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Kurzfassung	
	

Elementspezifische	 Detektion	 von	 Magnetisierungsdynamik	 mittels	 Scanning	

Transmission	X-ray	Microscopy	

	

In	dieser	Arbeit	wurde	die	Magnetisierungsdynamik	von	mikro-	und	nanometergro-

ßen	Proben	elementspezifisch	und	ortsaufgelöst	(<	50	nm)	mittels	Scanning	X-ray	

Microscopy	 detektierter	 ferromagnetische	 Resonanz	 (STXM-FMR)	 gemessen,	 die	

zeitaufgelöste	Messungen	<	20	ps	ermöglicht.		

	

STXM-FMR	hat	den	Ursprung	von	Resonanzen	 in	einer	Py/Co-Disk/Streifen-Dop-

pelschicht	Mikrostruktur	(2,5	µm	30	nm/2	µm	0,5	µm	30	nm)	gezeigt,	die	durch	

konventionelle	 ferromagnetische	Resonanz	 (FMR)	detektiert	wurden.	 Es	werden	

uniforme	Resonanzen	in	Py	und	Co	und	eine	austauschgekoppelte	Resonanz	beider	

Probenteile	nachgewiesen.	Die	elementspezifischen	Messungen	an	den	Ni	L3-	und	

Co	L3-Röntgenabsorptionskanten	zeigten	einen	Drehimpulsübergang	von	Py	auf	Co	

und	umgekehrt	bei	den	jeweiligen	Hauptresonanzen.	Bei	der	gekoppelten	Resonanz	

konnte	ein	erweiterter	Präzessionskegel	der	Magnetisierung	nachgewiesen	werden.	

Durch	 eine	 Amplituden-	 und	 Phasenanalyse	 der	 STXM-FMR-Daten	 an	 der	 Co	 L3-

Kante	konnte	eine	inhomogene	Anregung	des	Streifens	aufgrund	des	Streufeldein-

flusses	 an	 den	 Streifenkanten	 aufgezeigt	 werden.	 Uniforme	 und	 nicht-uniforme	

Spinwellen	wurden	für	einen	einzelnen	Py-Streifen	(5	µm	·	1	·	µm	·	30	nm)	und	für	

zwei	 Streifen	 mit	 gleichen	 Abmessungen	 in	 T-	 und	 L-förmigen	 Geometrien	 mit	

STXM-FMR	untersucht,	welche	gerichtete	Oszillationen	zeigen.	Mikromagnetische	

Simulationen	bestätigen	dieses	unerwartete	Verhalten,	welches	auf	die	Streufeld-

verteilung	zurückgeführt	wird,	die	zu	zusätzlichen	Resonanzmoden	an	den	Streifen-

kanten	führt,	wodurch	ein	Phasengradient	der	Magnetisierung	erzeugt	wird,	der	die	

gerichtete	 Oszillation	 der	 Spinwellen-Moden	 verursacht.	 STXM-FMR-Messungen	

von	Yttrium-Eisen-Granat-Nanopartikeln	zeigten	eine	Verteilung	von	Anregungen	

mit	 unterschiedlicher	 Phase	 im	 untersuchten	 YIG-Partikelagglomerat.	 Erstmals	

konnte	 die	 FMR	 von	 Segmenten	 einer	 bi-segmentierten	 Fe3O4-Nanopartikelkette	

mit	einer	räumlichen	Auflösung	von	<	50	nm	elementspezifisch	und	ortsaufgelöst	

gemessen	werden.	
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Abstract	
	

Element-specific	detection	of	magnetization	dynamics	using	Scanning	Transmission	

X-ray	Microscopy	

	

In	this	thesis,	the	magnetization	dynamics	of	micro-	and	nanometer-sized	samples	

were	element	specifically	and	spatially	resolved	(<	50	nm)	measured	by	Scanning	

Transmission	X-ray	Microscopy	detected	Ferromagnetic	Resonance	(STXM-FMR),	

which	offers	time-resolved	measurements	at	<	20	ps.	

	

STXM-FMR	has	clarified	the	origin	of	resonances	in	a	Py/Co	disk/stripe	bilayer	mi-

crostructure	(2.5	µm	×	30	nm/2	µm	×	0.5	µm	×	30	nm)	detected	by	conventional	Fer-

romagnetic	Resonance	(FMR).	Uniform	resonances	in	Py	and	Co	and	an	exchange	

coupled	resonance	of	both	constituents	are	revealed.	The	element-specific	measure-

ments	at	the	Ni	L3	and	Co	L3	X-ray	absorption	edges	showed	an	angular	momentum	

transfer	from	Py	to	Co	and	vice	versa	at	the	Py	and	Co	resonance,	respectively.	At	

the	coupled	resonance,	an	enhanced	precession	cone	of	the	magnetization	could	be	

shown.	Due	to	an	amplitude	and	phase	analysis	of	the	STXM-FMR	data	at	the	Co	L3	

edge,	an	inhomogeneous	excitation	of	the	stripe	due	to	the	stray	field	influence	at	

the	stripe	edges	could	be	revealed.	Uniform	and	non-uniform	spin	waves	have	been	

investigated	by	STXM-FMR	for	a	single	Py	stripe	(5	µm	×	1	µm	×	30	nm)	and	for	two	

stripes	with	 the	 same	dimensions	 in	T-	 and	L-	 shaped	geometries,	 showing	a	di-

rected	oscillatory	behavior	of	the	modes.	These	unexpected	observations	are	con-

firmed	by	micromagnetic	simulations.	They	are	attributed	to	the	stray	field	distri-

bution,	which	results	 in	 the	excitation	of	additional	resonant	modes	at	 the	stripe	

edges,	which	generate	a	phase	gradient	of	the	magnetization	causing	the	spin	wave	

modes’	directed	oscillation.		

	

STXM-FMR	measurements	of	Yttrium	Iron	Garnet	nanoparticles	revealed	a	distribu-

tion	of	excitations	with	different	phase	in	the	investigated	YIG	particle	agglomerate.	

For	the	first	time	the	resonant	response	of	segments	of	a	bi-segmented	Fe3O4	nano-

particle	chain	with	a	spatial	resolution	of	<	50nm	could	be	element-specifically	and	

spatially	resolved	measured.	
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1. Introduction	
	

The	challenges	encountered	in	the	development	of	computer	and	information	tech-

nology,	e.	g.	heat	dissipation	and	power	consumption	[1],	require	new	technological	

approaches	to	overcome	these	limitations.	The	use	of	spins	as	information	units	is	

proposed	 in	 spintronics	 and	 magnonics	 [2-5].	 Chumak	 et	 al.	 have	 successfully	

demonstrated	 the	 functionality	 of	magnon	 based	 logic	 devices,	 showing	 the	 first	

magnon	based	transistor	[6].	Further	investigations	are	reported	in	e.	g.	[7,	8].	The	

use	of	magnetic	nanoparticles	for	soliton	based	logic	devices	was	first	suggested	in	

[9]	and	further	investigated	in	e.	g.	[10].	A	magnon	based	approach	of	realizing	logic	

devices	using	magnetic	nanoparticles,	which	are	naturally	grown	inside	magneto-

tactic	bacteria,	was	introduced	in	[11].	Here,	the	magnon	dispersion	can	be	manip-

ulated	by	changing	the	nanoparticles’	arrangement	within	the	body	of	the	bacteria,	

which	can	be	achieved	by	modifying	the	DNA	of	the	bacteria	[11].		

	

The	 development	 in	 these	 fields	 requires	 to	 understand	 the	 static	 and	 dynamic	

properties	of	the	magnetization	in	such	systems.	Standard	devices	to	measure	the	

field-	and	temperature-dependent	magnetization	are	Vibrating	Sample	Magnetom-

eter	(VSM)	[12]	and	Superconducting	Quantum	Interference	Device	(SQUID)	[13].	

A	standard	technique	to	probe	dynamic	magnetization	properties	is	Ferromagnetic	

resonance	(FMR)	[14]	(chapter	2.2).	To	measure	samples	with	a	small	amount	of	

material,	e.	g.	magnetic	nanoparticles,	FMR	based	on	so-called	micro-resonators	is	

used	[15-18].	The	conventional	FMR	measurement	technique	lacks	spatial	resolu-

tion	in	the	micro-	and	nanometer	scale.	This	makes	it	impossible	to	assign	the	reso-

nant	response	to	single	particles	or	elements,	which	is	needed	to	understand	and	

control	the	dynamic	behavior	e.	g.	of	spintronic	devices	and	magnetic	nanoparticles	

used	for	computational	applications	[9-11],	as	well	as	for	biomedical	[19-22]	and	

nano-mechanical	 [23,	 24]	 applications.	 Micromagnetic	 simulations	 [25-29]	 have	

proven	to	be	a	valuable	addition	to	conventional	FMR	measurements	(see	e.	g.	chap-

ter	4,	5.2	and	[11,	30]),	allowing	to	simulate	the	dynamic	excitation	of	a	micro-	or	

nanostructured	sample	and	extract	its	spatial	dependent	information,	e.	g.	[11].		
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For	the	experimental	visualization	of	magnetization	dynamics	several	spatially	re-

solved	techniques	are	available,	differing	in	their	advantages.	Brillouin	Light	Scat-

tering	 (BLS)	 [31,	 32]	 is	 a	 non-element-specific	 technique	 allowing	 time-resolved	

measurements	 in	 the	 nanoseconds	 regime	with	 a	 spatial	 resolution	 of	~	250	nm	

(microBLS	[32])	and	<	55	nm	with	additional	near	field	optics	[31].	Time-resolved	

Magnetooptical	Kerr-Effect	(TR-MOKE)	offers	no	element-specificity,	but	high	time	

resolutions	 in	 the	 ps	 to	 fs	 regime	 [33].	 The	 spatial	 resolution	 is	 <	300	nm	 and	

<	50	nm	with	near	field	optics	[33].	Scanning	Electron	Microscopy	with	Polarization	

Analysis	(SEMPA)	and	Spin-Polarized	Low-Energy	Electron	Microscopy	(SPLEEM)	

offer	non-element	specific	measurements	of	the	magnetization	with	a	spatial	reso-

lution	of	≥	3	nm	(SEMPA)	[34]	and	10	nm	to	20	nm	(SPLEEM)	[35].	The	time	reso-

lution	is	in	the	several	hundreds	of	ps	regime	for	SEMPA	[34]	and	in	the	seconds	

regime	for	SPLEEM	[36].	The	non-element	specific	Ultrafast	Lorentz	Microscopy	of-

fers	a	spatial	resolution	on	the	atomic	length	scale,	and	the	time-resolved	detection	

of	excitations	in	the	MHz	regime	was	demonstrated	in	[37].	Femtosecond	Lorentz	

Microscopy	with	>	100	nm	spatial	resolution	with	a	time	resolution	of	700	fs	was	

shown	in	[38].	A	new	approach	detecting	FMR	excitations	(up	to	the	X-band	[39]	

regime)	with	ps	time	resolution	using	a	Transmission	Electron	Microscope	was	de-

veloped	by	B.	Zingsem	in	his	PhD	project	[40].	The	current	 instrument	offers	na-

nometer	spatial	resolution,	which	was	demonstrated	on	Fe3O4	nanoparticles	inside	

a	magnetotactic	bacterium	[40].	The	work	is	not	published	as	of	July	2020.	

	

An	element-specific	pump-probe	technique	with	a	time	resolution	down	to	10	ps	is	

X-ray	excited	Photoemission	Electron	Microscopy	(X-PEEM)	[41].	The	detection	of	

excitations	in	the	low	GHz	regime	(1.25	GHz	in	[41])	is	demonstrated	in	[41].	The	

spatial	resolution	is	<	10	nm	using	UV	excitations	(PEEM)	[42].	FMR	excitations	up	

to	15	GHz	of	periodic	sample	arrangements	can	element-specifically	be	probed	by	

X-ray	Diffractive	Ferromagnetic	Resonance	(DFMR)	with	≤	1	nm	spatial	resolution	

and	ps	time	resolution	[43].	

	

A	tabular	overview	of	several	spatially	and	in	part	time-resolved	techniques	for	the	

detection	of	the	magnetization	is	given	in	the	appendix	in	chapter	7.2.	
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In	this	work	the	element-specific,	time	(≥	17	ps)	and	spatially	(<	50	nm)	resolved	

technique	of	Scanning	Transmission	X-ray	Microscopy	detected	Ferromagnetic	Res-

onance	(STXM-FMR)	[30,	44-48]	is	used,	which	combines	high	spatial	and	temporal	

resolution	and	allows	to	detect	continuous	wave	excitations	of	the	magnetization	up	

to	10	GHz	in	periodic	and	non-periodic	micro-	and	nanostructures	(STXM	mapping)	

[44].	As	for	X-PEEM	the	element	specificity	is	achieved	due	to	the	use	of	the	X-ray	

Magnetic	Circular	Dichroism	(XMCD)	effect,	making	possible	the	characterization	of	

multimaterial	sample	systems	e.	g.	in	the	scope	of	the	research	on	spin	valves	[49-

51]	or	magnetocaloric	materials	[52].		

	

In	the	field	of	spintronic	spin	currents	in	multimaterial	devices	are	investigated	e.	g.	

[2,	3,	53,	54].	In	this	thesis	this	topic	is	addressed	by	STXM-FMR	measurements	on	

a	prototype	Permalloy	(Py)/Cobalt	(Co)	disk/stripe	bilayer	microstructure	to	ex-

amine	the	coupling	and	angular	momentum	transfer	behavior	of	such	a	multimate-

rial	systems	(chapter	4.1)	[48].	

	

To	understand	the	influence	of	magnetic	dipolar	coupling	on	uniform-	and	non-uni-

form	spin	waves,	such	excitations	were	investigated	by	STXM-FMR	in	micrometer-

sized	Py	stripe	ensembles	arranged	as	a	single	stripe	and	in	T-	and	L-shape	geome-

tries	consisting	of	 two	stripes	(chapter	4.2).	Micromagnetic	simulations	were	ex-

ploited	to	elucidate	the	stray	field	influence	on	the	oscillation	of	the	experimentally	

observed	spin	wave	modes.	The	measurement	and	simulation	data	were	published	

in	part	in	[30].	

	

To	demonstrate	a	first	proof	of	nanometer	scale	resolution	of	STXM-FMR,	the	reso-

nant	response	of	a	cluster	of	Yttrium	Iron	Garnet	(YIG)	nanoparticles	was	measured.	

The	findings	are	shown	in	chapter	5.1.	

	

The	investigations	on	biomagnonic	computing	presented	in	[11]	opened	the	path-

way	to	the	research	of	magnonic	logic	devices	based	on	biologically	produced	nano-

particle	ensembles	with	different	arrangements.	STXM-FMR	offers	the	needed	spa-

tial	and	time	resolution	for	the	development	of	such	logic	devices	operating	in	the	

GHz	regime.	This	is	proved	by	the	first	element-specific,	spatially,	and	time	resolved	
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measurements	of	FMR	of	Fe3O4	nanoparticle	chains	situated	within	magnetotactic	

bacteria.	The	investigations	are	presented	in	chapter	5.2.		

	

As	 the	gathered	STXM-FMR	and	micromagnetic	datasets	 are	 too	numerous	 to	be	

presented	in	total	within	this	thesis’	main	body,	these	findings	are	shown	in	the	ap-

pendix	(chapter	7).	The	fundamental	physical	concepts	and	the	elucidation	of	the	

experimental	techniques	are	presented	in	chapter	2	and	3.		
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2. Fundamentals	
	

This	chapter	summarizes	the	contributions	of	magnetic	anisotropies	and	magnetic	

interactions	to	the	free	energy	density	of	a	sample	system,	followed	by	descriptions	

of	ferromagnetic	resonance,	and	the	X-ray	magnetic	circular	dichroism	effect.	For	

detailed	descriptions	of	magnetic	interactions	like	spin-orbit	coupling	[14,	55-57],	

magnetic	dipolar	interaction	[56],	and	magnetic	exchange	interaction	[58-60],	the	

reader	is	directed	to	the	corresponding	here	given	literature.	The	used	coordinate	

system	 is	 shown	 in	 Figure	1.	 The	 angular	 dependencies	 of	 the	magnetization,	 as	

shown	in	Figure	1,	also	can	be	described	in	the	framework	of	directional	cosines,	

which	are	defined	as	[56]:	

	

α1=sin θ cosϕ	 	

α2=sin θ sinϕ	 	 	 	 	 	 	 	 	 (1).	

α3=cosϕ	 	

	
	

Figure	1:	Coordinate	system	and	angular	dependencies	of	the	magnetization	used	in	
this	work.	The	in-plane	rotation	angle	of	the	magnetization	M	is	denoted	as	ϕ,	while	
the	out-of-plane	rotation	angle	is	denoted	as	θ.	Figure	redrawn	from	[56].	
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2.1. Magnetic	anisotropies	
	

Due	to	the	coupling	of	the	magnetic	moments	µ	by	magnetic	exchange	interaction	in	

ferro-,	 ferri-	and	antiferromagnetic	materials	 [58-60],	 the	magnetization	M	 is	 the	

investigated	quantity	in	such	materials.	It	is	defined	with	the	volume	V	as	[57]:	

	

M=
∑ µ

V
		 	 	 	 	 	 	 	 	 	 (2).	

	

The	 magnetization	 prefers	 its	 orientation	 into	 certain	 so-called	 easy	 directions,	

which	are	defined	e.	g.	by	the	crystallographic	axis	of	a	sample	or	its	shape	[56].	By	

applying	an	external	magnetic	field	BExt,	M	can	be	rotated	into	arbitrary	directions	

depending	on	the	field	strength	necessary	to	overcome	the	corresponding	anisot-

ropy	energy	or	anisotropy	field,	respectively.	The	so-called	effective	magnetic	field	

BEff,	combines	the	contributions	of	magnetic	anisotropies	BAnis,	the	demagnetization	

field	BDemag,	 high-frequency	magnetic	 excitations	bhf*	and	other	magnetic	 interac-

tions	BIA	(e.	g.	the	antisymmetric	exchange	called	Dzyaloshinskii–Moriya	interaction	

(DMI)	[61,	62]):	

	

BEff=BExt+bhf+BDemag+BAnis+BIA	 	 	 	 	 	 	 (3).	

	

The	statistical	canonical	ensemble	is	used	to	describe	the	energy	of	the	designated	

sample	systems	[63].	It	defines	the	total	differential	of	the	free	energy	density	dF	

with	the	total	differentials	of	the	internals	energy	dU,	the	entropy	dS,	and	the	volume	

dV,	together	with	the	temperature	T	and	the	ambient	pressure	p	as	[63]:	

	

dF= dU}
Tds-pdV+BeffdM

-TdS-SdT-pdV	 	 	 	 	 	 	 (4).	

					=-pdV+BEffdM-SdT	 	

	

In	the	case	of	no	volume	change	and	a	constant	temperature	equation	(4)	can	be	

written	as	[63]:	

	

	
*	Dynamic	quantities	are	indicated	by	small	letters	in	this	thesis.	
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dF=BEffdM	 	 	 	 	 	 	 	 	 	 (5).	

	

The	typical	way	to	describe	the	different	magnetic	contributions	of	a	corresponding	

sample	system	uses	free	energy	density	terms.	Using	the	term	FZeeman	[57]	to	express	

the	influence	of	an	external	magnetic	field,	equation	(3)	can	be	rewritten	as	[14]:	

	

F= FZeeman~����
-BExtM

+Fhf+FDemag,	Shape+FAnis+FIA	 	 	 	 	 	 (6).	

	

For	the	free	energy	density	terms	above	the	angular	dependencies	of	the	magneti-

zation	(Figure	1)	are	described	with	the	directional	cosines	(chapter	2)	[56].	

	

2.1.1. Magnetic	shape	anisotropy	
	

The	magnetic	shape	anisotropy	originates	in	the	magnetic	dipolar	interaction	and	is	

governed	by	the	shape	of	the	sample,	resulting	in	preferred	directions	of	the	mag-

netization,	with	the	special	case	of	spherical	bodies,	which	show	an	isotropic	behav-

ior	of	M	[56].	From	the	poles	at	the	edges	of	a	sample,	a	stray	field	is	formed	(Figure	

2),	while	inside	the	sample	a	demagnetization	field	is	generated,	which	points	into	

the	opposite	direction	of	the	orientation	of	B	[57].	To	minimize	the	internal	energy	

magnetic	domains	are	formed	in	the	body,	which	minimize	the	stray	field	(Figure	2)	

[57].	

	

	
Figure	2:	Visualization	of	the	minimization	of	the	stray	field	and	the	formation	of	
magnetic	domains.	Figure	adapted	and	redrawn	from	[57].	
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Due	to	the	shape	of	a	sample,	the	magnetization	aligns	along	preferred	directions,	e.	

g.	along	the	long	edge	of	the	schematically	displayed	sample	in	Figure	2.	The	influ-

ence	of	the	sample	shape	on	the	demagnetization	field	BDemag	is	defined	by	the	de-

magnetization	tensor	N	[56]:	

	

N=�
N1 0 0
0 N2 0
0 0 N3

�	 	 	 	 	 	 	 	 	 (7).	

	

A	perfectly	spherical	body	has	the	relation	N1	=	N2	=	N3	=1/3,	showing	no	anisot-

ropy	behavior	[56].	For	many	samples	an	ellipsoidal	approximation	of	the	shape	can	

be	used,	as	shown	for	a	variety	of	aspect	ratios	in	[64].	Aharoni	derived	an	analytical	

expression	for	the	demagnetization	factors	of	rectangular	ferromagnetic	prisms	in	

[65].	The	equations	are	presented	in	the	appendix	in	chapter	7.1.	With	equation	(7)	

the	free	energy	density	is	written	as	[56,	66]:	

	

FDemag,	Shape=
1
2	V∫µ0	M	N~����

-BDemag

	M	dV	 	 	 	 	 	 	 (8)	

	

where	µ0	is	the	magnetic	permeability	of	the	vacuum.	Equation	(8)	can	be	rewritten	

using	the	definitions	in	equation	(1)	[56]:	

	

FDemag,	Shape=
1
2	V∫�N1α1

2+N2α22+N3α32�µ0M2dV= µ0
2
M	N	M	 	 	 (9).	

	

2.1.2. Magneto	crystalline	anisotropy	
	

The	magneto	crystalline	anisotropy	is	governed	by	the	spin-orbit	 interaction	e.	g.	

[55-57]	 and	 causes	 the	 orientation	 of	 the	magnetization	 along	 certain	 preferred	

crystallographic	directions.	In	case	of	a	uniaxial	magneto	crystalline	anisotropy	the	

free	energy	density	is	defined	with	the	uniaxial	anisotropy	constants	KUj	as	[14]:	

	

Funiaxial=KU0+KU2α32+KU4α34+KU6�α14+α24�+…	 	 	 	 	 (10).	
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The	cubic	magneto	crystalline	anisotropy	is	written	with	the	cubic	anisotropy	con-

stants	Kj	as	[14,	56,	57]:	

	

Fcubic=K0+K4�α12α22+α12α32+α22α32�+K6�α12α22α32�+…	 	 	 	 (11)	

	

using	the	nomenclature	defined	in	[67].	
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2.2. Ferromagnetic	Resonance	(FMR)	
	

For	a	detailed	description	of	ferromagnetic	resonance	the	reader	is	directed	to	Von-

sovskii	 [14]	and	Gilbert	 [68].	The	magnetization	M	 is	excited	by	an	applied	high-

frequency	continuous	wave	magnetic	field	bhf	in	the	form	of	microwaves,	which	is	

polarized	with	an	angle	of	90°	to	a	static	magnetic	bias	field	[14].	In	resonance,	bhf	is	

absorbed	by	the	sample	[14].	For	the	mathematical	description	a	classical	approach	

of	a	precessing	magnetization	around	the	effective	magnetic	field	Beff	is	used	[14].	

Interactions	of	the	magnetic	moments	between	each	other	and	with	the	sample	ma-

terial	itself	cause	a	damped	precession	[14].	This	model	is	expressed	by	the	Landau-

Lifshitz	equation	[14,	69],	which	is	formulated	with	the	damping	term	derived	by	

Gilbert	[68]	in	equation	(12):	

	
dM
dt
=-γ�M×Beff�+

α
M
�M× dM

dt
�	 	 	 	 	 	 	 (12)	

	

with	 the	gyromagnetic	 ratio	 g.	 The	damping	parameter	α	using	 the	damping	 fre-

quency	λ	[14]	is	specified	as	[68]:	

	

α= λ
γM
	 	 	 	 	 	 	 	 	 	 	 (13).	

	

The	resonance	frequency	ωr,	at	which	the	resonant	absorption	of	the	high-frequency	

magnetic	field	occurs,	is	given	with	θ0,	as	the	angle	of	the	orientation	of	Beff,	in	equa-

tion	(14)	[14]:	

	

ωr=
γM1+α2

Μsin θ0
�∂2F
∂θ2

∂2F
∂ϕ2

� ∂2F
∂θ∂ϕ

�
2
	 	 	 	 	 	 	 	 (14).	

	

The	resonance	linewidth	is	defined	in	[14]	as:	

	

∆ω= dω
dB
∆B= αγ

M
�∂

2F
∂θ2
+ ∂2F
∂ϕ2

1
sin2 θ0

�	 	 	 	 	 	 	 (15).	
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The	absorption	of	the	high-frequency	magnetic	field	in	ferromagnetic	resonance	is	

described	by	the	imaginary	part	of	a	component	of	the	high	frequency	susceptibility	

tensor	χ	[14]:	

	

χ=�
χxx iχxy 0
-iχyx χyy 0
0 0 0

�		 	 	 	 	 	 	 	 (16).	

	

It	can	be	shown	that	the	absorbed	microwave	power	phf	is	proportional	to	the	imag-

inary	part	of	a	component	of	χ,	depending	on	the	geometry	of	the	experiment	(see	

chapter	3.1).	Therefore,	one	employs	the	complex	Poynting	theorem,	which	defines	

the	 complex	 conjugated	current	density	 j*	of	 the	microwave	 [70].	 It	 includes	 the	

complex	Poynting	vector	S,	the	sample	volume	V	and	the	electric	and	magnetic	en-

ergy	densities	ωe	and	ωm,	with	the	electric	 field	vector	e,	 the	complex	conjugated	

electric	flux	density	d*,	the	high-frequency	magnetic	flux	density	bhf	and	the	complex	

conjugated	magnetic	field	vector	h*	[70]:	

	

1
2∫ j

*ed3r= -2iω∫�14 �e	d
*�~����

ωe

- 1
4
�bhf	h*�~������
ωm

�d3r
~��������������������

-∮S n	da

-2iωV(ωe-ωm)

		with		S= 1
2
�e×h*�	 (17).	

	

For	the	absorption	of	the	high	frequency	magnetic	field	follows	in	general:	

	

phf=Re�
iωV
2
ωm�=Re �

iωV
2
bhfh*�=Re�

iωV
2
µ0 �χ+1� h~������

bhf

	h*�	 	 	 (18).	

	

The	proportionality	of	phf	to	the	imaginary	part	of	a	component	χjj	of	χ	can	be	shown	

by	rewriting	equation	(18)	as:	

	

phf=Re�
iωVµ0
2
�χjj' -iχjj''+1�h2�=

ωVµ0h2

2
χjj'' 	.	 	 	 	 	 	 (19).	

	



Fundamentals	
	

	 12	

Taking	 into	 account	 the	 high	 frequency	 magnetization	 component	 mhf,	 which	

slightly	pushes	the	magnetization	away	from	the	direction	of	the	saturation	magnet-

ization	Ms	[14],	M	can	be	written	as:	

	

M=Ms+mhfeiωt	 with	 mhf=
1
µ0
χbhf	 and	 �mhf�≪ �Ms�	 	 	 (20).	

	

2.3. Spin	waves	
	

Dynamically	excited	dipolarly	or	exchange	coupled	magnetic	moments	respond	to	

the	excitation	with	a	coupled	oscillation	of	these	moments	[71].	This	kind	of	oscilla-

tion	 is	 called	 spin	wave	 [57].	Having	 its	 energy	 is	 quantized	 a	 spin	wave	 can	be	

viewed	as	quantum	mechanical	quasi-particle	with	the	name	magnon	[71].	Depend-

ing	on	whether	exchange	or	magnetic	dipolar	coupling	are	the	predominant	origin	

of	the	spin	wave,	one	differs	exchange-	and	dipolarly	coupled	(magnetostatic)	spin	

waves,	respectively	[57].	In	a	simple	model,	which	regards	the	spin	as	a	vector	quan-

tity,	each	spin-vector	s	of	an	ensemble	of	spins	is	connected	to	a	magnetic	moment	

µs	[57]:	

	

µS=-gsµB
s
ℏ
	 	 	 	 	 	 	 	 	 	 (21).	

	

Here	gs	is	the	spin	g-factor,	µB	the	Bohr	magneton	and	ℏ	the	Planck	constant	divided	

by	2p.	The	angular	momentum	µl	of	an	electron	is	defined	by	[57]:	

	

µl=-glµB
l
ℏ
	 	 	 	 	 	 	 	 	 	 (22)	

	

where	l	 is	the	angular	momentum	and	gl	 its	g-factor	[57].	Under	Russel-Saunders	

coupling	[57]	the	magnetic	moment	of	an	atom	is	then	written	as	[57]:	

	

µi=-gjµB
Ji
ℏ
	 	 	 	 	 	 	 	 	 	 (23)	

	

with	the	total	angular	momentum	[57]:		
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j=�∑ sii �+�∑ lii �	 	 	 	 	 	 	 	 	 (24).	

	

The	basic	description	of	an	exchange	coupled	spin	wave	uses	a	model	of	a	 linear	

arrangement	of	spins	with	the	total	exchange	energy	EExch	of	all	constituents	defined	

as	(A:	exchange	constant)	[57]:	

	

EExch=
A
ℏ2
∑ sin
i=1 �si-1+si+1�	 	 	 	 	 	 	 	 (25).	

	

For	such	a	chain	a	dispersion	relation	can	be	derived	from	this	equation	describing	

the	precessional	motion	of	the	spins	with	a	phase,	shifted	by	k	×	d	(k:	one	dimen-

sional	wave	vector,	d	distance)	[57]:	

	

ω= gsµBBEff
ℏ

+ 2	A	s
ℏ2
(1- cos(k	d))	 	 	 	 	 	 	 (26).	

