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ABSTRACT	

Cylindrical	Magnetic	Nanowires	Towards	Three	Dimensional	Data	
Storage	

Hanan	Mohammed	

	

The	 past	 few	 decades	 have	 witnessed	 a	 race	 towards	 developing	 smaller,	 faster,	

cheaper	 and	 ultra	 high	 capacity	 data	 storage	 technologies.	 In	 particular,	 this	 race	

has	 been	 accelerated	due	 to	 the	 emergence	 of	 the	 internet,	 consumer	 electronics,	

big	data,	cloud	based	storage	and	computing	technologies.	The	enormous	increase	

in	 data	 is	 paving	 the	 path	 to	 a	 data	 capacity	 gap	wherein	more	 data	 than	 can	 be	

stored	is	generated	and	existing	storage	technologies	would	be	unable	to	bridge	this	

data	 gap.	 A	 novel	 approach	 could	 be	 to	 shift	 away	 from	 current	 two	dimensional	

architectures	and	onto	three	dimensional	architectures	wherein	data	can	be	stored	

vertically	aligned	on	a	substrate,	thereby	decreasing	the	device	footprint.	This	thesis	

explores	 a	 data	 storage	 concept	 based	 on	 vertically	 aligned	 cylindrical	 magnetic	

nanowires	which	are	promising	candidates	due	to	their	low	fabrication	cost,	lack	of	

moving	parts	as	well	as	predicted	high	operational	speed.	In	the	proposed	concept,	

data	is	stored	in	magnetic	nanowires	in	the	form	of	magnetic	domains	or	bits	which	

can	be	moved	along	the	nanowire	to	write/read	heads	situated	at	the	bottom/top	of	

the	nanowire	using	spin	polarized	current.	

Cylindrical	nanowires	generally	exhibit	a	single	magnetic	domain	state	i.e.	a	

single	bit,	thus	for	these	cylindrical	nanowire	to	exhibit	high	density	data	storage,	it	

is	 crucial	 to	 pack	 multiple	 domains	 within	 a	 nanowire.	 This	 dissertation	

demonstrates	 that	 by	 introducing	 compositional	 variation	 i.e.	 multiple	 segments	

along	the	nanowire,	using	materials	with	differing	values	of	magnetization	such	as	
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cobalt	and	nickel,	it	is	possible	to	incorporate	multiple	domains	in	a	nanowire.	Since	

the	fabrication	of	cylindrical	nanowires	is	a	batch	process,	examining	the	properties	

of	 a	 single	 nanowire	 is	 a	 challenging	 task.	 This	 dissertation	 deals	 with	 the	

fabrication,	 characterization	 and	manipulation	 of	 magnetic	 domains	 in	 individual	

nanowires.	 The	 various	 properties	 of	 are	 investigated	 using	 electrical	

measurements,	magnetic	microscopy	techniques	and	micromagnetic	simulations.		

	In	 addition	 to	 packing	 multiple	 domains	 in	 a	 cylindrical	 nanowire,	

this	dissertation	reports	 the	 current	 assisted	 motion	 of	 domain	 walls	 along	

multisegmented	Co/Ni	nanowires,	which	is	a	fundamental	step	towards	achieving	a	

high	density	cylindrical	nanowire-based	data	storage	device.	
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Chapter	1	Introduction	

1.1	Scope	

The	 amount	 of	 digital	 data	 generated	 every	minute	 is	 truly	 fascinating.	With	 the	

advent	 of	 the	 internet	 and	 consumer	 electronics	 such	 as	mobile	 phones,	 personal	

computers	 etc.	 as	 well	 as	 the	 connectivity	 offered	 by	 search	 engines	 and	 social	

media	platforms,	2.7	Zettabytes	of	digital	data	has	been	generated.	Out	of	the	total	

digital	data,	90%	was	generated	just	in	the	last	two	years	[2].	A	simple	example	of	

the	 sheer	 enormity	 of	 data	 generated,	 can	 be	 grasped	 by	 the	 16	 million	 text	

messages	that	are	sent	every	minute	[1].	The	amount	of	data	generated	from	other	

communication	and	online	social	platforms	is	even	more	astounding,	not	to	mention	

that	mankind	 is	only	at	 the	periphery	of	 the	age	of	 Internet	of	 things.	This	means	

that	 by	 2020,	 there	 will	 be	 digital	 data	 equivalent	 to	 5200	 GB	 per	 every	 living	

person	on	earth.	This	mind	boggling	amount,	means	that	there	will	be	more	digital	

data	than	can	be	stored	leading	to	a	data	capacity	gap	[3]	[4].	

Digital	 data	 storage	 technologies	 have	 demonstrated	 tremendous	

advancements	 in	 terms	 of	 storage	 in	 the	 past	 few	 decades	 from	 a	 few	 bytes	 to	

several	 terabytes.	 Current	 technologies	 include	 flash	 memory,	 optical	 storage,	

magnetic	 recording,	 resistive	 and	 spin-based	 memories.	 The	 major	 parameters	

driving	 the	 technological	 race	 have	 been	 storage	 density,	 power	 efficiency,	 cost,	

data	 retention,	 and	 access	 times	 [5,	 6].	 Out	 of	 these,	 density	 is	 considered	 as	 the	

most	 crucial	 parameter	 for	 the	 success	 of	 a	 storage	 technology.	 In	 terms	 of	mass	

storage,	 magnetic	 recording-based	 hard	 disk	 drive	 (HDD)	 technology	 and	 flash	

memory	 based	 on	 NAND	 semiconductor	 cells	 dominate	 the	 data	 storage	market.	
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HDD	 technology	has	 come	a	 long	way	 in	 terms	of	 areal	density	 and	performance,	

since	 the	 first	 commercial	 storage	 launched	 in	 the	 late	1950s	 that	was	 capable	of	

storing	 only	 a	 few	 bytes.	 These	 advancements	 have	 been	 possible,	 due	 to	

improvements	 in	 recording	media,	 read/write	 heads,	 advanced	 signal	 processing	

among	 other	 factors.	 Recent	 advances	 such	 as	 the	 use	 of	 shingled	 magnetic	

recording	 have	 resulted	 in	 an	 areal	 density	 of	 850	 Gb/inch2,	 which	 is	 found	 in	

commercial	 devices	 today	 [7].	 Even	 higher	 aerial	 density	 has	 been	 demonstrated	

using	heat-assisted	magnetic	recording,	leading	to	densities	of	1.3	Tb/inch2	[7].	On	

the	other	hand,	 the	non-volatile	NAND-based	flash	memory	has	become	a	popular	

mass	 storage	 device.	 Storage	 capacity	 increase	 in	 NAND	 flash	 had	 slowed	 down,	

primarily	 due	 to	 planar	 scaling	 reaching	 its	 minimum	 size.	 The	 technology	 was	

taken	 to	 the	 next	 level	 by	 stacking	 the	memory	 cells	 vertically	 in	multiple	 layers	

resulting	in	vertical	NAND	or	V-NAND	also	known	as	3D	NAND	[8].	In	recent	years	

3D	 NAND	 flash	 has	 demonstrated	 capacities	 of	 1.19	 Tb/inch2	 and	 further	

improvements	of	up	to	2.77	Tb/inch2	is	commercially	expected.	Also	of	paramount	

importance	 to	 the	success	of	a	storage	 technology	 is	 the	cost	of	storage	and	 there	

exists	a	tremendous	disparity	between	the	different	technologies.	For	instance	the	

raw	cost	per	terabyte	in	planar	flash-based	solid	state	drives	is	1$/GB,	which	results	

in	1000	$/TB,	whereas	a	HDD	has	a	cost	per	GB	as	low	as	a	few	cents,	resulting	in	65	

$/TB	 [7].	 Even	 though	 tremendous	 strides	 have	 been	 demonstrated	 in	 terms	 of	

aerial	densities,	the	limitations	in	terms	of	scaling,	integration	and	other	factors	are	

predicted	 to	 halt	 further	 improvements	 beyond	 10	 Tb/inch2	 [9,	 10].	 Thus,	 the	

limitations	 in	existing	technologies	have	motivated	the	 investigation	of	alternative	

data	storage	technologies.	
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One	 emerging	 concept	 is	 to	 shift	 away	 from	 traditional	 two-dimensional	

architectures	 onto	 truly	 three-dimensional	 architectures.	 A	 three-dimensional	

architecture	 implies	 that	 data	 or	 bits	 can	 be	 stored	 vertically;	 one	 on	 top	 of	 the	

other.	A	promising	three	dimensional	data	storage	concept,	which	could	potentially	

demonstrate	the	high	storage	capacity	in	HDDs	as	well	as	the	fast	operational	speed	

of	solid	state	devices	called	the	‘Race	Track	Memory’	was	proposed	by	Stuart	Parkin	

of	 IBM	 [11].	 The	 concept	 (depicted	 in	 Figure	 1-1)	 is	 based	 on	 vertically	 aligned	

magnetic	nanostripes,	wherein	data	is	stored	in	the	form	of	multiple	magnetic	bits	

separated	by	a	domain	wall	(DW).	The	DWs	are	pushed	along	the	nanostripe	using	

electric	 current	 to	 perform	 read	 and	 write	 operations.	 Although	 the	 racetrack	

memory	 conceptually	 involves	 three	 dimensional	 devices,	 it	 has	 so	 far	 only	 been	

realized	 in	 two	 dimensional	 structures	 due	 to	 the	 difficulty	 in	 lithographically	

patterning	vertically	standing	nanostripes	with	a	high	aspect	ratio.		

		

Figure	 1-1	 The	 Racetrack	Memory	 concept	 showing	 data	 bits	 (blue	 and	 red	

domains)	 along	 a	 vertical	 nanostripe.	 Data	 bits	 (regions	 of	 different	

magnetization)	are	separated	by	DWs	which	are	moved	along	the	nanostripe	

using	electric	current.	Reading	and	writing	is	facilitated	at	the	bottom	through	
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separate	transducers	[11].	

In	addition	to	this,	the	speed	of	the	DW	in	nanostripes	is	limited	by	the	phenomenon	

of	Walker	breakdown,	wherein	the	DW	speed	does	not	scale	linearly	with	external	

field	or	current.	Thus	being	an	obstacle	towards	the	realization	of	a	fast	operational	

storage	technology	based	on	current	induced	domain	wall	motion	(CIDWM).	Thus,	

the	 demand	 for	 a	 three	 dimensional,	 ultra-high	 density	 storage	 device	 with	 low	

fabrication	costs	has	sparked	considerable	interest	in	cylindrical	nanowire	systems,	

which	are	grown	vertically	aligned	with	each	other	in	a	nanoporous	template.		

1.2.	Motivation		

The	prospect	of	utilizing	the	vertical	dimension	to	enhance	data	storage	capacities	

has	 spurred	 considerable	 interest	 in	 developing	 3D	 memory	 devices	 [9,	 12-14].	

Cylindrical	magnetic	nanowires	grown	inside	of	highly-ordered	nanotemplates	are	

emerging	as	attractive	3D	architectures	(as	depicted	in	Figure	1-2)	that	provide	a		

	
	

											

	

	

	

	
Figure	1-2	Three-dimensional	data	storage	concept	using	cylindrical	magnetic	

nanowires.	 Red	 and	 blue	 depict	 regions	 of	 different	 magnetization	 (bits)	

separated	by	a	DW.	
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low	 cost	 and	 simple	 fabrication	 technique	 [15].	 The	 nanowires	 are	

electrochemically	grown	parallel	 to	each	other	 in	a	vertical	 fashion.	 In	addition	 to		

3D	scaling,	 the	non-planarity	of	 the	nanowires	has	been	 theoretically	predicted	 to	

be	 advantageous	 to	 the	 fast	 motion	 of	 DWs	 i.e.	 the	 phenomenon	 of	 Walker	

breakdown	is	not	observed	here	[16,	17].	Even	though	cylindrical	nanowires	appear	

as	attractive	candidates,	their	realization	has	been	hindered	due	to	the	difficulty	in		

achieving	 reliable	 pinning	 sites	 as	 well	 as	 the	 challenges	 involved	 in	 performing	

single	nanowire-based	studies.	The	realization	of	these	3D	devices	would	depend	on	

the	 characterization	 of	 individual	 nanowires	 as	 well	 as	 the	 demonstration	 of	

reliable	pinning	and	current	induced	motion	of	DWs.		

