . . . . . . . . . . . . . 30

3.3.1. Structural Optimization . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3.2. Quantum ESPRESSO code . . . . . . . . . . . . . . . . . . . . . . . 32

3.4. Korringa-Kohn-Rostoker (KKR) Green function method . . . . . . . . . . . 33

3.4.1. General properties of the Green function . . . . . . . . . . . . . . . . 33



xiv Contents

3.4.2. Voronoi construction in the full potential method . . . . . . . . . . . 36

3.4.3. Free electron gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.4.4. Single site scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4.5. Multiple scattering theory . . . . . . . . . . . . . . . . . . . . . . . . 40

3.4.6. Finite-temperature complex contour integration . . . . . . . . . . . . 41

3.4.7. Relativistic corrections . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.4.8. KKR self-consistent cycle . . . . . . . . . . . . . . . . . . . . . . . . 42

3.4.9. KKR for extraction of the magnetic interactions . . . . . . . . . . . . 43

3.4.10. JuKKR code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4. Atomistic spin model and machine learning concepts 48

4.1. Atomistic spin model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1.1. Landau-Lifshitz-Gilbert equation . . . . . . . . . . . . . . . . . . . . 49

4.1.2. Geodesic Nudged Elastic Band (GNEB) . . . . . . . . . . . . . . . . 50

4.1.3. Spirit code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2. Linear Spin Wave Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2.1. Holstein-Primakoff Transformation . . . . . . . . . . . . . . . . . . . 51

4.2.2. Bogoliubov Transformation . . . . . . . . . . . . . . . . . . . . . . . 53

4.2.3. SpinW code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.3. Machine learning techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.3.1. Bayesian optimization . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.3.2. Trust region Bayesian optimization . . . . . . . . . . . . . . . . . . . 56

4.3.3. Adversarial Bayesian optimization with Kalman filter (KFABO) . . . 57

5. Magnetoelastic coupling in free-standing 2D CrTe2 layer 59

5.1. Computational details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.1.1. First-principles calculations . . . . . . . . . . . . . . . . . . . . . . . 59

5.1.2. Magnetic interactions and atomistic spin relaxations . . . . . . . . . . 60

5.2. Geometric and magnetic properties . . . . . . . . . . . . . . . . . . . . . . . 60

5.3. Magnetic interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.4. Atomistic spin relaxation and magnetic ground states . . . . . . . . . . . . . 65

5.5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6. CrTe2 as a 2D material for topological magnetism in complex heterobilayers 69

6.1. Computational details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

6.2. New topological AFM magnetic state in monolayer CrTe2 . . . . . . . . . . . 71

6.3. Various stacking orders in CrTe2/XTe2 heterobilayers . . . . . . . . . . . . . 73

6.4. Topological magnetic states in CrTe2/XTe2 heterobilayers . . . . . . . . . . . 74

6.5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77



Contents xv

7. Electrical engineering of topological magnetism in 2D heterobilayers 79

7.1. Computational details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

7.2. Electric field modulation of the electronic properties in heterobilayers . . . . 81

7.3. Electric field control of magnetism in CrTe2/XTe2 heterobilayers . . . . . . . 83

7.4. Electric field control properties of topological states in CrTe2/XTe2 heterobi-

layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

7.5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

8. Active learning for spin waves probed by inelastic neutron scattering 88

8.1. Computational details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

8.2. Algorithm benchmarking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

8.3. Experimental spin wave spectrum fitting . . . . . . . . . . . . . . . . . . . . 93

8.4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

9. Conclusions 98

A. Appendix (Chapter 2) 102

A.1. Spin models on a Bravis lattice . . . . . . . . . . . . . . . . . . . . . . . . . 102

A.1.1. Exchange interactions . . . . . . . . . . . . . . . . . . . . . . . . . . 102

A.1.2. Dzyaloshinskii-Moriya interaction . . . . . . . . . . . . . . . . . . . 103

A.1.3. Magnetic anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

B. Appendix (Chapter 5) 105

B.1. Hubbard parameter U . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

C. Appendix (Chapter 6) 106

C.1. Electronic properties of the different stacking orders . . . . . . . . . . . . . . 106

C.2. Saddle points of the AFM merons, and FM skyrmions . . . . . . . . . . . . . 106