	

An	in-phase	precessional	motion	is	given	for	the	case	k	=	0	[57],	describing	a	so-

called	uniform	spin	wave	mode	[71].	The	three-dimensional	description	using	the	

atomic	lattice	vectors	ri	is	given	as	[57]:	

	

ω= gsµBBEff
ℏ

+ 2	A	s
ℏ2
∑ �1-cos�k	ri��n
i=0 		 	 	 	 	 	 (27).	

	

For	magnetostatic	spin	waves	the	general	dispersion	relation	is	defined	as	[71]:	

	

ω=�(-γ	Beff) �(-γ	BEff)+(-γ	µ0Ms)sin2(θ)��
1
2
	 	 	 	 	 (28)	

	

with	the	propagation	angle	q	regarding	the	direction	of	BEff	[71].	This	equation	can	

be	expanded	to	include	exchange	coupling	by	adding	the	exchange	term	A	×	k2	[71]:	

	

ω=�(-γ	Beff+(-γ	µ0Ms)	A	k2) �(-γ	Beff)+(-γ	µ0Ms) �A	k2+sin2(θ)�� 

1
2

		 (29).	
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For	 large	 A	×	k2	 the	 spin	wave	 is	 governed	 by	 exchange	 coupling	 [71],	 while	 for	

A	×	k2	<<	1	results	a	magnetostatic	spin	wave	governed	by	magnetic	dipolar	cou-

pling	[71].	

	

Kittel	theoretically	described	in	1958	the	excitation	of	standing	exchange	and	dipo-

lar	coupled	non-uniform	spin	wave	modes	by	a	homogeneous	high-frequency	mag-

netic	field,	as	a	result	of	boundary	conditions	assuming	the	surface	magnetic	mo-

ments	being	pinned	by	surface	anisotropy	[72].	A	theoretical	framework	to	calculate	

standing	spin	waves	in	ferromagnetic	thin	films	was	presented	by	Hartwell	in	[73].	

The	first	experiments	confirming	Kittel’s	theory	were	performed	on	Permalloy	(Py)	

thin	films	in	1958	by	Seavey	and	Tannenwald	in	[74].	A	pinning	caused	by	magnetic	

dipolar	interaction	due	to	the	influence	of	an	inhomogeneous	demagnetization	field	

at	the	edge	sides	of	rectangular	geometries	is	described	in	[75].	The	excitation	of	

standing	spin	waves	is	expected	for	the	Py	stripe	samples	measured	by	STXM-FMR.	

The	results	are	presented	in	chapter	4.2.	

	

2.4. X-ray	Magnetic	Circular	Dichroism	(XMCD)	
	

The	alignment	and	the	size	of	magnetic	moments	can	be	probed	by	X-ray	magnetic	

circular	dichroism	(XMCD)	[76].	A	necessary	condition	is	a	parallel	orientation	of	

the	magnetic	moments,	as	the	XMCD	effect	cancels	out	for	antiparallel	spin	arrange-

ments	[76].	The	highest	magnitude	of	XMCD	is	achieved	in	parallel/antiparallel	ori-

entation	of	 the	magnetic	moments	with	respect	 to	 the	angular	momentum	of	 the	

incident	X-rays	[76].	In	the	measurements	performed	in	this	thesis	circularly	polar-

ized	X-rays	are	measured	after	they	were	transmitted	through	the	sample.	The	X-

ray	absorption	intensity	I	in	a	transmission	experiment	with	a	uniform	absorption	

of	the	X-rays	with	energy	EX-ray	is	defined	with	the	intensity	before	the	transmission	

I0,	the	X-ray	absorption	coefficient	µA,	the	X-ray	absorption	cross-section,	the	atomic	

number	density	ρA	and	the	sample	thickness	d	as	[76]:	

	

I=I0e-µA]EX-ray^d=I0e-ρAσAbsd	 	 	 	 	 	 	 	 (30).	
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The	absorption	of	X-rays	by	electrons	at	the	core	energy	levels,	as	schematically	il-

lustrated	in	Figure	3,	results	in	so-called	X-ray	absorption	edges	[77].		

	
	

Figure	3:	Schematic	representation	of	X-ray	absorption	edges.	As	the	experiments	
in	this	thesis	are	performed	at	the	L3	edge,	the	L	edges	are	highlighted	in	the	figure.	
Figure	adapted	from	[77].	
	

The	X-ray	absorption	cross-section	and	therefore	the	X-ray	absorption	coefficient	is	

proportional	 to	 the	 transition	probability	 from	an	 initial	energy	state	 to	 the	 final	

state.	The	transition	probability	T	per	unit	time	is	given	by	[76]:	

	

T= 2	π
ℏ
�〈ψfin|H|ψinit〉+∑

〈ψfin|H|ψn〉〈ψn|H|ψinit〉
Einit-Enn �

2
δ(Einit-Efin)ρ(Efin)	 	 	 (31)	

	

where	ψinit,n,fin	 are	 the	 initial,	 intermediate	and	 final	 states,	Einit,n,fin	 are	 the	corre-

sponding	energies	and	ρfin	is	the	density	of	final	states	[76].	H	is	the	Hamilton	oper-

ator	which	is	defined	for	X-ray	absorption	as	[76]:	

	

H= e
m
pA	 	 	 A=σ+/-A0eikr	 	 	 	 	 	 (32).	



Fundamentals	
	

	 16	

Here	e	is	the	electron	charge,	p	is	the	electron	momentum	vector	and	A	the	vector	

potential	[76,	78],	which	is	defined	as	a	plane	wave	using	the	X-ray	photon	polariza-

tion	σ+/-,	the	amplitude	A0,	the	wave	vector	k	and	the	position	vector	r	[78].	With	the	

approximation	of	the	transition	of	electric	dipoles	the	corresponding	selection	rules	

for	the	states	|ψ>	defined	by	the	quantum	numbers	n	(principal	quantum	number),	

l	(angular	momentum	quantum	number),	ml	(magnetic	quantum	number),	s	(spin	

quantum	number)	and	ms	(secondary	spin	quantum	number)	can	be	derived	from	

these	equations	[76]:	

	

Δl=±1		 	
Δml=0,±1	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 (33).	

Δs=0	 	
Δms=0	 	
	

The	following	description	of	the	XMCD	effect	in	this	chapter	uses	the	two-step	model	

[79-81]	and	follows	the	descriptions	in	[79].	The	angular	momentum	of	circularly	

polarized	X-ray	photons	is	transferred	to	core	energy	level	electrons	and	results	in	

an	excitation	of	these,	influencing	the	orbital	momentum	and/or	the	spin	of	the	cor-

responding	electron	 [79].	The	splitting	of	 the	 total	angular	momentum	to	orbital	

momentum	and	spin	is	governed	by	spin-orbit	coupling,	which	is	an	essential	re-

quirement	for	a	spin	polarization	of	the	excited	electrons	[79].	The	spin	polarization	

depends	on	the	helicity	of	the	X-ray	photons	and	the	composition	of	the	total	angular	

momentum	quantum	number	j	due	to	spin-orbit	coupling,	which	is	shown	here	for	

the	L2	and	L3	X-ray	absorption	edges	[79]:	

	

L2	edge:	j=l-s		 L3	edge:	j=l+s	 	 	 	 	 	 (34)	

	

A	visualization	of	the	excitation	process	from	the	-2p1/2	and	-2p3/2	energy	levels	to	

the	d-states	is	depicted	in	Figure	4.	An	excitation	from	the	-2p1/2	energy	level	results	

in	an	expectation	value	+3/4	of	the	lz	component	of	the	angular	momentum	vector	

and	 in	an	expectation	value	of	 -1/2	of	 the	sz	 component	of	 the	spin	polarization,	

which	are	both	oriented	parallel	to	the	wavevector	k	=	(0,	0,	kz)	of	the	incident	X-

rays	[79].	For	excitations	from	the	-2p3/2	energy	level	<lz>	and	<sz>	are	+3/4	and	
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1/4	respectively	[79].	The	transition	of	these	electrons	at	the	core	energy	level	de-

pends	on	the	number	of	empty	spin-up	and	spin-down	d-states	located	at	an	energy	

closely	higher	than	the	Fermi	energy	[79].	Under	the	circumstance	of	a	spin	polari-

zation	at	the	d-states	being	oriented	along	the	direction	of	the	k-vector	of	the	X-rays,	

left	 circularly	 polarized	 X-rays	 are	 stronger	 absorbed	 at	 the	 L3	 absorption	 edge,	

while	less	absorption	is	observed	at	the	L2	absorption	edge	and	vice	versa	for	right	

circularly	polarized	X-rays,	when	comparing	these	processes	to	the	absorption	of	

unpolarized	X-ray	radiation	[79].	

	
Figure	4:	Schematic	representation	of	excitations	at	the	L2	and	L3	edge.	The	“–“	sign	
denotes	the	odd	parity	of	the	term	symbols.	Figure	redrawn	and	adapted	from	[79].	
	

The	difference	∆M	of	both	absorption	signals	at	the	same	X-ray	absorption	edge	is	

called	X-ray	magnetic	circular	dichroism	(XMCD)	[79].	It	can	be	defined	as	the	dif-

ference	of	a	parallel	and	antiparallel	magnetization	M	within	a	material,	which	 is	

equal	to	the	difference	M-/+(B)	generated	by	an	antiparallel	helicity	of	the	X-rays,	

which	is	equal	to	a	measurement	performed	with	an	equal	polarization	but	an	anti-

parallel	orientation	of	the	external	magnetic	field	B	[79]:	
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∆M=M↑↓-M↑↑=M-(B)-M+(B)=M+(-B)-M+(B)	 	 	 	 	 (35)	

	

By	employing	sum	rules	the	ground	state	properties,	as	the	orbital	momentum,	can	

be	extracted	from	XMCD	measurements	[79].	For	a	detailed	description	the	reader	

is	directed	to	[76]	and	[79].	
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3. Experimental	and	computational	techniques	
	

In	this	chapter	the	experimental	techniques	of	micro-resonator	based	ferromagnetic	

resonance	 and	 Scanning	Transmission	X-ray	Microscopy	detected	 Ferromagnetic	

Resonance	(STXM-FMR)	are	described.	 In	addition,	 the	basic	principles	of	micro-

magnetic	simulations	using	MuMax3	[29,	82-84]	are	presented.	

	

3.1. Micro-resonator	based	ferromagnetic	resonance	
	

The	ferromagnetic	resonance	experiments	(see	chapter	2.2)	were	performed	using	

an	electro	magnet	(Bruker)	with	a	 field	accuracy	of	±	0.5	mT	and	an	X-band	[39]	

microwave	bridge	model	E-102	by	Varian	with	a	frequency	range	between	8.8	GHz	

and	9.6	GHz.	A	schematic	representation	of	the	setup	is	shown	in	Figure	5.	

	

	
Figure	5:	Schematic	 representation	of	 the	 ferromagnetic	 resonance	spectrometer	
used	for	the	conventional	FMR	measurements.	For	cavity	based	FMR	measurements	
the	micro-resonator	is	replaced	by	a	resonant	cavity.	Figure	adapted	from	[85].	
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A	Hall	probe	measures	the	magnetic	field	strength	(gaussmeter	model	425	by	Lake	

Shore	Cryotronics,	accuracy	 for	 the	measurement	range	of	3500	mT:	±	0.05	%	of	

range:	±	1.75	mT	[86]).	Micro-resonators	with	a	sensitivity	of	106	µB	are	employed	

[15,	18],	which	enable	the	detection	of	the	FMR	signal	of	Fe3O4	(4.0	µB	per	formula	

unit	[87])	cubes	with	an	edge	length	of	about	35	nm	[11].	The	micro-resonators	are	

fabricated	using	optical	lithography.	

	

The	 used	 setup	 corresponds	 to	 the	 general	 operation	 and	 nomenclature	 as	 de-

scribed	in	e.	g.	[88].	A	klystron	is	used	by	the	microwave	bridge	to	generate	micro-

wave	radiation	in	the	given	frequency	range.	A	part	of	this	radiation	is	guided	as	a	

preload	voltage	 to	 the	microwave	detector.	This	part	of	 the	microwave	bridge	 is	

called	reference	arm.	The	remaining	microwave	radiation	enters	a	circulator,	which	

directs	the	radiation	to	the	sample	and	guides,	on	the	other	hand,	the	reflected	mi-

crowave	radiation	to	the	microwave	detector.	In	addition,	a	slide	screw	tuner	is	in-

cluded	in	the	setup	to	tune	the	phase	of	the	microwave	and	to	match	the	impedance	

within	the	transmission	line	so	that	no	microwave	radiation	is	reflected	out	of	the	

resonator.	When	the	sample	absorbs	the	microwave	power	at	resonance,	this	tuning	

is	disturbed,	and	the	microwave	power	is	reflected	to	the	microwave	detector.	To	

measure	the	absorption	of	the	microwave	only,	the	dispersion	signal	has	to	be	can-

celed	by	tuning	the	microwave	frequency	to	the	eigenfrequency	of	the	used	resona-

tor	during	the	experiment	using	an	automated	frequency	control	(AFC)	[89].	These	

adjustments	 are	 necessary,	 as	 the	 eigenfrequency	 of	 the	 resonator	 including	 the	

sample	changes	in	case	of	resonance,	or	e.	g.	due	to	temperature	variations	[90].		

	

The	sensitivity	of	the	detection	of	the	FMR	signal	is	increased	using	lock-in	amplifier	

technique	with	a	Stanford	Research	System	lock-in	amplifier	model	SR830.	A	field	

modulation	is	used;	its	frequency	serves	as	a	reference	for	the	lock-in	amplifier,	so	

the	modulation-frequency-dependent	FMR	signal	is	detected	[91].	Next	to	the	field	

modulation	technique,	an	amplitude	modulation	of	 the	microwave	 is	possible	 for	

conventional	 FMR	 detection.	 For	 angular	 dependent	measurements,	 the	 electro-

magnet	can	be	rotated	using	a	stepper	motor.	
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3.2. X-ray	 detected	 magnetic/ferromagnetic	 resonance	 (XDMR	 /	
XFMR)	

	

X-ray	detected	magnetic/ferromagnetic	resonance	probes	element-specifically	the	

average	precession	cone	of	the	magnetization	with	respect	to	 its	orbital	and	spin	

portion	[92].	A	review	on	X-ray	detected	magnetic	resonance	was	published	in	2011	

in	[93].	In	general,	two	experimental	geometries	are	used	corresponding	to	the	lon-

gitudinal	and	transverse	XMCD	effect	[92].	A	schematic	representation	is	shown	in	

Figure	6.	Here	θ	is	the	precession	angle	of	the	magnetization,	which	is	in	the	size	of	

0.1°	[44]	to	0.15°	[46]	in	the	performed	experiments	in	this	thesis.	

	

	
Figure	6:	Schematic	visualization	of	the	transverse	and	longitudinal	XMCD	geome-
tries	for	X-ray	detected	magnetic	resonance.	Figure	redrawn	and	adapted	from	[92].	
	

The	shortening	of	the	magnetization	vector	ΔMz	between	the	precessing	magnetiza-

tion	M	and	the	equilibrium	magnetization	MEquilibrium	is	detected	in	the	longitudinal	

geometry,	having	 the	propagation	direction	of	 the	X-rays	parallel	 to	 the	external	
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magnetic	field	BExt	and	MEquilibrium	[92].	The	oscillation	of	the	high-frequency	mag-

netization	Δm⊥	is	time	and	phase-resolved	probed	in	the	transverse	geometry,	hav-

ing	the	propagation	direction	of	the	X-rays	perpendicular	to	BExt,	MEquilibrium	and	the	

high-frequency	magnetic	flux	bhf	[92].	To	scan	the	oscillation	of	the	magnetization	

at	frequencies	in	the	gigahertz	regime,	a	fast	X-ray	diode	is	necessary,	while	in	the	

longitudinal	 geometry	 a	 proportionality	 of	 the	 detected	 signal	 to	 the	microwave	

power	is	given,	allowing	a	low-frequency	amplitude	modulation	for	detection	[92].	

XFMR	requires	a	significantly	higher	demand	on	microwave	power	(six	orders	of	

magnitude)	than	the	standard	FMR	technique.		

	

The	first	works	reporting	the	detection	of	ferromagnetic	resonance	using	circularly	

polarized	X-rays	are	by	Bailey	et	al.	[94]	and	Boero	et	al.	[95].	Bailey	et	al.	presented	

pump-probe	XMCD	detected	measurements	of	a	Ni81Fe19	film	with	50	nm	thickness	

with	a	time	resolution	of	±	45	ps	using	excitation	frequencies	up	to	2.6	GHz	and	X-

ray	energies	of	701	eV	for	the	Fe	L3	edge	and	844	eV	for	the	Ni	L3	edge	[94].	Boero	

et	al.	showed	the	detection	of	FMR	excitation	of	a	YIG	sample	with	the	dimensions	

1	mm	·	1	mm	·	0.05	mm	using	an	excitation	frequency	of	2.47	GHz	[95].	The	meas-

urement	was	performed	in	the	longitudinal	geometry	using	X-rays	with	the	energy	

of	709.4	eV	and	722.8	eV	and	a	focus	of	0.2	mm	·	1	mm,	and	the	high-frequency	mag-

netic	field	(100	mW)	orientated	in	the	film	plane	[95].	A	multifrequency	continuous	

wave	setup	operating	at	 low	microwave	powers	 in	 the	 longitudinal	experimental	

geometry	was	introduced	in	[96],	using	an	electrical	short	for	the	high-frequency	

magnetic	field	excitation	[96].Also	in	the	longitudinal	experimental	geometry	a	was	

shown	by	Boero	et	al.	showed	the	successful	element-specific	detection	of	the	high-

power	continuous	wave	excitation	FMR	of	a	doped	Py	film	(Ni73Fe18Gd7Co2)	with	a	

thickness	of	15	nm,	probing	the	sample	at	the	L2	and	L3	edges	of	Fe	Co	and	Ni	[97].	

The	possible	use	of	the	STXM	technique	to	detect	FMR	on	the	nanoscale	is	predicted	

[97].		

	

In	transverse	geometry,	a	scan	on	the	sub-micron	scale	(<0.75	µm)	of	the	magnetic	

high-frequency	susceptibility	in	ferromagnetic	heterostructures	was	demonstrated	

using	a	time-resolved	STXM	pump-probe	experiment	in	[98].	Spin	pumping	in	spin	

valves	was	 investigated	 utilizing	 phase-resolved	 XFMR	 of	 a	 sample	 consisting	 of	
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Co50Fe50(3	nm)/Cu(6	nm)/Ni80Fe20(5	nm)	with	the	dimension	of	190	µm	x	400	µm	

[99].		

	

Puzic	et	al.	used	a	Scanning	Transmission	X-ray	Microscope	in	transverse	geometry	

to	 spatially	 detect	 the	 ferromagnetic	 eigenmodes	 in	 patterned	 Py	 films	 with	

1	µm	·	1	µm	and	a	 thickness	of	50	nm	[100].	The	observations	of	 the	eigenmodes	

were	performed	in	the	frequency	domain	with	so-called	Spatially	Resolved	Ferro-

magnetic	Resonance	(SR-FMR)†	[100].	The	spatially	and	time-resolved	detection	of	

the	eigenmodes	was	achieved	by	alternating	the	phase	between	excitation	and	the	

synchrotron	[100].	These	experiments	were	the	predecessor	to	the	Scanning	Trans-

mission	 X-ray	 Microscopy	 detected	 Ferromagnetic	 Resonance	 (STXM-FMR)	 by	

Bonetti	et	al.	[44],	which	was	used	in	this	thesis.		

	

3.3. Scanning	Transmission	X-ray	Microscopy	detected	ferromagnetic	
resonance	

	

The	method	of	 Scanning	Transmission	X-ray	Microscopy	detected	Ferromagnetic	

Resonance	(STXM-FMR)	was	introduced	by	Bonetti	et	al.	in	[44].	Descriptions	of	the	

method	can	be	found	in	[45-48].	The	following	chapter	summarizes	the	measure-

ment	technique	according	to	[44].	The	measurement	method	is	a	combination	of	a	

micro-resonator	based	FMR	spectrometer	(see	chapter	3.1)	and	a	specially	designed	

Scanning	Transmission	X-ray	Microscope	(STXM)	measuring	in	the	transverse	ge-

ometry	 [48,	 101]	 (Figure	 6),	 which	 allows	 the	 element-specific	 detection	 of	 the	

probability	value	of	the	magnetization	with	nm	spatial	resolution	[101]	at	Stanford	

Synchrotron	Radiation	Lightsource	at	SLAC	National	Accelerator	Laboratory,	Menlo	

Park,	CA	in	the	United	States	[44].	Due	to	the	mapping	by	STXM,	the	magnetization	

dynamics	 of	 periodic,	 as	well	 as	 non-periodic	micro-	 and	 nanostructures	 can	 be	

probed.	A	schematic	representation	of	the	experimental	setup	is	shown	in	Figure	7.	

The	STXM	and	the	used	electromagnet	are	located	within	a	vacuum	chamber	(base	

pressure	10-7	Torr),	which	reduces	damping	effects	on	the	propagating	X-rays	and	

the	adsorption	of	hydrocarbons	on	the	sample	[44].	The	X-ray	radiation	generated	

	
†	A	synchronization	scheme	was	implemented	between	the	frequency	of	the	sinusoidal	magnetic	ex-
citation	(250	MHz)	and	the	synchrotron	frequency	(500	MHz	at	the	Advanced	Light	Source	at	Law-
rence	Berkeley	National	Laboratory,	Berkeley,	CA,	United	States)	[100].	
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by	the	synchrotron	is	in	the	energy	range	from	200	eV	to	1200	eV	[44]	and	is	focused	

onto	the	sample	with	a	zone	plate,	allowing	a	spatial	resolution	down	to	1.22	·	35	nm	

(angular	resolution)	[101].	An	order	sorting	aperture	(OSA)	is	positioned	between	

the	zone	plate	and	the	sample	itself,	allowing	only	the	X-rays	with	the	highest	inten-

sity	to	pass	[44].	The	transmitted	X-ray	radiation	is	detected	by	an	avalanche	pho-

todiode	type	Hamamatsu	S12426	[44],	which	is	located	below	the	sample.	The	sam-

ple	 is	 prepared	 in	 a	micro-resonator	with	 an	 excitation	 loop	 diameter	 of	 20	µm,	

which	is	mounted	onto	a	sample	holder,	both	are	pictured	in	Figure	8.	The	micro-

resonator	loop	is	positioned	on	a	Si3N4	membrane	with	200	nm	thickness	to	allow	

X-ray	radiation	to	be	transmitted	through	the	sample	and	the	membrane.	The	sam-

ple	holder	design	was	created	by	T.	Schaffers	and	co-workers.	

	

	
	

Figure	7:	Schematic	representation	of	the	STXM-FMR	setup	at	the	Stanford	Synchro-
tron	Radiation	Lightsource	at	SLAC	National	Accelerator	Laboratory.	The	electro-
magnet	is	not	shown	for	better	visibility.	Figure	adapted	from	[48].	
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a) b) 
Figure	 8:	 a)	 Schematic	 representation	 of	 a	 strip-line	 micro-resonator,	 allowing	
measurements	in	reflection	and	transmission	geometries.	b)	Example	picture	of	the	
sample	holder	with	the	attached	semi-rigid	cable	to	deliver	the	microwave	power	to	
the	sample.	
	

The	maximal	static	bias	field	available	for	the	setup	is	at	200	mT.	The	continuous-

wave	 excitation	 of	 the	 sample	 is	 generated	 by	 a	 microwave	 synthesizer	 type	

MG3692B	by	Anritsu	with	a	maximum	power	of	19	dBm	and	a	frequency	range	from	

2	GHz	to	20	GHz	[102].	The	oscillation	plane	of	the	high-frequency	magnetic	field	is	

parallel	to	the	propagation	direction	of	the	X-rays.	All	measurements	are	performed	

at	room	temperature.	For	the	employed	quasi-stroboscopic	detection	of	the	mag-

netization	dynamics,	the	microwave	excitation	is	phased-locked	to	the	synchrotron	

operating	frequency	(fS	=	476	MHz	[44])	[44].	The	phase	lock	is	generated	to	a	mi-

crowave	(MW)	frequency	corresponding	to	a	higher	harmonic	n	of	the	synchrotron	

frequency	±	a	subharmonic	fS/m,	where	m	is	the	number	of	scanned	phases	of	the	

magnetization	oscillation	[44]:	

	

fMW=fS �n	±	
1
m
�	 	 	 	 	 	 	 	 	 (36).	

	

By	that	m	phases	with	a	fixed	phase	difference	of	60°	of	the	magnetization	oscillation	

are	probed	for	each	scanned	pixel,	as	the	X-ray	photons	following	to	each	other	are	

probing	a	different	phase	of	the	magnetization	oscillation,	while	all	mth	X-ray	pho-

tons	probe	an	equal	phase	[44].	Using	an	PID	controller	(Stanford	Research	Systems	
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SIM960,	[44]),	the	phase	lock	of	the	microwave	excitation	to	the	synchrotron	fre-

quency	is	kept	stable	[44].	In	total	12	STXM-FMR	images	are	taken	to	monitor	the	

magnetization	 precession	 up	 to	 10	 GHz	with	 a	 time	 distance	 down	 to	 17	ps	 (at	

10	GHz)	[44].	Six	images	are	taken	with	and	six	images	without	applied	microwave	

excitation	(m	=	6)	 [48].	By	subtracting	or	dividing	 these	datasets	(for	details	see	

chapter	3.4),	the	microwave	induced	X-ray	transmission	can	be	extracted	[48,	103].	

A	PIN	diode	is	used	to	alternately	turn	the	microwave	excitation	on	and	off	with	a	

frequency	of	1.28	MHz,	which	corresponds	to	the	orbiting	frequency	of	the	electron	

bunches	in	the	synchrotron	storage	ring	[44].	This	ensures	that	the	same	electron	

bunch	is	used	for	the	six	scanned	points	in	time	(phases)	of	the	magnetization	oscil-

lation	[44].	A	comprehensive	description	of	the	microwave	synchronization	is	given	

in	[44].	The	data	is	stored	in	a	time	synchronization	device	called	“time	machine”,	

which	provides	storage	slots	named	as	channels	for	the	12	STXM-FMR	images	[48].	

The	time	machine	data	is	read	out	by	a	custom	software	and	stored	within	text	files	

for	each	channel.		

	

The	measurement	principle	is	graphically	elucidated	in	Figure	9	in	the	scope	of	the	

STXM-FMR	measurement	at	 the	Co	L3	 edge	of	a	Py/Co	disk/stripe	bilayer	micro-

structure,	which	 is	analyzed	 in	detail	 in	 chapter	4.1.	 In	 the	 first	 column	 the	 time	

steps,	at	which	the	STXM-FMR	data	is	recorded,	are	shown	in	combination	with	the	

recorded	phase,	relative	to	the	time	point	t	=	0	[48].	Column	two	and	three	show	

the	STXM-FMR	data	recorded	with	and	without	microwave	excitation	[48].	In	the	

fourth	column	the	uniform	resonant	response	of	 the	Co	stripe	 is	visualized,	after	

performing	the	difference	operation	of	the	data	shown	in	column	two	and	three	[48].	

Darker	contrast	 represents	a	 lower	X-ray	absorption	with	respect	 to	 the	average	

contrast	 value,	which	 is	 represented	by	grey	 color	 [48].	 In	 consequence	brighter	

contrast	represents	higher	X-ray	absorption	with	respect	to	the	average	[48].	The	

STXM-FMR	is	measured	as	follows.	A	pre-characterization	of	the	sample	to	investi-

gate	the	resonance	fields	corresponding	to	a	certain	excitation	frequency	is	done	by	

conventional	FMR	measurements	and/or	by	micromagnetic	simulations,	when	the	

magnetic	parameters	of	a	sample	(e.	g.	exchange	stiffness,	saturation	magnetization,	

magnetic	anisotropies)	are	well	known.	
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Figure 9: STXM-FMR at the Co L3 

edge of a Py/Co disk-stripe bi-

layer microstructure. The blue 

rectangular marks the recorded 

dataset. The first row is the same 

dataset as the last one to show a 

complete magnetization oscilla-

tion. 1st column: Timepoints and 

the recorded phase relative to 

the time t = 0. The 2nd and 3rd 

columns: STXM-FMR data rec-

orded with microwave on (MW 

on) and off (MW off). 4th column: 

Difference of column 3 and 2 

(MW off – MW on). This dataset 

is analyzed in detail in chapter 

4.1. Image adapted from [48]. 

 

	

After	setting	the	external	static	magnetic	bias	field	to	the	value	known	for	a	certain	

excitation	at	a	given	microwave	excitation	frequency,	the	sample	is	scanned	with	the	

X-ray	beam.	The	magnet	was	calibrated	using	Hall	sensors	of	 the	 type	HGT-2101	

[47].	The	static	field	varies	in	the	range	of	±	4	mT	depending	on	the	position	of	the	

Hall	probe	at	the	sample	holder.	

	

Except	 for	 the	 YIG	 nanoparticle	 STXM-FMR	measurements	 (chapter	 5.1),	 which	

were	performed	with	a	negative	helicity	of	the	X-ray	photons,	all	other	STXM-FMR	

measurements	in	this	thesis	were	done	with	a	positive	helicity.	
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3.4. Color-coded	fit	analysis	of	STXM-FMR	data	
	

A	color-coded	fit	analysis	of	the	STXM-FMR	data	was	developed	by	B.	Zingsem	and	

R.	Meckenstock	with	additional	contribution	of	the	author	to	visualize	the	phase	and	

amplitude	distribution	[103]	of	the	measurement	data;	the	current	chapter	follows	

this	presentation.	To	extract	 the	microwave	 induced	X-ray	transmission	[48],	 the	

datasets	recorded	with	microwave	on	and	off	have	to	be	post-processed	by	subtract-

ing	or	dividing	the	datasets	[103]:	

	
count	rateMW	on,	x,y(t)
count	rateMW	off,	x,y(t)

= count	rateMW	on,	x,y(t)-count	rateMW	off,	x,y(t)
count	rateMW	off,	x,y(t)

+1	 	 	 	 (37).	

	

By	employing	equation	(37)	assuming	a	constant	detected	count	rate	in	the	experi-

ment	for	the	state	without	applied	microwave	radiation	it	follows	[103]:	

	
count	rateMW	on,	x,y(t)
count	rateMW	off,	x,y(t)

~count	rateMW	on,	x,y(t)-count	rateMW	off,	x,y(t)	 	 	 (38).	

	

This	 basically	 means	 that	 both	 operations	 result	 in	 a	 comparable	 result,	 which	

strongly	depends	on	the	signal	to	noise	ratio	[103].		