1.3.	Dissertation	Overview	

This	 dissertation	 provides	 an	 insight	 into	 the	 various	 fabrication	 and	

characterization	techniques	essential	for	investigating	the	properties	of	a	cylindrical	

nanowire	 at	 a	 single	 nanowire	 level.	 The	 main	 focus	 of	 this	 dissertation	 is	 the	

demonstration	 of	 DW	 pinning	 and	 current	 induced	 depinning,	 thereby	 bringing	

closer	towards	realizing	a	cylindrical	nanowire-based	data	storage	technology.	This	

dissertation	consists	of	twelve	chapters		and	is	organized	in	the	following	way:		

Chapter	 2	 provides	 an	 overview	 on	 the	 basics	 of	 magnetism	 and	 magnetic	

properties	at	the	nanoscale.	It	covers	the	topics	of	DWs	and	their	dynamics	under	an	

external	magnetic	field	as	well	as	electric	current.	 

Chapter	 3	 is	 devoted	 to	 the	 fabrication	 of	 cylindrical	 nanowire	 templates.	 The	

nanoporous	 templates	 are	 fabricated	with	 an	 in-house	 step	 and	 thus	 this	 chapter	

provides	 a	 comprehensive	 description	 of	 the	 various	 fabrication	 steps.	 Two	
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anodization	 processes	 namely	mild	 anodization	 (MA)	 and	 hard	 anodization	 (HA)	

are	utilized.	The	various	steps	 involved	in	anodic	aluminum	oxide	(AAO)	template	

fabrication	 such	 as	 Al	 pretreatment,	 anodization,	 chrome	 removal,	 barrier	 layer	

thinning/removal,	pore	opening	and	widening	are	discussed	in	detail.	Fabrication	of	

nanoporous	 templates,	 both	 free-standing	 and	 aluminum-supported,	 with	 sizes	

ranging	from	35-160	nm,	are	demonstrated.		

Chapter	 4	 provides	 a	 description	 of	 the	 electrodeposition	 process	 into	 the	 AAO	

templates.	 Both	 pulsed	 and	 direct	 current	 (DC)	 deposition	 are	 demonstrated	 and	

optimized.	In	addition	to	simple	nanowire	compositions	such	as	cobalt	and	nickel,	a	

segmented	cobalt/nickel	nanowire	is	fabricated	for	the	first	time.		

Chapter	 5	 explores	 the	 properties	 of	 nickel	 nanowires	 using	 scanning	 electron	

microscopy	(SEM)	and	 transmission	electron	microscopy	(TEM).	Focus	 is	given	 to	

studying	the	properties	of	single	nanowires	and	for	this	reason	the	nanowires	are	

located	using	SEM	and	the	nanowire	position	 is	marked	using	 ion	beam	milling	of	

the	 vicinity	 around	 the	 selected	 nanowire.	 demonstrates	 the	 characterization	 of	

magnetization	 reversal	 in	 nickel	 nanowires	 using	 various	 techniques	 such	 as	

magneto-optical	Kerr	effect	microscopy	(MOKE),	magnetic	force	microscopy	(MFM)	

and	 micromagnetic	 simulations.	 The	 angular	 dependence	 of	 magnetization	 in	

dendritic	 nickel	 nanowires,	 effect	 of	 the	presence	of	 dendrites,	 effect	 of	 nanowire	

cross	section	shape	and	properties	of	open	vortex	area	(OVA)	are	reported.		

Chapter	 6	 elaborates	 on	 the	 techniques	 for	 patterning	 electrodes	 onto	 a	 single	

nanowire	 in	order	to	perform	electrical	measurements.	This	chapter	discusses	the	

technique	utilized	for	locating	and	marking	the	position	of	a	nanowire,	onto	which	

electrodes	 are	 to	 be	 patterned.	 Both	 electron	 beam	 lithography	 (EBL)	 and	 light	
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emitting	 diode	 (LED)	 based	 lithography	 techniques	 are	 explored	 and	 optimized	

during	the	course	of	this	research.		

Chapter	 7	 deals	with	 the	 electrical	 setup	 built	 to	measure	 the	magnetoresistance	

(MR)	 properties	 of	 individual	 nanowires.	 It	 also	 provides	 the	 procedure	 for	

reducing	 unwanted	 electrical	 discharge	 through	 the	 nanowire	 during	 MR	

measurements,	 which	 is	 a	 major	 hurdle	 as	 it	 otherwise	 makes	 it	 impossible	 to	

measure	the	nanowire	without	damaging/melting	it.		

Chapter	 8	 introduces	 the	 concept	 of	 DW	 pinning.	 Different	 methods	 for	 pinning	

DWs	such	as	by	using	a	focused	ion	beam	(FIB)	source	to	modify	the	properties	of	

the	nanowire,	as	well	as	using	segmented	nanowires	are	demonstrated.	DW	pinning	

is	detected	using	different	techniques	such	as	MFM	and	MR.		

Chapter	9	explores	the	dependence	of	nanowire	switching	field	Hsw	with	respect	to	

the	 angle	 of	 applied	 field	 using	 MR	 measurements.	 The	 angular	 dependence	 on	

magnetoresistance	is	explored	in	segmented	nanowires,	one	with	two	segments	and	

another	 with	 multiple	 segments.	 Also	 MFM	 of	 field	 induced	 DW	 pinning	 and	

depinning	in	multisegmented	Co/Ni	nanowires	is	demonstrated.	

Chapter	10	is	dedicated	to	current	induced	motion	of	DWs	in	cylindrical	nanowires.		

Both	head-to-head	and	tail-to-tail	configurations	of	DWs	are	depinned	using	current	

pulses.	 Additionally,	 a	 complete	 parametric	 space	 of	 applied	 current	 pulse	 width	

and	duration	is		defined	where	the	DW	is	depinned	and	propagated	across	multiple	

pinning	sites	with	a	minimum	current	density	of	J	~	3	x	1011	Am-2.	Thus	successfully	

demonstrating	a	two-bit	nanowire	system	consisting	of	four	states.	

Chapter	 11	 introduces	 scanning	 transmission	 X-ray	 microscopy	 (STXM)	
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measurements	 on	 cylindrical	 nanowires.	 The	 nanowire	 sample	 preparation	 for	

STXM	measurements	 are	 described.	 The	 field	 and	 current	 induced	magnetization	

reversal	of	cylindrical	nanowires	are	reported	for	the	first	time	using	STXM.		
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Chapter	2	Background	

2.1.	Energies	in	a	Ferromagnetic	System	

The	magnetic	structure	in	a	ferromagnetic	material	consists	of	microscopic	regions	

called	 magnetic	 domains.	 The	 magnetic	 moments	 of	 atoms	 of	 each	 domain	 are	

aligned	 in	 the	 same	direction	 resulting	 in	a	net	magnetization.	The	boundary	 that	

separates	 two	 different	magnetic	 domains	 is	 called	 a	magnetic	 DW.	 Formation	 of	

domains	lead	to	minimization	of	total	energy	of	the	magnetic	system.	The	different	

energy	 contributions	 within	 the	 magnetic	 material	 compete	 to	 produce	 complex	

magnetic	domains	and	DW	patterns	[18-20].	The	expression	for	equilibrium	state	of	

a	ferromagnetic	material	is	thus	given	as:																																									

	

𝛦!"!#$ =  𝐸!"#!!"#$ +  𝐸!"#$%&'()*+&",,-$% +  𝐸!"#$%&'(&"&)* +  𝐸!""#$% +  𝐸!"#$%&'%(")&*+ ,		(1)	

	

where	 the	 first	 three	 energies	 are	 intrinsic	 to	 the	 material:	 exchange	 energy,		

magnetocrystalline	 anisotropy	 energy	 and	 magnetostatic	 energy.	 The	 Zeeman	

energy,	 is	 associated	with	 response	 of	 the	material	 in	 an	 external	magnetic	 field.	

The	different	energy	terms	are	elaborated	below.		

2.1.1.	Zeeman	Energy	

The	Zeeman	energy	is	a	consequence	of	the	interaction	between	magnetic	moments	

and	 an	 externally	 applied	magnetic	 field.	 In	 order	 to	minimize	 the	 energy	 of	 the	

magnetic	system,	the	magnetization	aligns	along	the	direction	of	the	external	field.	

The	Zeeman	energy	is	expressed	as:	

																																													
𝐸!""#$% =	−𝜇! 𝑑𝑉𝜧 ⋅𝜢𝒆𝒙𝒕,	 																																		(2)	
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where	μ0	is	the	magnetic	permeability	of	vacuum,	Hext	is	the	external	magnetic	field	

and	M	is	the	magnetization	[19].		

2.1.2.	Exchange	Energy	

The	 exchange	 energy	 is	 a	 short-range	 interaction	 associated	with	 the	 coupling	 of	

two	neighboring	 atoms.	The	 interactions	between	 two	neighboring	 atoms	 tend	 to	

align	 parallel	 (ferromagnetic)	 or	 antiparallel	 (antiferromagnetic)	 based	 on	 the	

nature	of	coupling	between	them	[19].	The	exchange	energy	in	a	system	with	spins	

𝑆!	and	𝑆!	is	given	by:	

	
𝐸!"#!!"#$ = −2𝐽𝑆! ⋅ 𝑆!,	 	 												 	 							(3)	

	
where	𝑱 is the exchange constant.	

2.1.3.	Magnetostatic	Energy		

Magnetostatic	 energy	 also	 referred	 to	 as	 Dipolar	 energy	 is	 a	 consequence	 of	 the	

magnetic	interaction	between	two	magnetic	dipoles	and	is	expressed	as:	

	
𝐸!"#$%&'(&"&)*=	

!
!
	μ0	 𝑯dm	⋅	𝑴	dV,	 	 	 							(4)	

	
where	 μ0	 is	 the	 magnetic	 permeability	 of	 vacuum,	𝑴	is	 the	 magnetization	 and	

𝑯𝒅𝒎 is	 the	 demagnetizing	 field	 (given	 by	𝑯!" 	=	 -	𝑁 ⋅	𝑴	,	 where	 N	 is	 a	 geometry	

dependent	constant)	[19].		

2.1.4.	Magnetocrystalline	Anisotropy	Energy	

The	 energy	 associated	 with	 the	 preferential	 alignment	 of	 magnetization	 in	 some	

materials	 along	 certain	 crystal	 is	 referred	 to	 as	 magnetocrystalline	 anisotropy	
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energy.	The	preferential	axes	depend	on	the	system.	For	example,	in	a	system	with	

uniaxial	crystalline	anisotropy,	the	magnetocrystalline	anisotropy	energy	is	written	

as:		

	
𝐸!"#$%&'()*+&",,-$%  = 𝐾!𝑠𝑖𝑛!𝜃,	 	 				 							(5)	

	
where	 𝐾! 	is	 the	 uniaxial	 magnetocrystalline	 energy	 constant	 and	𝜃	is	 the	 angle	

between	the	crystal	axis	and	magnetization	[19].	

2.1.5.	Magnetoelastic	Anisotropy	Energy	

Magnetoelastic	 anisotropy	or	magnetostriction	occurs	when	 there	 is	 elastic	 strain	

on	the	lattice	structure	of	a	magnetic	material.	The	value	is	positive/negative,	if	the	

material	 expands/shrinks,	 when	 measured	 from	 the	 demagnetized	 to	 saturated	

state.	 When	 an	 external	 stress	𝜎 ij	 is	 applied	 to	 a	 material,	 the	 magnetoelastic	

anisotropy	is	expressed	by:	

	 	
𝐸!"#$%&'(&)*+&*'$	=	- 𝜎!"  !,! 𝜖!" ,	 																																		(6)	

	
where	𝜖!"  is	 the	 magnetoelastic	 strain	 tensor,	 which	 depends	 on	 the	 applied	

external	field	and	magnetization	[19].			

