Topological properties of complex magnets from
an advanced ab-initio Wannier description

Jan-Philipp Hanke

Schlisseltechnologien/ Key Technologies
Band/Volume 183
ISBN 978-3-95806-357-0

IJ JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Forschungszentrum Jilich GmbH
Peter Griinberg Institut (PGI)
Quanten-Theorie der Materialien (PGI-1/1AS-1)

Topological properties of complex
magnets from an advanced ab-initio
Wannier description

Jan-Philipp Hanke

Schriften des Forschungszentrums Jilich
Reihe Schlisseltechnologien / Key Technologies Band/Volume 183

ISSN 1866-1807 ISBN 978-3-95806-357-0



Contents

Introduction

Density functional theory

2.1 Many-body problem in quantum mechanics . . . . . .. ... ..
2.2 The Thomas-Fermi model . . . . ... ... ... ... .....
2.3 The seminal theorems by Hohenberg and Kohn . . . . . . . . ..
2.4 Towards practical schemes: The Kohn-Sham equations . . . . .
2.5 Treatment of spin-polarized systems . . . . . .. ... ... ...
2.6 Exchange and correlation effects . . . . . . ... ... ... ...

Full-potential linearized augmented-plane-wave method

3.1 Basis sets for density functional theory . . . . .. ... ... ..
3.1.1  Augmented plane-waves . . . . . ... ... ... ...
3.1.2 Linearized augmented-plane-waves . . .. . .. .. ...
3.1.3  Extending the basis set by local orbitals . . . . . . ...
3.1.4 Potential-shape approximations . . . . . ... ... ...
3.2 Construction of Hamiltonian matrix . . . . . . . ... ... ...
3.2.1 Generalized eigenvalue problem . . . .. ... ... ...
3.2.2  Mulffin-tin and interstitial contributions . . . . . . . . . .
3.2.3 Describing thin films and surfaces . . . . . ... ... ..
3.3 Relativistic calculations of valence electrons . . . . . ... ...
3.3.1 Kohn-Sham-Dirac equation . . .. ... ... .. ... ..
3.3.2  Scalar relativistic approximation . . . . . .. . ... . ..
3.4 Non-collinear magnetism . . . . . .. ... ... .. .. ....

Berry phase effects in complex magnets

4.1  What is the Berry phase? . . . . . . . .. ... ... ... ...,
4.1.1 Adiabatic time evolution . . . . . .. ... ... ... ..
4.1.2 Handbook of geometric quantities . . . . . . .. ... ..
4.1.3 Example 1: Spin-1/2 and magnetic monopoles . . . . . .
4.1.4 Example 2: Aharonov-Bohm effect and topology . . . . .
4.2 Geometric effects due to momentum-space curvature . . . . . . .
4.2.1 Berry curvature in momentum space . . . . . . .. ...
422 Halleffects . ... ... .. ... ... ...
4.2.3 Orbital magnetism . . . . . ... ... ... .. .. ..
4.3 Geometric effects due to mixed-space curvature . . . . ... ..
4.3.1 Berry curvature in mixed space . . .. . ... ... ...
4.3.2 Spin-orbit torques . . . . . . ...
4.3.3 Dzyaloshinskii-Moriya interaction . . . . .. . ... ...
4.4 Geometric effects due to real-space curvature . . . . . . ... ..

Wannier functions

5.1 Basic definition and properties . . . . . . ... ...
5.2 Maximally-localized Wannier functions . . . . . .. .. ... ..
5.3  Wannier interpolation . . . . . . .. ... oL

10
11
13
15

17
17
17
19
21
21
22
22
22
24
26
27
27
29

31
31
31
33
35
37
38
38
39
42
46
46
48
52
59

57
o7
59
62

ix



Contents

10

5.3.1
5.3.2
5.3.3
5.3.4

Band structure . . . ... ..o oo
Intrinsic anomalous Hall conductivity . . . . . . .. .. ...
Orbital magnetization . . . . . ... ... ... ... ....
Orbital magnetism within FLAPW . . . ... ... ... ..

Orbital magnetism in periodic crystals

Elementary ferromagnets Fe, Co,and Ni . . . . . . ... ... ...
Structurally and chemically complex systems . . . . . . .. ... ..
Chern insulators . . . . . . . . ...
Topological orbital ferromagnetism . . . . .. ... ... ... ...

6.1
6.2
6.3
6.4

6.4.1
6.4.2
6.4.3

Monolayer of Mn on Cu(111) substrate . . . . . .. ... ..
Bulk antiferromagnet v-FeMn . . . . . ... ... ... ...
Material candidates and experimental verification . . . . . .

Higher-dimensional Wannier functions
Why to go beyond Wannier functions? . . . .. ... ... ... ..
Orthogonality problem and its solution . . . . ... ... ... ...

7.1
7.2

7.3

7.4

721
7.2.2

Transition to higher dimensions . . . . . . . . ... ... ..
Product states and composite Hamiltonian . . . . . . . . ..

Definition and maximal localization . . . . . . . . . ... ... ...

7.3.1
7.3.2
7.3.3

Centers and spread inreal space . . . . . . . ... ... ...
Iterative spread minimization . . . . . . .. ... ... ...
HDWFs for the magnetization direction . . .. ... .. ..

Higher-dimensional Wannier interpolation . . . . ... ... .. ..

74.1
7.4.2
7.4.3
744
7.4.5

Multiparameter Hamiltonian . . . . . . . . .. .. ... ...
Pure and mixed Berry curvatures . . . . . .. ... ... ..
Spiralization tensor . . . . . ... ... L.
Spiralization within FLAPW . . . . .. ... ... ... ...
Velocity and torque operator . . . . . .. .. ... ... ...