	

The	resulting	six	STXM-FMR	images	are	fitted	pixel-by-pixel	with	a	sinusoidal	func-

tion	to	obtain	the	phase	relative	to	the	timepoint	t	=	0,	and	the	amplitude	for	the	

recorded	magnetization	oscillation.	In	the	result	the	hue	is	used	to	code	the	relative	

phase,	the	brightness	corresponds	to	the	amplitude,	and	the	saturation	represents	

the	fit	accuracy	[103].	A	visualization	of	the	analysis	steps	performed	in	the	scope	of	

this	method	is	shown	in	Figure	10	for	an	example	of	a	5	µm	x	1	µm	0.03	µm	poly-

crystalline	Py	stripe	sample,	which	will	be	discussed	 in	detail	 in	chapter	4.2.	The	

STXM	image	of	this	sample	is	shown	in	Figure	10	i).	The	phase	relative	to	t	=	0	is	

shown	in	subfigure	ii),	while	the	fit	accuracy	(p-value)	and	the	amplitude	distribu-

tion	are	shown	in	the	subfigures	iii)	and	iv).	An	example	fit	of	the	fitted	sinus	func-

tion	for	the	red	highlighted	pixels	in	Figure	10	i)	is	depicted	in	the	image	part	b),	

while	the	color	code	is	visualized	in	c).	For	an	extended	description	of	the	analyses	

method	the	reader	is	referred	to	[103].	
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Figure	10:	Color	code	fit	analysis.	a):	Image	i)	STXM-FMR	image	of	a	Py	stripe	(see	
chapter	4.2).	Images	ii),	iii)	and	iv):	Extracted	relative	phase,	fit	accuracy	and	ampli-
tude.	Image	v):	Combination	of	the	images	ii)	to	iv).	b):	Example	fit	of	the	red	marked	
square	in	a)	i).	c):	Color	code	to	visualize	i)	to	v)	in	a).	Figure	taken	from	[103].	
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3.5. Micromagnetic	simulations	
	

All	micromagnetic	simulations	in	the	thesis’s	scope	were	performed	using	the	open-

source	software	package	MuMax3	[29,	82-84,	104].	To	massively	increase	the	com-

putational	performance	of	the	calculations,	parts	of	the	calculations	are	processed	

on	graphics	processing	units	(GPU),	employing	the	CUDA	computational	libraries	of	

the	Nvidia	company	[105].	A	limitation	of	this	approach	is	the	resulting	mandatory	

use	of	GPU’s	manufactured	by	Nvidia.	MuMax3	is	a	finite	difference	in	time	domain	

micromagnetic	simulator,	which	numerically	solves	a	system	of	equations	of	motion	

(Landau-Lifshitz-Gilbert	equation)	of	a	discretized	sample	magnetization	using	or-

thorhombic	 cells	 [29].	 All	 calculations	 are	 performed	with	 single	 precision	 [29],	

which	makes	a	verification	of	the	obtained	results	by	repeating	the	simulations	rec-

ommendable.	The	coordination	system	and	cell	indexing	within	a	MuMax3	simula-

tion	grid	is	schematically	displayed	in	Figure	11.	

	

	
Figure	11:	Coordination	system	and	cell	indexing	of	MuMax3.	Figure	adapted	from	
[85].	
	

Here	the	lowest	plane	of	cells	starts	as	cell	plane	0	with	increasing	numbers	for	the	

cell	planes	and	cell	 coordinates	within	a	plane,	 simulated	samples	can	be	shifted	

within	 this	 simulation	 grid	 using	 so-called	 translation	 commands	 [29,	 104].	 The	
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simulated	sample	structures	itself	are	created	using	basic	predefined	shapes	or	by	

reading	in	image	data	of	the	desired	sample	structure	[29,	104].	For	each	cell	of	such	

a	simulation	grid	the	exchange	stiffness	Aex,	saturation	magnetization	Msat,	anisot-

ropy	parameters	and	directions	and	other	quantities,	which	are	specified	in	detail	

in	[29,	104],	can	be	defined	[29,	104].	It	also	is	possible	to	assign	these	quantities	to	

certain	parts	of	a	simulated	geometry	by	introducing	up	to	256	so-called	material	

regions	 [29,	 104].	 The	 cell	 size	 should	be	 selected	below	 the	 exchange	 length	 lex	

[106]	to	ensure	the	correct	calculation	of	magnetic	exchange	[107].	The	exchange	

length	is	defined	as	[106]:	

	

lex=®
Aex

1
2µ0Msat

2 	 	 	 	 	 	 	 	 	 	 (39)	

	

To	improve	simulation	performance,	three-dimensional	periodic	boundary	condi-

tions	can	be	applied.	[29,	104].	There	are	4	types	of	numerical	solvers	for	differential	

equations	available	within	MuMax3,	all	employing	Runge-Kutta	(RK)	methodology	

[29].	In	addition	predefined	energy	minimization	functions	are	available	called	“re-

lax()”	[29]	and	“minimize()”	[108].	The	implemented	Runge-Kutta	methods	are	dis-

played	in	table.	A	detailed	description	of	these	methods	can	be	found	in	[109].	

	

Runge-Kutta	method	 Convergence	order	 Consistence	order	

RK1 1 1 

RK12 2 1 

RK32 3 2 

RK45 5 4 

Table	1:	Available	Runge-Kutta	methods	within	MuMax3	[29,	85].	
	

For	a	detailed	description	of	 the	available	 functions	and	commands	the	reader	 is	

referred	to	[29,	85,	104].		

	

The	stray	field	visualizations	in	the	scope	of	this	work	have	been	created	using	a	

Matlab	(Mathworks	company)	program	written	by	Z.	Li	and	expanded	by	the	author	

[85].		
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All	two-dimensional	representations	of	the	magnetization	data	have	been	created	

using	 the	 mmDisp	 program	 of	 the	 Object	 Oriented	 MicroMagnetic	 Framework	

(OOMMF)	[27].		

	

All	three-dimensional	visualizations	of	the	magnetization	vector	field	from	MuMax3	

simulations	have	been	created	using	the	Muview	software	[110].	The	three-dimen-

sional	visualization	uses	the	color	code	shown	in	Figure	12.	

	

	
Figure	12:	Color	wheel	indicating	the	in-plane	orientation	of	the	simulated	magnet-
ization.	Out-of-plane	magnetization	orientations	are	colored	black	for	the	+z	direc-
tion	and	white	for	the	-z	direction.	Intermediate	out-of-plane	components	are	using	
a	color	mixture	of	the	in-plane	and	out-of-plane	colors.	The	color	wheel	was	created	
using	the	software	WheelMasks	by	Roger	Tallada	and	enhanced	using	Adobe	Pho-
toshop	CC	2015.	Figure	taken	from	[85].	
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4. Magnetization	dynamics	on	micrometer	sized	sample	struc-
tures	

	

4.1. Magnetization	dynamics	of	a	Py/Co	multilayer	sample	
	

In	the	process	of	the	development	of	spintronic	devices	[2,	3,	5]	the	investigation	of	

interlayer	coupling	and	spin	currents	in	multilayered	samples	is	essential	and	re-

quires	studying	the	behavior	at	the	interfaces	of	multi-material	systems	under	high-

frequency	excitations	[48].	A	standard	technique	used	in	this	research	is	Ferromag-

netic	Resonance	[48,	111].	FMR	measurements	of	ultrathin	equally	sized	ferromag-

netic	multilayer	systems	revealed	two	uniform	resonances	attributed	to	 in-phase	

and	out-of-phase	optical	or	acoustical	mode,	see	e.	g.	[111].	Future	spintronic	de-

vices	are	expected	to	consist	of	microstructured	multimaterial	systems,	e.	g.	[2],	in	

this	scope	a	prototype	system	consisting	of	a	Cobalt	(Co)	stripe	deposited	on	a	Perm-

alloy	(Py)	disk	(see	chapter	4.1.1	for	sample	details)	was	element-specifically	inves-

tigated	by	STXM-FMR,	 showing	a	different	behavior	 than	 for	 the	aforementioned	

equally	sized	bilayers.	The	measurements	were	performed	 in	 January	2015	by	S.	

Bonetti,	R.	Meckenstock,	A.	Ney,	H.	Ohldag,	C.	Schöppner	and	D.	Spoddig.	The	meas-

urement	results	were	published	in	part	in	[46]	and	in	the	PhD	thesis	of	T.	Schaffers	

[47].	The	final	analysis	was	submitted	to	Physical	Review	Applied	in	July	2020	[48].	

	

4.1.1. The	Py	disk/Co	stripe	bilayer	microstructure	

	

The	sample	system	consists	of	a	polycrystalline	Py	disk	(2.5	µm	diameter,	30	nm	

thickness)	with	a	polycrystalline	Co	stripe	on	top	(2	µm	length,	0.5	µm	width,	30	nm	

thickness)	[48],	fabricated	by	a	three-step	lithography	process	and	depositing	the	

materials	 by	 electron	 beam	 deposition	 [48,	 112].	 The	 sample	 was	 prepared	 by	

C.	Schöppner	in	a	micro-resonator	[15,	16,	18,	113]	positioned	on	a	Si3N4	membrane	

with	200	nm	thickness.	The	sample	system	is	depicted	in	Figure	13	using	SEM	and	

STXM	methods.	Py	(Ni80Fe20)	has	an	average	magnetic	moment	of	1.02	µB	per	unit	

cell	[114]	with	a	lattice	constant	~	0.355	nm	[115],	resulting	in	~	3.4	·	109	µB	in	the	

disk	volume.	With	an	average	magnetic	moment	of	1.7	µB	per	atom	[56]	the	Co	stripe	

volume	contains	about	4.6	·	109	µB	using	a	unit	cell	volume	of	0.0661	nm3	[116].	An	
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X-ray	beam	 focused	 to	35	nm	on	 the	 sample	 scans	 a	 volume	 containing	of	 about	

6.6	·	105	µB	 (Py)	and	4.5	·	106	µB	 (Co)	 taking	 into	account	 the	aforementioned	pa-

rameters.		

	

	
Figure	13:	a)	SEM	image	of	the	Py/Co	multilayer	sample	on	a	Si3N4	membrane,	indi-
cating	 the	 sample	dimensions.	 b)	 SEM	 image	of	 the	 stripline	micro	 resonator,	 c)	
magnification	of	the	membrane	area	of	the	micro	resonator.	d)	STXM	image	of	the	
resonator	 loop	 including	the	sample.	e)	STXM	image	of	 the	sample	with	a	spatial	
resolution	of	35	nm	and	a	step-size	of	100	nm.	SEM	images	were	taken	by	D.	Spoddig	
and	C.	Schöppner.	Image	adapted	from	[48].	
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The	demagnetization	factors	 for	 the	Co	stripe,	calculated	using	equations	(A1)	to	

(A3)	are	N1	=	0.078,	N2	=	0.903	and	N3	=	0.019.	Due	to	shape	anisotropy,	the	easy	

axis	of	the	Co	stripe	is	directed	along	the	long	stripe	axis,	resulting	in	BExt	orientated	

perpendicularly	to	this	axis	in	the	experiment.	For	a	disk	having	BExt	orientated	in	

the	 disk	 plane	 as	 given	 for	 the	 experiment,	 the	 demagnetization	 factors	 are	 ~	0	

[117].	

	

4.1.2. Conventional	FMR	measurements	of	the	sample	
	

The	 conventional	 FMR	measurements	 were	 performed	 at	 room	 temperature	 by	

R.	Meckenstock	and	C.	Schöppner.	The	measurements	were	done	with	a	power	of	

10	mW	using	an	excitation	frequency	of	9.27	GHz	[48].	The	static	magnetic	bias	field	

was	changed	from	0	mT	to	400	mT	in	0.5	mT	steps.	The	field	was	orientated	perpen-

dicularly	to	the	long	side	of	the	Co	stripe,	as	indicated	in	Figure	13	c)	and	e).	The	

signal	to	noise	ratio	is	>	10.	The	measured	FMR-spectrum	is	shown	in	Figure	14.	

The	error	bar	of	|BExt|	is	±	0.5	mT.	

	

	
Figure	14:	Conventional	FMR	spectra	of	 the	Py/Co	multilayer	 sample.	FMR-spec-
trum	up	to	400	mT,	showing	the	main	resonance	modes	as	1	(Py),	2	(coupled	reso-
nance),	3	(Co)	and	4	(Co,	edge	resonance	mode).	Image	taken	from	[48].	
	



Magnetization	dynamics	on	micrometer	sized	sample	structures	
	

	 36	

The	spectrum	in	Figure	14	shows	four	main	resonances	indicated	as	1,	2,	3	and	4	at	

58.3	mT,	 84.9	mT,	 112.7	mT	 and	344	mT,	 respectively	 [48].	 Resonance	 1	 has	 the	

highest	intensity	followed	by	resonance	2,	3,	and	4.	The	linewidth	is	15	mT	for	res-

onance	1,	5	mT	for	resonance	2,	10	mT	for	resonance	3	and	8	mT	for	resonance	4	

[48].	The	disk	shape	of	the	Py	part	of	the	sample	favors	no	in-plane	easy	or	hard	axis	

of	the	shape	anisotropy	leading	in	combination	with	its	higher	volume	to	the	assign-

ment	of	resonance	1	(highest	intensity)	to	the	Py	disk	[48],	even	though	Py	has	a	

lower	saturation	magnetization	(860	kA/m	[13])	than	Co	(1420	kA/m	[13])	[48].	

Due	to	shape	anisotropy	(see	chapter	2.1.1),	resonance	3	is	assigned	to	the	Co	stripe,	

having	its	easy	anisotropy	axis	orientated	perpendicularly	to	BExt	[48].	A	comparable	

behavior	is	demonstrated	with	FMR	measurements	of	a	Co	stripe	in	[16].	Due	to	the	

polycrystalline	character	of	both	layers,	an	influence	of	the	magneto	crystalline	ani-

sotropy	is	not	taken	into	account	[48].	The	resonance	indicated	as	4	in	Figure	14	is	

ascribed	as	an	edge	mode	of	the	Co	stripe	[16,	113,	118]	originating	in	the	missing	

alignment	of	the	magnetic	moments	at	the	long	sides	of	the	Co	stripe	[48,	113,	118].	

In	consequence	the	resonance	of	the	stripe	edges	at	a	higher	resonance	field	[48].	

Investigations	on	edge	modes	in	Py	are	reported	e.	g.	in	[33,	119-122].	The	origin	of	

resonance	2	is	assumed	to	be	a	coupled	resonance	of	both	materials	[48].	To	identify	

the	origin	of	the	resonances	STXM-FMR	was	employed	(chapter	3.3).	

	

4.1.3. Element-specific	magnetization	dynamics	of	 the	Py/Co	bilayer	microstruc-
ture		

	

STXM-FMR	measurements	on	the	Py/Co	bilayer	microstructure	were	performed	at	

the	Co	L3	edge	(nominal	value:	779	eV)	for	the	detection	of	the	magnetization	dy-

namics	in	the	Co	stripe	and	at	the	Ni	L3	edge	(nominal	value:	852	eV)	for	the	meas-

urements	of	the	Py	disk	[48].	The	microwave	excitation	was	set	to	9.129	GHz	[48]	

with	a	power	of	17	dBm,	which	corresponds	to	the	19th	harmonic	(9.04	GHz)	of	the	

synchrotron	frequency	with	an	added	subharmonic	of	1/6th.	Due	to	the	limitation	

of	a	maximal	external	bias	field	of	200	mT	at	the	SSRL,	only	the	formerly	introduced	

resonances	1-3	could	be	imaged.	The	STXM-FMR	measurements	were	done	for	both	

absorption	edges	at	58.3	mT	(resonance	1),	84.9	mT	(resonance	2),	and	112.7	mT	

(resonance	3)	[48].	The	selected	step	size	for	the	scan	was	100	nm	with	a	dwell	time	

between	the	single	pixel’s	scans	of	5000	ms.		



Magnetization	dynamics	on	micrometer	sized	sample	structures	
	

	 37	

	
Figure	15:	a)	STXM-FMR	images	recorded	with	and	without	applied	microwave	ex-
citation	at	the	Co	L3	edge	at	112.7	mT.	The	difference	data	is	shown	in	the	last	col-
umn.	The	blue	highlighted	area	shows	the	recorded	STXM-FMR	data	with	the	first	
row	corresponding	to	the	last	one.	b)	FMR	induced	X-ray	transmission	for	the	Co	
resonance	and	for	an	off-resonance	|BExt|.	Figure	adapted	from	[48].	
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Figure	15	a)	shows	the	12	STXM-FMR	images	recorded	with	a	time	distance	of	18	ps	

(@	9.129	GHz)	at	the	Co	L3	edge	for	resonance	3	at	112.7	mT.	The	data	acquired	with	

and	without	microwave	excitation	is	displayed,	as	well	as	the	microwave	induced	X-

ray	transmission	in	the	fourth	column.	In	[46]	and	[47]	a	set	of	procedures	for	back-

ground	correction	is	presented.	To	preserve	the	information	featured	by	the	STXM-

FMR	data	 the	 images	 in	Figure	15	and	Figure	16	are	adjusted	 to	 the	 same	back-

ground	color	level	[48].	

	

For	the	microwave	induced	X-ray	transmission	at	the	Co	resonance	a	clearly	sinus-

oidal	behavior	of	the	magnetization	oscillation	is	visible	in	Figure	15	b),	with	a	rela-

tive	phase	shift	of	90°	to	the	off-resonance	case	recorded	at	an	external	magnetic	

field	of	30	mT,	at	which	Co	is	only	driven	by	the	applied	microwave	[48].	This	cor-

responds	to	the	general	behavior	of	a	resonance	to	its	excitation	[123].	Also,	a	dif-

ference	of	the	signal	amplitude	of	about	25	%	can	be	observed	between	both	signals.	

The	complete	measurement	rows	for	both	the	Ni	and	the	Co	L3	edge	are	displayed	

in	 appendix	 7.3.	 Figure	 16	 displays	 the	 STXM-FMR	measurement	 results	 for	 the	

three	resonances	for	both	X-ray	absorption	edges.		

	

	
Figure	16:	Results	of	 the	STXM-FMR	measurements	 for	 the	 three	resonances,	 for	
each	resonance	the	scans	at	the	Ni	L3	and	the	Co	L3	edge	is	displayed.	Image	taken	
from	[48].	
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The	images	at	the	same	relative	phase	of	300°	(92	ps)	are	shown.	The	STXM-FMR	

image	taken	at	the	Py	resonance	at	the	Ni	L3	edge	is	shown	in	Figure	16	a).	A	strong	

contrast	is	visible	within	the	Py	disk,	which	indicates	that	the	Py	is	in	resonance	at	

this	value	of	the	external	 field	[48].	The	measurement	at	the	same	magnetic	 field	

value	at	the	Co	L3	edge	(Figure	16	d))	shows	no	contrast	within	the	Py	disk	and	a	

weak	contrast	at	the	area	of	the	Co	stripe.	This	can	be	understood	in	the	way	that	

the	magnetic	moments	of	the	Co	are	not	fully	orientated	in	the	direction	of	the	ex-

ternal	field	at	the	Py	resonance	field,	so	angular	momentum	is	transferred	from	the	

Py	to	the	Co,	resulting	in	a	weak	collective	precession	of	the	magnetic	moments	of	

the	Co	stripe	[48].	At	this	resonance	field	the	 line	width	of	the	conventional	FMR	

spectrum	has	 the	highest	value	of	15	mT	observed	within	 the	measurement	(see	

chapter	4.1.2	and	[48]),	which	is	due	to	an	intrinsic	contribution	to	the	damping	of	

the	Py	disk,	connected	with	a	 line	distribution	originating	in	the	sample	parts	di-

rectly	below	and	around	the	Co	stripe[48].		

	

Figure	16	b)	and	e)	visualize	the	STXM-FMR	data	obtained	at	the	external	magnetic	

field	value	of	the	intermediate	resonance.	At	both	X-ray	absorption	edges	a	strong	

contrast	can	be	observed	within	the	Py	disk,	as	well	as	in	the	Co	stripe,	displaying	

that	both	parts	of	the	sample	are	in	resonance	[48].	This	is	also	supported	by	the	

smallest	observed	FMR	line	width	of	5	mT	[48].	A	more	pronounced	contrast	is	seen	

in	Figure	16	b)	at	the	area	of	the	Co	stripe	due	to	a	widened	precession	cone	of	the	

magnetic	moments	 in	 the	Py	caused	by	 the	exchange	coupling	with	Co	 [48].	This	

indicates	that	the	origin	of	resonance	2	lies	in	the	exchange	coupled	layers	of	the	

sample	[48],	with	both	magnetic	constituents	being	 in	resonance	reciprocally	en-

hancing	each	other	[48].	The	influence	of	magnetic	dipolar	coupling	will	be	shown	

later	in	this	chapter.	

	

In	Figure	16	c)	and	f)	the	STXM-FMR	images	for	both	X-ray	absorption	edges	at	res-

onance	3	are	depicted.	At	the	Ni	L3	edge	only	a	weak	contrast	within	the	Py	disk	can	

be	detected,	while	a	strong	contrast	within	the	Co	stripe	at	the	Co	L3	edge	can	be	

observed,	indicating	that	the	Co	stripe	is	in	resonance	[48].	An	angular	momentum	

transfer	from	Co	to	Py	is	the	reason	for	the	weak	contrast	visible	in	Figure	16	c).	The	

contrast	is	less	intense	as	the	magnetic	moments	of	Py	are	aligned	by	the	external	

field	and	therefore	they	are	only	slightly	driven	by	Co	[48].	The	behavior	of	the	FMR	
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line-width	can	be	explained	by	the	same	origin	as	for	the	corresponding	behavior	at	

resonance	1	[48].	

	

The	contrast	within	the	Co	stripe	shows	a	larger	broadness	and	a	higher	intensity	

than	the	contrast	within	the	Co	stripe	shown	in	Figure	16	e),	see	Figure	17.	This	can	

be	explained	by	the	complete	excitation	of	the	Co	stripe	at	resonance	3,	while	the	

magnetic	moments	at	 the	 long	edges	of	 the	Co	stripe	are	not	 in	resonance	at	 the	

magnetic	field	value	of	the	coupled	resonance	[48],	due	to	the	different	orientation	

of	the	magnetization	along	the	long	sides	of	the	stripe,	as	it	can	be	seen	in	the	result	

of	micromagnetic	simulations	in	Figure	18	[48].	As	described	in	chapter	4.1.2,	the	

resonance	field	for	this	edge	mode	is	at	344	mT	[48].	Investigations	on	edge	modes	

in	Py	are	reported	e.	g.	in	[33,	119-122].	

	

	
Figure	17:	Line	scans	of	the	STXM-FMR	images	recorded	at	the	Co	L3	edge	for	reso-
nance	3	(a))	and	resonance	2	(b)).	For	comparison	the	images	were	normalized	to	
the	0	to	-1	range.	The	averaged	intensity	of	the	linescans	is	plotted	to	the	right.	
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This	interpretation	is	also	supported	by	micromagnetic	simulations	using	MuMax3	

[124],	which	were	performed	for	a	single	Co	stripe	(2048	nm	x	512	nm	x	32	nm)	

and	a	Py	disk	(2560	nm	x	32	nm)	/	Co	stripe	(2048	nm	x	512	nm	x	32	nm)	bilayer	

microstructure.	The	selected	simulation	parameters	are	for	Py:	Aex	=	13	·	10-12	J/m,	

Msat	=	860	·	103	 A/m	and	 for	Co	Aex	=	30	·	10-12	J/m	 ,	Msat	=	1420	·	103	A/m,	 both	

values	of	Aex	are	taken	from	the	OOMMF	database	[27],	both	values	of	Msat	are	taken	

from	[13].	In	the	simulations	an	energy	minimization	was	processed	(see	chapter	

3.5).	The	orientation	of	the	magnetization	is	shown	in	Figure	18,	for	the	simulation	
an	external	magnetic	field	of	85	mT,	resembling	the	experimental	value	of	the	cou-

pled	resonance,	was	applied	perpendicularly	to	the	long	sides	of	the	stripe.	Within	

the	Py	disk	(Figure	18	a))	the	magnetization	is	orientated	parallelly	along	the	direc-

tion	of	the	external	magnetic	field	with	deviations	at	the	position	of	the	Co	stripe,	

showing	a	rhomboid-shaped	area	with	field	parallel	orientation	of	the	magnetiza-

tion	confined	by	a	differently	orientated	magnetization	starting	at	the	long	sides	of	

the	stripe.	The	orientation	of	the	magnetization	within	the	disk	corresponds	to	its	

orientation	within	the	Co	stripe,	as	shown	in	Figure	18	b),	resembling	the	rhomboid-

shaped	area	with	field	parallel	magnetization	alignment.	The	different	orientation	

of	the	magnetization	along	the	long	sides	of	the	Co	stripe	result	in	a	higher	resonance	

field	of	these	sides	(compare	to	the	higher	demagnetization	field	intensity	in	Figure	

19),	which	is	located	at	344	mT	in	the	conventional	FMR	measurements	(Figure	14)	

[48].		

	

Figure	19	a)	shows	the	stray-	/demagnetization	field	 intensity	of	the	Py	disk,	 the	

dipolar	coupling	between	the	Co	stripe	and	the	Py	disk	is	clearly	visible	at	the	posi-

tion	of	the	Co	stripe	(compare	to	the	magnetization	orientation	in	Figure	18).	From	

the	top	edge	to	the	lower	disk	edge	a	rhomboidally	shaped	area	with	a	demagneti-

zation	field	intensity	of	about	75	mT	is	visible	confined	by	boundaries	with	demag-

netization	field	values	up	to	about	125	mT.	This	observation	is	corresponding	to	the	

orientation	of	the	magnetization	pictured	in	Figure	18.	Outside	this	area,	the	demag-

netization	field	intensity	also	is	about	75	mT	at	the	position	of	the	stripe.	The	inten-

sity	decreases	along	the	x-direction	(Figure	11)	to	values	slightly	above	0	mT	and	

increases	while	approaching	the	disk	edges	to	values	up	to	about	200	mT.	The	stray-	

/	demagnetization	field	intensity	of	the	Co	stripe	is	depicted	in	Figure	19	b),	showing	

the	highest	intensity	along	the	long	edges	of	the	stripe	with	values	up	to	450	mT	at	
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the	centers	of	the	long	side	edges.	The	observations	made	in	Figure	19	clearly	show	

the	influence	of	magnetic	dipolar	coupling	between	the	Py	disk	and	the	Co	stripe.		

	

	
	

Figure	18:	Two-dimensional	representation	of	the	magnetization	for	the	simulated	
bilayer	microstructure	a)	the	Py	disk,	b)	the	Co	stripe	at	|BExt|	=	85	mT	along	the	x-
direction	has	been	applied	perpendicular	to	the	long	sides	of	the	stripe.	
	

The	color	code	fit	analysis	(see	chapter	3.4	and	[103])	was	applied	to	the	STXM-FMR	

data,	to	reveal	information	on	the	phase	and	amplitude	distribution	not	visible	in	

Figure	16.	At	the	field	of	resonance	1	(Py),	showing	data	recorded	at	the	Ni	L3	edge,	

Figure	20	a)	depicts	a	homogenous	distribution	of	the	relative	phase	of	about	90°	

and	an	amplitude	distribution	showing	more	pronounced	pixels	a	the	position	of	the	

Co	stripe	indicating	a	weak	exchange	coupled	precession	between	the	resonating	Py	

disk	and	the	weakly	precessing	Co	[48].		
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Figure	19:	Simulated	stray-/demagnetization	field	intensity	viewed	from	the	z-di-
rection	for	a)	the	Py	disk	and	b)	the	Co	stripe.	Figure	adapted	from	[48].	
	

At	the	Co	L3	edge	(Figure	20	d))	only	a	weak	excitation	of	the	Co	stripe	can	be	ob-

served	displaying	a	weak,	but	homogeneous	amplitude	distribution	and	a	relative	

phase	of	about	90°,	with	a	deviation	at	the	stripe	center	showing	a	relative	phase	

between	 60°	 and	 90°,	 revealing	 an	 inhomogeneous	 excitation	 in	 this	 part	 of	 the	

stripe.	This	result	confirms	the	assumption	of	a	precession	of	the	not-saturated	Co	

magnetization,	which	 is	caused	by	an	angular	momentum	hand-over	 from	the	Py	

disk,	which	results	in	a	different	phase	within	the	Co	at	the	yellow-colored	parts	of	

the	stripe	[48].	At	the	field	of	resonance	2	a	homogenous	distribution	of	the	relative	

phase	of	about	90°	is	visible	with	pixels	with	higher	brightness	at	the	top	and	bottom	

location,	where	the	edges	of	the	Co	stripe	are	situated	on	top	(Figure	20	b))	[48].		

	

Figure	20	e)	shows	a	uniform	relative	phase	of	about	90°	at	 the	center	of	 the	Co	

stripe,	while	at	the	upper	and	lower	edges	a	relative	phase	of	about	60°	can	be	seen,	

originating	in	the	slightly	different	orientation	of	the	magnetization	with	respect	to	

the	alignment	along	the	direction	of	the	external	field,	due	to	the	stray	field	exiting	

and	entering	at	these	poles	[48].		
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Figure	20:	Results	of	the	color	code	fit	analysis	for	the	STXM-FMR	data	of	the	Py/Co	
sample.	b)	and	e)	are	taken	from	[48].	The	color	bar	was	adapted	from	B.	Zingsem	
for	[48]	
	

The	images	presented	in	Figure	20	c)	and	f),	which	show	the	STXM-FMR	data	rec-

orded	at	resonance	3	at	the	Ni	L3	and	Co	L3	edges,	have	to	be	handled	cautiously.	