2.2.	Domain	Walls	

As	mentioned	in	section	2.1,	a	DW	is	a	boundary	in	magnetic	materials	that	divides	

regions	with	distinct	magnetization	directions.	Its	structure	is	a	consequence	of	the	

competition	 between	 the	 exchange	 interaction	 and	 the	 magnetic	 anisotropy.	 The	

DWs	are	classified	into	various	types	based	on	the	variation	of	magnetization	within	

them.	For	instance	the	typical	DW	in	a	one-dimensional	system	such	as	a	magnetic	
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thin	film	is	the	Néel	wall,	wherein	the	magnetization	rotates	in	the	plane	of	the	film.		

A	magnetic	thin	film	is	one,	wherein	its	thickness	is	comparable	to	the	width	of	the	

DW.	 Another	 type	 of	 DW	 is	 the	 Bloch	 wall,	 wherein	 the	 magnetization	 rotates	

perpendicular	to	the	plane.	Bloch	walls	are	typically	observed	in	films	with	a	larger	

thickness	than	that	of	Néel	walls.	The	cross-tie	DW	is	another	type	of	DW	which	is	

stable	in	intermediate	thicknesses	between	that	of	the	Néel	and	Bloch	wall.	A	cross-

tie	DW	consists	 of	 a	Néel	wall	which	 is	 broken	 into	 segments	 separated	by	Bloch	

lines	[21].	In	the	case	of	nanostripes	and	nanowires,	the	DW	possesses	an	additional	

degree	 of	 freedom	 resulting	 in	more	 complex	 structures.	 The	 DWs	 in	 stripes	 are	

generally	transverse	and	vortex	walls,	depending	on	the	width	and	thickness	of	the	

stripes	 [22].	 Magnetization	 in	 the	 transverse	wall	 is	 along	 the	 in-plane	 direction,	

whereas	in	the	vortex	wall,	magnetization	is	curling	within	the	plane.	In	the	case	of	

cylindrical	 nanowires,	 there	 typically	 exists	 two	 types	 of	 DWs;	 namely,	 the	

transverse	wall	(also	referred	to	as	the	transverse	vortex	wall)	[23-25],	wherein	the	

component	 of	 magnetization	 is	 transverse	 to	 the	 nanowire	 and	 the	 other	 is	 the	

Bloch-Point	 wall	 [24,	 26],	 which	 has	 a	magnetization	 curling	 along	 the	 nanowire	

axis	with	a	central	point	of	vanishing	magnetization	referred	to	as	the	Bloch-Point.	

A	 DW	 can	 be	 moved	 by	 an	 external	 magnetic	 field	 (Hext)	 as	 well	 as	 by	

applying	 an	 electric	 current	 (I).	 The	 former	 is	 a	 consequence	 of	 Zeeman	 energy	

whereas	 the	 latter	 is	 due	 to	 the	 interaction	 of	 the	 electron	 spins	 with	 the	 local	

magnetization	and	this	effect	is	referred	to	as	the	spin	transfer	torque	effect	(STT).	

A	detailed	description	is	given	in	the	upcoming	sections.	
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2.2.1.	Landau-Lifshitz-Gilbert	Equation	

The	 Landau-Lifshitz-Gilbert	 (LLG)	 equation	 describes	 the	 dynamics	 of	

magnetization	 within	 a	 magnetic	 material	 under	 the	 application	 of	 an	 external	

magnetic	 field.	 The	 equation	was	 proposed	 by	 Landau	 and	 Lifshitz	 [27]	 and	 later	

modified	 by	 Gilbert	 [28].	When	 an	 external	magnetic	 field	 is	 applied	 to	magnetic	

materials,	the	magnetization	starts	to	precess	around	the	field	axis	and	the	resultant	

torque	is	given	as:	

	
𝝏𝑴
!"
	=	-γ	M	×	Heff,	 	 	 																				(7)	

	
where	γ	 is	 the	gyromagnetic	ratio,	M	 is	 the	magnetization	and	Heff	 	is	 the	effective	

field	from	all	the	energies	in	the	ferromagnetic	system.			

If	 we	 consider	 only	 this	 torque,	 it	 suggests	 that	 the	 magnetization	 will	

precess	 endlessly	 around	 its	 field	 axis,	 which	 is	 not	 the	 case	 in	 reality.	

Experimentally	it	has	been	observed	that	the	application	of	an	external	field	leads	to	

the	 relaxation	 of	 magnetization	 along	 the	 external	 field.	 Thus	 a	 damping	 of	 the	

magnetization	dynamics	occurs	and	can	be	introduced	as	an	additional	torque	term	

written	as:		

	
Td	=	α	M	×	𝝏𝑴!"  ,		 	 	 			 							(8)	

	

where	 α	 represents	 the	 damping	 constant.	 Therefore	 the	 LLG	 equation	 is	 the	

summation	of	the	precession	(equation	(7))	and	the	dissipation	(equation	(8))	and	

is	given	as:		

	
                                                    𝝏𝑴

𝝏𝒕
=	-	γ	M	×	Heff	+	α	M	×	𝝏𝑴𝝏𝒕 	,	 	 						 												 							(9)	
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2.2.2.	Field	Induced	Domain	Wall	Dynamics	

When	 an	 external	 magnetic	 field	 is	 applied	 to	 a	 magnetic	 material,	 magnetic	

moments	within	 a	magnetic	 domain	 aligns	with	 respect	 to	 the	 applied	 field.	 This	

alignment	of	moments	will	consequently	 lead	to	the	displacement	of	 the	DW.	This	

behavior	was	 first	described	by	Walker	 in	1974	[29]	and	according	 to	 this	model,	

DW	motion	consists	of	two	regimes:	a	steady	state	regime	and	an	oscillatory	regime,	

which	 corresponds	 to	 DW	motion	 at	 low	 and	 high	 amplitudes	 of	 magnetic	 fields	

respectively	 (depicted	 in	 Figure	 2-2).	 The	 DW	 under	 a	 low	 magnetic	 field	

experiences	a	linear	increase	in	velocity	until	it	reaches	a	threshold	field	referred	to		

	

	
	

Figure	2-1	DW	velocity	under	an	external	applied	field	(Hext)	[23].	

	
as	 the	Walker	 breakdown	 field,	 at	which	 the	 velocity	 of	 the	DW	drops	drastically	

due	to	oscillations	in	the	DW.	Continued	increase	of	the	applied	field	will	result	in	a	

motion	 of	 the	 DW	 with	 its	 velocity	 increasing	 linearly,	 however	 this	 regime	 is	

characterized	by	DW	 transformations	 from	Bloch	 to	Néel	 and	vice	 versa.	The	DW	

motion	constitutes	a	back	and	forth	displacement	leading	to	a	lower	velocity	than	in	

the	steady	state	regime	[12].	

	

	 Hext 
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2.2.3.	Current	Induced	Domain	Wall	Dynamics	

The	 current	 flowing	 through	 ferromagnetic	materials	 such	 as	 cobalt	 and	nickel	 is	

spin	 polarized,	 i.e.,	 the	 direction	 of	 the	 conduction	 electron	 spins	 are	 aligned	

parallel	to	the	local	magnetization	of	the	material.	When	conduction	electrons	cross	

a	DW,	direction	of	spins	are	affected	by	the	direction	of	magnetization	that	it	comes	

across.	 Since	 the	 total	 angular	 momentum	 has	 to	 be	 conserved,	 the	 conduction	

electrons	exert	a	torque	on	the	magnetization	of	the	material.	This	effect	referred	to	

as	the	STT	effect	can	thus	lead	to	DW	motion	and	was	proposed	by	Berger	in	1984	

[30]	and	has	since	been	observed	in	many	systems	[31-36].	The	spin	torque	effect	

can	 be	 described	 by	 the	 addition	 of	 two	 terms	 into	 the	 LLG	 equation	 namely	 the	

adiabatic	 spin	 torque	 term	and	 the	non-adiabatic	 spin	 torque	 term.	The	 adiabatic	

component	of	STT	is	given	by:	

	
                                                                 𝝏𝑴

!"
	=		! !! ! 𝑷 

! ! !!
	𝝏𝑴
!"

 ,		 	 	 																		(10)	

or	

                                                                 𝝏𝑴
!"
= -	u	𝝏𝑴

!"
	,	 	 	 	 																		(11)	

	
where	𝑔	is	the	Lande	factor,	𝜇!  is	the	Bohr	magnetron,	J	is	the	current	density,	P	 is	

the	polarization	and	Ms	 is	 the	saturation	magnetization.	The	adiabatic	spin	 torque	

contribution	assumes	that	the	spin	of	the	conduction	electrons	aligns	itself	instantly	

with	the	local	magnetization.	The	second	term,	the	non-adiabatic	spin	torque	term	

is	written	as:	

	
                                                                𝝏𝑴

!"
	=	β	u	M	×	𝝏𝑴

!"
	 ,	 	 	 																		(12)	
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where	β	is	a	non-dimensional	coefficient.	Thus	by	combining	equations	9,	11	and	12,	

the	LLG	equation	for	current	induced	DW	motion	is	given	by:			

	
																																			𝝏𝑴

!"
=	-	γ	M	×	Heff	+	α	M	×	𝝏𝑴!" 	+	-	u	

𝝏𝑴
!"
	+	βuM	×	𝝏𝑴 

!"
 ,																												(13)	

	
CIDWM	displays	the	same	behavior	as	that	of	field	induced	DW	motion,	i.e.,	it	

exhibits	 a	 steady	motion	 until	 a	 certain	 field	 after	which	 an	 oscillatory	motion	 is	

exhibited.	 The	Walker	 limit	 is	 thus	 an	 obstacle	 towards	 the	 realization	 of	 a	 data	

storage	 technology	 based	 on	 current	 driven	 DW	 motion.	 The	 phenomenon	 of	

Walker	 breakdown	 has	 been	 theoretically	 predicted	 to	 be	 absent	 in	 cylindrical	

nanowires	 [16,	 17].	 CIDWM	 has	 so	 far	 not	 been	 experimentally	 reported	 in	

cylindrical	nanowires.	Demonstration	of	CIDWM	in	cylindrical	nanowires	will	be	a	

major	step	towards	a	3D	data	storage	technology	with	a	high	operational	speed.		
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Chapter	3	Fabrication	of	Cylindrical	Nanowire	Templates		

3.1.	Background	

Nanowires	 can	 be	 fabricated	 by	 several	 methods	 such	 as	 by	 using	 scanning	

tunneling	 microscope,	 catalyst-assisted	 wet	 chemical	 etching	 technique	 [37],	

electrochemical	deposition	into	a	nanoporous	template	[38,	39]	etc.	In	this	research,	

template-assisted	 electrochemical	 deposition	 was	 utilized,	 which	 is	 an	 easy	 and	

inexpensive	 fabrication	 technique	 that	 generally	 yields	 108~1012	 nanowires/cm2	

with	 a	high	aspect	 ratio.	The	 templates	 commonly	used	are	 track	etched	polymer	

and	 AAO	 templates	 [40,	 41].	 The	 latter	 template	 is	 popular	 due	 to	 its	 versatile	

fabrication	 technique,	wherein	 the	pore	diameter	 (diameters	 less	 than	10	nm	and	

up	to	200	nm)	and	inter	pore	distances	can	be	tuned	with	ease.	In	this	research,	self-

ordered	nanoporous	anodized	aluminum	oxide	templates	were	fabricated	through	

an	in-house	process.	This	chapter	describes	the	fabrication	of	AAO	templates	using	

two	processes	namely	the	two-step	MA	and	single-step	HA	processes	.	