SOTs and DMI in metallic heterostructures
Chiral magnet Mn/W(001) . . . . .. .. ... ... ... ......
Co-based trilayer systems . . . . . . . . ... ... oL

8.1
8.2

8.2.1
8.2.2

Dependence on the overlayer composition . . . . . . . .. ..
Anisotropy with the magnetization direction . . . . . . . . .

Topology for electrical magnetization control

Prelude. . . . . . . .
Mixed Weyl semimetals . . . . . . .. ... . oL
Tight-binding considerations . . . . . . .. ... .. ... ... ...
First-principles theory . . . . . . .. ... . oL

9.1
9.2
9.3
94

9.5
9.6

9.4.1
9.4.2
9.4.3

Magnetically doped Graphene . . . . . . .. ... ... ...
Functionalized bismuth bilayer . . . . . . ... ... ... ..
Torque due to magnetic anisotropy . . . . . .. .. .. ...

Nature of the electric-field response . . . . . . .. .. .. ... ...
Discussion and outlook . . . . . . ... ... ... ... ... ...

Summary and conclusions

71
71
73
75
76
7
80
86

89
90
91
91
93
94
95
96
97
100
100
102
104
107
110

111
111
115
115
119

123
123
124
126
128
128
128
130
130
132

137



Contents

A Computational details
A.1 Elementary bulk ferromagnets . . . . . ... ... ... ..
A2 Mn/W(001) . . ...
A.3 Magnetically doped graphene . . . . . ... ... ... ... ...
A4 Mn/Cu(l1l) . . . oo
AL ~w-FeMn . ...
A6 Co-based trilayers . . . . . . . ...
A.7 Semi-hydrogenated Bi(111) bilayer. . . . .. . .. ... ... ...
A.8 GaBi film with an exchange field . . . . . . ... ... ... .....

B Dzyaloshinskii-Moriya interaction and disorder
List of Figures

List of Tables

List of Abbreviations

Bibliography

Publications

149

151

153

155

173

xi



Schlisseltechnologien / Key Technologies
Band/Volume 183
ISBN 978-3-95806-357-0

9 JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



	Contents
	Introduction
	Density functional theory
	Many-body problem in quantum mechanics
	The Thomas-Fermi model
	The seminal theorems by Hohenberg and Kohn
	Towards practical schemes: The Kohn-Sham equations
	Treatment of spin-polarized systems
	Exchange and correlation effects

	Full-potential linearized augmented-plane-wave method
	Basis sets for density functional theory
	Augmented plane-waves
	Linearized augmented-plane-waves
	Extending the basis set by local orbitals
	Potential-shape approximations

	Construction of Hamiltonian matrix
	Generalized eigenvalue problem
	Muffin-tin and interstitial contributions
	Describing thin films and surfaces

	Relativistic calculations of valence electrons
	Kohn-Sham-Dirac equation
	Scalar relativistic approximation

	Non-collinear magnetism

	Berry phase effects in complex magnets
	What is the Berry phase?
	Adiabatic time evolution
	Handbook of geometric quantities
	Example 1: Spin-1/2 and magnetic monopoles
	Example 2: Aharonov-Bohm effect and topology

	Geometric effects due to momentum-space curvature
	Berry curvature in momentum space
	Hall effects
	Orbital magnetism

	Geometric effects due to mixed-space curvature
	Berry curvature in mixed space
	Spin-orbit torques
	Dzyaloshinskii-Moriya interaction

	Geometric effects due to real-space curvature

	Wannier functions
	Basic definition and properties
	Maximally-localized Wannier functions
	Wannier interpolation
	Band structure
	Intrinsic anomalous Hall conductivity
	Orbital magnetization
	Orbital magnetism within FLAPW


	Orbital magnetism in periodic crystals
	Elementary ferromagnets Fe, Co, and Ni
	Structurally and chemically complex systems
	Chern insulators
	Topological orbital ferromagnetism
	Monolayer of Mn on Cu(111) substrate
	Bulk antiferromagnet g-FeMn
	Material candidates and experimental verification


	Higher-dimensional Wannier functions
	Why to go beyond Wannier functions?
	Orthogonality problem and its solution
	Transition to higher dimensions
	Product states and composite Hamiltonian

	Definition and maximal localization
	Centers and spread in real space
	Iterative spread minimization
	HDWFs for the magnetization direction

	Higher-dimensional Wannier interpolation
	Multiparameter Hamiltonian
	Pure and mixed Berry curvatures
	Spiralization tensor
	Spiralization within FLAPW
	Velocity and torque operator


	SOTs and DMI in metallic heterostructures
	Chiral magnet Mn/W(001)
	Co-based trilayer systems
	Dependence on the overlayer composition
	Anisotropy with the magnetization direction


	Topology for electrical magnetization control
	Prelude
	Mixed Weyl semimetals
	Tight-binding considerations
	First-principles theory
	Magnetically doped Graphene
	Functionalized bismuth bilayer
	Torque due to magnetic anisotropy

	Nature of the electric-field response
	Discussion and outlook

	Summary and conclusions
	Computational details
	Elementary bulk ferromagnets
	Mn/W(001)
	Magnetically doped graphene
	Mn/Cu(111)
	g-FeMn
	Co-based trilayers
	Semi-hydrogenated Bi(111) bilayer
	GaBi film with an exchange field

	Dzyaloshinskii-Moriya interaction and disorder
	List of Figures
	List of Tables
	List of Abbreviations
	Bibliography
	Publications
	Leere Seite
	Leere Seite