Due	to	a	phase	shift	in	the	microwave	synchronization	board	within	the	measure-

ment	(see	appendix:	Figure	85),	Figure	20	c)	shows	a	relative	phase	divided	into	an	

upper	part	with	a	phase	value	of	0°/360°	and	a	 lower	part	with	a	phase	value	of	

about	60°.	In	between	is	a	transition	phase	area	with	a	value	of	about	45°.	The	tran-

sition	between	the	phases	is	abrupt	without	a	visible	phase	gradient,	which	supports	

the	presence	of	the	two	relative	phases	due	to	the	reported	phase	shift	during	the	

measurement.	Therefore,	no	additional	information	to	the	grayscale	STXM-FMR	im-

ages	shown	in	Figure	16	and	in	appendix	7.3	can	be	obtained	from	this	image.	Figure	

20	f)	shows	the	result	of	the	color	code	fit	analysis	for	the	STXM-FMR	measurement	

taken	 at	 the	 Co	 L3	 edge	 at	 resonance	 3.	 The	 homogeneous	 phase	 distribution	 of	

about	60°,	indicates	a	uniform	excitation	of	the	Co	stripe.	The	relative	phase	value	

deviates	from	the	observation	made	in	Figure	15	b),	which	reveals	a	relative	phase	

of	about	90°.	The	origin	of	 this	deviation	 is	unclear,	but	 it	can	be	concluded,	 that	

Figure	20	f)	as	well	as	Figure	16	f)	show	both	a	uniform	excitation	of	the	Co	stripe,	

as	it	is	expected	for	the	Co	main	resonance.	

	

In	Figure	16	as	well	as	in	Figure	20	a	weak	oscillation	at	the	Si3N4	membrane	sur-

rounding	the	sample	is	visible.	In	[46]	this	observation	is	attributed	to	an	antenna-
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like	effect	of	 the	 cabeling	of	 the	avalanche	photodiode,	detecting	 standing	waves	

originating	in	the	used	microwave	radiation,	which	can	result	in	additional	detected	

counts.	An	additional	possible,	presumably	larger,	contribution	to	the	background	

oscillation	is	attributed	to	stray	field	oscillations	induced	by	the	microwave,	as	it	has	

been	shown	in	the	PhD	thesis	of	B.	Zingsem	in	the	scope	of	Transmission	Electron	

Microscopy	detected	magnetization	dynamics	and	micromagnetic	simulations	[40]	

(not	published	as	of	July	2020).		

	

By	employing	STXM-FMR	 it	was	possible	 to	confirm	that	 the	resonances	1	and	3	

originate	in	the	Py	disk	and	the	Co	stripe,	respectively	[48].	In	addition,	the	excita-

tion	of	 the	 constituent,	which	 is	not	 in	 resonance	at	 the	 respective	external	 field	

value,	due	to	an	angular	momentum	transfer,	could	be	shown,	which	cannot	be	ex-

tracted	 from	the	conventional	FMR	measurement	 [48].	While	 the	general	assign-

ment	of	resonance	1	and	3	to	the	Py	disk	and	the	Co	stripe	is	expectable,	the	origin	

of	resonance	2	as	a	coupled	resonance,	at	which	both	constituents	resonate	was	only	

possible	due	to	the	STXM-FMR	measurement.	Furthermore,	the	color	code	fit	anal-

ysis	revealed	an	inhomogeneous	excitation	of	the	Co	stripe	at	the	stripe	poles	caused	

by	the	stray	field	[48].	Magnetic	dipolar	coupling	could	be	identified	as	an	additional	

component	next	to	exchange	coupling	as	the	origin	of	the	observed	behavior	of	both	

sample	parts	at	the	investigated	resonances	[48].		
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4.2. Visualization	 of	 standing	 spin	 waves	 in	 different	 Py	 stripe	 ar-
rangements	

	

In	chapter	4.1,	angular	momentum	transfer	and	coupling	phenomena	in	a	Py/Co	bi-

layer	microstructure	were	investigated	at	the	uniform	resonances	of	each	element.	

In	addition,	a	dipolarly	influenced	exchange	coupled	resonance	of	both	ferromag-

netic	constituents	was	detected,	which	deviates	from	the	known	observed	behavior	

of	equally	sized	ultrathin	ferromagnetic	films	[48].	In	the	scope	of	spin	wave	based	

computing,	e.	g.	 [4,	6,	7,	125,	126],	 standing	uniform	and	non-uniform	spin	wave	

modes	in	various	Py	stripe	ensembles	are	visualized	by	STXM-FMR	and	the	influence	

of	the	presence	of	a	second	stripe	is	investigated.	The	results	in	this	chapter	of	the	

thesis	have	been	published	in	part	in	[30].	

	

Conventional	FMR	measurements	in	combination	with	micromagnetic	simulations	

on	a	single	Py	stripe	(5.04	µm	·	0.59	µm	·		0.056	µm)	were	done	in	[15],	showing	in	

the	spectra	a	uniform	resonance	and	four	non-uniform	modes,	which	were	visual-

ized	by	micromagnetic	simulations.	The	external	magnetic	field	was	orientated	in-

plane	perpendicularly	towards	the	long	stripe	side	[15].	With	STXM-FMR	it	was	pos-

sible	to	experimentally	visualize	these	modes	of	a	single	Py	stripe,	albeit	the	STXM-

FMR	results	are	located	at	lower	resonance	fields,	as	the	measurements	were	per-

formed	at	a	frequency	of	9.446	GHz	[30]	with	BExt	orientated	along	the	easy	axis	of	

the	stripe	in	comparison	to	f	=	14.13	GHz	in	[15]	and	BExt	along	the	in-plane	hard	

axis.		

	

4.2.1. Sample	overview	
	

Three	types	of	Py	(Ni80Fe20)	stripe	samples	have	been	produced	employing	two-step	

lift-off	lithography	(electron	beam	and	optical)	by	S.	Pile	at	the	Johannes	Kepler	Uni-

versity	 in	Linz,	Austria.	The	samples	consist	of	a	single	Py	stripe	with	a	 length	of	

5	µm,	a	width	of	1	µm	and	a	thickness	of	0.03	µm	and	two	arrangements	of	Py	stripes	

each	with	the	aforementioned	dimensions	in	T-	and	L-shape	geometries.	In	the	first	

step	the	Py	stripes	were	produced	on	a	Si3N4	membrane	with	200	nm	thickness.	The	

T-	 and	 L-shape	 arrangements	 are	 positioned	 with	 a	 2	µm	 distance	 between	 the	
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stripes	[30].	Each	stripe	has	an	oxidation	protection	layer	of	5	nm	Al	on	top	[30].	In	

the	second	step	the	micro-resonator	was	applied	with	the	resonator	 loop	around	

the	samples.	A	schematic	overview	of	the	samples	geometries	is	shown	in	Figure	21.	

	

	
Figure	21:	Schematic	overview	on	the	Py	stripe	sample	geometries.	 In	the	micro-
magnetic	simulations	the	external	field	has	been	tilted	correspondingly	to	the	ori-
entation	of	the	sample	in	the	experiment.	
	

For	the	single	Py	stripe	and	the	Py	T-shaped	stripe	arrangement	in-plane	tilting	an-

gles	of	the	samples	with	respect	to	BExt	of	about	4°	and	3°	are	assumed.	For	the	sim-

ulations,	BExt	was	tilted	in-plane	with	respect	to	the	experimental	sample	orienta-

tion,	as	a	turned	sample	in	the	simulation	grid	results	in	simulations	artifacts.		

	

The	demagnetization	factors	for	a	single	stripe	are	given	in	Table	2	using	the	coor-

dinate	 system	 indicated	 in	Figure	82.	The	 shape	 anisotropy	easy	 axis	 is	 directed	

along	the	stripes’	long	sides,	resulting	in	the	vertical	Py	stripe	having	BExt	orientated	

perpendicular	to	its	easy	axis.	As	the	result	the	resonance	field	of	this	stripe	is	at	a	

higher	value	(123	mT,	simulation)	as	the	horizontal	stripe	(80	mT,	simulation),	as	

shown	in	Figure	23	[30].	

	

Demagnetization	factor	 Horizontal	stripe	 Vertical	stripe	

N1	eq.	(A1)	 0.046	 0.009	

N2	eq.	(A2)	 0.945	 0.945	

N3	eq.	(A2)	 0.009	 0.046	

Table	2:	Demagnetization	 factors	 for	 the	horizontal	and	vertical	 stripe	calculated	
using	equations	(A1)	to	(A3).	
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4.2.2. Micromagnetic	simulations	of	the	Py	stripe	ensembles	
	

The	magnetization	response	excited	at	9.446	GHz	[30]	was	simulated	using	MuMax3	

(see	chapter	3.5	and	[29])	for	the	above	samples.	The	frequency	corresponds	to	the	

excitation	in	the	STXM-FMR	measurements	(chapter	4.2.3	to	4.2.6).	The	energy	min-

imization	method	presented	in	[108]	was	used	in	addition	to	the	MuMax3	build-in	

“relax()”	function	[29].	The	simulation	parameters	are	given	in	Table	3.	

	

Aex	[J/m]	 Msat	[A/m]	 Cell	size	 Grid	size	

13	·	10-12	 7.2	·	105	 (32	nm)	3	 264	·	180	·	1	

Table	3:	Parameters	 for	 the	micromagnetic	 simulations	of	 the	Py	 stripe	arrange-
ments	excited	at	9.446	GHz.	The	Aex	taken	from	the	OOMMF	database,	OOMMF	[27].	
Msat	is	obtained	from	magnetization	measurements	of	Py	samples	at	Johannes	Kep-
pler	University	Linz.	
	

Due	to	the	xy-dimensions	of	the	stripe	ensembles	in	the	micrometer	range,	the	cell	

size	was	selected	larger	than	the	exchange	length	of	6.3	nm,	which	was	calculated	

using	the	parameters	given	in	Table	3.	The	simulated	FMR	absorption	spectra	for	

the	single	stripe,	the	T-shape,	and	the	L-shape	stripe	arrangements	are	presented	

for	 the	 tilting	 angles	 of	 the	 external	magnetic	 field	 corresponding	 to	 the	 experi-

mental	geometry	 in	Figure	22	and	Figure	23.	The	resonances	 in	 the	range	of	 the	

STXM-FMR	measurements	are	indicated.		

	

For	the	single	Py	stripe	the	main	resonance	is	located	at	80	mT	(Figure	22).	For	the	

stripe	ensembles,	two	main	resonances	can	be	observed,	at	80	mT	the	uniform	res-

onance	of	the	horizontal	stripe	can	be	found,	while	at	123	mT	the	uniform	resonance	

of	the	vertical	stripe	is	located	[30].	The	spectra	for	the	T-	and	L-shape	geometry	

(Figure	23)	show	no	difference	in	resonance	positions	and	number	of	resonances	

[30].	For	all	three	stripe	arrangements	several	spin	wave	modes	can	be	seen,	which	

will	be	visualized	in	part	by	means	of	STXM-FMR	and	micromagnetic	simulations	in	

chapters	4.2.4	to	4.2.6.	As	all	simulations	were	performed	at	the	same	frequency	of	

9.446	GHz	and	an	amplitude	of	0.5	mT	the	resonance	intensities	can	be	compared,	

which	is	shown	in	Table	4.	The	highest	deviations	are	between	the	Py	single	stripe	
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and	both	stripe	ensembles,	e.	g.	for	the	resonance	at	80	mT	the	signal	intensity	of	

the	 single	 stripe	 is	 48.2	%	 higher	 than	 for	 the	 T-shape	 arrangement	 and	 49.1	%	

higher	than	the	signal	of	the	L-shape	arrangement.	The	higher	intensity	of	the	sig-

nals	of	the	single	stripe	is	attributed	to	the	missing	stray-field	influence	by	the	2nd	

stripe.	

	

	
Figure	22:	a)	Simulated	FMR	spectrum	for	the	single	Py	stripe	simulated	with	a	tilt-
ing	angle	of	4°	(see	Figure	21).	b)	Magnification	of	the	simulated	FMR	spectrum	for	
the	single	Py	stripe	simulated	with	a	tilting	angle	of	4°	(see	Figure	21).	The	reso-
nance	positions	in	the	range	of	the	STXM-FMR	measurements	are	indicated	in	the	
graph.	
	

	
Figure	23:	a)	Simulated	FMR	spectrum	for	the	T-shaped	Py	stripe	arrangement	sim-
ulated	with	a	tilting	angle	of	3°	(see	Figure	21).	b)	Simulated	FMR	spectra	for	the	L-
shaped	Py	stripe	arrangement.	The	external	magnetic	field	is	orientated	along	the	
horizontal	stripe.	The	resonance	positions	in	the	range	of	the	STXM-FMR	measure-
ments	are	indicated	in	the	graph.	
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|BExt|	

	

[T]	

IPy-Str.	

	

[arb.	u.]	

IPy-T	

	

[arb.	u.]	

IPy-L	

	

[arb.	u.]	

Deviation	

IPy-Str.	/	IPy-T	

[%]	

Deviation	

IPy-Str.	/	IPy-L	

[%]	

Deviation	

IPy-T	/	IPy-L	

[%]	

0.08	 -0.0224	 -0.0116	 -0.0114	 48.2	 49.1	 1.7	

0.086	 -0.0044	 -0.0026	 -0.0021	 40.9	 52.3	 19.2	

0.091	 -0.0018	 -0.0011	 -0.0010	 38.9	 44.4	 9.1	

0.096/	

0.097	

-0.0011	 -0.0009	 -0.0007	 18.2	 36.4	 22.2	

0.1	 -0.0007	 	 	 	 	 	

0.103	 -0.0006	 	 	 	 	 	

0.105	 -0.0005	 	 	 	 	 	

0.107	 -0.0004	 	 	 	 	 	

0.111/	

0.112	

	 -0.0013	 -0.0010	 	 	 23.1	

0.113	 -0.0003	 	 	 	 	 	

0.121	 -0.0002	 	 	 	 	 	

0.123	 	 -0.0076	 -0.0081	 	 	 -6.6	

Table	4:	Intensities	of	the	simulated	FMR	signal	for	the	Py	single	stripe,	T-	and	L-
shape	geometry	with	deviations	for	corresponding	spin	wave	modes.	
	

To	visualize	the	stray/demagnetization	field	intensity/distribution	micromagnetic	

simulations	performing	an	energy	minimization	at	the	resonance	fields	indicated	in	

Figure	22	and	Figure	23	were	performed.	All	 following	visualizations	are	viewed	

from	the	z-direction	(Figure	11).	

	

The	averaged	demagnetization,	exchange,	Zeeman,	and	total	energy	densities	for	the	

single	Py	stripe,	calculated	by	the	micromagnetic	simulation,	are	shown	in	Figure	

24.	As	magneto	crystalline	anisotropy	is	not	taken	into	account	in	the	simulation,	

the	corresponding	energy	density	term	[29]	is	not	calculated	and	therefore	it	is	not	

shown.	The	dominating	energy	contribution	with	respect	to	its	absolute	value	is	the	

Zeeman	energy	density,	regarding	the	influence	of	the	external	magnetic	field	(Fig-

ure	24	c)).	As	a	logical	consequence,	the	absolute	value	for	this	energy	density	de-

creases	with	decreasing	field	strength.		
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The	 second-largest	 contribution	 is	 given	 by	 the	 demagnetization	 energy	 density	

shown	in	Figure	24	a).	The	demagnetization	energy	density	increases	with	increas-

ing	|BExt|	as	it	depends	on	the	magnetization	[29].	The	exchange	energy	density	(Fig-

ure	24	b))	is	the	smallest	contribution	to	the	total	energy	density,	decreases	with	

increasing	|BExt|.	

	
Figure	24:	Averaged	free	energy	densities	for	the	single	Py	stripe	for	the	different	
resonance	fields.	
	

As	 the	selected	cell	 size	 is	above	 the	exchange	 length	of	 the	sample	material,	 the	

effect	of	exchange	coupling	and	the	resulting	energy	density	cannot	be	taken	as	re-

liable	values	and	are	therefore	given	to	show	all	contributions	of	the	total	energy	

density;	its	absolute	value	is	increasing	with	increasing	|BExt|	due	to	the	dominating	

contribution	of	the	Zeeman	energy	density	(Figure	24	d)).	

	

Figure	25	visualizes	the	demagnetization	and	stray	field	intensity/distribution	for	

the	single	Py	stripe	for	|BExt|	=	80	mT.	Figure	25	a)	shows	the	highest	intensity	val-

ues	up	to	about	180	mT	along	the	short	sides	of	 the	stripes,	while	along	the	 long	

stripe	sides	and	around	the	short	stripe	sides	values	of	about	10	mT	are	visible.	The	

stray	field	distribution	shown	in	Figure	25	b)	corresponds	in	general	to	the	expected	
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distribution	for	a	stripe	dipole	magnet,	with	distorted	field	 lines	due	to	the	tilted	

angle	of	BExt	of	about	4°.	As	the	stray-	/	demagnetization	field	intensity	and	distribu-

tions	only	slightly	vary	 in	 intensity	with	 increasing	 field,	 additional	plots	are	not	

shown.	

	

The	stray-	/	demagnetization	field	intensity	and	distribution	for	the	Py	T-shape	ge-

ometry	are	shown	in	Figure	25	c)	and	d)	for	|BExt|	=	80	mT,	which	is	orientated	as	

pictured	in	Figure	21.	Figure	25	c)	shows	an	intensity	of	the	stray-	/	demagnetiza-

tion	field	of	<	10	mT	in	wide	areas	of	the	simulated	sample	system.	Within	the	ver-

tical	 stripe,	 the	demagnetization	 field	decreases	 from	about	180	mT	at	both	 long	

sides	of	the	stripe	to	about	25	mT	at	the	stripe	center.	Peak	intensities	up	to	200	mT	

are	visible	at	the	upper	and	lower	parts	of	the	long	sides	of	the	stripe.	Most	parts	of	

the	horizontal	stripes	show	the	same	intensity	of	<	10	mT	as	for	the	surrounding	

space,	with	 increasing	 intensity	of	 about	180	mT	 towards	 the	 short	 stripe	edges.	

Peak	intensities	up	to	200	mT	are	visible	at	the	upper	and	lower	parts	of	the	short	

sides	of	the	stripe.	The	stray	field	intensity	decreases	from	the	long	side	of	the	ver-

tical	stripe,	which	is	orientated	towards	the	horizontal	stripe	from	about	180	mT	

directly	at	the	stripe	side	to	<	10	mT	at	the	center	between	the	stripes	and	increases	

towards	the	short	side	of	the	horizontal	stripe	again.		

	

In	Figure	25	d)	the	stray	field	distribution	is	shown.	It	clearly	can	be	seen	that	in	

contrast	to	the	stray	field	distribution	shown	for	the	single	stripe	in	Figure	25	b),	

the	stray	field	 lines	are	distorted	due	to	the	presence	of	the	2nd	Py	stripe.	Higher	

densities	of	stray	field	lines	are	symmetrically	present	at	the	top	and	the	bottom	of	

the	long	side	of	the	vertical	stripe	and	at	the	edges	of	the	short	sides	of	the	horizontal	

stripe.	Stray	field	lines	enter	and	leave	both	stripes	at	the	long	sides	in	both	cases,	

in	 contrary	 to	 the	 distribution	 of	 a	 single	 stripe	with	 an	 external	 field	 perfectly	

aligned	along	the	stripe	exhibiting	poles	at	 the	short	edges,	where	the	stray	 field	

leaves	and	enters	the	stripe.		
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Figure	25:	Stray-	/	demagnetization	field	intensity	(a),	c))	and	distribution	(b),	d))	
for	the	single	Py	stripe	and	the	T-shape	geometry	with	an	external	magnetic	field	of	
80	mT.	
	

The	field	lines	of	the	demagnetization	field	within	the	vertical	stripe	are	homoge-

nously	oriented	antiparallel	to	the	orientation	of	BExt	along	the	-x	direction	(see	Fig-

ure	11	for	the	coordinate	system),	exhibiting	curved	field	lines	at	the	poles	at	the	

short	stripe	sides.	The	demagnetization	field	of	the	horizontal	stripe	exhibits	a	com-

plex	distribution	caused	by	the	tilted	angle	of	BExt	by	3°.	As	for	the	single	stripe,	the	

stray-	and	demagnetization	field	intensity	and	distribution	vary	only	slightly	with	

increasing	|BExt|.	

	

The	averaged	free	energy	densities	for	the	T-shaped	Py	stripe	geometry	are	shown	

in	Figure	26.	As	for	the	single	Py	stripe	before	the	dominating	energy	contribution	

with	respect	to	its	absolute	value	is	the	Zeeman	energy	density	for	both	stripes	(Fig-

ure	26	e),	f)),	and	the	absolute	value	for	this	energy	density	increases	with	increas-

ing	field	strength.		
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Figure	26:	Averaged	free	energy	densities	for	the	horizontal	and	vertical	Py	stripe	
for	the	different	resonance	fields	for	the	T-shaped	sample	geometry.	



Magnetization	dynamics	on	micrometer	sized	sample	structures	
	

	 56	

The	 second-largest	 contribution	 is	 given	 by	 the	 demagnetization	 energy	 density	

(Figure	26	a),	b)),	which	is	about	5.8	times	lower	for	the	horizontal	stripe	than	for	

the	vertical	stripe.	This	shape	anisotropy	effect	can	be	explained	by	the	orientation	

of	the	horizontal	stripe	with	its	long	easy	axis	orientated	parallel	to	the	BExt.		

	

The	exchange	energy	density	shown	in	Figure	26	c),	d)	is	the	smallest	contribution,	

while	for	the	horizontal	stripe,	a	linear	decrease	with	increasing	|BExt|	is	visible,	for	

the	vertical	stripe	the	data	points	show	a	curvature.	As	the	selected	cell	size	is	above	

the	exchange	length	the	effect	of	exchange	coupling	and	the	resulting	energy	density	

cannot	be	taken	as	reliable	values.	The	absolute	value	of	the	total	energy	density	is	

increasing	with	increasing	|BExt|	due	to	the	dominating	contribution	of	the	Zeeman	

energy	density	(Figure	26	g),	h)).	

	

The	 asymmetric	 L-shape	 stripe	 geometry	 causes	 an	 asymmetrically	 distributed	

stray	field	(Figure	27),	showing	asymmetrically	located	high	field	line	densities	at	

the	upper	and	lower	part	of	the	long	side	of	the	vertical	stripe	(Figure	27	c),	d)).	

High	field	line	densities	exist	at	the	bottom	edges	of	the	horizontal	stripe.	In	general,	

the	demagnetization	field	lines	are	orientated	antiparallelly	to	the	direction	of	BExt	

for	 both	 stripes	with	 a	 distortion	 in	 the	 horizontal	 stripe	 caused	 by	 the	 vertical	

stripe.	The	parallel	orientation	of	BExt	to	the	horizontal	stripe	results	in	peak	inten-

sities	located	at	the	center	of	each	short	stripe	side.	The	influence	of	the	horizontal	

stripe	on	the	vertical	stripe	causes	an	asymmetric	position	of	the	peak	intensity	at	

the	side	facing	towards	the	horizontal	stripe,	while	on	the	opposite	stripe	side	it	is	

located	at	the	center,	in	contrast	to	the	position	near	the	upper	and	lower	edges	for	

the	T-shape	arrangement.	The	 intensity	values	correspond	to	the	observations	 in	

Figure	25	for	the	T-shaped	ensemble.	

	

The	values	and	the	behavior	of	the	calculated	energy	densities	deviate	only	slightly	

from	the	ones	given	in	Figure	26	and	show	an	equivalent	development	with	chang-

ing	|BExt|.	They	are	presented	in	the	appendix	in	Figure	89.	
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Figure	27:	a)	Stray-	/	demagnetization	field	intensity	and	b)	distribution	for	the	Py	
L-shape	geometry	with	an	external	magnetic	field	of	80	mT.	
	

The	micromagnetic	simulations	reveal	the	distortion	of	the	demagnetization-	and	

stray	field	distribution	due	to	an	asymmetric	stripe	arrangement	(L-shape	sample)	
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and	an	in-plane	tilted	BExt	(single	Py	stripe	and	T-shape	sample).	For	each	sample	

geometry,	areas	showing	higher	stray-field	densities	at	the	side	edges	of	the	stripes	

are	visualized.	The	locations	of	these	high-density	field	line	areas	are	determined	by	

the	stripe	arrangement.	 In	the	following,	these	results	will	be	used	to	explain	the	

observed	properties	of	the	measured	spin	wave	modes.	It	will	be	explained	that	the	

here	depicted	influence	of	the	stray	field	induces	additional	resonance	conditions	

initiating	so-called	edge	modes,	see	e.	g.	[119-122],	which	result	in	a	directed	oscil-

latory	behavior	of	the	observed	spin	waves	in	the	experiments,	as	well	as	in	the	sim-

ulations.	
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4.2.3. STXM-FMR	experiment	introduction	
	

The	STXM-FMR	measurements	of	the	Py	single	stripe	and	the	T,	and	L	shape	geom-

etries	were	performed	at	the	Ni	L3	edge	[30]	(865	eV)	with	a	step	size	of	100	nm	and	

a	dwell	time	of	5000	ms.	The	microwave	frequency	was	set	to	9.446	GHz	[30]	with	

a	power	of	27	dBm	(beamtime	July	2018,	T-shape	geometry)	and	29	dBm	(beam-

time	November	2018,	single	stripe,	T-	and	L-shape	geometries).	Selected	datasets	of	

measured	spin	wave	modes	are	presented	in	this	chapter,	while	additional	datasets	

showing	comparable	spin	wave	modes	are	presented	in	appendix	7.5.	For	all	STXM-

FMR	datasets	 the	natural	 logarithm	of	 the	division	of	 the	data	obtained	with	and	

without	microwave	excitation	was	taken,	and	a	minimum-maximum	normalization	

[127]	was	applied.	One	of	the	characteristics	of	a	micro-resonator	is	the	homogene-

ous	distribution	of	the	high-frequency	magnetic	field	in	the	center	area	of	the	reso-

nator	 loop,	as	 it	 is	demonstrated	in	e.	g.	 [18]	and	[15].	By	positioning	the	sample	

within	the	aforementioned	area	of	the	resonator	loop,	a	uniform	excitation	of	the	

sample	is	achieved.		

	

The	research	of	Kittel	showed	that	standing	spin	waves	[71]	are	the	consequence	of	

a	uniform	rf-excitation	of	a	 ferromagnetic	sample	[30,	72]	(see	also	chapter	2.3).	

Taking	into	account	the	position	of	the	Py	stripe	ensembles	in	the	micro-resonator	

loop	and	the	area	of	the	homogeneous	high-frequency	magnetic	field	distribution	

[18],	[15];	a	uniform	excitation	of	the	samples	can	still	be	assumed.	For	each	meas-

ured	spin	wave	mode,	the	simulated	mz-component	of	the	magnetization	is	shown	

as	a	two-dimensional	representation	for	a	tilting	angle	of	BExt	of	4°	(singly	Py	stripe),	

of	3°	(T-shape	arrangement)	and	0°,	(L-shape	arrangement).	Due	to	technical	issues	

concerning	 the	 Hall-probe	 measurements	 at	 both	 measurement	 beamtimes,	 the	

measured	 values	 of	 for	 |BExt|	 are	 not	 reliable	 and	 show	 deviations	 up	 to	 20	mT.	

Measurements	on	the	T-shape	Py	stripe	geometry	performed	by	A.	Ney	et	al.	[128]	

(reference	 to	 the	 unpublished	 dataset)	 at	 the	 MAXYMUS	 beamline	 [129]	 at	 the	

BESSY	II	 synchrotron	 in	 Berlin	were	 used	 to	 assign	 values	 of	 |BExt|	 to	 the	 corre-

sponding	spin	wave	modes.	The	assignment	compares	well	to	|BExt|	obtained	from	

the	micromagnetic	simulations.	These	unpublished	measurements	are	going	to	be	

part	of	the	PhD	thesis	of	S.	Pile	and	therefore	are	not	presented	as	part	of	this	thesis.	

In	the	following,	the	assigned	values	for	BExt	are	stated	with	the	Hall	probe	values	
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given	in	brackets.	For	the	single	Py	stripe	|BExt|	corresponding	to	the	micromagnetic	

simulation	is	given,	with	the	Hall	probe	value	given	in	brackets.	All	presented	exper-

imental	visualizations	have	been	blurred	for	better	visibility.	

	

4.2.4. Py	single	stripe	
	

A	close	to	uniform	excitation	within	the	single	Py	stripe	 imaged	by	STXM-FMR	is	

shown	in	Figure	28.	Subfigure	a)	presents	the	six	recorded	images	of	the	magneti-

zation	cycle	temporally	separated	by	18	ps.		

	

	
Figure	 28:	 STXM-FMR	data	 of	 the	 single	 Py	 stripe	 at	 a	 static	 bias	 field	 of	 80	mT	
(100	mT)	and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	X-ray	trans-
mission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distribution	of	the	
relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	amplitude	ex-
tracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
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Black	depicts	a	contrast	below	the	average	(grey),	while	white	indicates	the	oppo-

site.	A	mostly	homogeneous	contrast	 is	visible	within	the	stripe	with	slightly	 less	

intensity	at	both	edges.	The	color	code	fit	analysis	(see	chapter	3.4)	reveals	a	close	

to	uniform	excitation	with	a	phase	relative	to	t	=0	ps	of	about	290°	to	0°/360°	in	

most	areas	of	the	stripe.	At	both	stripe	edges,	a	phase	value	of	about	280°	is	visible	

(Figure	28	b)),	which	indicates	the	presence	of	a	phase	gradient	of	the	magnetiza-

tion	between	the	stripe	center	and	the	edges,	resulting	in	a	close	to	uniform	mode.	

For	a	uniform	mode,	a	homogeneous	phase	distribution	would	be	expected	[71].	The	

normalized	amplitude	distribution	shown	in	Figure	28	c)	has	its	peak	value	at	the	

stripe	center	showing	a	slight	decrease	towards	both	stripe	edges.	The	origin	of	the	

different	phase	at	the	stripe	edges	is	the	result	of	the	stray	field	distribution	at	the	

stripe	edges,	as	pictured	from	micromagnetic	simulations	in	Figure	25	a),	b).	It	re-

sults	in	a	directed	oscillation	of	the	spin	wave	from	the	center	towards	both	stripe	

edges,	a	behavior	unexpected	for	a	standing	wave,	which	would	exhibit	an	alternat-

ing	behavior	of	the	anti-nodes	without	an	oscillation	to	a	certain	direction.	All	inves-

tigated	Py	stripe	samples	presented	in	the	current	chapter	4.2	fulfill	the	boundary	

conditions	for	standing	spin	waves	under	a	homogeneous	excitation	as	described	in	

[72-74].		