3.2.	Mechanism	of	Anodic	Aluminum	Oxide	Template	Formation	

Anodic	oxidation	of	aluminum	(anodization)	 in	a	suitable	acidic	environment	such	

as	phosphoric,	 sulphuric	or	oxalic	acid	at	a	 fixed	bias	potential	 (potentiostatic)	or	

current	 density	 (galvanostatic)	 allows	 to	 form	 vertically	 aligned	 and	 hexagonally	

arranged	nanopores	(Figure	3-1).		
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Figure	 3-1	 SEM	 image	 of	 an	 AAO	 template	 depicting	 hexagonally	 arranged	

nanopores.	

	
The	mechanism	of	anodization	or	AAO	template	formation	takes	place	under	certain	

experimental	 conditions	 such	 as	 electrolyte	 type,	 concentration	 and	 temperature.	

When	an	anodic	bias	potential	is	applied	to	an	electropolished	Al	disc,	it	leads	to	the	

formation	of	an	oxide	layer:	

	
2Al3+	+	6OH- → Al2O3	+	3H2O	+	3e-																																																		(14)	

	
The	 anodic	 oxide	 formation	 takes	 place	 by	 converting	 the	 naturally	 occurring	

preexisting	oxide	 film	on	 the	Al	 surface	 into	a	 thicker	oxide	 layer	 referred	 to	as	a	

planar	barrier-type	 film	(stage	1	 in	Figure	3-2).	The	newly	 formed	planar	barrier-

type	 film	 converts	 into	 a	 porous	 oxide	 layer	 consisting	 of	 pores	 through	 the	

formation	 of	 random	 pathways	 (stage	 2	 in	 Figure	 3-2)	 which	 are	 created	 in	 the	

outer	regions	of	the	barrier	oxide	layer.	Upon	further	anodization,	individual	paths	

are	formed	until	a	steady-state	pore	structure	(stage	3	in	Figure	3-2)	is	created.		
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Figure	3-2	Mechanism	of	AAO	template	formation	[39].	

Once	 a	 steady	 state	 is	 achieved,	 pores	 proceed	 throughout	 the	 anodized	material	

(stage	4	in	Figure	3-2).	The	pores	are	relatively	aligned	to	each	other	and	continue	

to	increase	in	length	until	the	anodization	process	is	terminated	[42-47].	The	length	

of	the	pores,	diameter	of	the	pores	(dp)	and	interpore	distance	(dint)	can	be	tailored	

by	 adjusting	 the	 anodizing	 conditions.	 The	 porosity	 (P)	 of	 a	 hexagonal	 lattice	 is	

given	by	[48]:	

	
P	=	!!

 !
( !"
!!"#$

)2	,					 	 	 	 						(15)	

3.3.	Anodization	Processes	

In	 this	 dissertation,	 nanowires	 were	 deposited	 in	 AAO	 templates	 fabricated	 in-

house	 using	 differing	 anodization	 processes	 and	 conditions	 resulting	 in	 AAO	

templates	with	diameters	ranging	from	≈	35	-	160	nm	(Figure	3-3).	Two	anodization	

processes	 namely	 MA	 and	 HA	 were	 employed.	 Within	 the	 MA	 process,	 different	

anodizing	solutions	namely	oxalic	acid	and	phosphoric	acid	were	used	to	control	the	

nanopores’	 dimensions.	 A	 detailed	 description	 of	 these	 processes	 can	 be	 seen	 in	

sections	3.4	and	3.6.			

(1)	Barrier	type	
oxide	

(2)	Pathways	in	
barrier	oxide	

(3)	Steady	state	
pore	formation	

	

(4)	Controlled	
growth	of	pores	



	

	

39	

	

	

	

	

	

Figure	 3-3	 Flowchart	 depicting	 anodization	 processes	 and	 solutions	 used	 to	

obtain	nanowires	with	different	diameters.	

3.4.	Mild	Anodization	-	Two	Step	Anodization	Process		

Since	 pore	 formation	 in	 Al	 discs	 initiate	 at	 random	 locations	 on	 the	 Al	 surface,	

ordering	of	the	pores	can	be	controlled	by	the	fabrication	of	surface	pits	or	dimples	

in	the	Al	at	the	intended	position	of	the	pores.	The	pits	can	be	fabricated	by	direct	

indentation	 such	 as	 with	 the	 tip	 of	 a	 scanning	 probe	 microscope	 [49,	 50]	 or	 by	

milling	with	 a	 FIB	 [51,	 52].	 Even	 though	 the	 above	mentioned	 techniques	 can	 be	

employed,	 an	 easy	 alternative	 approach	 for	 pore	 ordering	 is	 the	 two	 step	

anodization	or	double	anodization	method	developed	by	Masuda	and	Fukuda	based	

on	self-organization	[15].	This	double	anodization	method	has	attracted	much	more	

interest	 for	 AAO	 to	 be	 used	 as	 nanowire	 templates	 as	 well	 as	 for	 many	 other	

applications.	

The	 porous	 oxide	 film	 formed	 after	 the	 1st	 anodization	 process	 is	 poorly	
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ordered	with	varying	pore	diameters	and	inter	pore	distances	(stage	1	in	Figure	3-

4).	 In	 the	 double	 anodization	 method,	 the	 first	 porous	 oxide	 layer	 is	 chemically	

removed	(stage	2	in	Figure	3-4)	to	reveal	semi-spherical	etch	pits	or	dimples	having	

a	high	degree	of	order	and	uniformity	(stage	3	in	Figure	3-4).	A	second	anodization	

process	is	performed	wherein	the	dimples	serve	as	the	pore	nucleation	sites	(stage	

4	in	Figure	3-4)	and	the	subsequent	pores	grow	exactly	on	the	dimples	(stage	5	in	

Figure	 3-4).	 Thus,	 the	 first	 anodization	 itself	 is	 used	 as	 the	 pre-patterning	 step.	

Since	anodization	is	a	faradic	process,	the	longer	the	anodization	process,	the	longer	

will	 be	 the	 pores	 [53].	 Also	 longer	 anodization	 times	 result	 in	 improved	 pore	

ordering	wherein	the	best	pore	ordering	exists	at	the	bottom	of	the	AAO	pores	i.e.	

the	last	grown	last	layer.		

	

Figure	3-4	Mechanism	of	double	anodization	process	[39].	

(1)	Disordered	
pores	after	1st	
anodization	

(2)	Etching	of	
alumina	

(3)	Dimples	
revealed	after	

etching	

(4)	Dimples	as	
pore	nucleation	

sites	

(5)	Pore	
formation	during	
2nd	anodization		

(6)	Ordered	
pores	after	2nd	
anodization	
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3.5.	Template	Fabrication	using	Mild	Anodization		

3.5.1.	Aluminum	Disc	Pretreatment	

AAO	templates	were	prepared	using	high	purity	(99.9995%)	Al	discs	(Good	Fellow,	

AL000957)	 with	 a	 diameter	 of	 25	 mm	 and	 a	 thickness	 of	 0.5	 mm.	 Prior	 to	

anodization,	the	Al	discs	were	de-greased	by	an	ultrasonic	treatment	in	acetone	for	

ten	minutes	 followed	 by	 a	 rinse	 with	 Isopropyl-alcohol	 (IPA)	 and	 deionized	 (DI)	

water	to	remove	any	contaminants	present	on	the	Al	discs.	The	Al	discs	were	then	

electropolished	at	a	bias	voltage	of	20	V	(current	limited	to	2	A)	with	the	Al	as	the	

anode	 and	 a	 platinum	 mesh	 as	 the	 cathode,	 in	 a	 bath	 of	 1:4	 volume	 mixture	 of	

perchloric	acid	and	ethanol	at	4	°C	for	a	duration	of	three	minutes	under	constant	

agitation.	Electropolishing	 is	a	process	wherein	a	strong	electric	 field	 is	generated	

between	the	anode	and	cathode	causing	an	accelerated	oxidation	on	the	anode	(i.e.	

the	 Al	 disc),	 followed	 by	 its	 dissolution	 into	 the	 electropolishing	 solution.	 Thus	

resulting	in	an	Al	disc	with	a	mirror-like	finish	(Figure	3-5	(b))	thereby	reducing	the	

Al	 surface	 roughness	 (Figure	 3-5	 (a))	 that	 would	 have	 otherwise	 generated	

corrosion	locally	in	the	subsequent	anodization	steps.		

								 	

Figure	 3-5	 SEM	 images	 of	 Al	 discs	 a)	 before	 electropolishing,	 b)	 after	
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electropolishing.	Insets	show	a	magnified	image	of	the	discs.	

3.5.2.	First	Anodization	

The	electropolished	discs	were	then	rinsed	with	DI	water	and	mounted	 inside	the	

anodization	 setup	which	 can	house	up	 to	 four	Al	 discs	 at	 a	 time.	The	 anodization	

setup	consists	of	an	anodization	cell,	cell	cap	(with	Pt	mesh),	polydimethyl	siloxane	

O-rings,	copper	plate,	cooling	plate	and	stirrer.	The	anodization	cell,	anodization	cap	

and	 stirrer	 are	made	 up	 of	 Teflon	 due	 to	 its	 property	 of	 chemical	 resistance	 and	

thermal	 insulation.	 The	 anodization	 cell	 has	 openings	 (1	 or	 4)	 with	 diameters	

slightly	smaller	than	that	of	the	Al	disc	such	that	the	Al	discs	can	be	placed	on	top	of	

the	O-rings	resting	on	the	openings.	A	copper	plate	which	serves	as	the	anode	was	

placed	on	the	anodization	cell	housing	the	Al	discs	and	screwed	tightly	to	avoid	any	

leakage	 during	 the	 anodization	 process.	 After	 sealing	 it,	 the	 required	 anodizing	

solution	was	poured	 into	 the	 assembled	 cell	 and	 the	 cell	was	placed	on	 a	 cooling	

plate	to	bring	down	the	anodizing	temperature	to	-1	°C.	A	cell	cap	consisting	of	a	Pt	

mesh	is	placed	on	top	of	the	cell.	The	Pt	mesh	works	as	the	cathode	and	is	kept	in	

close	proximity	 to	 the	Al	discs.	To	ensure	mixing	of	 the	electrolyte	and	 to	avoid	a	

temperature	gradient	on	the	Al	discs,	a	Teflon	stirrer	connected	to	a	DC	motor	was	

placed	on	 top	of	 the	assembled	cell.	Lack	of	 stirring	affects	 the	AAO	 formation,	as	

firstly	the	electrolyte	composition	at	the	bottom	of	the	pores	differ	from	that	of	the	

bulk	electrolyte	and	secondly	a	higher	temperature	at	the	bottom	of	the	pores	affect	

the	 anodic	 dissolution,	 thus	 resulting	 in	 poor	 ordering	 of	 the	 pores.	 Finally	 a	 DC	

voltage	was	 supplied	 by	 a	 Keithley	 Source	Meter	 (model	 2400-C)	 connected	 to	 a	

computer	via	a	USB/GPIB	Interface	82357B	(Agilent	Technologies)	and	a	LabVIEW	

program	was	used	to	monitor	the	anodization	current	throughout	the	process.		
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The	 type	 of	 electrolyte,	 applied	 voltage	 and	 temperature	 needed	 for	

anodization	were	chosen	based	on	 the	required	pore	diameter.	For	 fabricating	35	

nm	pores,	a	0.1	M	oxalic	acid	at	1	°C	was	used	as	the	electrolyte	solution	whereas	

larger	pores	of	160	nm	diameter	were	fabricated	using	a	0.1	M	phosphoric	acid	at	

1	°C.	The	electropolished	discs	were	anodized	for	24	hours	at	40	V	in	the	case	of		

	
Figure	3-6	SEM	image	of	an	AAO	template	after	1st	anodization.	

	
oxalic	 acid	 solution	whereas	 185	 V	was	 used	 for	 phosphoric	 acid	 solution	 under	

constant	 stirring,	with	 the	Al	disc	placed	on	a	 copper	plate	as	 the	anode	and	a	Pt	

mesh	as	the	cathode	as	described	in	section	3.5.1.	This	first	anodization	step	yields	

an	alumina	layer	with	poorly	organized	pores	such	as	the	image		depicted	in	Figure	

3-6).	