D. Appendix (Chapter 7) 108

E. Appendix (Chapter 8) 111

E.1. Algorithm benchmarking with choosing specific q-path, and inclusion DMI . 111

Bibliography 118



Schlüsseltechnologien / Key Technologies
Band / Volume 291
ISBN 978-3-95806-808-7

Schlüsseltechnologien / Key Technologies
Band / Volume 291
ISBN 978-3-95806-808-7

Ab initio investigation of topological magnetism  
in two-dimensional van der Waals heterostructures
Nihad Abuawwad

291

Sc
hl

üs
se

lte
ch

no
lo

gi
en

  
Ke

y 
Te

ch
no

lo
gi

es
A

b 
in

iti
o 

in
ve

st
ig

at
io

n 
of

 to
po

lo
gi

ca
l m

ag
ne

tis
m

 
in

 tw
o-

di
m

en
si

on
al

 v
an

 d
er

 W
aa

ls
 h

et
er

os
tr

uc
tu

re
s

N
ih

ad
 A

bu
aw

w
ad


	Front page
	Acknowledgments
	Abstract
	Zusammenfassung
	List of publications
	List of Symbols
	Introduction
	Theory of magnetism
	Magnetic interactions and classical ground state
	Exchange interaction
	Zeeman interaction
	Magnetocrystalline Anisotropy
	Dzyaloshinskii–Moriya Interaction(DMI)

	Generalized Heisenberg Hamiltonian
	Spin spirals in two-dimensional lattices
	Some definitions
	Case of a square lattice
	Spin models on a general Bravais lattice

	Topological magnetism: skyrmions and merons
	Skyrmions
	Merons and antimerons


	Methods: Density Functional Theory
	The many-body problem
	Density functional theory: Overview
	Kohn-Sham Formulation
	DFT for spin-polarized systems
	Approximations to the exchange-correlation energy functional

	 Plane wave basis and pseudopotentials method
	Structural Optimization
	Quantum ESPRESSO code

	Korringa-Kohn-Rostoker (KKR) Green function method
	General properties of the Green function
	Voronoi construction in the full potential method 
	Free electron gas
	Single site scattering
	Multiple scattering theory
	Finite-temperature complex contour integration
	Relativistic corrections
	KKR self-consistent cycle
	KKR for extraction of the magnetic interactions
	JuKKR code


	Atomistic spin model and machine learning concepts
	Atomistic spin model
	Landau-Lifshitz-Gilbert equation
	Geodesic Nudged Elastic Band (GNEB)
	Spirit code

	Linear Spin Wave Theory
	Holstein-Primakoff Transformation
	Bogoliubov Transformation
	SpinW code

	Machine learning techniques
	Bayesian optimization
	Trust region Bayesian optimization
	Adversarial Bayesian optimization with Kalman filter (KFABO) 


	Magnetoelastic coupling in free-standing 2D CrTe2 layer
	Computational details
	First-principles calculations
	Magnetic interactions and atomistic spin relaxations

	Geometric and magnetic properties
	Magnetic interactions
	Atomistic spin relaxation and magnetic ground states
	Conclusions

	CrTe2 as a 2D material for topological magnetism in complex heterobilayers
	Computational details
	New topological AFM magnetic state in monolayer CrTe2
	Various stacking orders in CrTe2/XTe2 heterobilayers
	Topological magnetic states in CrTe2/XTe2 heterobilayers
	Conclusions

	Electrical engineering of topological magnetism in 2D heterobilayers
	Computational details
	Electric field modulation of the electronic properties in heterobilayers
	Electric field control of magnetism in CrTe2/XTe2 heterobilayers
	Electric field control properties of topological states in CrTe2/XTe2 heterobilayers
	Conclusions

	Active learning for spin waves probed by inelastic neutron scattering
	Computational details
	Algorithm benchmarking
	Experimental spin wave spectrum fitting
	Conclusion

	Conclusions
	Appendix (Chapter 2)
	Spin models on a Bravis lattice
	Exchange interactions
	 Dzyaloshinskii-Moriya interaction 
	Magnetic anisotropy


	Appendix (Chapter 5)
	Hubbard parameter U

	Appendix (Chapter 6)
	Electronic properties of the different stacking orders
	Saddle points of the AFM merons, and FM skyrmions

	Appendix (Chapter 7)
	Appendix (Chapter 8)
	Algorithm benchmarking with choosing specific q-path, and inclusion DMI

	Bibliography