	
Figure	29:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	80	mT.	The	external	field	is	tilted	by	an	angle	
of	4°	(see	Figure	21)	to	resemble	the	geometry	of	the	experiment.	Six	images	of	the	
magnetization	oscillation	with	a	time	distance	of	18	ps	are	shown.		
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Due	to	the	stray	field	influence	located	at	the	edges	of	the	stripe,	resonance	condi-

tions	for	the	excitation	of	edge	modes	are	fulfilled.	This	magnetic	dipolar	influence	

is	described	for	Py	stripes	in	[119-121]	and	for	Py	ellipses	in	[33].	The	directed	os-

cillatory	behavior	of	such	modes	was	demonstrated	for	Py	dots	in	[122].	The	manip-

ulation	of	the	localization	of	edge	modes	by	the	stray	field	of	the	tip	of	the	used	Fer-

romagnetic	Resonance	Force	Microscope	is	described	in	[120].	In	consequence	this	

additional	edge	mode	excitations	lead	to	the	presence	of	the	observed	phase	gradi-

ent	and	the	directed	oscillatory	behavior.		

	

The	weak	coloring	visible	around	the	Py	stripe	indicates	an	oscillating	background,	

which	explained	by	the	influence	of	the	microwave	radiation	on	the	avalanche	photo	

diode	[46],	as	described	in	chapter	4.1.3.	The	oscillation	of	the	simulated	mz	compo-

nent	of	the	magnetization	(for	the	color	code	see	the	inset	of	the	figure)	normalized	

to	Msat	(Table	3)	is	shown	for	six	time	points	in	Figure	29	under	an	applied	magnetic	

field	tilted	by	4°	(Figure	21).	A	uniform	excitation	can	be	seen,	corresponding	to	the	

experimental	observations	in	Figure	28.	The	zig-zag	patterns	seen	in	the	simulation	

result	originates	in	the	perfect	stripe	geometry	without	any	roughness	of	the	stripe	

sides	and	is	regarded	as	a	simulation	artifact.		

	

The	modes	observed	in	STXM-FMR	and	the	micromagnetic	simulations	correspond	

to	 the	 observations	 on	 a	 single	 Py	 stripe	 at	 |BExt|	 of	 252.5	mT	 (experiment)	 and	

249.6	mT	(simulation)	in	[15].	The	difference	in	the	resonance	fields	is	due	to	the	

aforementioned	orientation	of	BExt	and	the	excitation	at	14.13	GHz	in	[15]	(chapter	

4.2).	
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A	resonant	response	only	visible	at	the	edges	of	the	Py	stripe	is	visualized	in	Figure	

31	at	a	field	below	the	uniform	resonance	mode	at	80	mT.	When	taking	into	account	

an	estimated	field	offset	of	about	-20	mT,	|BExt|	of	about	50	mT	can	be	assumed.	A	

magnification	of	the	simulated	FMR	spectrum	in	Figure	22	shown	in	Figure	30	re-

veals	the	presence	of	a	spin	wave	mode	at	50	mT.	

	

The	STXM-FMR	images	in	Figure	31	a)	show	a	higher	than	average	(grey)	contrast	

at	the	long	and	short	stripe	edges	with	an	average	contrast	in	the	stripe	center.	This	

reverts	to	a	frame	of	lower-than-average	contrast	at	timepoints	53	ps	to	88	ps.	The	

color	code	fit	analysis	reveals	only	a	weak	oscillatory	behavior	at	the	stripe	center	

showing	mostly	dark	and	not	saturated	space,	with	a	phase	distribution	of	about	50°	

around	the	stripe	center	and	a	phase	of	about	40°	at	the	four	edges.	

	

	
Figure	30:	Magnification	of	the	simulated	FMR	spectrum	for	the	single	Py	stripe	sim-
ulated	with	a	tilting	angle	of	4°	(see	Figure	21).	Indicated	is	the	resonance	at	50	mT.	
	

At	the	stripe	center,	a	phase	of	about	0°/360°	to	about	10°	to	20°	is	visible,	with	a	

deviation	at	the	left	side	of	the	stripe	showing	a	phase	of	about	90°.	This	deviation	

is	also	visible	in	the	STXM-FMR	data,	e.	g.	at	time	point	t	=	71	ps,	showing	a	lower-

than-average	contrast	at	the	left	stripe	side,	corresponding	to	the	observed	relative	

phase	of	90°	at	the	same	position.		
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Figure	31:	STXM-FMR	data	of	the	single	Py	stripe	at	a	static	bias	field	70	mT	(hall	
probe	value)	and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	X-ray	trans-
mission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distribution	of	the	
relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	amplitude	ex-
tracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
	

The	amplitude	distribution	in	Figure	31	c)	shows	a	high	amplitude	around	the	stripe	

center	with	nearly	no	amplitude	in	the	center	itself.	At	the	four	stripe	edges,	the	am-

plitude	exhibits	peak	values.	The	observations	point	to	an	excitation	of	the	Py	stripe	

only	at	the	edges,	also	shown	by	animating	the	STXM-FMR	data	shown	in	Figure	31	

a).	The	phase	gradient	present	at	the	stripe	edges	results	in	a	directed	oscillation	

from	the	long	edge	centers	towards	the	outer	sides	of	the	stripe,	as	it	was	observed	

before.	The	origin	of	the	phase	gradient	is	attributed	to	an	influence	of	the	stray	field,	

showing	numerous	stray	field	lines	entering	at	the	stripe	center	with	a	higher	field	

line	density	at	the	long	bottom	side	of	the	stripe	(Figure	25	a),	b).	As	stated	before	

this	leads	to	the	additional	excitation	of	edge	modes,	see	e.	g.	[120]	for	the	stray	field	

induced	localization	of	edge-modes.	
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Figure	32	shows	the	oscillation	of	the	mz-component	of	the	magnetization	normal-

ized	to	Msat	(Table	3)	for	six	timesteps	of	the	simulation	with	a	time	distance	of	about	

18	ps.	The	color	code	is	shown	in	the	inset	of	the	figure.	Two	oscillating	parts	can	be	

seen,	 an	oscillating	 stripe	center	and	an	oscillating	 frame	at	all	 stripe	edges.	The	

magnitude	of	mz	is	inverted	between	the	center	and	the	surrounding	frame.	The	an-

imation	of	the	data	shows	that	the	oscillation	of	both	parts	is	directed	from	the	stripe	

center	towards	the	outer	stripe	edges,	resembling	the	experimental	observations.	

While	 the	experiment	shows	only	a	weak	oscillation	within	 the	stripe	center,	 the	

intensity	of	both	oscillating	parts	in	the	simulation	is	equal.	The	zig-zag	pattern	seen	

in	the	simulated	stripes	is	attributed	to	a	simulation	artifact	due	to	the	perfect	ge-

ometry	of	the	stripe,	neglecting	any	roughness.	A	possible	explanation	for	the	differ-

ent	behavior	of	the	stripe	center	between	the	experiment	and	the	simulation	is	a	

deviation	in	the	applied	field,	resulting	in	a	pure	edge	excitation	of	the	stripe,	as	the	

real	value	of	|BExt|	is	not	known	due	to	the	earlier	mentioned	lack	of	accuracy	of	the	

hall	 probe	 during	 the	 experiment.	 Nevertheless,	 the	 simulation	 confirms	 the	 di-

rected	oscillatory	behavior	of	the	frame	surrounding	the	stripe	center,	and	there-

fore,	experiment	and	simulation	are	in	good	agreement.	

	
Figure	32:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	50	mT.	The	external	field	is	tilted	by	an	angle	
of	4°	(see	Figure	21)	to	resemble	the	geometry	of	the	experiment.	Six	images	of	the	
magnetization	oscillation	with	a	time	distance	of	18	ps	are	shown.	
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An	 intermediate	spin	wave	mode	between	a	uniform	excitation	and	a	mode	with	

three	anti-nodes	and	two	nodes	(Figure	34)	is	shown	in	Figure	33	at		

	

	
Figure	33:	STXM-FMR	data	of	the	single	Py	stripe	at	a	static	bias	field	of	about	83	mT	
(103	mT)	and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	X-ray	trans-
mission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distribution	of	the	
relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	amplitude	ex-
tracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
	

The	STXM-FMR	contrast	images	in	Figure	33	a)	show	a	homogeneous	contrast	dis-

tribution	in	the	stripe	center	with	slightly	weaker	contrast	at	the	stripe	edges,	which	

corresponds	to	the	mostly	homogeneous	amplitude	distribution	within	the	stripe	

(Figure	33	c))	obtained	from	the	color	code	fit	analysis.	The	relative	phase	changes	

from	about	0°/360°	to	10°	at	the	stripe	edges	to	about	20°	to	50°	at	the	central	stripe	

area.	This	 larger	phase	gradient	of	the	magnetization	up	to	50°	due	to	the	before	

stated	stray	field	effects	(Figure	25	a),	b)),	results	in	a	more	pronounced	oscillatory	
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behavior	 directed	 from	 the	 stripe	 center	 towards	 the	 stripe	 edges	 than	 seen	 at	

~	80	mT.		

	

Increasing	|BExt|	to	about	91	mT	results	in	a	three	anti-nodes	and	two	nodes	spin	

wave,	corresponding	to	the	mode	shown	as	solid	dark	blue	line	in	the	absorption	

spectrum	in	Figure	22	a).	The	STXM-FMR	images	are	shown	in	Figure	34.		

	

	
Figure	34:	STXM-FMR	data	of	the	single	Py	stripe	at	a	static	bias	field	of	about	91	mT	
(109	mT)	and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	X-ray	trans-
mission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distribution	of	the	
relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	amplitude	ex-
tracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
	

The	contrast	images	shown	in	subfigure	a)	reveal	the	node-	antinode	structure	best	

at	the	time	point	t	=	88	ps,	a	clearer	image	of	the	mode	is	given	by	the	result	of	the	

color	code	fit	analysis,	which	shows	a	higher	amplitude	for	the	three	anti-nodes	in	

contrast	to	the	amplitude	at	the	node	positions.	The	relative	phase	has	a	distribution	
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within	the	stripe	center	between	about	50°	and	60°,	while	as	for	the	mode	observed	

before	a	relative	phase	of	about	10°	to	20°	is	present	at	both	stripe	edges.		

	

	
Figure	 35:	 Simulated	 normalized	 mz-component	 of	 the	 magnetization	 for	
|BExt|	=	91	mT.	a)	BExt	tilted	by	4°	(Figure	21),	b)	BExt	aligned	parallel	to	the	long	side	
of	the	stripe.	Six	images	of	the	magnetization	oscillation	with	a	time	distance	of	18	ps	
are	shown.	
	

The	resulting	phase	gradient	of	about	40°	to	50°	results	in	a	directed	oscillation	of	

the	spin	wave	towards	both	edges,	which	is	resembled	by	the	micromagnetic	simu-

lations	shown	in	Figure	35	a)	and	b).	The	directed	oscillatory	behavior	is	attributed	
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to	the	influence	of	the	stray	field	(simulation,	see	Figure	25	a),	b)),	resulting	in	edge	

mode	excitations,	see	e.	g.	[120,	122].	The	tilted	external	magnetic	field	results	in	a	

diagonal	shape	of	the	node-	anti-node	structure	of	the	spin	wave	mode	Figure	35	a).	

When	applying	BExt	parallel	 to	 the	 long	stripe	side	 this	effect	on	 the	shape	of	 the	

nodes-	anti-nodes	is	not	visible	anymore	Figure	35	b).	As	the	influence	on	the	shape	

of	the	node-	anti-nodes	reoccurs	in	all	simulations	showing	the	same	effect,	only	the	

simulations	resembling	the	experiment	are	shown	in	the	following.		

	

A	corresponding	spin	wave	mode	at	14.13	GHz	was	observed	at	 |BExt|	of	240	mT	

(experiment)	and	237	mT	(simulation)	in	[15].	

	

Figure	36	shows	a	spin	wave	mode	with	three	nodes	and	four	anti-nodes.		

	
Figure	36:	STXM-FMR	data	of	the	single	Py	stripe	at	a	static	bias	field	of	about	96	mT	
(115	mT)	and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	X-ray	trans-
mission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distribution	of	the	
relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	amplitude	ex-
tracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
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The	relative	phase	distribution	obtained	from	the	color	code	fit	analysis	in	Figure	

36	b)	reveals	a	phase	value	of	about	10°	to	20°	at	the	stripe	edges,	a	value	of	about	

50°	to	60°	at	the	two	inner	anti-nodes	and	a	value	of	about	80°	in	between	the	anti-

nodes.	Influenced	by	the	stray-field	distribution	(Figure	25	a),	b))	and	the	excitation	

of	edge	modes,	see	e.	g.	[120,	122],	the	spin	wave	mode	exhibits	a	directed	oscillation	

from	the	stripe	center	towards	the	outer	edges	due	to	the	presence	of	the	phase	gra-

dient	of	about	80°	between	the	stripe	edges	and	the	neighboring	node	and	of	about	

30°	to	50°	between	the	nodes	and	the	central	anti-nodes.	The	amplitude	distribution	

shows	the	highest	amplitude	values	at	the	positions	of	the	anti-nodes	with	peak	am-

plitude	values	at	the	stripe	edges.	This	behavior	is	also	shown	by	the	micromagnetic	

simulations	presented	 in	Figure	37.	 In	 [15]	 the	here	observed	mode	 is	 located	at	

|BExt|	of	222	mT	(experiment)	and	219.6	mT	(simulation).	

	
Figure	37:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	96	mT.	The	external	field	is	tilted	by	an	angle	
of	4°	(see	Figure	21)	to	resemble	the	geometry	of	the	experiment.	Six	images	of	the	
magnetization	oscillation	with	a	time	distance	of	18	ps	are	shown.	
	

A	four	node	–	five	anti-node	spin	wave	is	depicted	in	Figure	38.	The	peak	amplitude	

values	obtained	from	the	color	code	fit	analysis	are	located	at	the	stripe	edges,	while	

lower	amplitude	values,	but	higher	than	the	amplitude	at	the	node	locations,	can	be	

found	at	the	 left-sided	positions	of	the	inner	anti-nodes,	while	on	the	right	stripe	

size	 deviations	 in	 amplitude	 are	 nearly	 indistinguishable	 (Figure	 38	 c).	 The	
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distribution	of	the	relative	phase	shows	a	phase	gradient	between	the	outer	anti-

nodes	 and	 the	neighboring	nodes	 from	about	 0°/360°	 to	 about	 20°	 at	 the	 stripe	

edges	to	about	60°	to	about	80°	at	the	nodes.	Towards	the	inner	anti-nodes	the	rel-

ative	phase	changes	to	about	45°	to	50°,	while	between	the	 inner	anti-nodes	and	

nodes	the	relative	phase	varies	from	about	45°	to	50°	to	about	60°.	As	before	the	

presence	of	 these	phase	 gradients	 cause	 an	oscillation	of	 the	 spin	wave	directed	

from	the	stripe	center	towards	the	outer	sides,	due	to	the	influence	of	the	stray-field,	

leading	to	an	additional	excitation	of	edge	modes,	see	e.	g.	[120,	122].	

	

	
Figure	 38;	 STXM-FMR	 data	 of	 the	 single	 Py	 stripe	 at	 a	 static	 bias	 field	 of	 about	
100	mT	(120	mT)	and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	X-ray	
transmission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distribution	
of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	ampli-
tude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
	

The	micromagnetic	simulations,	showing	the	normalized	mz-component	of	the	mag-

netization	for	six	time	points	of	the	simulation,	correspond	to	the	experimental	ob-

servations	Figure	39.		
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A	close	to	uniform	and	non-uniform	spin	wave	modes	with	three,	four	and	six	anti-

nodes	could	be	visualized	for	the	single	Py	stripe	by	means	of	STXM-FMR.	The	anal-

ysis	reveals	a	phase	gradient	of	the	magnetization	causing	an	oscillatory	behavior	of	

the	spin	wave	modes	from	the	stripe	center	towards	the	stripe	edges	due	to	the	in-

fluence	of	 the	stray-	and	demagnetization	 field	distribution	shown	by	micromag-

netic	 simulations	 in	 Figure	 25	 a),	 b).	 The	 aforementioned	 observations	 are	 con-

firmed	by	the	micromagnetic	simulations	showing	six	timesteps	of	the	simulation	

for	each	spin	wave	mode.	The	simulations	also	reveal	that	the	tilted	BExt	causes	a	

change	in	the	shape	of	the	nodes	and	anti-nodes	of	a	spin-wave	(see	the	comparison	

in	Figure	35).		

	
Figure	39:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	100	mT.	The	external	field	is	tilted	by	an	angle	
of	4°	(see	Figure	21)	to	resemble	the	geometry	of	the	experiment.	Six	images	of	the	
magnetization	oscillation	with	a	time	distance	of	18	ps	are	shown.	
	

The	 stray-	 and	 demagnetization	 field	 are	 regarded	 as	 the	 origin	 of	 the	 observed	

phase	gradient	and	the	resulting	directed	oscillation	of	the	spin	wave	modes	due	to	

the	additional	excitation	of	edge	modes,	see	e.	g.	[119-121].	In	the	next	chapters	the	

influence	of	a	second	stripe	in	a	T-	and	L-shaped	arrangement	is	shown	(Figure	21).		
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4.2.5. Py	T-shape	stripe	geometry	
	

The	STXM-FMR	data	measured	at	|BExt|	~	98	mT	for	the	vertical	Py	stripe	of	the	T-

shape	geometry	is	presented	in	Figure	40.	Subfigure	a)	shows	the	recorded	six	im-

ages	in	time	after	taking	the	natural	logarithm	of	the	division	of	the	data	obtained	

with	and	without	microwave	excitation	(see	chapter	3.3).	In	the	lower	part	of	the	

images	a	phase	jump	caused	by	an	error	in	the	microwave	synchronization	board	

can	be	seen.		

	
Figure	40:	STXM-FMR	data	of	 the	vertical	Py	stripe	of	 the	T-shape	geometry	at	a	
static	bias	field	of	about	98	mT	and	a	microwave	power	of	27	dBm.	a)	Microwave	
induced	X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	
c)	Map	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	
amplitude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	The	measure-
ment	data	is	published	in	[30].	
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The	black	area	(phase:	(yellow)	visible	in	the	result	of	the	color	code	fit	analysis	and	

the	amplitude	distribution	is	attributed	to	an	artifact	of	the	measurement	and/or	

the	evaluation.	A	 spin	wave	mode	 showing	 five	anti-nodes	and	 four	nodes	 is	de-

tected	(Figure	40).	At	the	time	point	of	t	=	0	ps	an	absorption	below	the	average	is	

detected	at	the	top	of	the	stripe,	alternating	with	a	higher-than-average	absorption	

in	 the	 following.	With	 increasing	 time	 steps,	 the	 absorption	 behavior	 inverts	 at	

t	=	35	ps	to	revert	back	to	the	initial	state	at	t	=	88	ps.	As	with	the	single	Py	stripe	

(chapter	4.2.4)	 the	 spin	wave	 shows	an	oscillation	direction	 from	 the	upper	and	

lower	edges	towards	the	stripe	center.	The	color	code	fit	analysis	(subfigure	b))	de-

picts	a	relative	phase	alternating	between	135°	and	0°/360°,	showing	smooth	phase	

transitions	 between	 the	 alternating	 anti-nodes.	 This	 indicates	 the	 presence	 of	 a	

phase	gradient	of	the	magnetization,	which	causes	the	oscillating	behavior.	The	os-

cillating	background	is	attributed	as	aforementioned	to	an	influence	of	the	micro-

wave	on	the	avalanche	photodiode	[46]	and	chapter	4.1.3.	The	amplitude	distribu-

tion	reveals	a	high	amplitude	at	the	positions	of	the	anti-nodes,	which	corresponds	

to	the	behavior	of	a	wave.	As	for	the	single	Py	stripe	(chapter	4.2.4)	the	presence	of	

the	phase	gradient	can	be	explained	by	the	influence	of	the	stray	field,	here	due	to	

an	influence	on	the	vertical	stripe	by	the	horizontal	stripe		

	
Figure	41:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	97	mT.	The	external	field	is	tilted	by	an	angle	
of	3°	(see	Figure	21)	to	resemble	the	geometry	of	the	experiment.	Six	images	of	the	
magnetization	oscillation	with	a	time	distance	of	18	ps	are	shown.		
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This	is	shown	by	the	micromagnetic	simulations	depicting	a	higher	stray	field	line	

density	 at	 the	 top	and	bottom	stripe	edges	 (see	Figure	25	 c),	 d)).	This	 influence	

causes	the	aforementioned	additional	edge	mode	excitations	(e.	g.	[120,	122]).	See	

e.	g.	[120]	for	the	stray	field	induced	localization	of	edge	modes.	

	

The	micromagnetic	simulation	performed	at	a	simulated	|BExt|	of	97	mT	(Figure	41)	

corresponds	to	the	STXM-FMR	data	showing	a	spin	wave	with	5	anti-nodes	and	4	

nodes	within	the	vertical	stripe.	The	oblique	shape	of	the	anti-nodes,	which	is	also	

observed	in	the	STXM-FMR	images	(see	Figure	40),	is	the	result	of	the	tilted	BExt.		

This	 is	 confirmed	by	 the	micromagnetic	 simulation	performed	with	BExt	 oriented	

parallelly	to	the	horizontal	stripe	(Figure	42),	which	does	not	show	any	oblique	anti-

nodes.	As	this	behavior	is	present	for	all	investigated	spin	wave	modes,	the	simula-

tions	with	the	non-tilted	fields	are	not	shown	in	the	following.	The	horizontal	stripe	

showing	nine	anti-nodes	and	8	nodes	was	not	imaged	by	STXM-FMR	at	this	|BExt|.	

Animating	the	representations	of	the	normalized	mz-component	shows	an	oscillat-

ing	behavior	independent	from	the	tilting	angle,	as	in	the	experiment.	

	
Figure	42:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	97	mT.	The	external	field	is	oriented	parallel	
to	the	horizontal	Py	stripe.	Six	images	of	the	magnetization	oscillation	with	a	time	
distance	of	18	ps	are	shown.		
	

Figure	43	visualizes	the	STXM-FMR	measurement	data	for	the	vertical	stripe	at	|BExt|	

of	 about	 112	mT.	 A	 spin	 wave	 mode	 with	 three	 anti-nodes	 and	 two	 nodes	 is	
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revealed.	The	STXM-FMR	contrast	is	alternating	from	higher-than-average	values	at	

t	=	0	ps	to	lower-than-average	values	at	t	=	35	ps	and	reverts	back	to	the	initial	anti-

node	configuration	at	t	=	88	ps.	An	oscillation	from	the	top	and	bottom	stripe	edges	

towards	the	center	is	revealed,	as	in	the	case	before.	The	color	code	fit	analyses	(sub-

figure	b))	reveals	a	phase	difference	of	about	280°	(edges)	to	about	135°	(center)	

with	a	transition	phase	area	in	between.		

	

	
Figure	43:	STXM-FMR	data	of	 the	vertical	Py	stripe	of	 the	T-shape	geometry	at	a	
static	bias	field	of	about	112	mT	[128]	(103	mT)	and	a	microwave	power	of	27	dBm.	
a)	Microwave	induced	X-ray	transmission	for	6	timesteps	with	a	time	distance	of	
about	18	ps.	b),	c)	Distribution	of	the	relative	phase	and	the	normalized	amplitude	
extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	The	measurement	data	is	
published	in	[30].	
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This	phase	gradient,	causing	the	directed	oscillation,	is	attributed	to	the	stray	field	

distribution	(simulation	see	Figure	25	c),	d))	and	the	 followed	excitation	of	edge	

modes,	see	e.	g.	[120,	122].	The	black	(yellow)	area	in	the	phase	and	amplitude	dis-

tribution	 (Figure	 43)	 is	 explained	 as	 before	 as	measurement/evaluation	 artifact.	

The	amplitude	distribution	shows	the	highest	amplitude	at	the	top	and	the	bottom	

anti-nodes	and	a	weaker	amplitude	at	the	center	anti-node.	

	
Figure	44:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	111	mT.	The	external	field	is	tilted	by	an	angle	
of	3°	(see	Figure	21)	to	resemble	the	geometry	of	the	experiment.	Six	images	of	the	
magnetization	oscillation	with	a	time	distance	of	18	ps	are	shown.	The	simulation	
data	is	published	in	part	in	[30].	
	

The	two-dimensional	representations	of	the	simulated	normalized	mz-component	

of	the	magnetization	shown	in	Figure	44	(BExt	tilted	by	3°)	depict	the	same	spin	wave	

mode	with	three	anti-nodes	and	two	nodes	within	the	vertical	stripe	as	in	the	exper-

iment.	The	animation	of	the	simulation	data	shows	an	oscillation	of	the	spin	wave	

towards	 the	 stripe	 center,	 corresponding	 to	 the	measurement	 and	 its	 aforemen-

tioned	explanations.	The	horizontal	stripe	shows	spin	wave	modes	only	at	the	outer	

left	and	right	edges	of	the	stripe	at	this	value	of	|BExt|.	

	

According	to	the	micromagnetic	FMR	simulations,	the	uniform	resonance	mode	of	

the	vertical	Py	stripe	is	at	|BExt|	=	123	mT	(Figure	23	a)).	Two	STXM-FMR	measure-

ments	performed	at	around	|BExt|	of	the	uniform	mode	are	presented	in	Figure	45	
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and	Figure	46.	The	STXM-FMR	data	is	displayed	for	the	scanned	time	steps	in	both	

cases	in	subfigure	a).	The	contrast	changes	from	the	average	value	to	a	lower-than-

average	contrast,	passes	a	higher-than-average	contrast,	and	reverts	back	to	the	av-

erage	contrast.	Animating	the	STXM-FMR	data	of	the	measurement	at	|BExt|	of	about	

126	mT	reveals	a	pronounced	oscillation	from	the	stripe	center	towards	the	 long	

sides	of	the	stripe.	By	extracting	the	relative	phase	and	the	amplitude	distribution	

out	of	the	color	code	fit	analyses,	a	phase	gradient	of	the	magnetization	is	revealed,	

showing	a	smooth	transition	from	0°/360°	in	the	stripe	center	to	280°	at	the	long	

sides	of	the	stripe.	The	directed	oscillatory	behavior	cannot	be	attributed	to	the	in-

fluence	of	the	stray	field	alone	(simulation	see	Figure	25	c),	d)),	as	the	STXM-FMR	

measurement	performed	at	|BExt|	of	about	122	mT	shows	a	minimal	phase	gradient	

around	a	phase	value	of	250°	to	260°	(Figure	46)	with	a	much	weaker	directed	os-

cillation.	The	strength	of	the	directed	oscillation	depends	on	the	magnitude	of	the	

phase	gradient	of	the	magnetization.	Setting	a	value	of	|BExt|	aside	to	the	resonance	

field	results	at	least	for	the	(close	to)	uniform	excitation	mode	in	a	stronger	phase	

gradient	and	an	increasingly	stronger	oscillatory	behavior	of	the	mode	with	increas-

ing	deviation	from	the	exact	resonance	field,	see	also	[30,	130].	From	this	it	can	be	

concluded	 that	 the	effective	 field	 |Beff|	 fulfilling	 the	 resonance	 condition	 for	edge	

modes,	 causing	 the	 phase	 gradient	 and	 the	 directed	 oscillatory	 behavior	 of	 the	

modes,	is	the	result	of	the	interplay	between	|BExt|	and	the	stray	field.	For	the	dipolar	

influence	on	the	excitation	of	edge	modes	and	oscillating	character	see	[119-121].	

	

For	both	measurements,	the	amplitude	distribution	shows	the	highest	amplitude	in	

the	 stripe	 center,	 but	 the	 amplitude	 distribution	 of	 the	 data	 recorded	 at	

|BExt|	~	126	mT	 is	 homogeneous	 within	 the	 central	 stripe	 area,	 while	 at	

|BExt|	~	122	mT	the	area	of	a	high	amplitude	is	inhomogeneously	distributed	at	the	

stripe	center.	No	pronounced	oscillation	of	the	background	is	visible	in	both	meas-

urements.	The	directed	oscillatory	behavior	is	confirmed	by	the	micromagnetic	sim-

ulations	(Figure	47).	

	



Magnetization	dynamics	on	micrometer	sized	sample	structures	
	

	 79	

	
Figure	45:	STXM-FMR	data	of	 the	vertical	Py	stripe	of	 the	T-shape	geometry	at	a	
static	bias	field	of	about	126	mT	[128]	(113	mT)	and	a	microwave	power	of	27	dBm.	
a)	Microwave	induced	X-ray	transmission	for	6	timesteps	with	a	time	distance	of	
about	18	ps.	b),	c)	Distribution	of	 the	relative	phase	with	respect	to	the	timestep	
t	=	0	 and	 the	 normalized	 amplitude	 extracted	 out	 of	 the	 color-code	 fit	 analysis	
(chapter	3.4).	The	measurement	data	is	published	with	a	different	analysis	method	
in	[30].	
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Figure	46:	STXM-FMR	data	of	 the	vertical	Py	stripe	of	 the	T-shape	geometry	at	a	
static	bias	field	of	about	122	mT	and	a	microwave	power	of	29	dBm.	a)	Microwave	
induced	X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	
c)	Distribution	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	nor-
malized	amplitude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	The	in-
vestigated	sample	is	from	a	different	batch	than	the	T-shaped	samples	investigated	
before	employing	the	same	dimensions	and	fabrication	process.	
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Figure	47:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	123	mT.	The	external	field	is	tilted	by	an	angle	
of	3°	(see	Figure	21)	to	resemble	the	geometry	of	the	experiment.	Six	images	of	the	
magnetization	oscillation	with	a	time	distance	of	18	ps	are	shown.	The	simulation	
data	is	published	in	part	in	[30].	
	

To	scan	the	uniform	mode	of	the	horizontal	stripe,	STXM-FMR	measurements	were	

performed	at	|BExt|	~	81	mT	(see	Figure	23	a)).	The	animation	of	STXM-FMR	data,	

presented	in	Figure	48,	reveals	a	directed	oscillation	of	the	magnetization	from	the	

stripe	center	towards	both	short	edges,	as	it	was	observed	for	the	singly	Py	stripe	

(chapter	4.2.4),	which	is	confirmed	by	the	micromagnetic	simulations	shown	in	Fig-

ure	49	(tilting	angle	of	3°).	A	phase	gradient	of	about	70°	to	80°	is	visible	in	the	vis-

ualization	of	the	relative	phase	in	Figure	48	b),	which	is	attributed	to	the	influence	

of	the	stray	field	distribution	(simulation	see	Figure	25	c),	d)),	causing	the	excitation	

of	additional	edge	modes,	e.	g.	[120,	122].	See	e.	g.	[120]	for	the	stray	field	induced	

localized	excitation	of	edge	modes.	