3.5.3.	Chrome	Removal	

In	order	to	obtain	a	more	distributed	pore	orientation,	the	alumina	layer	was	etched	

away	using	a	solution	of	chromic	acid	(0.2	M)	and	phosphoric	acid	(0.4	M)	at	40	°C	

for	12	hours.	This	etching	process	revealed	highly	ordered	dimples	on	the	surface	of	
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the	Al	disc	(as	depicted	in	Figure	3-7),	which	facilitated	the	growth	of	ordered	pores	

upon	another		anodization	step.	

	
Figure	 3.7	 SEM	 image	 of	 an	 AAO	 template	 after	 chemically	 removing	 the	

alumina	layer.	

3.5.4.	Second	Anodization	

A	 second	 anodization	 was	 then	 performed	 in	 similar	 conditions	 as	 the	 first	

anodization,	 i.e.	40	V	 for	oxalic	acid.	But	 in	 the	case	of	phosphoric	acid	solution,	a	

voltage	of	195	V	was	applied.	It	 is	 important	to	note	that	a	lower	voltage	of	185	V	

was	used	in	the	first	anodization	step	using	phosphoric	acid	since	a	higher	voltage	

(195	V)	in	the	first	anodization	process	will	lead	to	burning	of	the	Al	disc.	In	the	case	

of	 the	oxalic	acid	solution,	 the	second	anodization	was	performed	 for	24	hours	 to	

yield	 60	 μm	 long	 pores.	 Whereas	 for	 the	 phosphoric	 acid	 solution,	 second	

anodization	 was	 performed	 for	 12	 hours	 to	 yield	 20	 μm	 long	 pores.	 The	 second	

anodization	 resulted	 in	a	highly	ordered	hexagonal	pore	 structure	 (as	depicted	 in	

Figure	 3-8)	 with	 a	 pore	 diameter	 of	 35	 nm	 (for	 oxalic	 acid)	 and	 160	 nm	 (for	

phosphoric	acid)	and	a	pore	center-to-center	distance	of	∼105	nm.		



	

	

45	

					 	 	 							 	

Figure	3-8	SEM	image	of	an	AAO	template	after	2nd	anodization.	

3.5.5.	Barrier	Layer	Removal/Thinning		

The	 second	 anodization	 process	 resulted	 in	 pores	 that	 were	 open	 from	 one	 side	

whereas	 the	other	side	had	an	 insulating	alumina	barrier	 layer	 that	separated	the	

pores	 from	 the	 Al	 metal.	 To	 electrodeposit	 metal	 ions	 into	 the	 nanopores,	 a	

conductive	 pathway	 should	 exist	 between	 the	 electrolyte	 (containing	metal	 ions)	

and	 the	 electrode	 at	 the	bottom	of	 the	pores.	 In	 order	 to	 overcome	 this	 problem,	

two	approaches	exist	namely	barrier	layer	removal	by	voltage	control	(used	in	this	

dissertation	 research	 for	 phosphoric	 acid	 based	 anodization)	 and	 barrier	 layer	

thinning	by	chemical	etching	(used	 for	oxalic	acid	based	anodization).	The	 former	

approach	results	in	aluminum-supported	AAO	templates	whereas	the	latter	results	

in	free-standing	AAO	templates	(Figure	3-9).	
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Figure	3-9	Barrier	 layer	removal/thinning	techniques	on	mild	anodized	AAO	

templates	 to	 reveal	 free-standing	 AAO	 template	 and	 aluminum-supported	

template.	

3.5.5.1.	Barrier	Layer	Removal	by	Chemical	Etching	Technique:		

For	 the	 35	 nm	 diameter	 pore	 templates	 fabricated	 using	 oxalic	 acid,	 the	 barrier	

layer	 was	 removed	 chemically.	 At	 this	 stage	 of	 the	 fabrication	 process,	 the	 Al	

template	consisted	of	a	porous	oxide	layer	and	a	non-oxidized	Al	at	the	bottom.	To	

open	 the	 pores	 from	 both	 sides,	 firstly	 Al	 was	 removed	 followed	 by	 etching	 the	

porous	oxide	layer	to	reveal	an	open-ended	porous	oxide	structure.		

1.	Removal	of	Al	Back	Layer:	The	Al	back	layer	was	etched	away	by	exposing	the	

non-oxidized	Al	side	of	the	disc	to	a	solution	of	CuCl2	under	constant	stirring	for	20	
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minutes.		

2.	Pore	Opening	&	Widening	Process:	After	the	Al	back	 layer	was	removed,	 the	

bottom	of	the	porous	oxide	layer	was	opened	by	placing	the	template	on	a	pH	paper	

(stage	 1	 of	 Figure	 3-10)	 and	 adding	 a	 few	 drops	 of	 5	 vol%	 of	 phosphoric	 acid	

solution	on	the	back	side	of	the	template.	After	opening	the	pores,	phosphoric	acid	

solution	 travels	 through	 the	 pores	 and	 onto	 the	 pH	 paper,	 resulting	 in	 red	 spots,	

indicating	open	pores	(Figure	3-10).	The	open-ended	pores	of	35	nm	diameter	were	

then	 widened	 to	 80	 nm	 diameter	 by	 submerging	 the	 template	 in	 a	 5	 vol%	

phosphoric	acid	solution	for	90	min,	thus	resulting	in	a	free	standing	AAO	template	

with	a	diameter	of	80	nm.	

	

	

Figure	3-10	Schematic	of	the	pore	opening	process.	

3.	Deposition	of	Electrode:	Now	that	the	pores	were	open,	a	conducting	pathway	

for	the	electrodeposition	step	was	achieved	by	physical	vapor	deposition	of	Au	to	a	

thickness	of	200	nm	on	the	backside	of	the	template.	Even	though	the	free-standing	

templates	are	not	straight	forward	to	fabricate	in	comparison	with	the	Al-supported	

AAO	 templates,	 their	 pores	 can	 be	 chemically	 widened,	 thereby	 providing	 more	

diameter	 flexibility	 to	 the	 AAO	 templates	 post-fabrication.	 In	 addition	 to	 this,	

(1)	AAO	template	
placed	back	side	up	on	

a	pH	paper	

(2)	Etching	solution	
added	on	the	back	
of	the	template	

(3)	Etching	solution	travels	
through	the	opened	pores	
producing	spots	on	the	pH	

paper	
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electrodeposition	 of	 nanowires	 can	 be	 performed	 using	DC	 deposition	 due	 to	 the	

good	electrical	contact	between	the	AAO	template	and	the	cathode.	

3.5.5.2	Barrier	Layer	Thinning	by	Voltage	Control		

The	deposition	into	Al-supported	AAO	templates	is	a	straightforward	process,	as	it	

does	 not	 involve	 any	 chemical	 etching	 post-anodization,	 unlike	 the	 free-standing	

templates.	Here,	the	barrier	layer	formed	after	the	second	anodization	is	reduced	by	

applying	a	decreasing	voltage	in	successive	steps	following	an	exponential	law:		

	
V(t)	=	Vapp	𝑒!!/! ,		 	 												 	 																		(16)	

where	Vapp	is	the	applied	voltage	which	is	195	V,	τ	is	the	time	constant	which	is	63.9	

s,	duration	of	a	step	(tstep)	is	180	s	for	phosphoric	acid	and	t	 is	in	steps	of	1	s.	This	

process	 results	 in	 the	 formation	 of	 small	 root	 like	 pathways	 or	 dendrites	 at	 the	

bottom	 of	 the	 hemispherical	 pores	 (Figure	 3-11),	 along	 with	 the	 thinning	 of	 the	

alumina	barrier	layer.	The	thinned	barrier	layer	along	with	the	dendrites	creates	a	

lower	 potential	 for	 the	 deposition	 current	 to	 tunnel	 through	 the	 alumina	 barrier	

layer	during	the	subsequent	electrodeposition	step.		

	

Figure	3-11	Schematic	depicting	an	AAO	 template	with	pores	 (a)	before	and	

(b)	after	thinning	the	barrier	layer	resulting	in	dendrites	at	the	bottom	of	the	

pores	[39].		
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3.6.	Hard	Anodization		

A	relatively	recent	 technique	compared	 to	MA	 is	 the	HA	or	high	 field	anodization,	

which	 is	 anodization	 performed	 at	 high	 voltages	 (Figure	 3-12)	 [54].	 The	

characteristic	 feature	 of	 this	 technique	 is	 a	 high	 current	 density	 leading	 to	 an	

increase	in	growth	rate	thereby	reducing	the	processing	time.	Also	hard	anodization	

allows	a	 long	 range	of	geometric	growth	parameters	 (i.e.	pore	diameter	and	 inter	

pore	distance).	Since	the	voltage	applied	is	much	higher	than	that	of	MA,	the	rate	of	

oxide	 growth	 increases	 dramatically	 resulting	 in	 a	 breakdown	 or	 burning	 of	 the	

oxide	film.	In	order	to	circumvent	this	burning	effect,	a	short	MA	is	performed	prior	

to	 the	HA.	This	MA	results	 in	 the	 formation	of	a	protective	oxide	 layer	 (≈	400	nm	

thick)	on	the	surface	of	the	Al	substrate,	after	which	HA	is	performed	by	sweeping		

	

	

Figure	3-12	(a)	SEM	image	of	a	HA	template,	(b)	magnified	image.	

	
the	voltage	 to	 the	 required	value.	Even	 though	HA	results	 in	 fast	processing	 time,	

the	inter	pore	distance	and	pore	diameters	are	larger	than	that	of	MA	resulting	in	a	

much	 lesser	 porosity	 of	 3%	 instead	 of	 the	 10%	 seen	 in	MA	 templates	 [48].	 Also	

significant	heat	is	evolved	and	thus	heat	extraction	from	the	Al	template	is	crucial	to	

avoid	breakdown	or	burning	of	the	Al.		

500 nm 200 nm 

(a)	 (b)	
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3.7.	Template	Fabrication	using	Hard	Anodization		

3.7.1.	Aluminum	Disc	Pretreatment	

The	Al	disc	was	pretreated	as	described	earlier	for	MA	(section	3.5.1).	

3.7.2.	Anodization	

	The	AAO	fabrication	setup	is	the	same	as	that	for	MA	except	that	here	a	single	hole	

cell	was	used	instead	of	the	four	hole	cell	used	for	MA.	As	described	in	section	3.6,	a	

short	MA	step	was	performed	prior	to	HA,	to	obtain	a	thin	porous	oxide	layer	on	the	

surface	 of	 Al	 substrate.	 MA	was	 performed	 by	 applying	 a	 voltage	 of	 40	 V	 for	 20	

minutes.	Then,	the	anodization	voltage	was	gradually	increased	to	a	target	voltage	

of	140	V	at	the	rate	of	0.1	V/s	and	kept	constant	for	45	minutes,	thus	resulting	in	~	

60	 μm	 long	 pores.	 During	 the	 step-wise	 increase	 in	 anodization	 voltage,	 a	 steady	

increase	 in	 current	 density	 was	 observed.	 After	 reaching	 the	 target	 voltage,	 an	

exponential	decrease	in	current	density	was	observed.		

3.7.3.	Barrier	Layer	Removal	by	Chemical	Etching	Technique	

1.	Removal	of	Al	Back	Layer:	The	Al	back	layer	was	etched	away	by	exposing	the	

non-oxidized	 Al	 side	 of	 the	 disc	 to	 a	 solution	 of	 0.1	M	 CuCl2	 and	 6	M	 HCl	 under	

constant	stirring.	

