
Magnetism and magnetization dynamics in thin film ferromagnets
Verhagen, T.G.A.

Citation
Verhagen, T. G. A. (2014, February 26). Magnetism and magnetization dynamics in thin film
ferromagnets. Casimir PhD Series. Retrieved from https://hdl.handle.net/1887/24306
 
Version: Not Applicable (or Unknown)
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/24306
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/24306


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/24306 holds various files of this Leiden University 
dissertation 
 
Author: Verhagen, T.G.A. 
Title: Magnetism and magnetization dynamics in thin film ferromagnets 
Issue Date: 2014-02-26 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/24306


Magnetism and magnetization dynamics

in thin film ferromagnets





Magnetism and magnetization dynamics

in thin film ferromagnets

Proefschrift

ter verkrijging van
de graad van Doctor aan de Universiteit Leiden,

op gezag van Rector Magnificus prof. mr. C.J.J.M. Stolker,
volgens besluit van het College voor Promoties

te verdedigen op woensdag 26 februari 2014
klokke 15.00 uur

door

Timotheus Guillaume Albertus Verhagen

geboren te Roosendaal en Nispen
in 1985



Promotiecommissie:

Promotores: prof. dr. J. Aarts Universiteit Leiden
prof. dr. J. M. van Ruitenbeek Universiteit Leiden

Overige leden: prof. dr. G. E. W. Bauer Technische Universiteit Delft &
Tohoku University

prof. dr. E. H. Brück Technische Universiteit Delft
dr. T. Pietsch Universität Konstanz
prof. dr. E. R. Eliel Universiteit Leiden
prof. dr. E. J. J. Groenen Universiteit Leiden
prof. dr. ir. T. H. Oosterkamp Universiteit Leiden
dr. M. J. A. de Dood Universiteit Leiden

©2014 Tim Verhagen, cba

This work is licensed under a
Creative Commons Attribution – NonCommercial – ShareAlike 3.0
Unported license. Visit http://creativecommons.org/licenses/by-
sa/3.0/ to view a copy of this license.

ISBN: 978-90-8593-177-5

Casimir PhD series, Leiden-Delft 2013 – 37

Printed by Proefschriftmaken.nl

An electronic version of this dissertation is available at
https://openaccess.leidenuniv.nl







Contents

Contents vii

1 Radiation & Spins 1
1.1 Light-emitting diodes . . . . . . . . . . . . . . . . . . . . . 2
1.2 Semiconductor laser . . . . . . . . . . . . . . . . . . . . . 5
1.3 THz gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Spintronics . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Theory 9
2.1 Magnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Spin current . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 Ferromagnetic heterostructures . . . . . . . . . . . . . . . 13
2.4 Magnetization dynamics . . . . . . . . . . . . . . . . . . . 16
2.5 Spin-flip laser . . . . . . . . . . . . . . . . . . . . . . . . . 24

3 Point contact spectroscopy 29
3.1 Point contact spectroscopy - theoretical . . . . . . . . . . 29
3.2 Point contact spectroscopy - experimental . . . . . . . . . 32
3.3 Spin-flip laser . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.5 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4 Sm-Co thin films 43
4.1 Sm-Co based magnetic materials . . . . . . . . . . . . . . 43
4.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.3 Magnetic properties of Sm-Co thin films grown on MgO(100)

deposited from a single alloy target . . . . . . . . . . . . . 51
4.4 Sm-Co thin films grown by cosputtering Sm and Co . . . 64

vii



5 Temperature dependence of the Gilbert damping in thin Co/
Pt bilayers 75
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.2 Ferromagnetic resonance in thin magnetic films . . . . . 76
5.3 Damping in thin magnetic films . . . . . . . . . . . . . . . 80
5.4 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.5 FMR measurements . . . . . . . . . . . . . . . . . . . . . . 88
5.6 Spin pumping detected by the inverse spin Hall effect . . 92
5.7 Low temperature electrical characterisation . . . . . . . . 99
5.8 Low temperature spin pumping . . . . . . . . . . . . . . 99
5.9 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.10 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6 Spin-orbit torque in SiOx/Co/Cu bilayers 111
6.1 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
6.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
6.3 δ-doping with magnetic impurities . . . . . . . . . . . . . 118
6.4 Evaluation of the FMR measurements . . . . . . . . . . . 121
6.5 Electric manipulation of the magnetization precession us-

ing the SHE . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.6 Substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

A Hall measurements 129
A.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

Bibliography 135

Summary 147

Samenvatting 151

Curriculum Vitae 155

Publications 157

Acknowledgments 159

viii