	

The	amplitude	distribution,	shown	in	Figure	48	c)	shows	the	highest	amplitude	in	

the	stripe	center,	as	it	was	seen	for	the	single	Py	stripe	in	chapter	4.2.4.	
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Figure	48:	STXM-FMR	data	of	the	horizontal	Py	stripe	of	the	T-shape	geometry	at	a	
static	bias	field	of	about	81	mT	and	a	microwave	power	of	29	dBm.	a)	Microwave	
induced	X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	
c)	Distribution	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	nor-
malized	amplitude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	The	in-
vestigated	sample	is	from	a	different	batch	than	the	T-shaped	samples	investigated	
before	employing	the	same	dimensions	and	fabrication	process.	
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Figure	49:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	80	mT.	The	external	field	is	tilted	by	an	angle	
of	3°	(see	Figure	21)	to	resemble	the	geometry	of	the	experiment.	Six	images	of	the	
magnetization	oscillation	with	a	time	distance	of	18	ps	are	shown.	
	

The	presence	of	the	second	stripe	results	in	general	in	a	symmetric	distortion	of	the	

stray	field	(Figure	25	c),	d))	with	small	deviations	due	to	the	tilted	external	magnetic	

field.	High	stray	field	line	densities	are	located	at	the	top	and	bottom	part	of	the	ver-

tical	Py	stripe,	which	can	be	assumed	to	be	positions,	where	the	resonance	condi-

tions	of	edge	modes	are	fulfilled,	resulting	in	the	directed	oscillatory	behavior,	see	

e.	g.	[120,	122].	Due	to	the	distance	of	2	µm	between	the	stripes,	the	stray	field	in-

tensity	between	the	stripes	is	in	the	<	10	mT	range,	resulting	only	in	a	weak	influ-

ence	on	the	respective	Py	stripe.	Nevertheless,	for	the	uniform	mode	of	the	vertical	

stripe	(Figure	45,	Figure	46),	already	slight	differences	in	the	resonance	field	were	

sufficient	to	influence	the	strength	of	the	phase	gradient	of	the	magnetization	and	

therefore	the	strength	of	the	directed	oscillation.	In	conclusion	even	a	small	influ-

ence	of	the	stray	field	on	the	respective	Py	stripe	can	be	regarded	as	sufficient	in	the	

interplay	between	the	external	field	and	the	stray	field	to	result	in	the	excitation	of	

edge	modes	causing	the	phase	gradient	and	the	directed	oscillation.	See	[119-121]	

for	investigations	of	edge	modes	in	Py	stripes.	The	directed	oscillatory	behavior	of	

edge	modes	was	shown	in	[122].	In	the	next	chapter	an	asymmetric	Py	stripe	ar-

rangement	is	investigated.	
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4.2.6. Py	L-shape	stripe	geometry	
	

A	spin	wave	mode	with	five	anti-nodes	and	4	nodes	is	imaged	by	STXM-FMR	at	|BExt|	

of	about	97	mT	(Figure	50).	The	color	code	fit	analysis	shows	a	strong	phase	gradi-

ent	between	80°	and	0°/360°with	smooth	transitions.	In	consequence,	the	analyses	

of	 the	 animated	 STXM-FMR	 measurement	 shows	 an	 oscillation	 direction	 of	 the	

mode	from	the	top	and	bottom	edge	of	the	stripe	to	the	center,	comparable	to	the	

corresponding	measurement	for	the	T-shaped	geometry	(Figure	40).		

	
Figure	50:	STXM-FMR	data	of	 the	vertical	Py	stripe	of	 the	L-shape	geometry	at	a	
static	bias	field	of	about	97	mT	and	a	microwave	power	of	29	dBm.	a)	Microwave	
induced	X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	
c)	Distribution	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	nor-
malized	 amplitude	 extracted	out	 of	 the	 color-code	 fit	 analysis	 (chapter	3.4).	 The	
measurement	data	is	published	with	a	different	analysis	method	in	[30].	
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The	amplitude	distribution	(Figure	50	c))	shows	a	peak	amplitude	at	the	two	anti-

nodes	showing	a	relative	phase	~	0°/360°	and	a	lower	amplitude	at	the	other	anti-

nodes.	The	upper	anti-node	located	at	the	height	of	the	horizontal	stripe	shows	the	

weakest	amplitude.	

	

The	observations	of	the	experiments	are	also	confirmed	by	the	micromagnetic	sim-

ulations,	depicted	in	Figure	51	(BExt	parallel	to	the	horizontal	stripe)	and	originate	

for	the	experiment,	as	well	as	for	the	simulation,	in	the	stray	field	distribution	of	the	

stripe	ensemble	(Figure	27),	causing	additional	edge	mode	excitations,	see	e.	g.	[120,	

122]	for	investigations	on	edge	modes	and	the	dipolar	influence	on	these	modes.	

	
Figure	51:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	|BExt|	=	96	mT.	The	external	field	is	oriented	parallel	to	
the	horizontal	Py	stripe.	Six	images	of	the	magnetization	oscillation	with	a	time	dis-
tance	of	18	ps	are	shown.	The	simulation	data	is	published	in	part	in	[30].	
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A	three	anti-node,	two	node	spin	wave	was	imaged	at	|BExt|	of	about	107	mT.	The	

STXM-FMR	data	is	shown	in	Figure	52.	

	

	
Figure	52:	STXM-FMR	data	of	 the	vertical	Py	stripe	of	 the	L-shape	geometry	at	a	
static	bias	field	of	about	107	mT	and	a	microwave	power	of	29	dBm.	a)	Microwave	
induced	X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18ps.	b),	
c)	Distribution	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	nor-
malized	amplitude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	The	data	
has	been	published	with	a	different	analysis	in	[30]	
	

Animating	the	STXM-FMR	images	shown	in	subfigure	a)	reveals	an	oscillation	of	the	

mode	from	the	upper	and	 lower	edges	to	the	center,	 indicating	the	presence	of	a	

phase	gradient	of	 the	magnetization.	The	color	 code	 fit	 analysis	 shows	a	 relative	

phase	 from	 280°	 at	 the	 outer	 anti-nodes	 to	 200°	 at	 the	 center	 anti-node.	 The	
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amplitude	distribution	shows	a	high	amplitude	at	all	anti-nodes	with	 the	highest	

amplitude	at	the	bottom	and	center	anti-node.	A	slightly	lower	amplitude	at	the	up-

per	anti-node	is	 located	at	the	height	of	the	horizontal	stripe.	The	micromagnetic	

simulation,	showing	the	spin	wave	mode	corresponding	to	the	experiment	is	per-

formed	at	a	simulated	|BExt|	of	112	mT.	The	deviation	in	the	field	is	explained	with	

the	calibration	of	the	Hall	probe.	The	two-dimensional	representation	of	the	nor-

malized	mz-component	of	the	magnetization	is	shown	in	Figure	53	for	BExt	aligned	

parallelly	to	the	horizontal	stripe.	The	animation	of	the	simulation	data	reveals	the	

oscillation	of	 the	mode	 from	 the	outer	 top	and	bottom	edges	of	 the	 stripe	 to	 the	

stripe	center,	which	corresponds	to	the	experimental	observations.	The	horizontal	

stripe	 exhibits	 spin	wave	modes	 at	 the	 stripe	 edges,	which	were	 not	 imaged	 by	

STXM-FMR.	

	
Figure	53:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	112	mT.	The	external	field	is	oriented	parallel	
to	the	horizontal	Py	stripe.	Six	images	of	the	magnetization	oscillation	with	a	time	
distance	of	18	ps	are	shown.	The	simulation	data	is	published	in	part	in	[30].	
	

A	close	to	a	uniform	mode	of	the	vertical	Py	stripe	was	imaged	by	STXM-FMR	at	a	

field	of	about	112	mT.	The	data	is	depicted	in	Figure	54.	The	animation	of	the	images	

seen	in	subfigure	a)	reveals	an	oscillation	of	the	mode	from	the	center	towards	the	

long	sides	of	the	stripe	as	it	has	been	observed	for	the	T-shaped	sample	before	(Fig-

ure	45	and	Figure	46).	The	causative	phase	gradient	can	be	seen	in	the	plot	of	the	
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relative	phase	in	subfigure	b),	showing	a	change	of	the	phase	from	about	280°	in	the	

center	to	about	250°	at	the	long	sides	of	the	stripe	with	a	smooth	transition.	The	

amplitude	distribution	shows	the	highest	amplitude	at	the	stripe	center.	In	contrast	

to	 the	 aforementioned	 STXM-FMR	 measurements	 of	 the	 L-shape	 geometry,	 the	

measurement	data	shows	a	slight	tilt	of	the	sample.	The	origin	of	the	slight	tilt	of	the	

sample	 in	 this	measurement	might	 be	 caused	by	 a	mechanical	 tilt	 of	 the	 sample	

holder.		

	

	
Figure	54:	STXM-FMR	data	of	 the	vertical	Py	stripe	of	 the	L-shape	geometry	at	a	
static	bias	field	of	about	112	mT	and	a	microwave	power	of	29	dBm.	a)	Microwave	
induced	X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18ps.	b),	
c)	Distribution	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	nor-
malized	amplitude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	



Magnetization	dynamics	on	micrometer	sized	sample	structures	
	

	 90	

The	 micromagnetic	 simulations	 of	 the	 uniform	 mode,	 shown	 in	 Figure	 55	 (BExt	

aligned	parallelly	to	the	horizontal	stripe),	show	the	same	directed	oscillatory	be-

havior.	As	for	the	other	Py	stripe	measurements	before,	the	oscillatory	behavior	of	

the	spin	wave	is	attributed	to	the	stray	field	distribution	(Figure	27)	causing	addi-

tional	edge	mode	excitations,	e.	g.	[120,	122].	An	influence	of	the	strength	of	the	ap-

plied	external	magnetic	field	with	a	possible	offset	to	the	exact	resonance	field,	as	it	

has	been	seen	for	the	T-shaped	stripe	ensemble	(Figure	45	and	Figure	46),	is	a	pos-

sible	contribution	to	the	magnitude	of	the	phase	gradient	of	the	magnetization	and	

the	excitation	of	edge	modes.	As	there	is	no	additional	dataset	available	for	the	L-

shaped	sample	arrangement,	this	contribution	cannot	be	elucidated.	

	
Figure	55:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	123	mT.	The	external	field	is	oriented	parallel	
to	the	horizontal	Py	stripe.	Six	images	of	the	magnetization	oscillation	with	a	time	
distance	of	18	ps	are	shown.		
	

The	horizontal	Py	stripe	of	 the	L-shaped	sample	geometry	was	 imaged	by	STXM-

FMR	for	three	different	|BExt|.	The	results	are	visualized	in	Figure	56,	Figure	58	and	

Figure	59.	A	close	to	uniform	spin	wave	mode	is	shown	in	Figure	56.	The	animation	

of	the	data	shown	in	Figure	56	a)	reveals	a	weak	directed	oscillation	of	the	mode	

from	the	center	towards	the	short	sides	of	the	stripe,	as	it	was	observed	for	the	cor-

responding	mode	 in	chapters	4.2.4	and	4.2.5.	The	color	code	 fit	analysis	shows	a	

change	of	the	phase	from	about	225°	(stripe	center)	to	about	200°	to	210°	(outer	
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area	of	the	stripe)	with	a	smooth	transition,	indicating	the	presence	of	a	phase	gra-

dient	of	the	magnetization	of	about	15°	to	25°.	The	amplitude	distribution	is	mostly	

homogeneously	distributed	within	 the	stripe	with	a	slight	decrease	at	both	short	

stripe	edges.		

	

	
Figure	56:	STXM-FMR	data	of	the	horizontal	Py	stripe	of	the	L-shape	geometry	at	a	
static	bias	field	of	about	74	mT	and	a	microwave	power	of	29	dBm.	a)	Microwave	
induced	X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18ps.	b),	
c)	Distribution	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	nor-
malized	amplitude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
	

The	directed	oscillatory	behavior	of	the	spin	wave	mode	is	attributed	to	the	stray	

field	(simulation	see	Figure	27)	induced	excitation	of	edge	modes	(e.	g.	[120,	122]).	

Taking	into	account	the	observations	for	the	close	to	a	uniform	mode	of	the	T-shape	

geometry	in	Figure	45	and	Figure	46,	which	showed	a	stronger	phase	gradient	and	

therefore	a	stronger	directed	oscillation	of	the	mode	with	|BExt|	deviating	more	from	

the	assumed	exact	resonance	field.	It	can	be	concluded	that	this	measurement	was	
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taken	closely	to	the	resonance	field,	as	only	a	weak	directed	oscillatory	behavior	is	

seen.	

	

The	micromagnetic	simulations	shown	in	Figure	57	(not-tilted	BExt),	resemble	the	

experimental	observations.	The	animation	of	the	simulation	data	reveals	a	directed	

oscillation	from	the	stripe	center	towards	the	stripe	edges.	The	vertical	stripe	exhib-

its	in	the	simulation	a	spin	wave	mode	with	seven	anti-nodes	and	six	nodes,	which	

was	not	imaged	by	STXM-FMR.	

	
Figure	57:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	80	mT.	The	external	field	is	oriented	parallel	
to	the	horizontal	Py	stripe.	Six	images	of	the	magnetization	oscillation	with	a	time	
distance	of	18	ps	are	shown.		
	

Towards	a	spin	wave	mode	showing	two	nodes	and	three	anti-nodes	(Figure	59)	a	

measured	intermediate	mode	is	shown	in	Figure	58,	comparable	to	the	mode	de-

tected	for	the	single	Py	stripe	depicted	in	Figure	33.	The	animation	of	the	data	shown	

in	Figure	58	a)	reveals	an	oscillation	direction	of	the	mode	from	the	center	towards	

the	short	sides	of	the	stripe.	The	color	code	fit	analysis	shows	a	phase	gradient	of	

the	magnetization	from	about	135°	(stripe	center)	to	about	40°	(outer	area	of	the	

stripe)	with	a	smooth	 transition,	which	 is	attributed	 to	 the	 influence	of	 the	stray	

field	distribution	(simulation	see	Figure	27),	as	for	all	other	stripe	ensembles,	lead-

ing	to	additional	edge	mode	excitations	(e.	g.	[120,	122]).	The	amplitude	distribution	
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shows	the	highest	amplitude	at	the	outer	parts	of	the	stripe	and	much	lower	ampli-

tude	at	the	stripe	center.	The	visible	oscillation	of	the	background	is	attributed	to	

the	influence	of	the	microwave	on	the	avalanche	photodiode	[46],	as	described	in	

chapter	4.1.3.		

	

	
Figure	58:	STXM-FMR	data	of	the	horizontal	Py	stripe	of	the	L-shape	geometry	at	a	
static	bias	field	of	about	81	mT	and	a	microwave	power	of	29	dBm.	a)	Microwave	
induced	X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18ps.	b),	
c)	Distribution	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	nor-
malized	amplitude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
	

The	STXM-FMR	data	showing	a	two-node	and	three	anti-node	spin	wave	mode	is	

pictured	in	Figure	59.	As	for	the	horizontal	stripes	shown	in	chapters	4.2.4	to	4.2.5,	

a	directed	oscillation	from	the	stripe	center	to	the	short	sides	of	the	stripe	can	be	

observed	caused	by	the	stray	field	influence	(Figure	27)	causing	edge	mode	excita-

tions	[120,	122].	The	phase	distribution	reveals	a	change	of	the	relative	phase	from	

about	280°	in	the	stripe	center	to	about	135°	at	the	stripe	edges,	indicating	the	phase	
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gradient	of	the	magnetization	causative	for	the	directed	oscillation.	The	phase	dis-

tribution	is	inverted	compared	to	the	mode	observed	in	the	vertical	stripe	of	the	T-

shape	sample	in	Figure	43.	The	amplitude	distribution	shows	the	highest	amplitude	

at	 the	outer	anti-nodes	and	a	 less	 intense	amplitude	at	 the	center	anti-node.	The	

micromagnetic	simulations	shown	in	Figure	60	show	the	same	spin	wave	mode	as	

the	experiment.	The	animation	of	the	simulation	data	shows	an	oscillation	direction	

of	the	mode	from	the	center	of	the	stripe	towards	the	short	stripe	sides,	which	cor-

responds	to	the	experimental	observations.	The	simulated	vertical	stripe	exhibits	a	

spin	wave	mode	with	seven	anti-nodes	and	six	nodes.	The	background	oscillations	

are	 attributed	 to	 the	microwave	 radiation	 influencing	 the	 avalanche	 photodiode	

[46]	(see	chapter	4.1.3).	

	

	
Figure	59:	STXM-FMR	data	of	the	horizontal	Py	stripe	of	the	L-shape	geometry	at	a	
static	bias	field	of	about	87	mT	and	a	microwave	power	of	29	dBm.	a)	Microwave	
induced	X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18ps.	b),	
c)	Distribution	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	nor-
malized	amplitude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
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Figure	60:	Two-dimensional	representation	of	the	simulated	normalized	mz-compo-
nent	of	the	magnetization	for	|BExt|	=	86	mT.	The	external	field	is	oriented	parallel	
to	the	horizontal	Py	stripe.	Six	images	of	the	magnetization	oscillation	with	a	time	
distance	of	18	ps	are	shown.	
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4.2.7. Summary	
	

The	STXM-FMR	measurements	revealed	the	magnetization	dynamics	in	three	differ-

ent	Py	stripe	geometries,	a	single	Py	stripe,	a	T-shaped,	and	an	L-shaped	Py	stripe	

arrangement.	Spin	wave	modes	up	to	five	nodes	and	six	anti-nodes	could	be	visual-

ized,	all	showing	a	directed	oscillatory	behavior	deviating	from	the	expected	behav-

ior	of	a	pure	standing	spin	wave	excited	by	a	homogeneous	microwave	field	[30,	71,	

72].	The	presence	of	a	phase	gradient	of	the	magnetization	is	causative	for	the	di-

rected	oscillation	with	its	strength	depending	on	the	strength	of	the	phase	gradient.	

For	the	(close	to)	uniform	mode	of	the	vertical	stripe	of	the	T-shaped	stripe	arrange-

ment	the	influence	of	the	strength	of	|BExt|	on	the	directed	oscillation	could	be	re-

vealed,	as	the	strength	of	the	directed	oscillation	and	correspondingly	the	strength	

of	the	phase	gradient	changes	with	a	larger	deviation	from	the	exact	resonance	field	

of	this	mode	(Figure	45,	Figure	46).	A	tilted	external	magnetic	field	results	in	a	dif-

ferent	shape	of	the	nodes	and	anti-nodes,	but	shows	no	visible	influence	on	the	di-

rected	oscillation	in	the	micromagnetic	simulations.	

	

The	spin	wave	modes	and	their	directed	oscillatory	behavior	is	directly	confirmed	

by	 these	micromagnetic	 simulation.	By	 taking	 into	 account	 the	demagnetization-	

and	stray	field	distribution	obtained	from	the	simulation,	the	directed	oscillations	

in	the	experiments	and	the	simulations	can	be	attributed	to	the	stray	field	influence	

on	the	Py	stripes	(Figure	25,	Figure	27),	resulting	in	the	presence	of	additional	res-

onance	 conditions	 for	 the	 corresponding	 stripe.	 In	 consequence,	 additional	 edge	

modes	are	excited,	as	they	have	been	described	in	[119-121],	resulting	in	the	phase	

gradient	and	the	observed	directed	oscillatory	behavior.	This	stray	field	influence	is	

present	for	all	investigated	spin	wave	modes,	which	can	be	observed	in	the	simu-

lated	stray	field	distribution	(Figure	25	b),	d),	Figure	27	b)).	Therefore,	all	experi-

mental	results	show	a	phase	gradient	and	the	resulting	directed	oscillating	modes,	

with	the	strength	of	the	latter	depending	on	the	strength	of	the	phase	gradient.	At	

least	for	the	uniform	mode	it	is	shown	that	the	strength	is,	as	aforementioned,	also	

dependent	on	deviations	from	the	exact	resonance	field	of	the	corresponding	mode	

(Figure	45,	Figure	46),	see	also	the	explanations	in	[30,	130].	It	can	be	assumed	that	

this	behavior	is	given	for	uniform	and	non-uniform	spin	waves,	taking	into	account	

that	the	interplay	between	|BExt|	and	the	stray	field	defines	the	effective	field	|Beff|,	
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at	which	the	resonance	condition	for	edge	modes	is	fulfilled,	resulting	in	the	directed	

oscillatory	behavior	of	the	spin	wave	modes.	In	literature	roughness	effects	affecting	

the	spin	wave	behavior	are	reported,	e.	g.	[131]	[30].	As	the	here	performed	micro-

magnetic	simulations	do	not	employ	any	sample	 imperfections	or	roughness,	but	

nevertheless	are	resembling	the	experimental	observations,	the	excitation	of	edge	

modes	due	to	stray	field	effects	is	regarded	as	the	source	of	the	observed	directed	

oscillatory	 behavior,	 albeit	 for	 the	 experiment’s	 roughness	 effects	 cannot	 be	 ne-

glected.	

	

Slight	deviations	of	comparable	spin	wave	modes	in	the	T-	and	L-shape	geometries	

are	attributed	in	[30]	to	the	arrangement	of	the	stripe	ensemble.	In	the	analysis	here	

the	spin	wave	modes	show	in	general	a	similar	behavior	with	respect	to	the	number	

of	nodes,	anti-nodes	and	the	directed	oscillatory	behavior,	while	the	amplitude	dis-

tributions	 and	 the	 simulated	 FMR	 absorption	 spectra	 for	 both	 geometries	 show	

slightly	less	amplitudes	and	intensities,	respectively.	This	small	effect	is	attributed	

to	the	large	distance	of	2	µm	between	the	stripes,	resulting	in	a	weak	stray	field	in-

fluence.		
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5. 	Magnetization	dynamics	of	nanometer	sized	sample	struc-
tures	

	

5.1. Visualization	of	the	magnetization	dynamics	of	Yttrium	Iron	Gar-
net	nanoparticles	
	

The	first	measurements	to	demonstrate	the	nanometer	scale	spatial	resolution	of	

STXM-FMR	were	performed	on	Yttrium	Iron	Garnet	(YIG)	nanoparticles.	

	

5.1.1. Sample	overview	
	

The	nanoparticles	with	a	diameter	of	>=	40	nm	were	produced	by	 laser	ablation	

and	fragmentation	of	pressed	powders	[132].	A	solution	of	particles	and	ethanol	was	

put	into	a	micro-resonator	loop	by	Eppendorf	micro-capillaries	with	a	tip	diameter	

of	4	µm	attached	to	an	Eppendorf	PatchMan	NP2	micro-manipulator.	An	SEM	image	

of	the	sample	is	shown	in	Figure	61,	depicting	an	agglomerate	of	YIG	particles	with	

the	size	of	about	300	nm	×	150	nm	(size	obtained	from	STXM	measurements),	pic-

tured	within	the	dotted	yellow	circle.		

	

	
Figure	61:	SEM	image	of	the	YIG	nanoparticle	sample	positioned	in	the	micro-reso-
nator	loop.	The	SEM	image	was	taken	by	D.	Spoddig.	
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The	number	of	particles	within	this	agglomerate	can	be	estimated	to	about	30+	by	

taking	into	account	the	area	of	the	agglomerate	and	the	particle	size,	neglecting	a	

stacking	of	particles.	

	

5.1.2. Ferromagnetic	Resonance	measurement	of	the	YIG	sample	
	

The	sample	was	measured	by	FMR	(see	chapter	3.1)	at	a	frequency	of	8.15	GHz	with	

a	microwave	power	of	20	dBm	at	room	temperature.	The	recorded	FMR	spectrum	

is	shown	in	Figure	62.	The	error	bar	of	|BExt|	is	±	0.5	mT.	Three	pronounced	reso-

nances	can	be	seen,	one	at	|BExt|	of	9	mT	with	a	line	width	of	27	mT	and	one	at	80	mT	

with	a	line	width	of	44	mT.	At	2.2	mT	the	spectrum	shows	an	additional	signal	with	

a	line	width	of	0.5	mT,	shown	in	the	inset	of	Figure	62.	The	signal	consists	in	total	of	

4	measurement	points,	so	 it	cannot	be	clearly	attributed	to	a	resonance	from	the	

single	measurement.	As	in	[133]	a	similar	signal	at	the	top	of	the	main	resonance	of	

investigated	YIG	nanoparticles	(size	100	nm	+)	is	visible,	a	third	resonance	in	the	

spectrum	in	Figure	62	is	probable,	while	no	further	explanation	is	given	in	[133].		

	
Figure	62:	FMR	spectrum	of	 the	YIG	 sample	designated	 for	STXM-FMR	measure-
ments.	The	measurement	was	performed	at	room	temperature	at	8.15	GHz.	The	in-
set	shows	a	magnification	for	the	field	range	from	0	mT	to	50	mT.	
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It	has	to	be	noted,	that	a	multitude	of	YIG	particles	is	situated	in	the	resonator	loop,	

which	all	contribute	to	the	FMR	measurement,	resulting	in	a	broad	FMR	signal.	

	

5.1.3. STXM-FMR	measurements	of	the	YIG	sample	
	

The	STXM-FMR	measurement	was	performed	at	the	Fe	L3	absorption	edge	at	an	en-

ergy	of	706.8	eV	[134].	The	images	were	recorded	with	a	scan	step	size	of	20	nm	a	

focus	of	50	nm	and	a	dwell	 time	for	each	single	pixel	of	5000	ms	with	a	negative	

helicity	of	the	X-ray	photons.	The	excitation	frequency	was	set	to	6.748	GHz,	which	

corresponds	to	the	14th	harmonic	+	1/(m=6)	of	the	synchrotron	frequency.	The	mi-

crowave	power	was	 set	 to	28	dBm.	The	external	 static	magnetic	 field	was	 set	 to	

80	mT.		

	

	
Figure	63:	a)	to	f):	STXM-FMR	images	after	taking	the	natural	logarithm	of	the	divi-
sion	operation	of	the	microwave	on	and	microwave	off	images	for	the	recorded	time	
steps.	A	minimum-maximum	normalization	[127]	was	applied	to	the	 images.	The	
images	in	a)	to	f)	are	blurred	to	enhance	visibility.	g)	and	e)	Phase	and	normalized	
amplitude	distribution	extracted	out	of	the	color	code	fit	analyses	(see	chapter	3.4	
and	[103]	of	the	whole	scan	area.	
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The	STXM-FMR	data	obtained	from	the	YIG	particle	sample	is	shown	in	Figure	63.	

The	subfigures	a)	to	f)	are	indicating	an	oscillation	with	a	non-uniform	amplitude	

within	 the	 area	 of	 the	 YIG	 particle	 agglomerate.	 The	 distribution	 of	 the	 relative	

phase,	which	was	extracted	from	the	result	of	the	color	code	fit	analyses	(see	chap-

ter	3.4	and	[103],	shows	an	inhomogeneous	distribution	of	the	phase,	which	is	not	

visible	in	the	grayscale	STXM-FMR	data.	The	extracted	amplitude	distribution	shows	

a	pronounced	amplitude	at	the	location	of	the	YIG	particle	agglomerate,	which	cor-

responds	to	the	grayscale	data	presented	in	subfigures	a)	to	f).	Figure	64	shows	an	

overlay	of	the	amplitude	distribution	over	the	phase	distribution.	From	this	repre-

sentation,	 it	 is	probable	 that	segments	of	multiple	particles	are	resonating	at	 the	

same	phase,	while	other	particle	segments	or	single	particles	are	resonating	with	a	

different	phase.	

	

	
Figure	64:	Overlay	of	the	amplitude	distribution	(Figure	63	h))	over	the	phase	dis-
tribution	(Figure	63	g)).	
	

For	dipolarly	coupled	Fe3O4	nanoparticles	with	similar	dimensions,	a	behavior	of	

single	particles	or	particle	segments	being	in	resonance	with	the	same	phase,	while	

other	 particles	 /	 particle	 segments	 exhibit	 a	 resonance	 at	 a	 different	 phase,	was	

shown	 in	 [11],	 using	 angular	 dependent	 FMR	measurements	 and	micromagnetic	

simulations.	The	aforementioned	behavior	results	in	so-called	magnonic	band	gaps	

in	the	angular	dependent	spectra.	The	observed	behavior	of	the	YIG	nanoparticles	
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here	can	probably	be	attributed	to	a	similar	effect	assuming	only	dipolar	coupling	

between	the	particles.	To	proof	this	angular	dependent	FMR	measurements	of	the	

particle	 agglomerate	would	 be	 necessary.	Nevertheless,	 the	measurement	 shows	

that	the	resonant	response	of	particles	on	the	nanoscale	has	successfully	been	de-

tected	by	STXM-FMR.	
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5.2. STXM-FMR	measurements	of	nanoparticle	chains	in	bacteria	Mag-
netospirillum	Magnetotacticum	

	

For	future	magnonic	computing,	the	use	of	the	nanoparticle	chains	inside	of	magne-

totactic	bacteria	as	magnonic	logic	devices	has	been	suggested	in	[11].	By	manipu-

lating	the	bacteria	DNA	it	is	possible	to	alter	the	arrangement	of	the	nanoparticles	

and	by	that	alter	the	magnon	dispersion	of	these	particle	ensembles	to	realize	mag-

non	based	binary	logic	[11].	These	investigations	were	performed	employing	con-

ventional	micro-resonator	based	FMR	and	micromagnetic	 simulations	 [11].	Here	

the	first	element-specific,	spatially,	and	time-resolved	visualizations	of	FMR	of	sin-

gle	chains	magnetosome	chains	of	magnetite	(Fe3O4)	nanoparticles	inside	a	bacte-

rium	Magnetospirillum	Magnetotacticum	[135,	136]	by	STXM-FMR	are	presented.	
	

5.2.1. Magnetospirillum	Magnetotacticum	
	

The	bacterium	Magnetospirillum	Magnetotacticum	[135,	136]	has	been	described	
and	specified	as	type	strain	MS-1	in	[136].	An	electron	micrograph	image	of	a	cell	of	

this	bacterium	is	shown	in	Figure	65,	revealing	a	chain	of	19	magnetic	nanoparticles	

(white	spots)	in	the	cell	center.	

	

	
Figure	65:	SEM	image	of	a	magnetosome	chain	inside	a	bacterium	Magnetospirillum	
Magnetotacticum,	the	chain	is	subject	of	investigation	by	means	of	STXM-FMR.	The	
image	was	taken	by	D.	Spoddig.	For	better	visibility	the	contrast	has	been	adjusted	
by	+40	%.	
	