2.	Pore	Opening	&	Widening	Process:	The	hard	anodized	membranes	consist	of	a	

thicker	layer	of	alumina.	Therefore	a	higher	concentration	of	phosphoric	acid	i.e.	10	

wt%,	 was	 used	 for	 6.5	 hours,	 resulting	 in	 a	 free-standing	 AAO	 template	 with	 a	

diameter	of	110	nm.		
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3.	Deposition	of	Electrode:	Finally	a	200	nm	Au	layer	was	sputtered	onto	the	back	

of	the	free-standing	templates	to	act	as	a	cathode	in	the	subsequent	step.		
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Chapter	4	Electrodeposition	into	AAO	Templates		

4.1	Introduction	

Electrochemical	 deposition	 or	 electrodeposition	 is	 an	 inexpensive	 and	 widely	

exploited	technique	for	the	deposition	of	metals	through	the	chemical	reduction	of	

metal	ions	from	an	aqueous	electrolyte	[55].	Electrodeposition	into	AAO	templates	

yields	 cylindrical	 nanowires	 that	 grow	 in	 a	 bottom-up	 fashion	 [15,	 56].	 The	

electrodeposition	 setup	 consists	 of	 a	 nanoporous	AAO	 template	 placed	 in	 contact	

with	a	cathode	(working	electrode)	and	an	anode	placed	parallel	to	the	cathode	in	

an	aqueous	electrolyte	consisting	of	the	precursor	material	and	an	external	power	

supply	 to	 close	 the	 circuit.	 Upon	 the	 application	 of	 an	 electric	 field,	 cations	 of	

conductive	material	diffuse	towards	the	cathode	and	are	reduced	therein,	resulting	

in	 the	 growth	 of	 nanowires	 inside	 the	 AAO	 pores	 (Figure	 4-1)	 whose	 length	 is	

monitored	by	the	charge	density	during	deposition	[57].						

Electrodeposition	consists	of	two	main	processes	which	occur	continuously	

and	 simultaneously,	 namely,	 the	 mass	 transport	 and	 electron	 transfer.	 When	 a	

potential	 difference	 is	 applied	 across	 the	 electrodes,	 the	 electrolyte	 near	 the	

cathode	 surface	 are	 regrouped	 thereby	 creating	 three	 layers:	 the	 outermost	 layer	

called	the	diffusion	layer,	followed	by	the	Helmholtz	double-layer	and	finally	closest	

to	 the	 cathode	 surface	 is	 the	 fixed	 double-layer.	 Electrodeposition	 can	 be	 divided	

into	 three	main	 stages:	 ion	migration,	 electron	 transfer	 and	 lattice	 incorporation.

	 Ion	Migration:	under	the	 influence	of	an	applied	electric	 field,	 the	hydrated	

metal	ions	in	the	electrolyte	migrate	towards	the	cathode.	The	migration	process	is	

followed	 by	 electron	 transfer	 at	 the	 electrode-electrolyte	 interface.	 Electron	
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transfer:	the	water	molecules	of	the	hydrated	metal	ions	are	aligned	on	the	cathode	

surface	 when	 they	 enter	 the	 double	 layer.	 Closer	 to	 the	 electrode,	 the	 ions	 are	

deprived	of	their	hydrated	envelope	resulting	in	the	Helmholtz	double	layer.	This	is	

followed	by	neutralizing	of	the	dehydrated	ions	as	they	enter	the	fixed	double	layer	

due	 to	 the	high	electric	 field.	The	 ions	are	 then	adsorbed	on	 to	 the	 surface	of	 the	

cathode.			

4.2	Faraday’s	Law	of	Electrolysis		

Faraday’s	Law	of	Electrolysis	gives	 the	relation	between	charge	 flowing	through	a	

circuit	during	an	electrochemical	process	and	the	amount	of	material	deposited	at	

the	electrode	[58]:			

	
	 		 	 											𝑚	=	(𝑄/𝐹c)	(𝑀𝑊/𝑛) ,				 	 	 																	(17)		

	
where	𝑚	is	the	mass	of	the	electrodeposited	material,	𝑄	is	the	total	electric	charge	

passed	through	the	material,	𝐹c	is	Faraday	constant	which	is	equal	to	96485	C/mol,	

𝑀𝑊	 is	 the	 molecular	 weight	 of	 the	 material	 and	 𝑛	 is	 the	 number	 of	 electrons	

transferred	 per	 ion.	 Electrodeposition	 of	 nanowires	 can	 be	 performed	 either	 by	

galvanostatic	 or	 potentiostatic	 deposition	wherein	 a	 constant	 current	 or	 constant	

voltage	is	employed	respectively.		

In	order	to	ensure	the	desired	properties	of	the	electrodeposited	nanowire,	

care	 has	 to	 be	 taken	 of	 several	 parameters	 such	 as	 electrolyte	 composition,	

temperature,	agitation	of	the	electrolyte,	pH	of	the	electrolyte	and	cathode	potential.	

The	temperature	of	the	electrolyte	will	affect	the	diffusion	of	the	electrolyte.		
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Figure	4-1	SEM	image	of	nanowires	electrodeposited	inside	an	AAO	template	

(inset	depicts	a	magnified	image).	

	
A	 higher	 rate	 of	 deposition	 would	 also	 affect	 the	 properties	 of	 the	 nanowire.	

Throughout	 the	 course	 of	 this	 research,	 electrodeposition	 has	 been	 performed	 at	

room	 temperature.	 Stirring	 of	 the	 electrolyte	 during	 electrodeposition	 not	 only	

affects	 the	 electrolyte	 concentration	 at	 the	 pore	 bottoms	 but	 also	 assists	 in	 the	

removal	of	H2	bubbles	created	as	a	by-product.	Another	crucial	parameter	is	the	pH	

of	 the	 electrolyte.	 A	 low/high	 pH	will	 lead	 to	 the	 presence	 of	 H+/OH-	 ions	 at	 the	

cathode	which	affects	the	structure	as	well	as	the	composition	of	the	nanowires.	For	

example	 Co	 nanowires	 are	 particularly	 affected	 by	 the	 pH	 value	 leading	 to	 a	 non	

uniform	 deposition.	 This	 becomes	 a	 crucial	 factor	 in	 the	 case	 of	 multisegmented	

Co/Ni	 nanowires,	 as	 the	 growth	 of	 the	 Co	 segment	 on	 the	 Ni	 is	 affected	

considerably.	Also	it	has	been	reported	that	the	easy	axis	of	the	Co	nanowires	can	be	

altered	by	modifying	the	pH	[59].	In	order	to	deposit	nanowires	in	AAO	templates,	

two	 techniques	have	been	employed	 through	 the	course	of	 this	dissertation	study	
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namely;	DC	deposition	[60]	and	pulsed	deposition	[56].	

4.3.	Pulsed	Deposition	

The	 deposition	 into	 Al-supported	 AAO	 templates	 is	 a	 straightforward	 process.	

Unlike	 the	 free	 standing	 templates,	 it	 does	 not	 involve	 any	 further	 steps	 post-

anodization.	 In	order	 to	 avoid	 charging	of	 the	barrier	 layer	 and	ensure	 a	uniform	

deposition	 of	 the	 nanowires,	 the	 pulsed	 deposition	 technique	 is	 utilized	 in	 these	

templates.	 The	 pulsed	 deposition	 consists	 of	 applying	 a	 negative	 current	 pulse	

(Ipulse)	 which	 attracts	 the	 positive	 metal	 ions	 to	 the	 bottom	 of	 the	 AAO	 pores,	

followed	 by	 a	 positive	 voltage	 pulse	 (Vpulse)	which	 discharges	 the	 alumina	 barrier	

layer	[56].	The	value	of	Vpulse	should	be	the	same	as	the	final	voltage	of	the	alumina		

	

	

	

Figure	4-2	Schematic	of	pulsed	electrodeposition	[39].	

	
thinning	 process	 described	 earlier,	 otherwise	 the	 alumina	 template	 will	 be	

damaged.	Finally	a	recovery	time	is	applied,	wherein	neither	a	current	nor	a	voltage	

pulse	 is	applied	and	this	delay	aids	 in	refreshing	the	solution	at	 the	bottom	of	 the	

pores	 resulting	 in	 a	more	homogeneous	deposition.	The	pulses	 are	 then	 repeated	

(1)	Ordered	pores	after	
2nd	anodization	

(2)	Dendrite	
formation	

(3)	Electrodeposited	
nanowires	
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for	 the	 required	 duration	 until	 nanowires	 of	 desired	 length	 are	 obtained.	 Ni	

nanowires	were	deposited	using	this	pulsed	deposition	process	(details	in	Appendix	

B).			

	
4.3.	 DC	 deposition:	 As	 mentioned	 earlier	 in	 section	 4.2,	 electrodeposition	 was	

performed	by	either	pulsed	or	DC	deposition.	DC	deposition	was	employed	 in	 the	

Au	 sputtered	 free-standing	 templates	 (Figure	 4-3).	 Different	 nanowires	 were	

obtained	 by	 modifying	 the	 electrolyte	 solution	 and	 deposition	 conditions.	 Three	

types	of	nanowires	namely	Co,	Ni	and	segmented	Co/Ni	nanowires	were	deposited	

using	 the	 80	 nm	 AAO	 template.	 Electrodeposition	 of	 Ni	 and	 Co	 nanowires	 were	

performed	by	DC	deposition	(electrodeposition	details	in	Appendix	B).		

	
Figure	4-3	Schematic	for	DC	deposition	in	AAO	template	[39].	

	
Segmented	Co/Ni	nanowires	were	fabricated	by	alternating	the	deposition	using	Co	

and	Ni	electrolyte	solutions	(electrodeposition	parameters	in	Appendix	B).	Here,	in	

between	the	Co	and	Ni	deposition,	the	cell	was	rinsed	with	DI	water,	keeping	the	DI	

water	 for	 3-4	 minutes	 during	 the	 rinse.	 Segmented	 nanowires	 consisting	 of	 a	
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minimum	of	two	segments	and	up	to	25	of	segments	with	various	segment	lengths	

were	fabricated.		

4.4	Nanowire	Release	

4.4.1	Nanowire	Release	in	Al-Supported	Template:	The	nanowires	embedded	in	

the	AAO	template	were	released	using	chemical	etchants.	Firstly,	the	membrane	or	a	

piece	of	 the	membrane	was	placed	 in	an	Eppendorf	 tube	with	NaOH	 for	1	h.	This	

separated	 the	 non-oxidized	 Al	 from	 the	 porous	 alumina.	 The	 detached	 Al	 was	

removed	from	the	Eppendorf	tube	and	a	second	etching	step	was	performed	using	a	

solution	of	chromic	acid	(0.2	M)	and	phosphoric	acid	(0.4	M)	at	40	°C	for	24	hours	

under	 constant	 agitation.	 This	 resulted	 in	 a	 complete	 dissolution	 of	 alumina.	 The	

released	nanowires	were	then	rinsed	and	stored	in	ethanol.		

4.4.2	Nanowire	Release	in	Free-Standing	Template:	After	electrodeposition,	the	

Au	 layer	which	 acted	 as	 the	 electrode	 during	 electrodeposition,	 was	 removed	 by	

plasma	etching	(Oxford	Plasma	Lab	System	100)	with	argon	ions	at	a	temperature	

of	20	°C.	The	electrodeposited	nanowires	embedded	within	the	AAO	template	were	

	

	

Figure	4-4	SEM	image	of	a	clump	of	released	nanowires	on	a	Si	substrate.	

10 µm 
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released	by	submerging	the	membrane	in	an	Eppendorf	tube	containing	a	solution	

of	 chromic	 acid	 (0.2	M)	 and	phosphoric	 acid	 (0.4	M)	 at	40	 °C	 for	24	hours	under	

constant	 agitation.	 The	 released	 nanowires	 were	 rinsed	 and	 stored	 in	 ethanol.	