Magnetospirilla,	like	many	other	magnetotactic	bacteria	from	the	Alphaproteobac-

teria	taxon,	are	capable	of	biomineralizing	membrane-enclosed	single-crystal	Fe3O4	
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particles	(magnetosomes)	and	aligning	them	in	a	chain	along	the	cell	axis	[137-139].	

In	fully	grown	cells	of	MSR-1,	the	magnetosomes	consistently	have	a	particle	size	in	

the	range	of	40	nm	to	50	nm	[136].	

	

Fe3O4	is	cubic	(space	group	Fd3m	[137,	140])	above	the	Verwey	transition	at	122	K	

[140].	Above	the	isotropic	point	at	130	K	[141],	the	<111>	crystal	axes	(body	diag-

onals)	define	the	magnetic	easy	axes	[141],	which	can	be	described	by	a	negative	

first-order	cubic	magneto	crystalline	anisotropy	constant.	From	single-crystal	FMR	

measurements,	K4	was	determined	as	 -1.1	·	104	J/m3	 at	 room	 temperature	 [141].	

From	magnetization	curves	on	a	series	of	single-crystals	with	known	stoichiometry,	

K4	was	determined	as	-1.2	·	104	J/m3	for	purely	stoichiometric	magnetite	[142].	In	

[143]	a	value	of	K4	=	-1.3	·	104	J/m3	is	given.	The	second-order	cubic	anisotropy	con-

stant	is	with	K6	=	3	·	104	J/m3	[143]	much	smaller	in	value	than	K4	and	therefore,	it	

exhibits	a	higher	relative	error	than	the	value	of	K4.	A	schematic	overview	of	 the	

Fe3O4	easy	axis	 is	pictured	in	Figure	66.	 In	magnetotactic	spirilla,	each	magnetite	

particle	is	arranged	such	that	one	of	the	<111>	axes	is	aligned	along	the	axis	of	the	

magnetosome	chain	[144].	The	magnetosomes	with	the	dimensions	given	before	are	

in	the	single	domain	state	[145],	as	the	single	domain	limit	is	at	68	±	10	nm	[146].	

These	findings	are	supported	by	investigations	in	[147-149].	Micromagnetic	simu-

lations	performed	by	the	author	in	[85]	also	confirm	the	single	domain	size	limit.	

	

	
Figure	 66:	 Schematic	 representation	 of	 the	 magnetic	 easy	 directions	 in	 a	 single	
Fe3O4	cube.	Figure	adapted	from	[85].	
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5.2.2. Sample	preparation	
	

The	 bacteria	 cells	 of	 Magnetospirillum	 Magnetotacticum	 strain	 MS-1	 were	 pur-
chased	as	actively	growing	culture	in	liquid	medium	from	Leibniz	Institute	DSMZ-

German	Collection	of	Microorganisms	and	Cell	Cultures	GmbH,	article	number	DSM	

3856	[150].	After	shipment,	the	bacteria	culture	was	stored	in	a	lab	refrigerator	at	a	

temperature	of	about	278	K	for	14	days,	during	which	time	the	cell	density	in	the	

storage	tube	increased.	For	sample	preparation,	a	drop	of	cell	suspension	was	trans-

ferred	from	the	storage	tube	with	a	sterile	syringe	to	a	15	ml	Eppendorf	tube	and	

concentrated	by	centrifugation	at	14000	rpm	for	a	time	of	30	minutes.	From	the	re-

sulting	pellet,	bacteria	cells	were	suctioned	into	an	Eppendorf	microcapillary	with	

4	µm	tip	diameter,	which	was	re-positioned	over	a	micro-resonator	with	the	aid	of	

a	micromanipulator	Eppendorf	PatchManNP2	mounted	to	an	inverted	light	micro-

scope	Zeiss	Type	471705-9901/09.	The	cells	were	dropped	onto	the	loop	of	the	mi-

cro-resonator	with	the	aid	of	a	microinjector	Eppendorf	CellTram	Vario.	For	the	con-

trol	of	the	preparation	an	inverted	light	microscope	Zeiss	Axiovert	100	was	used.		

	

	
Figure	67:	Scanning	Electron	Microcopy	(SEM)	images	of	the	triple	chain	magneto-
some	ensemble	for	the	STXM-FMR	beamtime	February	2018:	a)	Magnetosome	chain	
distribution	inside	the	micro-resonator	loop.	The	chains	enclosed	in	the	blue	square	
were	measured	by	STXM-FMR.	Other	chains	in	the	micro-resonator	loop	are	marked	
by	yellow	arrows.	b)	Magnification	of	the	magnetosome	chain	ensemble.	The	SEM	
images	were	taken	by	D.	Spoddig.	
	

Due	to	the	adhesive	 force,	 the	bacteria	cultures	remain	at	 the	position	they	were	

placed.	Scanning	electron	microscopy,	shown	in	Figure	67,	was	used	to	confirm	that	
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the	resonator	loop	contained	a	multitude	of	magnetosome	chains	in	different	orien-

tations	(Figure	67	a),	so	that	at	least	a	few	of	them	would	be	aligned	with	the	DC	

magnetic	field	of	<=	200	mT	available	in	the	STXM-FMR	and	thus	would	meet	the	

resonance	condition	in	this	field	range.	In	conventional	micro-resonator	based	FMR	

measurements,	however,	the	resulting	spectra	of	such	a	sample	would	contain	the	

resonances	of	all	magnetosome	chains	in	the	loop,	making	it	 impossible	to	assign	

resonances	to	a	given	magnetosome	chain.	

	

	
	

Figure	68:	Scanning	Electron	Microcopy	(SEM)	images	of	the	magnetosome	chain	
preparation:	a)	TEM	grid	cutout	showing	the	bi-segmented	magnetosome	chain	for	
the	STXM-FMR	measurement	inside	the	blue	box.	The	diagonal	black	lines	are	car-
bon	deposits.	b))	Magnification	of	this	particle	chain.	c)	TEM	grid	cutout	placed	in-
side	the	micro-resonator	loop,	fixed	with	carbon	at	three	corners	of	the	cutout.	The	
images	were	taken	by	D.	Spoddig.	
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The	three	magnetosome	chains	selected	for	the	STXM-FMR	measurements	in	Feb-

ruary	2018	are	shown	in	Figure	67	b).	For	the	STXM-FMR	beamtime	in	April	2019,	

the	samples	were	prepared	in	the	following	way.	A	drop	of	bacterial	cells	was	first	

placed	on	onto	Transmission	Electron	Microscopy	(TEM)	grids	(Figure	68	a)),	using	

the	optical	microscope	setup	and	micromanipulator	mentioned	above	following	the	

same	preprocessing	method	as	for	the	sample	described	before.	A	segment	of	the	

TEM	grid	with	several	magnetosome	chains	was	cut	out	by	D.	Spoddig	(Figure	68	a),	

b))	using	a	focused	ion	beam	(FIB,	FEI	Helios	NanoLab	600	XL)	and	placed	in	the	

center	of	a	micro-resonator	loop	on	the	Si3N4	membrane.	The	final	STXM-FMR	sam-

ple	thus	contained	a	magnetosome	chain	right	in	the	center	of	the	micro-resonator	

loop	(Figure	68	c)).	
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5.2.3. STXM-FMR	measurements	of	the	triple	chain	magnetosome	ensemble	
	

A	static	characterization	of	the	nanoparticle	chains	inside	magnetotactic	bacteria	by	

soft	X-ray	ptychography	are	shown	in	[139].	Here	we	present	in	the	two	next	chap-

ters	the	characterization	of	the	magnetization	dynamics	of	such	particle	chains	by	

means	of	STXM-FMR.	The	room	temperature	measurements	were	performed	at	a	

microwave	frequency	of	8.1766	GHz	and	a	microwave	power	of	nominal	40	dBm	at	

|BExt|	~	160	mT.	The	pressure	in	the	chamber	was	about	5	·	10-7	Torr.	An	X-ray	ab-

sorption	spectrum	(XAS)	was	performed	at	the	Fe	L3	edge	(706.8	eV	[134])	 from	

703	eV	to	715	eV	to	confirm	the	presence	of	Fe	in	the	magnetosomes	(Figure	69).	

	
Figure	69:	X-ray	absorption	spectrum	around	the	energy	of	the	Fe	L3	edge	(708	eV).	
The	spectrum	was	taken	by	H.	Ohldag.	
	

For	STXM-FMR	the	X-ray	energy	was	set	to	the	center	of	the	Fe	L3	absorption	edge	

to	708	eV.	Due	to	mechanical	limitations	of	the	setup	a	maximal	focus	of	50	nm	could	

be	reached.		
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Figure	70:	a)	Grayscale	STXM	image	of	the	magnetosome	chain	ensemble.	The	image	
has	been	taken	by	H.	Ohldag.	Darker	colors	represent	areas	with	less	transmission	
due	to	the	magnetosome	chains.	b)	Visualization	of	the	investigated	magnetosome	
chains	in	inverted	colors	with	an	overlay	of	the	SEM	image	in	Figure	67	b).	The	over-
lay	has	been	created	by	B.	Zingsem.	c)	Result	of	the	color-code	fit	analysis,	coding	
the	relative	phase	as	hue,	the	amplitude	as	brightness	and	the	p-value	as	saturation.	
	

The	microwave	 induced	 X-ray	 transmission	was	 analyzed	 by	 fitting	 a	 sinusoidal	

function	to	the	time	dependence	of	the	absorption	at	each	pixel	(see	chapter	3.4	and	

[103]).	Each	period	was	sampled	with	six	 timesteps,	 corresponding	 to	six	STXM-

FMR	images	per	1/8.1766	GHz.	The	result	of	the	analysis	is	shown	in	Figure	70	c).	

Several	 colored	areas	of	 single	or	 small	 groups	of	pixels	 in	 the	 image	are	visible	

within	the	magnetosome	chain	and	next	to	it.	The	brightest	colored	pixel	ensembles	

can	be	observed	at	locations	along	the	magnetosome	chain,	varying	in	the	relative	

phase	between	p/4	and	(5p)/3.	This	leads	to	the	assumption	that	only	small	seg-

ments	of	 the	nanoparticle	 chain	are	 in	 resonance.	To	clarify	 this	assumption,	 the	

phase	and	amplitude	information	has	been	extracted	from	Figure	70	c)	and	is	dis-

played	in	Figure	71.		
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Figure	71:	a)	Phase	and	b)	normalized	amplitude	distribution	extracted	from	Figure	
70	c).	
	

An	inhomogeneous	phase	distribution	is	found	for	the	complete	scanned	area	in	Fig-

ure	71	a),	which	does	not	 allow	 to	assign	distinct	phase	 relations	 to	 the	particle	

chain.	The	amplitude	distribution	shown	in	Figure	71	b)	shows	three	coherent	pixel	

ensembles	indicating	a	high	amplitude	at	the	coordinates	(x=4,y=15),	(x=18,y=17)	

and	(x=38,y=13).	While	the	pixels	at	the	last	set	of	coordinates	are	located	at	a	po-

sition	next	to	the	magnetosome	chain	Figure	70	b),	c),	the	first	two	sets	of	coordi-

nates	refer	to	locations	of	nanoparticles	(Figure	70	b),	c)).	Further	investigations	of	

this	sample	were	not	possible,	as	the	sample	got	lost	during	Transmission	Electron	

Microscopy	Measurements	at	the	Forschungszentrum	Jülich.	

	

To	proof	the	detection	of	resonant	responses	in	magnetosome	chains,	a	2nd	sample	

was	prepared	(see	chapter	5.2.2)	and	investigated	with	STXM-FMR	at	the	beamtime	

in	April	2019.	The	findings	are	presented	in	the	chapter	5.2.5.	
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5.2.4. Micromagnetic	simulations	of	the	triple	chain	magnetosome	ensemble	
	

Due	to	the	huge	amount	of	magnetosome	chains	within	the	micro-resonator	 loop	

(Figure	67	a)),	which	would	result	in	an	indistinguishable	number	of	FMR	signals	in	

a	conventional	FMR	measurement,	a	micromagnetic	model	of	the	magnetosome	en-

semble	pictured	in	Figure	67	b)	has	been	created	in	MuMax3	[29].	The	dynamic	sim-

ulation	was	performed	at	a	frequency	of	8.176	GHz,	an	amplitude	of	0.5	mT,	and	an	

exchange	stiffness	Aex	=	1.32	·	10-11	J/m	[151].	For	energy	minimization,	the	method	

presented	in	[108]	was	used	next	to	the	MuMax3	build-in	“relax()”	function	[29].	A	

set	of	simulations	was	performed	using	the	values	for	the	saturation	magnetization	

Msat	 and	 magneto	 crystalline	 constant	 K4	 given	 in	 [141].	 The	 simulation	 using	

Msat	=	4.94	·	105	A/m	and	K4	=-0.63	·	104	J/m3	[141],	while	stated	for	a	temperature	

of	 -100	°C,	 gave	 the	 simulation	 result	 closest	 to	 the	 experimental	 findings	 in	 the	

STXM-FMR.	The	static	magnetic	field	was	applied	in-plane	and	orientated	along	the	

y-axis	of	the	simulation	grid	(see	chapter	3.5)	to	reflect	the	geometry	of	the	experi-

ment.	Due	 to	 the	 immense	amount	of	 in	 total	52	simulated	particles,	 the	particle	

edge	length	had	to	be	reduced	to	32	nm,	using	a	cell	size	of	(8	nm)3,	which	is	below	

the	magnetic	exchange	length	of	9.28	nm	[106]	for	the	selected	parameters.	The	dis-

tance	(edge	to	edge)	between	the	magnetosomes	is	8	nm.	The	simulation	grid	has	

the	dimensions	of	218x66x5	cells.		

	

A	two-dimensional	representation	of	the	simulated	sample	geometry	is	depicted	in	

Figure	72	a).	The	simulated	stray/demagnetization	field	intensity	and	distribution	

of	 the	magnetosome	 chain	 ensemble	 is	 shown	 in	 Figure	 72	 b)	 and	 c).	 Values	 of	

|BDemag|‡	∼	450	mT	are	visible	between	the	magnetosomes	in	Figure	72	b),	pointing	

to	a	strong	dipolar	coupling	between	the	particles.	The	distribution	in	Figure	72	c)	

also	reveals	that	whole	groups	of	magnetosomes	are	coupled	by	magnetic	dipolar	

coupling,	 and	 the	 two	 neighboring	 chains	 are	 reciprocally	 weakly	 influenced	 by	

their	stray	fields.	The	simulated	FMR	absorption	spectrum	is	shown	in	Figure	73.	

Two	resonances	at	157	mT	and	164	mT	can	be	identified,	which	are	within	the	sur-

roundings	of	the	external	magnetic	field	of	about	160	mT	used	in	the	experiment.	

	
‡	The	term	|BDemag|	includes	in	MuMax3	the	stray-	and	the	demagnetization	field	[29].	
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Figure	72:	 a)	The	simulated	magnetosome	chains,	 viewed	 from	 the	+z	direction,	
shown	 in	 the	state	of	a	random	start	magnetization.	Shown	 is	 the	normalized	mz	
component:	Blue	 -mz,	 red	+mz.	 b)	 Stray-	 and	demagnetization	 field	 intensity.§	c)	
Stray	field	distribution.	In	all	figures	the	cell	layer	in	the	particle	center	is	shown.	
	

	
Figure	73:	Simulated	FMR	spectrum	of	the	triple	magnetosome	chain	ensemble	at	
8.176	GHz	and	an	amplitude	of	0.5	mT.		

	
§	The	term	|BDemag|	includes	in	MuMax3	the	stray-	and	the	demagnetization	field	[29].	
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The	normalized	mz-component	of	the	magnetization	is	displayed	in	Figure	74	for	a	

single	time	point	of	the	simulation.	The	saturation	of	the	colors	indicates	a	weaker	

or	stronger	magnitude	of	the	normalized	mz	component	of	the	magnetization	corre-

sponding	to	weaker	and	stronger	color	saturation.	Except	for	five	particles	in	the	

lower	right	chain,	all	particles	show	a	weak	red	and	blue	coloring	(blue:	 -mz,	 red	

+mz)	pointing	to	an	inhomogeneous	excitation	with	the	upper	part	of	the	particles	

having	a	positive	magnitude	of	mz,	while	the	lower	part	of	the	particles	shows	a	neg-

ative	magnitude	of	mz.	The	strong	blue	saturated	particles	in	the	lower	right	chain	

in	Figure	74	a),	b)	and	c)	visualize	the	uniform	resonance	at	157	mT	and	its	vicinity.	

Figure	74	d)	to	f)	depicts	the	surroundings	of	the	resonance	at	164	mT	(subfigure	

e)	showing	the	upper	four	particles	of	the	upper	right	chain	uniformly	in	resonance	

concerning	 the	magnitude	and	distribution	of	mz,	 indicated	by	 the	homogeneous	

blue	coloring.	

	

	
	

Figure	74:	Two-dimensional	representation	of	the	simulated	mz-component	of	the	
magnetization	for	external	magnetic	bias	field	values	of	a):	156	mT,	b):	157	mT,	c)	
158	mT,	d)	163	mT,	e)	164	mT	and	f)	165	mT.	Shown	is	the	center	cell	layer.	
	

When	comparing	the	experimental	results	(Figure	70,	Figure	71)	to	the	simulated	

mz-component	of	the	magnetization	shown	in	Figure	74,	the	detection	of	a	resonant	

response	 at	 the	 coordinates	 showing	 a	 high	 STXM-FMR	 amplitude	 seems	 to	 be	
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probable,	while	a	 clear	assessment	or	 identification	of	 resonant	 responses	 in	 the	

magnetosome	chains	from	the	measurement	data	is	difficult.		
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5.2.5. STXM-FMR	measurements	of	a	single	bi-segmented	magnetosome	chain	
	

The	room	temperature	STXM-FMR	measurements	were	performed	at	a	microwave	

frequency	of	6.748	GHz	and	a	microwave	power	of	about	25	dBm.	The	pressure	in	

the	chamber	was	about	5	·	10-7	Torr.	The	X-ray	energy	was	set	to	the	Fe	L3	edge	at	

nominal	708	eV	with	a	focus	of	about	50	nm.	

	

Figure	75	shows	STXM-FMR	images	recorded	with	a	step	resolution	of	25	nm	and	a	

dwell	time	of	5000	ms	at	an	external	field	of	167	mT.	All	STXM-FMR	images	have	

been	mirrored	by	180°	to	reflect	the	SEM	images,	and	a	minimum-maximum	nor-

malization	[127]	was	applied.		

	

Figure	75	a)	shows	the	STXM-FMR	image	of	the	bi-segmented	magnetosome	chain.	

The	black	 contrast	 in	 the	 central	 area	of	 the	 image	 represents	 the	magnetosome	

chain.	 Due	 to	 the	 spatial	 resolution	 of	 50	 nm	 single	 magnetosomes	 cannot	 be	

distinguished	 due	 to	 a	 particle	 size	 of	 40	 nm	 to	 50	 nm,	 see	 chapter	 5.2.1.	 An	

additional	 black	 contrast	 area	 is	 visible	 above	 the	magnetosome	 chain,	which	 is	

attributed	to	carbon	deposition,	as	the	SEM	image	 in	Figure	68	c)	does	not	show	

evidence	of	magnetosomes	at	this	position.	An	overlay	with	the	SEM	image	Figure	

68	c	is	shown	in	Figure	75	d).	The	alignment	of	the	SEM	image	was	orientated	at	the	

pronounced	 kink	 of	 the	 magnetosome	 chain,	 which	 is	 visible	 in	 the	 STXM-FMR	

images.	 To	 visualize	 and	 analyze	 the	microwave	 induced	 X-ray	 transmission	 the	

color	code	fit	analysis	(see	chapter	3.4),	fitting	a	sinusoidal	with	relative	frequency	

to	each	pixel	in	the	row	of	six	STXM	images	for	the	six	timesteps	was	applied.	The	

phase	distribution	is	plotted	in	the	range	between	0	and	2p,	while	the	amplitude	is	

normalized	between	0	to	1.	The	results	are	shown	in	Figure	76.	A	quite	uniform	rel-

ative	phase	 is	visible	 in	Figure	76	a)	between	(19p)/12	and	(5p)/3.	This	 is	 con-

firmed	by	the	phase	distribution	depicted	in	Figure	76	b),	which	is	extracted	from	

the	color-code	 fit	analyses.	 In	 the	center	of	Figure	76	a)	an	area	of	contrast	with	

brighter	colored	pixels	is	visible,	following	a	curvature,	which	reflects	the	curvature	

of	the	magnetosome	chain	as	it	is	depicted	in	Figure	68	c).	
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Figure	75:	a)	Grayscale	STXM-FMR	image	of	the	investigated	magnetosome	chain.	
Darker	colors	represent	areas	with	less	transmission	due	to	the	sample	and	carbon	
on	the	sample	surface.	b)	Cutout	of	image	a)	with	an	overlay	of	the	SEM	image,	taken	
from	Figure	68	c).	The	contrast	has	been	adjusted	for	better	visibility.	The	areas	of	
dark	contrast	above	and	to	the	right	of	the	depicted	position	of	the	magnetosome	
chain	are	attributed	to	deposited	carbon,	as	the	SEM	image	in	Figure	68	c)	shows	no	
magnetosomes	in	these	areas.	
	

	
	

Figure	76:	a)	Result	of	the	color-code	fit	analysis,	coding	the	relative	phase	as	hue,	
the	 amplitude	as	brightness	 and	 the	p-value	as	 saturation.	b)	Distribution	of	 the	
relative	 phase	 extracted	 from	 image	 a).	 c)	 Normalized	 amplitude	 distribution	
extracted	from	image	a).	
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By	 extracting	 the	 amplitude	 distribution	 out	 of	 the	 color-code	 analysis,	which	 is	

shown	in	Figure	76	c),	an	area	of	non-uniform	high	amplitude	following	the	curva-

ture	of	the	magnetosome	chain	is	elucidated.	An	additional	amplitude	contribution	

visible	in	Figure	76	c)	at	x	=	56	px	and	y	=	10	px	is	not	expected	to	originate	from	

the	investigated	magnetosome	chain.	On	the	other	hand,	while	at	this	position	no	

particles	are	visible	in	the	SEM	images,	one	cannot	exclude	that	particles	are	hidden	

by	a	 large	amount	of	biomass.	A	resonant	response	with	uniform	phase	and	non-

uniform	 amplitude	 of	 the	 curved	 part	 of	 the	 magnetosome	 chain	 can	 be	 distin-

guished,	while	a	much	weaker	excitation	is	assumed	in	the	area	of	the	detached	four	

magnetosome	chain	segment.	A	verification	of	these	results	was	done	by	creating	a	

micromagnetic	model	of	the	sample	(chapter	5.2.6).	

	

5.2.6. Micromagnetic	simulations	of	the	single	bi-segmented	magnetosome	chain	
	

The	19	particle	magnetosome	chain	was	simulated	using	the	following	parameters	

Aex	=	1.32	·	10-11	J/m	 [151],	 Msat	=	4.65	·	105	A/m	 and	 K4	=	-1.0	·	104	J/m3 ** .	 The	

simulation	grid	consists	of	200x80x12	cells,	each	with	a	cell	size	of	(5	nm)3.	Each	

simulated	magnetosome	has	edge	lengths	of	50	nm,	the	distance	between	the	parti-

cles	is	10	nm.	The	high-frequency	excitation	was	simulated	at	6.748	GHz,	which	cor-

responds	 to	 the	experimental	value.	The	energy	minimization	was	done	with	 the	

method	shown	by	[108]	in	combination	with	the	MuMax3	build-in	“relax()”	function	

[29].	A	 three-dimensional	representation	of	 the	simulated	magnetosome	chain	 in	

the	random	start	configuration	of	the	magnetization	is	depicted	in	Figure	77	a)	to-

gether	with	visualizations	of	the	simulated	stray-/demagnetization	field	in	Figure	

77	b),	c),	d).	For	these	visualizations	a	simulated	external	field	of	169	mT	was	ap-

plied	As	for	the	previous	magnetosome	chain	(chapter	5.2.3	to	5.2.4),	a	high	inten-

sity	of	|BDemag|††	of	up	to	about	450	mT	can	be	seen	between	the	neighboring	nano-

particles,	except	between	the	upper	edge	particles	in	the	right	chain	segment,	which	

show	an	intensity	of	about	180	mT	to	200mT.	Between	the	chain	segments	an	inten-

sity	 of	 about	 50	mT	 is	 visible.	 In	 combination	 with	 the	 stray	 field	 distribution	

	
**	Values	for	Msat	and	K4:	Personal	communication	with	M.	Winklhofer.	
††	The	term	|BDemag|	includes	in	MuMax3	the	stray-	and	the	demagnetization	field	[29].	
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(subfigure	c))	the	of	magnetic	dipolar	coupling	between	the	single	particles	and	the	

chain	segments	is	elucidated.	

	

	
Figure	 77:	 a)	 Three-dimensional	 representation	 of	 the	 simulated	 magnetosome	
chain	for	the	beamtime	in	April	2019.	Image	was	done	in	Muview.	The	chain	is	im-
aged	with	the	random	start	configuration	of	the	magnetization.	b)	Plot	of	the	stray-	
and	demagnetization	field	strength.	c)	Stray	field	distribution.	b)	and	c)	are	simu-
lated	with	an	applied	|BExt|	=	169	mT	as	indicated	in	the	figure.	
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The	 simulated	 FMR	 absorption	 spectrum	 (mz-component)	 pictured	 in	 Figure	 78	

shows	several	resonances	above	|BExt|	=	160	mT.	The	closest	resonance	peak	to	the	

experimental	|BExt|	~	167	mT	is	at	169	mT.		

	

	
Figure	78:	Simulated	FMR	absorption	spectrum	of	the	bi-segmented	magnetosome	
chain.	The	resonance	at	169	mT	close	to	the	experimentally	observed	resonance	at	
167	mT	is	indicated	in	red.	
	

The	magnitude	of	the	normalized	mz-component	of	the	magnetization	is	shown	as	

two-dimensional	visualization	for	six	timesteps	with	a	time	distance	of	24.7	ps	for	

an	 external	magnetic	 field	 of	 166	mT	 in	 Figure	 79	 and	 for	 169	mT	 in	 Figure	 80.	

Shown	is	the	lower	cell	layer,	the	oscillatory	behavior	of	the	other	layers	deviates	

only	slightly	from	the	shown	data.	As	in	the	micromagnetic	model	all	particles	are	of	

the	same	size,	slight	deviations	between	the	experiment	and	the	simulations	are	at-

tributed	to	this	difference,	as	particle	size	and	positioning	affect	the	strength	of	di-

polar	coupling	and	by	that	the	resonant	response.	A	pronounced	resonant	response	

can	be	seen	in	both	figures	within	the	curved	segment	of	the	magnetosome	chain,	

while	the	4-magnetosome	segment	exhibits	a	much	weaker	resonant	response.	In	

contrast	to	the	simulation	at	169	mT,	which	shows	a	non-uniform	magnitude	of	the	

mz-component,	a	dominantly	uniform	distribution	of	the	mz-magnitude	is	visible	at	

166	mT.	The	phase	and	amplitude	analysis	of	the	simulation	data	processed	by	M.	

Winklhofer	gives	the	final	confirmation	of	the	experimental	results.	Both	the	exper-

imental	and	the	simulation	results	from	this	analysis	are	shown	in	Figure	81.	The	

uniform	phase	distribution	is	in	very	good	agreement	between	experiment	and	sim-

ulation	with	values	between	(19p)/12	and	(5p)/3	(subfigures	a)	and	c).		
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Figure	79:	Micromagnetic	simulation	of	the	magnetosome	chain	investigated	with	
STXM-FMR	at	the	beamtime	April	2019.	The	mz-component	of	six	timesteps	of	the	
simulation	with	a	time	distance	of	24.7	ps	are	shown,	simulated	at	|BExt|	=	166	mT.	
The	amplitude	distribution	of	the	STXM-FMR	measurement	is	shown	in	the	lower	
right	corner,	the	areas	showing	a	pronounced	amplitude	are	circled	in	red.		
	

	
Figure	80:	Micromagnetic	simulation	of	the	magnetosome	chain	investigated	with	
STXM-FMR	at	the	beamtime	April	2019.	The	mz-component	of	six	timesteps	of	the	
simulation	with	a	time	distance	of	24.7	ps	are	shown,	simulated	at	|BExt|	=	169	mT.	
The	amplitude	distribution	of	the	STXM-FMR	measurement	is	shown	in	the	lower	
right	corner,	the	areas	showing	a	pronounced	amplitude	are	circled	in	red.	
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Figure	 81:	 Phase	 and	 amplitude	 distribution	 from	 the	 STXM-FMR	 experiment	 at	
167	mT	(a),	b))	and	the	micromagnetic	simulation	at	166	mT	(c),	d)).	The	phase-	
and	amplitude	analysis	of	the	simulation	data	was	processed	by	M.	Winklhofer.	
	

The	pronounced	non-uniform	amplitude	 in	the	curved	chain	segment	seen	 in	the	

experimental	data	is	resembled	by	the	simulation,	also	showing	only	a	very	weak	

excitation	of	the	four-particle	segment	of	the	chain	as	well.	The	single	out	of	phase	
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oscillating	particle	(green)	seen	in	Figure	81	c)	is	only	weakly	excited	(low	ampli-

tude	in	Figure	81	d),	and	therefore	it	is	not	part	of	the	uniform	excitation.	The	phase	

analysis	of	the	simulation	at	169	mT	(not	shown)	exhibits	a	non-uniform	phase	and	

amplitude	distribution,	which	resembles	the	observations	made	for	mz	in	Figure	80.		

	

By	employing	micromagnetic	simulations,	it	was	possible	to	confirm	the	validity	of	

the	STXM-FMR	results	of	the	single	Fe3O4	magnetosome	chain.	While	the	simulation	

of	 the	 resonance	 at	169	mT	exhibits	 a	non-uniform	 response	of	 the	nanoparticle	

chain	in	phase,	as	well	as	in	amplitude,	the	simulation	at	166	mT	confirms	the	ex-

perimental	observations	made	at	167	mT,	showing	a	resonant	response	with	a	uni-

form	phase	and	a	non-uniform	amplitude	distribution.	The	experimental	and	simu-

lation	 results	 are	 in	well	 agreement,	 showing	 the	 first	 element-specific,	 spatially,	

and	 time-resolved	measurement	 FMR	of	 a	 single	 nanometer	 sized	magnetosome	

chain.	