Figure	4-4	is	an	SEM	image	of	a	droplet	of	released	nanowires	dispersed	onto	a	Si	

substrate.	
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Chapter	5	Characterization	of	Single	Nanowires		

5.1.	Introduction		

In	order	to	progress	towards	a	cylindrical	nanowire-based	data	storage	technology,	

it	is	essential	to	understand	the	properties	of	nanowires	at	a	single	nanowire	level.	

In	this	chapter,	various	techniques	such	as	SEM,	TEM,	MOKE	microscopy,	MFM	and	

micromagnetic	 simulations	 have	 been	 utilized	 to	 study	 the	 properties	 of	 Ni	

nanowires.	 This	 chapter	 aims	 to	 offer	 an	 in	 depth	 understanding	 of	 the	

magnetization	reversal	in	a	nanowire	and	the	role	played	by	the	nanowire	dendrites	

and	cross-section	shape.		

5.2.	Probing	Single	Nanowires	

To	study	the	properties	of	an	individual	nanowire,	the	position	of	the	nanowires	on	

a	 substrate	has	 to	be	 known.	 For	 this	 reason,	 a	 nanowire	marking	 technique	was	

utilized.	Firstly,	a	drop	of	ethanol	containing	the	released	nanowires	was	dispersed	

onto	 a	 1	 cm2	 Si/SiO2	 (525	 μm/	 100	 nm)	 substrate.	 The	 number	 of	 dispersed	

nanowires	was	controlled	by	the	concentration	of	the	nanowire	stock	solution,	and	

to	 study	 the	 properties	 of	 individual	 nanowires,	 it	 is	 crucial	 to	 obtain	 sufficiently	

isolated	nanowires	spread	over	the	Si/SiO2	substrate.	The	substrate	containing	the	

dispersed	nanowires	was	then	viewed	under	a	SEM	equipped	with	a	FIB	source	in	

order	 to	 locate	 and	 mark	 the	 position	 of	 an	 isolated	 nanowire.	 The	 nanowire	

position	 is	 marked	 by	 milling	 the	 substrate	 near	 the	 selected	 nanowire,	 thereby	

resulting	in	markings	(Figure	5-1).		

The	 FIB	 markings	 serve	 as	 alignment	 marks	 for	 the	 subsequent	

characterization	 studies.	 The	 alignment	 marking	 procedure	 was	 performed	 such	
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that	the	FIB	marks	are	200	μm	away	from	either	side	of	the	nanowire	to	minimize	

any	 contamination	 from	 the	 ion	 source.	A	 series	of	 crosses	with	minimal	 value	of	

current	 were	 patterned	 at	 a	 depth	 of	 100	 nm	 to	 ensure	 their	 visibility	 in	 the	

subsequent	characterization	steps.		

	

	

	

	

	

	
	

Figure	5-1	SEM	image	of	a	single	nanowire	with	FIB-milled	alignment	marks	

beside	it.	

5.3.	Structure	and	Morphology	

The	 nanowires	 fabricated	 using	 the	 pulsed	 deposition	 technique	 in	 the	 AAO	

template	 (using	 the	 barrier	 voltage	 reduction	 technique)	 are	 made	 of	

polycrystalline	 fcc	 Ni	 (diameter	 160	 nm,	 length	 12	 μm)	 and	 appear	 relatively	

smooth	(Figure	5-2	(a))	consists	 two	parts:	 the	main	part,	which	 is	 the	cylindrical	

nanowire	and	an	additional	structure	commonly	referred	to	as	dendrites.	Figure	5-2	

(b)	shows	an	SEM	image	of	a	dendrite	area.	A	dendrite	typically	consists	of	two	to	

four	 root	 like	 structures	 of	 approximately	 500	 nm	 length	 and	 a	 slightly	 varying	

shape	 from	 one	 nanowire	 to	 another	 [61].	 The	 ideally	 expected	 cross	 sectional	

shape	of	a	nanowire	is	circular	but	in	reality,	some	of	the	nanowires’	cross	sectional	

shape	 deviates	 from	 the	 ideal	 structure	 (Figure	 5-2	 (c)).	 This	 deviation	 is	 a	

3 µm 

Alignment	marks	

Nanowire	
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consequence	of	non-circular	pore	shapes	in	the	AAO	template	[61-63].	

	

Figure	5-2	(a)	TEM	image	of	a	Ni	nanowire	 inset	depicts	diffraction	pattern	-	

fcc	 structure),	 SEM	 image	 of	 a	 (b)	 Ni	 nanowire	with	 dendrites	 and	 (c)	 cross	

section	of	a	Ni	nanowire	[61].	

5.4.	Magnetization	Reversal	Process		

In	 this	 research,	 the	magnetization	 reversal	 of	 cylindrical	 nanowires	was	 studied	

using	various	techniques	such	as	MOKE	microscopy,	MFM	as	well	as	micromagnetic	

simulations.		

5.4.1.	Magneto-Optical	Kerr	Effect	Microscopy	

MOKE	microscopy	is	a	versatile	and	well	established	technique	to	 image	magnetic	

domains	 and	magnetization	 reversal	 processes	 in	magnetic	 samples	 [20,	 64].	 The	

MOKE	microscopy	as	the	name	suggests	is	based	on	the	magneto-optical	Kerr	effect	

[65]	 wherein	 polarized	 light	 reflected	 from	 a	 magnetic	 material	 undergoes	 a	

rotation	of	its	polarization	depending	on	the	magnetization	direction.	Measuring	the	

change	 of	 the	 polarization	 of	 the	 reflected	 beam	 gives	 information	 about	 the	

magnetization	 state	 of	 the	 sample.	 The	 Kerr	 effect	 can	 be	 classified	 into	 polar,	

(a)	

(b)

(c)
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longitudinal	and	transverse	Kerr	effect	based	on	the	direction	of	the	magnetization	

vector	(M)	with	respect	to	the	incident	and	sample	planes	(Figure	5-3)	[66].		

									 	

Figure	5-3	Sketch	of	the	different	types	of	MOKE	(a)	polar,	(b)	longitudinal	and	

(c)	transverse	MOKE.	

The	 MOKE	 microscope	 employed	 in	 this	 research	 was	 the	 NanoMOKE2®	 (from	

Quantum	Design)	which	consists	of	a	rotatable	sample	holder	placed	in	between	the	

poles	of	an	electromagnet,	a	pair	of	polarizer,	pair	of	 lenses,	photo	detector	and	a	

Class	3R	red	(660	nm)	laser.	The	light	from	the	laser	passes	through	a	polarizer	and	

a	 lens	 (to	 focus	 the	 laser	 beam)	 and	 falls	 on	 the	magnetic	 sample.	 The	 reflected	

beam	passes	through	another	lens	and	polarizer	before	being	detected.		

	

	

	

	

	

	

Figure	 5-4	 (a)	 Schematic	 of	 alignment	 marks	 used	 for	 MOKE	 microscopy	

measurements,	 (b)	 schematic	 of	 sample	 placement	 in	MOKE	microscope,	 (c)	

(a)	 (b)	 (c)	
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optical	 image	of	a	nanowire	with	 the	 laser	spot	oriented	at	 the	center	of	 the	

nanowire	and	alignment	marks	beside	it.	

For	the	cylindrical	nanowires,	longitudinal	Kerr	configuration	was	employed	as	the	

magnetization	is	in	the	plane	of	the	sample.	The	sample	containing	a	nanowire	with	

alignment	marks	(Figure	5-4	(a))	was	placed	on	the	sample	holder	and	with	the	aid	

of	the	FIB	alignment	marks,	the	laser	spot	was	aligned	onto	the	nanowire,	with	the	

field	applied	parallel	to	the	long	axis	of	the	nanowire	(Figure	5-4	(b)).	The	laser	was	

adjusted	to	obtain	a	minimum	possible	spot	size	(diameter	of	2.5	μm)	and	oriented	

to	the	center	of	the	nanowire	(Figure	5-4	(c)).		

	
Measuring	the	Kerr	signal	from	a	cylindrical	nanowire	is	challenging	due	to	

the	 small	 probing	 area	 available	 (here	 the	 nanowire	 was	 160	 nm	 diameter).	 In	

addition	to	this,	the	curvature	of	the	nanowire	further	reduces	the	signal	from	the	

probed	area	since	only	the	longitudinal	Kerr	effect	is	probed.	Due	to	these	reasons,	

it	is	crucial	to	attain	the	highest	possible	alignment	of	the	lenses,	laser,	polarizer	and	

analyzer	within	the	setup	to	obtain	a	high	Kerr	signal	from	the	nanowire.	After	the	

laser	spot	was	aligned	with	respect	to	the	nanowire,	the	magnetization	reversal	of	

the	nanowire	was	measured	by	applying	a	magnetic	field	from	500	Oe	to	-500	Oe.		

	 The	MOKE	microscopy	measurements	yielded	a	magnetic	hysteresis	loop	of	

the	 Ni	 nanowire	 as	 depicted	 in	 Figure	 5-5.	 The	 obtained	 hysteresis	 loop	 is	

characterized	 by	 two	 saturated	 states	 indicating	 opposite	 directions	 of	

magnetization	 within	 the	 nanowire,	 with	 a	 sudden	 jump	 in	 the	 hysteresis	 loop	

indicating	a	sharp	reversal	of	 the	nanowire’s	magnetization.	The	magnetic	 field	at	

which	the	hysteresis	loop	displays	a	sharp	reversal	of	the	nanowire	magnetization	

is	 considered	 as	 the	 switching	 field	 (Hsw).	 The	 above	 observations	 of	 the	
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magnetization	reversal	are	 indicative	of	a	 single	magnetic	domain	behavior	of	 the	

nanowire.	

	

Figure	5-5	Hysteresis	 loop	of	a	single	Ni	nanowire	(160	nm	diameter	and	12	

μm	in	length).	The	schematic	indicates	the	magnetization	direction	within	the	

nanowire	[61].	

5.4.2.	Magnetic	Force	Microscopy	

MFM	is	a	scanning	probe	microscopy	technique	and	is	a	special	operational	mode	of	

the	atomic	force	microscope	(AFM)	wherein	the	standard	AFM	tip	is	replaced	with	a	

magnetic	 tip.	 During	 an	 MFM	 scan,	 the	 magnetic	 tip	 interacts	 with	 the	 magnetic	

stray	 fields	 near	 the	 sample	 surface	 and	 the	 strength	 of	 the	 local	 magnetostatic	

interaction	determines	the	vertical	motion	of	the	tip,	resulting	in	a	magnetic	map	of	

the	scanned	area	[20,	67].		

The	MFM	images	presented	in	this	chapter	were	performed	using	a	MFP-3D-

Bio	(from	Asylum	Research).	A	sample	consisting	of	a	FIB-marked	nanowire,	which	

was	 previously	 measured	 under	 the	 MOKE	 microscope,	 was	 used	 for	 the	 MFM	

studies.	 Figure	 5-6	 (a)	 depicts	 the	 AFM	 image	 of	 a	 Ni	 nanowire,	 whose	
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corresponding	MFM	image	at	remanence	is	depicted	in	the	bottom	of	Figure	5-6	(b-

c).		

	

	

	

	

	

	

	

	

	

	

Figure	5-6	(a)	AFM	image	of	a	Ni	nanowire,	(b-c)	corresponding	MFM	image	of	

the	Ni	nanowire.	The	direction	of	nanowire	magnetization	is	indicated	by	the	

black	arrows	within	 the	nanowire	schematic.	The	 interaction	of	 the	MFM	tip	

with	 the	 nanowire’s	 stray	 field	 is	 depicted	 as	 a	 repulsive	 and	 attractive	

interaction	[adapted	from	61].	
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A	 magnetic	 field	 was	 applied	 to	 saturate	 the	 nanowire	 in	 a	 particular	 direction.	

When	the	nanowire	is	magnetically	saturated,	a	dark	and	bright	spot	was	observed	

at	the	ends	of	the	nanowire.	These	spots	are	a	result	of	the	stray	fields	from	the	ends	

of	the	nanowire,	which	interact	with	the	MFM	tip	resulting	in	a	repulsive	(Figure	5-

6	(b))	and	attractive	(Figure	5-6	(c))	interaction.		