	

A	manuscript	meant	 for	 the	publication	 in	ACS	Nanoletters	 is	 in	preparation	and	

shall	be	submitted	end	of	July	2020.	
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6. Conclusion	and	outlook	
	

The	demands	of	current	and	future	developments	using	magnetic	materials	for	ap-

plications	like	biomedical	treatment	(e.	g.	[19-22,	152-158]),	nano-mechanical	ma-

chines	(e.	g.	[23,	24,	159-161])	and	magnonic	computing	(e.	g.	[2-8,	11])	require	the	

element-specific,	spatially	and	time-resolved	measurement	of	the	magnetization	dy-

namics	in	micrometer	and	nanometer	sized	structures.	I	could	show	that	Scanning	

Transmission	X-ray	Microscopy	detected	Ferromagnetic	Resonance	is	a	well	suita-

ble	 technique	 providing	 element-specific,	 spatially,	 and	 time-resolved	 measure-

ments	[44-46,	48]	of	FMR	in	periodic	and	non-periodic	micro-	and	nanostructures.	

The	used	setup	allows	the	measurement	of	STXM-FMR,	as	well	as	the	measurement	

of	conventional	micro-resonator	based	FMR	[44,	48].	It	has	been	shown	in	this	thesis	

that	the	combination	of	conventional	(micro-resonator	based)	ferromagnetic	reso-

nance,	micromagnetic	simulations,	and	STXM-FMR	is	a	complete	set	of	techniques	

to	understand	the	dynamic	magnetic	properties	of	the	studied	sample	materials.		

	

The	 element-specific	 detection	 of	 the	 magnetization	 dynamics	 is	 shown	 for	 the	

Py/Co	disk/stripe	bilayer	microstructure	(chapter	4.1).	Three	resonances,	seen	by	

conventional	FMR	(Figure	14),	could	be	clearly	assigned	to	the	magnetic	constitu-

ents	of	the	sample	[48].	The	transfer	of	angular	momentum	from	the	Py	in	resonance	

to	the	Co	stripe	and	vice	versa	from	Co	to	Py	at	the	respective	main	resonances	could	

be	shown	[48].	Furthermore,	 it	was	possible	to	 identify	the	third	measured	reso-

nance	as	a	coupled	resonance	of	both	sample	parts	[48].	The	amplitude	and	phase	

evaluation	method	[103]	allowed	to	reveal	an	inhomogeneous	excitation	of	the	Co	

stripe	at	 the	coupled	resonance,	an	 information	not	recognizable	 in	conventional	

FMR	and	the	grayscale	STXM-FMR	images.	The	STXM-FMR	data	for	the	coupled	res-

onance	at	the	Ni	L3	edge	shows	a	stronger	contrast	(Figure	16)	in	the	Py	disk	at	the	

position	of	the	Co	stripe,	which	is	attributed	to	an	exchange	coupling	caused	widen-

ing	of	the	magnetization	precession	cone	[48].	The	results	have	been	submitted	to	

Physical	Review	Applied	in	July	2020.	

	

The	effect	of	magnetic	dipolar	coupling,	the	orientation,	and	strength	of	the	external	

static	magnetic	bias	field	on	spin	wave	modes	in	Py	stripe	ensembles	is	shown	in	
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chapter	4.2.	The	STXM-FMR	measurements	on	the	single	Py	stripe	and	the	T-	and	L-	

arranged	 stripe	 ensembles	 showed	 close	 to	 uniform	and	non-uniform	 spin	wave	

modes	with	up	to	4	nodes	and	5	anti-nodes.	The	close	to	uniform	and	non-uniform	

modes	depict	a	directed	oscillatory	behavior	from	the	stripe	center	towards	the	left	

and	right	stripe	edges	for	the	single	and	the	horizontal	Py	stripes.	For	the	non-uni-

form	modes	in	the	vertical	stripe,	a	directed	oscillation	is	seen	from	the	top	and	bot-

tom	edges	 towards	 the	 stripe	 center.	The	 close	 to	uniform	modes	 in	 the	vertical	

stripes	show	a	directed	oscillation	from	the	stripe	center	towards	the	 long	stripe	

sides.	The	micromagnetic	simulations	performed	for	the	sample	geometries	confirm	

the	experimental	observations.	This	behavior	is	unexpected	as	the	investigated	sam-

ples	are	homogenously	exited	by	the	microwave	and	fulfill	the	boundary	conditions	

for	standing	spin	waves	[72-74].	The	origin	of	the	directed	oscillatory	behavior	lies	

in	the	influence	of	the	stray	field	on	the	single	stripe	as	well	as	on	the	stripe	ensem-

bles.	The	stray	field	distribution	at	the	stripe	edges	results	in	the	fulfillment	of	the	

resonance	condition	of	additional	modes	excited	at	these	stripe	edges,	see	e.	g.	[119-

121],	which	 causes	 a	 phase	 gradient	 of	 the	magnetization	 and	 the	 connected	di-

rected	oscillatory	behavior.	The	phase	gradient	could	be	visualized	due	to	the	use	of	

the	amplitude	and	phase	analysis	[103].	At	least	for	the	close	to	uniform	modes	a	

larger	deviation	of	the	external	magnetic	field	from	the	resonance	field	of	the	mode	

results	in	a	stronger	phase	gradient	and	a	stronger	directed	oscillation,	a	behavior,	

which	is	expected	as	well	for	the	non-uniform	modes,	but	has	not	been	studied	by	

STXM-FMR.	In	conclusion	the	interplay	of	the	external	magnetic	field	and	the	stray	

field	governs	the	excitation	of	edge	modes,	and	therefore	controls	the	strength	of	

the	phase	gradient	and	the	observed	directed	oscillation	of	the	spin	wave	modes.	A	

tilted	static	magnetic	bias	 field	results	 in	a	distortion	of	 the	demagnetization	and	

stray	field	distribution	and	alters	the	shape	of	the	nodes	and	anti-nodes	of	the	ob-

served	spin	waves,	which	could	be	shown	by	micromagnetic	simulations	employing	

different	tilting	angles	of	BExt.	

	

The	transition	from	investigations	on	the	micrometer	scale	to	the	nanometer	scale	

was	done	with	the	STXM-FMR	measurements	of	an	Yttrium	Iron	Garnet	nanoparti-

cle	agglomerate	and	Fe3O4	nanoparticle	chains	within	magnetotactic	bacteria	Mag-
netospirillum	Magnetotacticum	in	chapter	5.	The	YIG	nanoparticle	agglomerate	con-
sists	 of	 particles	 with	 the	 size	 >=	40	nm	 [132]	 and	 has	 the	 total	 dimensions	 of	
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300	nm	x	150	nm.	The	STXM-FMR	measurements	and	the	amplitude	phase	analysis	

(chapter	5.1.3)	show	a	non-uniform	amplitude	distribution,	while	the	distribution	

of	the	relative	phase	indicates	that	parts	consisting	of	multiple	particles	show	a	res-

onant	response	having	the	same	phase,	while	other	particle	ensembles	and	single	

particles	show	a	resonant	response	with	a	different	phase.	A	similar	behavior	was	

observed	for	Fe3O4	nanoparticles	resulting	 in	magnonic	band	gaps	 in	the	angular	

dependent	FMR	spectra	[11].	

	

For	the	first	time	FMR	of	a	single	Fe3O4	magnetosome	chain	with	particles	having	a	

diameter	of	about	50	nm	was	element-specifically	and	spatially	resolved	detected.	

While	single	particles	could	not	be	distinguished	due	to	the	limit	in	spatial	resolu-

tion,	 it	was	possible	to	visualize	the	resonant	response	of	 the	parts	of	 the	bi-seg-

mented	magnetosome	chain	by	employing	the	amplitude	phase	evaluation	(Figure	

76).	The	mostly	uniform	distribution	of	the	relative	phase	indicates	a	resonant	re-

sponse	uniform	in	phase,	with	the	amplitude	distribution	showing	a	non-uniform	

high	amplitude	area	 following	 the	distribution	of	 the	magnetosome	chain.	Micro-

magnetic	 simulations	 resembling	 the	 sample	 confirm	 the	 experimental	 observa-

tions	in	phase,	as	well	as	in	amplitude,	proving	the	STXM-FMR	measurement	result.	

A	manuscript	meant	 for	 the	publication	 in	ACS	Nanoletters	 is	 in	preparation	and	

shall	be	submitted	end	of	July	2020.	In	conclusion	STXM-FMR	is	a	well-suited	tech-

nique	for	the	research	of	the	dynamic	magnetic	behavior	of	nanoparticles,	as	they	

are	suggested	for	biomedical	(e.	g.	[19-22,	152-158]),	nano-mechanical	(e.	g.	[23,	24,	

159-161])	and	magnonic	applications	(e.	g.	[9-11]).	

	

The	STXM-FMR	setup	at	SLAC	National	Accelerator	Laboratory	was	disassembled	in	

July	2019	by	H.	Ohldag	and	the	author,	as	the	STXM	technique	is	discontinued	at	the	

laboratory.	This	paves	the	way	for	an	upgraded	setup,	which	overcomes	the	current	

limitations	of	the	old	setup	concerning	spatial	resolution,	number	of	recorded	time	

steps,	strength	of	the	static	external	magnetic	bias	field,	possible	measurement	tem-

peratures,	 and	 conventional	FMR	characterization.	A	new	setup	 is	planned	by	H.	

Ohldag,	K.	Ollefs,	R.	Meckenstock,	H.	Wende,	M.	Farle,	and	the	author	at	the	Advanced	

Lightsource	synchrotron	(ALS)	at	Lawrence	Berkeley	National	Laboratory	at	Berke-

ley,	CA,	United	States.	The	current	STXM	technique	at	the	ALS	offers	a	spatial	reso-

lution	of	down	to	10	nm	[162].	Next	to	an	upgraded	microwave	synchronization	and	
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data	storage,	allowing	to	record	more	channels	than	at	the	recent	setup,	a	quadru-

pole	magnet	shall	be	implemented	allowing	fields	up	to	1	T.	A	sample	cooling	solu-

tion	employing	sapphire	based	heat	pipes	should	allow	to	reduce	the	sample	tem-

perature	from	room	temperature	by	several	10	K.	The	implementation	of	a	Vector	

Network	Analyzer	and	a	field	modulation	is	planned	to	optimize	the	conventional	

FMR	measurements.	

	

With	these	enhancements	of	the	STXM-FMR	technique,	the	element-specific	inves-

tigation	of	the	dynamic	magnetic	response	of	single	sub	20	nm	sized	samples	shall	

be	achieved.	
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7. Appendix	
7.1. Equations	to	calculate	the	demagnetization	factors	for	rectangular	
ferromagnetic	samples	
	

Aharoni	derived	the	following	analytical	expression	(equation	A3)	for	the	demag-

netization	factors	of	rectangular	ferromagnetic	prisms	in	[65].	The	presented	equa-

tions	are	using	the	assignment	of	the	side	lengths	as	shown	in	Figure	82.	

	

	
Figure	82:	Definition	of	the	side	edges	of	the	rectangular	shaped	body	for	the	equa-
tions	of	the	demagnetization	factors.	Figure	redrawn	and	adapted	from	[65].		
	

With	these	equations	the	demagnetization	factors	for	stripe	like	sample	shapes,	as	

investigated	in	this	thesis	(Co	and	Py	stripes)	in	chapters	4.1	and	4.2,	are	calculated.	

Results	for	N1,2,3	using	these	equations	are	given	in	the	corresponding	chapters.	
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Equation	(A1):	Demagnetization	factor	N1	derived	from	equation	(A3)	[65].	
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Equation	(A2):	Demagnetization	factor	N2	derived	from	equation	(A3)	[65].	
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Equation	(A3):	Equation	for	the	demagnetization	factor	N3	[65].	
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7.2. Tabular	overview	on	other	spatially-	and/or	time	resolved	mag-
netization	detection	methods	

	

Table	5:	Overview	of	several	experimental	techniques	to	detect	the	magnetization	
with	respect	to	element	specificity,	spatial	and	time	resolution.	

Method	 Lateral	resolution	 Depth	of	information	 Time	resolution	 Element	

selective	

SthM-FMR	 30	nm	[113]	 100	nm	–	1	µm	[113]	 -	 No	

SthEM-FMR	 <	20	nm	dep.	on	stability	of	STM	[113]	 1	µm	–	500	µm	[113]	 -	 No	

PM-FMR	 <	500	nm	

dep.	on	laser	focus	[113]	

Dep.	on	MW	penetration	

[113]	

-	 No	

BLS	 Scanning	BLS:	~	250	nm	@	lLaser	=	532	

nm	[32],	BLS	+	near	field	optics:	<	55	

nm	@	lLaser	=	532	nm	[33]	

Dep.	on	excitation	[113]	 1	ns	–	2	ns	[31]	 No	

MOKE	 <	300	nm	dep.	on	laser	focus,	<	50	nm	

with	near	field	optics	(SNOM)	[113]	

50	nm	[113],	<	20	nm	

[163]	

ps	to	fs	[113],	dep.	on	length	of	

light	pulse	[164]	

No	

MRFM	 25	nm	(1D)	[165]		 nm	[165]	 TR-MRFM:	Seconds	[166]	 	

NF-FMR	 >	1	µm	[113]	 Integral	[113]	 -	 No	

SEMPA	 ≥	3	nm	[34]	 <	1nm	[34],	<	0.5	nm	[163]	 TR-SEMPA:	700	ps	[34]	 No	[163]	

SPLEEM	 10	nm	to	20	nm	[35]	 <	1	nm	[163]	 TR-SPLEEM:	seconds	[36]	 No	[163]	

X-PEEM	 Down	to	20	nm	[42],	with	UV	excita-

tion:	<	10	nm	[42]	

~	100	nm	[42]	 >	1	ns	[167],	sub-ns	[168],	50	

ps	–	200	ps	[169],		~	10	ps	[41]	

Yes	(XMCD)	

SP-STM	 <	1	nm	[163],	[170]	 <	0.2	nm	[163]	 With	all-electronic	pump	probe	

scheme:	ns	[171],	[172]	

No	

Lorentz	mi-

croscopy	

0.1	nm	[173]	 Transmission,	<	100	nm	

[163]	

Detection	of	MHz	excitation	in	

[37]	(Ultrafast	Lorentz	micros-

copy),	700	fs	(Femtosecond	Lo-

rentz	microscopy	with	

<	100	nm	spatial	resolution)	

[38]	

Yes*	

EMCD	 <	0.2	nm	[174]	 Transmission	[174]	 -	 Yes**	

DFMR	 ≤	1	nm	[43]	 Diffraction	[43]	 ps	[43]	 Yes	[43]	

STXM	 ≥	10	nm	[162],	dep.	on	X-ray	focus	 Transmission	[162]	 -	 Yes	(XMCD)	

STXM-FMR	 as	STXM,	dep.	on	X-ray	focus	 Transmission	[44]	 <	20	ps	[44],	[45]	 Yes	(XMCD)	

Scanning	thermal	Microscopy	detected	FMR	(SthM-FMR)		

Scanning	thermoelastic	Microscopy	detected	FMR,	

Photothermally	Modulated	FMR	(PM-FMR)		

Brillouin	Light	Scattering	(BLS)		

Magnetooptical	Kerr-Effect	(MOKE)	

Magnetic	Resonance	Force	Microscopy	(MRFM)		

Near	Field	FMR	(NF-FMR)	

Scanning	Electron	Microscope	with	Polarization	Analysis	(SEMPA)	

Spin	Polarized	Low-Energy	Electron	Microscopy	(SPLEEM)	

X-ray	excited	Photoemission	electron	microscopy	(X-PEEM)	

Spin	Polarized	Scanning	Tunneling	Microscopy	(SP-STM)	

Electron	Energy-loss	Magnetic	chiral	Dichroism	(EMCD)	

X-ray	Diffractive	Ferromagnetic	Resonance	(DFMR)	

*Energy	Filtered	Transmission	Electron	Microscopy	[173]	

**	Electron	Energy	Loss	Spectroscopy	(EELS)	[174]	
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7.3. Complete	dataset	of	the	presented	STXM-FMR	measurements	
	

In	the	following	the	complete	dataset	of	the	STXM-FMR	measurement	presented	in	

chapter	4.1.3	is	shown.	The	subfigures	correspond	to	the	time	point	/	relative	phase	

value	given	in	Table	6.	In	chapter	4.1.3	and	[48]	the	timepoint	92	ps	is	shown.	The	

data	treatment	is	the	same	as	described	in	chapter	4.1.3.	

	

Subfigure	 Timepoint	[ps]	 Relative	phase	[°]	

a)	 18	 60	

b)	 37	 120	

c)	 55	 180	

d)	 74	 240	

e)	 92	 300	

f)	 110	 360	

Table	6:	Correspondence	table	to	assign	timepoints	and	relative	phase	to	subfigures.	
	

	
Figure	83:	STXM-FMR	of	the	Py	resonance	measured	at	the	Ni	L3.	
	

Figure	83	shows	the	recorded	microwave	cycle	at	the	resonance	of	the	Py	disk	at	

58.3	mT	measured	at	the	Ni	L3	edge.	A	homogeneous	oscillation	of	the	magnetization	
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is	visible	starting	in	subfigures	a)	and	b)	with	higher	than	average	(grey)	STXM-FMR	

contrast,	showing	a	close	to	average	contrast	in	subfigure	c)	and	lower	than	average	

contrast	in	subfigures	d)	and	e).	A	close	to	average	contrast	in	subfigure	f)	concludes	

the	recorded	dataset.	The	STXM-FMR	images	clearly	show	an	excitation	of	the	whole	

Py	disk	with	a	widely	homogeneous	contrast	distribution	(chapter	4.1.3	and	[48]).	

	

The	coupled	resonance	(84.9	mT)	is	pictured	at	the	Ni	L3	edge	in	the	dataset	pre-

sented	 in	 Figure	84.	The	overall	 behavior	 of	 the	magnetization	oscillation	 corre-

sponds	to	the	observations	made	for	Figure	83,	but	at	the	position	of	the	Co	stripe	

stronger	contrast	is	visible	for	the	higher	than	average	contrast	images,	as	well	as	

for	the	lower	than	average	contrast	images,	indicating	a	widened	precession	cone	in	

the	Py	due	to	 the	exchange	coupling	with	the	Co	(chapter	4.1.3	and	[48]).	As	de-

scribed	in	chapter	4.1.3,	both	sample	parts	are	in	resonance	(chapter	4.1.3	and	[48]).	

	

	
Figure	84:	STXM-FMR	of	the	coupled	resonance	measured	at	the	Ni	L3.	
	

The	STXM-FMR	images	recorded	at	the	Ni	L3	edge	at	the	field	of	the	Co	resonance	

(112.7	mT)	are	depicted	in	Figure	85.	Only	a	weak	oscillation	in	the	area	of	the	Py	

disk	 is	visible,	 indicating	driven	Py	magnetic	moments	by	an	angular	momentum	

transfer	from	the	Co	in	resonance	(chapter	4.1.3	and	[48]).	The	broad	rectangular	
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area	 in	 the	 images	 results	 from	 a	 phase	 shift	 of	 the	microwave	 synchronization	

board	during	the	measurement.	

	

	
Figure	85:	STXM-FMR	of	the	Co	resonance	measured	at	the	Ni	L3.	
	

In	Figure	86	recorded	at	the	Co	L3	edge,	the	Co	stripe	shows	only	a	weak	contrast	

during	the	magnetization	oscillation	at	the	Py	resonance	field	due	to	an	angular	mo-

mentum	transfer	from	the	Py	in	resonance	to	the	Co	(chapter	4.1.3	and	[48]).	At	the	

coupled	resonance	(Figure	87)	a	strong	contrast	 is	visible	at	the	Co	stripe	with	a	

slightly	narrower	contrast	width	than	for	the	Co	resonance	(Figure	88)	caused	by	

the	magnetic	moments	at	the	long	stripe	sides	being	not	in	resonance	at	this	mag-

netic	field	value	(chapter	4.1.3	and	[48]).	The	Co	resonance	is	imaged	in	Figure	88	

showing	a	homogeneous	contrast	distribution	at	the	Co	stripe,	indicating	the	uni-

form	resonance	mode	of	the	Co	stripe	(chapter	4.1.3	and	[48]).	
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Figure	86:	STXM-FMR	of	the	Py	resonance	measured	at	the	Co	L3	edge.	
	

	
Figure	87:	STXM-FMR	of	the	coupled	resonance	measured	at	the	Co	L3	edge.	
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Figure	88:	STXM-FMR	of	the	Co	resonance	measured	at	the	Co	L3.	
	

7.4. Micromagnetic	simulations	of	the	Py	stripe	arrangements	
	

7.4.1. Averaged	free	energy	densities	of	the	L-	shaped	Py	stripe	arrangement	
	

Figure	89	shows	the	averaged	free	energy	densities	for	the	L-shaped	Py	stripe	ge-

ometry.	As	for	the	single	Py	stripe	and	the	T-shape	stripe	arrangement	the	dominat-

ing	energy	contribution	with	respect	to	its	absolute	value	is	the	Zeeman	energy	den-

sity	 for	 both	 stripes	 (Figure	 89	 e),	 f)),	 which	 is	 increasing	with	 increasing	 field	

strength.	The	second-largest	contribution	is	given	by	the	demagnetization	energy	

density	(Figure	89	a),	b)),	which	is	about	5.3	times	higher	for	the	vertical	stripe	than	

for	 the	 horizontal	 stripe	 due	 to	 shape	 anisotropy.	 The	 exchange	 energy	 density	

shown	in	Figure	89	c),	d)	is	the	smallest	contribution,	while	for	the	horizontal	stripe,	

a	 linear	 decrease	with	 increasing	 |BExt|	 is	 visible,	 for	 the	 vertical	 stripe	 the	 data	

points	show	a	curvature.	As	the	selected	cell	size	is	above	the	exchange	length	the	

effect	of	exchange	coupling	and	the	resulting	energy	density	cannot	be	taken	as	re-

liable.	The	absolute	value	of	the	total	energy	density	is	increasing	with	increasing	

|BExt|	due	to	the	dominating	contribution	of	the	Zeeman	energy	density	(Figure	89	

g),	h)).	
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Figure	89:	Averaged	free	energy	densities	for	the	horizontal	and	vertical	Py	stripe	
for	the	different	resonance	fields	for	the	L-shaped	sample	geometry.	
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7.5. STXM-FMR	images	of	the	Py	stripe	arrangements	
	

In	 the	 following	additional	STXM-FMR	results	 for	 the	three	Py	stripe	sample	sys-

tems,	the	single	stripe,	the	T-	and	the	L-shaped	arrangements	are	shown.	The	sam-

ple	geometries	are	shown	in	Figure	21.	The	natural	logarithm	of	the	division	of	mi-

crowave	on	and	off	data	was	taken,	applying	a	minimum-maximum	normalization	

[127]	afterward.		

	

7.5.1. Single	Py	stripe	

	

Assuming	an	offset	of	the	applied	magnetic	field	of	about	20	mT	for	the	STXM-FMR	

measurements	of	the	single	stripe,	Figure	90	to	Figure	92	show	resonances	close	to	

the	uniform	mode	 (80	mT,	 see	 the	 simulated	 spectrum	 in	Figure	22	a))	at	 about	

71	mT,	74	mT,	and	77	mT.	Animating	the	datasets	reveal	a	directed	oscillation	from	

the	stripe	center	towards	the	stripe	edges	due	to	a	phase	gradient	of	the	magnetiza-

tion	from	about	280°	at	the	stripe	center	to	about	0°/360°	at	the	stripe	sides,	shown	

in	the	subfigures	b).	The	presence	of	the	phase	gradient	is	attributed	to	the	influence	

of	the	stray	field	(simulation	see	Figure	25	a),	b)),	resulting	in	additional	resonance	

conditions	to	excite	edge	modes	in	the	stripe,	see	e.	g.	[119-121].		

	

While	Figure	90	shows	a	non-uniform	amplitude	distribution	in	subfigure	c),	Figure	

91	shows	an	area	of	homogeneous	amplitude	distribution	at	the	stripe	center	with	

low	amplitude	areas	towards	both	stripe	edges	with	high	amplitude	spots	directly	

at	the	edges.	The	diagonal	shape	of	the	high	contrast	area	is	caused	by	the	|BExt|	tilted	

by	4°,	corresponding	to	the	experimental	geometry	(Figure	21).	The	area	of	high	

contrast	gets	bigger	with	increasing	|BExt|,	as	visible	in	Figure	92.	

	

A	strong	oscillation	of	the	background	can	be	seen,	which	is	attributed	to	an	influ-

ence	of	the	microwave	on	the	avalanche	photodiode	[46],	as	described	in	chapter	

4.1.3.	
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Figure	90:	STXM-FMR	data	of	the	single	Py	stripe	at	a	static	bias	field	about	71	mT	
(91	mT)	and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	X-ray	transmis-
sion	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distribution	of	the	
relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	amplitude	ex-
tracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
	

The	areas	of	different	 relative	phase	decrease	and	shift	 towards	 the	stripe	edges	

(Figure	92)	with	increasing	field	while	approaching	the	field	value	of	the	uniform	

mode.	

	

Figure	93	shows	a	spin	wave	mode	close	to	the	mode	pictured	in	Figure	34	showing	

two	nodes	and	three	anti-nodes.	The	relative	phase	changes	from	about	0°/360°	to	

10°	at	the	stripe	edges	to	about	20°	to	50°	at	the	central	stripe	area.	Due	to	the	phase	

gradient	a	directed	oscillation	of	the	spin	wave	mode	from	the	center	towards	the	

stripe	edges	can	be	observed	by	animating	the	STXM-FMR	images	shown	in	Figure	

93	a).	As	before	the	directed	oscillatory	behavior	is	attributed	to	the	influence	of	the	

stray	field	(simulation,	see	Figure	25	a),	b)).	
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Figure	91:	STXM-FMR	data	of	the	single	Py	stripe	at	a	static	bias	field	74	mT	(94	mT)	
and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	X-ray	transmission	for	6	
timesteps	with	 a	 time	 distance	 of	 about	 18	ps.	 b),	 c)	 Distribution	 of	 the	 relative	
phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	amplitude	extracted	
out	of	the	color-code	fit	analysis	(chapter	3.4).	
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Figure	92:	STXM-FMR	data	of	the	single	Py	stripe	at	a	static	bias	field	of	about	77	mT	
(97	mT)	and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	X-ray	transmis-
sion	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distribution	of	the	
relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	amplitude	ex-
tracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
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Figure	93:	STXM-FMR	data	of	the	single	Py	stripe	at	a	static	bias	field	of	about	86	mT	
(106	mT)	and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	X-ray	trans-
mission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distribution	of	the	
relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	amplitude	ex-
tracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
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7.5.2. T-shaped	sample	geometry	
	

Figure	94	shows	the	STXM-FMR	data	of	a	spin	wave	mode	of	the	vertical	stripe	of	

the	T-shaped	stripe	arrangement	in	between	the	two	nodes,	three	anti-nodes	mode	

depicted	in	Figure	43	and	the	close	to	uniform	modes	presented	in	Figure	45	and	

Figure	46.	The	distribution	of	the	relative	phase	shows	a	broad	area	of	a	uniform	

phase	of	about	260°	with	a	slight	deviation	towards	135°.		

	

	
Figure	94:	STXM-FMR	data	of	 the	vertical	Py	stripe	of	 the	T-shape	geometry	at	a	
static	bias	field	of	107	mT	and	a	microwave	power	of	27	dBm.	a)	Microwave	induced	
X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distri-
bution	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	
amplitude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
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On	both	the	lower	and	upper	edge	of	this	phase	area,	a	smooth	transition	to	a	phase	

of	about	280°	takes	place,	indicating	a	phase	gradient	of	the	magnetization.	The	nor-

malized	 amplitude	 distribution	 shows	 a	 homogeneous	 high	 amplitude	 over	 the	

stripe	with	peak	values	at	both	stripe	edges.	

	

Animating	the	STXM-FMR	data	(Figure	94	a))	shows	an	oscillation	of	the	spin	wave	

directed	from	the	stripe	edges	to	the	center	due	to	the	phase	gradient,	as	it	has	been	

observed	in	chapter	4.2.5.	The	presence	of	the	phase	gradient	is,	as	aforementioned,	

attributed	to	the	influence	of	the	stray	field	on	the	stripe.	
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7.5.3. L-shaped	sample	geometry	
	

Additional	STXM-FMR	measurements	showing	a	 two	node	–	 three	anti-node	spin	

wave	in	Figure	95	and	a	single	node	and	two	anti-node	spin	wave	in	Figure	96	are	

presented	in	this	chapter.	Animating	the	STXM-FMR	images	presented	in	both	sub-

figures	a)	reveals	a	directed	oscillation	from	the	upper	and	lower	stripe	edges	to-

wards	the	stripe	center,	caused	by	the	phase	gradients	visible	in	both	subfigures	b).		

	

	
Figure	95:	STXM-FMR	data	of	 the	vertical	Py	stripe	of	 the	L-shape	geometry	at	a	
static	bias	field	of	92	mT	and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	
X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distri-
bution	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	
amplitude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
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Figure	95	b)	shows	a	gradient	of	the	phase	relative	to	the	time	point	t	=	0	ps	of	about	

45°	to	about	0°/360°	to	20°,	with	an	area	showing	a	phase	of	about	60°.	The	ampli-

tude	distribution	shows	the	highest	amplitude	at	the	anti-nodes	(subfigure	c)).	Fig-

ure	96	b)	shows	a	relative	phase	of	about	60°	degrees	at	the	anti-nodes	with	a	value	

of	about	90°	at	the	center	of	the	lower	anti-node	and	a	phase	of	about	0°/360°	to	20°	

at	the	nodes.		

	
Figure	96:	STXM-FMR	data	of	 the	vertical	Py	stripe	of	 the	L-shape	geometry	at	a	
static	bias	field	of	102	mT	and	a	microwave	power	of	29	dBm.	a)	Microwave	induced	
X-ray	transmission	for	6	timesteps	with	a	time	distance	of	about	18	ps.	b),	c)	Distri-
bution	of	the	relative	phase	with	respect	to	the	timestep	t	=	0	and	the	normalized	
amplitude	extracted	out	of	the	color-code	fit	analysis	(chapter	3.4).	
	
As	before	the	different	phase	value	of	the	lower	anti-node	is	attributed	to	the	stray	

field	influence	of	the	horizontal	Py	stripe.	The	directed	oscillatory	behavior	for	both	
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spin	wave	modes	is	attributed	to	the	influence	of	the	stray	field	distribution,	as	de-

scribed	in	chapter	4.2.	
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