In	 order	 to	 understand	 the	 magnetization	 reversal	 and	 determine	 the	

switching	 field	of	 the	nanowire,	 the	 following	procedure	was	performed:	 firstly,	 a	

magnetic	 field	was	applied	 to	 saturate	 the	nanowire	 in	a	particular	direction.	The	

magnetic	field	was	then	removed,	and	the	nanowire	was	imaged	at	remanence.	The	

scans	were	performed	at	remanence	in	order	to	avoid	effects	of	the	stray	field	of	the	

MFM	tip	on	the	nanowire’s	switching	field.	Then,	the	magnetic	field	was	ramped	in	

the	 opposite	 direction	 in	 steps	 of	 40	 and	 MFM	 images	 were	 obtained.	 The	 MFM	

images	revealed	that	the	nanowire	consists	of	a	single	magnetic	domain	(indicated	

by	 the	 dark	 and	 bright	 spot)	 with	 a	 sharp	 transition	 between	 the	 two	 magnetic	

states.	The	magnetic	field	value	for	which	a	change	in	contrast	was	observed	at	the	

ends	of	 the	nanowire	 is	 considered	as	 the	Hsw	 of	 the	nanowire.	The	observations	

from	 the	 MFM	 images	 agreed	 with	 the	 previously	 obtained	 MOKE	 microscopy	

results	and	confirm	the	single	domain	structure	of	the	Ni	nanowire.		

5.4.3.	Micromagnetic	Simulations	

Even	 though	 MOKE	 and	 MFM	 techniques	 offer	 an	 insight	 into	 the	magnetization	

reversal	of	the	nanowire,	they	are	unable	to	elaborate	on	the	mechanism	of	reversal.	

Micromagnetic	 simulations	 are	 therefore	 very	 useful	 for	 this	 purpose.	 The	

magnetization	 reversal	process	of	 a	Ni	nanowire	was	 simulated	using	 the	Magpar	

package,	which	is	a	finite	element	micro	magnetics	simulation	software	package	[68,	
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69].	The	 simulations	were	performed	with	a	nanowire	 length	of	3	μm	 in	order	 to	

reduce	 computational	 time.	 Since	 the	 nanowire	 consisted	 of	 a	 polycrystalline	

structure,	a	tetrahedral	mesh	was	utilized.	The	nanowire	diameter	is	160	nm	and	a	

mesh	size	of	6	nm	was	utilized,	which	is	approximately	the	exchange	length	of	Ni.		

Figure	 5-7	 gives	 an	 overview	 of	 the	 reversal	 process	 and	 consists	 of	 four	

snapshots	 from	 the	 reversal	 process	 of	 the	 simulated	 nanowire	 (green	 arrows	

indicate	 the	 magnetization	 direction).	 Firstly,	 the	 nanowire	 was	 saturated	 in	 the	

+MZ	direction.	A	magnetic	field	was	then	applied	in	the	opposite	direction	i.e.	–MZ.	

At	 remanence,	most	of	 the	nanowire	was	magnetized	 in	 the	+MZ	direction,	 except	

for	 the	 nanowire	 ends	which	 consisted	 of	 a	 pair	 of	 open	 vortex	 areas	 (OVAs)	 (as	

seen	in	Figure	5-7	which	are	formed	because	of	the	nanowire’s	demagnetizing	field	

(to	minimize	 the	magnetostatic	 energy).	The	magnitude	of	 the	magnetic	 field	was	

increased	in	the	–MZ	direction,	and	at	a	field	close	to	the	switching	field,	two	DWs	

(marked	by	the	yellow	dashed	boxes)	nucleate	and	propagated	towards	the	center	

of	the	nanowire,	reversing	the	magnetization	direction.	Upon	further	increase	of	the	

magnetic	field,	the	nanowire	attains	a	saturated	magnetic	state.	

			 	

Figure	 5-7	 Visualization	 of	 the	 magnetization	 reversal	 process	 from	

remanence	in	the	+Z	direction	to	saturation	in	the	-Z	direction.	Yellow	dashed	

boxes	indicate	the	propagating	DWs	[61].	
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5.5.	Angular	Dependence	on	Magnetization	Reversal			

The	values	of	Hsw	as	well	as	its	dependence	on	the	angle	between	the	applied	field	

and	 the	 nanowire	 axis	 (θ)	 gives	 an	 insight	 into	 the	 magnetization	 reversal	

mechanism	 within	 the	 nanowire.	 Reversal	 mechanisms	 in	 cylindrical	 nanowires	

have	 been	proposed	 to	 be	 a	 coherent	 or	 curling	 rotation	 in	 an	 infinite	 cylindrical	

nanowire,	based	on	the	diameter	of	the	nanowire.	

	
Figure	 5-8	 (a)	 Schematic	 depicts	 a	 nanowire	 with	 an	 external	 field	 (Hext)	

applied	 at	 an	 angle	 (θ)	 to	 the	nanowire	 to	 study	 the	 angular	 dependence	 of	

switching	 field	 	 (HSW),	 (b)	 angular	 dependence	 of	 HSW	 of	 five	 nanowires	

investigated	using	MOKE		microscopy	and	MFM	[61].	

	
The	 angular	 dependence	 of	 the	 switching	 field	 in	 the	 coherent	 rotation	 mode	 is	

characterized	by	a	switching	field	minimum	at	45°	in	contrast	to	the	curling	mode,	

wherein	 an	 increasing	 switching	 field	 is	 observed	 at	 increasing	 angles.	 Another	

mechanism	is	the	localized	curling	mode	in	a	finite	cylindrical	nanowire,	where	an	

OVA	 is	 nucleated	 at	 the	 ends	 of	 the	 nanowire	 which	 propagates	 as	 a	 DW	 and	

consequently	reverses	the	magnetization	within	the	nanowire.	

	
Nanowire	

θ	
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Angular	MOKE	microscopy	measurements	(Figure	5-8	(a))	were	performed	on	five	

Ni	 nanowires	 (referred	 to	 as	wire	 1,	 2,	 3,	 4	 and	 5	 in	 Figure	 5-8	 (b)).	 The	MOKE		

microscopy	 measurements	 were	 performed	 in	 the	 same	 manner	 as	 described	 in	

section	 5.4.1,	 except	 that	 the	 angle	 between	 the	 applied	 field	 and	 nanowire	 axis	

(Figure	5-8	(a))	is	varied	from	θ	=	0°	to	θ	=	60°	in	steps	of	10°.	The	change	in	θ	was	

performed	by	a	motorized	rotation	of	the	sample	holder.	Figure	5-8	(b)	depicts	the	

Hsw	of	 five	nanowires	with	respect	to	the	change	in	θ.	 It	was	observed	that	the	HSW	

increased	with	higher	magnitudes	of	applied	field	(Hsw)	and	the	Hsw	of	the	nanowires	

differed	 from	 each	 other.	 The	 difference	 in	 Hsw	 between	 nanowire	 1	 and	 5	 is	

approximately	100	%	at	θ	=	0°,	and	this	difference	was	observed	at	all	angles.	In	the	

case	 of	 nanowire	 1	 and	 3,	 the	 difference	was	 approximately	 100%	 at	θ	 =	 0°,	 but	

increasing	Hext	led	to	a	reduction	of	the	difference.	The	results	show	that	there	was	a	

general	increase	in	the	switching	field	when	θ	is	increased	from	0°	to	60°.	The	inset	

in	 Figure	 5-8	 (b)	 shows	MOKE	 hysteresis	 loops	 at	 0°	 and	 60°.	 In	 addition	 to	 the	

MOKE	measurements,	MFM	was	employed	on	“wire	5”	at	θ	=	0°	and	θ	=	70°.	The	HSW	

at	θ	 =	0°	determined	by	MFM	as	well	 as	MOKE	microscopy	are	 relatively	 close	 to	

each	 other	 (≈360	Oe	 and	 ≈340	Oe	 respectively).	MOKE	measurements	 at	θ	 =	 70°	

was	difficult	 to	obtain	as	 the	Kerr	 signal	 is	extremely	 low	whereas	MFM	does	not	

suffer	from	this.	From	both	the	MOKE	as	well	as	MFM	measurements,	it	is	observed	

that	 there	 exists	 a	 scattering	 in	 the	 HSW	 of	 different	 nanowires.	 In	 order	 to	

determine	the	source	of	scattering,	studies	were	conducted	to	investigate	the	role	of	

dendrites	and	the	nanowire	cross	sectional	shape	on	their	HSW.			

5.6.	Influence	of	Dendrites	on	Magnetization	Reversal			

Dendrites	are	the	root	like	structures	present	at	one	end	of	the	nanowire	and	their	



	

	

70	

influence	 on	 the	 magnetization	 reversal	 of	 nanowires	 has	 not	 been	 studied	

previously.	The	dendrites	might	be	considered	as	shape	defects,	and	it	is	of	interest	

to	investigate	their	influence	on	the	switching	field	of	the	nanowire.	For	this	reason,	

the	HSW	of	the	nanowires	at	various	angles	of	applied	field	(θ)	was	measured,	in	the	

presence	 and	 absence	 of	 dendrites.	 This	 was	 performed	 by	 firstly	measuring	 the	

HSW	 of	 a	 nanowire	 at	 various	 values	 of	 θ,	 after	 which	 the	 dendritic	 area	

(approximately	1	μm)	was	removed	by	ion	beam	etching	in	an	SEM	equipped	with	a	

FIB	source.	Any	effect	on	the	switching	field	of	the	nanowire	due	to	the	reduction	in	

the	 length	 of	 the	 nanowire	 can	 be	 neglected	 as	 the	 length/diameter	 ratio	 is	 still	

larger	than	100.	

Figure	5-9	depicts	the	dependence	of	HSW	with	θ	of	a	nanowire	before	(black	

curve)	and	after	 removing	 the	dendrites	 (red	curve).	The	results	 indicate	 that	 the	

dendrites	do	not	have	a	measurable	effect	on	the	HSW	of	the	nanowire.	Though	it	is			

	
	
	
	
	
	
	
	
	

	

Figure	5-9	Switching	field	dependence	on	the	angle	between	the	applied	field	

and	 the	 nanowire,	 of	 a	 nanowire	 with	 dendrites	 (black	 curve)	 and	 without	

dendrites	(red	curve)	[61].	
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possible	that	the	dendrites	may	play	a	role	during	DW	propagation	such	as	by	acting	

as	 a	 pinning	 site.	 In	 a	 dendritic	 nanowire,	 the	 magnetization	 reversal	 process	 is	

triggered	 from	 the	 non-dendrite	 side	 of	 the	 nanowire,	 whereas	 the	 absence	 of	 a	

dendrite	would	allow	the	reversal	process	to	be	triggered	at	either	ends.	

5.7	Influence	of	Nanowire	Cross-Section	on	Magnetization	Reversal		

The	effect	of	 the	cross	section	shape	of	 the	nanowire	with	 the	switching	 field	HSW	

was	investigated	using	the	Magpar	package	with	the	same	parameters	as	in	section	

5.4.3.	The	simulations	were	performed	utilizing	a	circular	and	a	real	cross-sectional	

shape	of	a	nanowire	as	depicted	in	Figure	5-10	(a)	from	θ	=	0°	to	70°.	In	Figure	5-10	

(b),	the	simulated	angular	dependencies	of	the	ideal	circular	and	real	cross	sections	

are	plotted	 along	with	 the	 experimental	MOKE	and	MFM	results.	 It	was	observed	

that	the	values	of	HSW	of	nanowires	with	real	and	ideal	cross	sections	are	different	

from	 each	 other.	 For	 example	 at	θ	 =	 0°,	 the	HSW	 of	 ideal	 cross	 section	 is	 241	 Oe	

whereas	that	of	the	real	cross-section	is	400	Oe.	The	angular	HSW	simulations	of	the	

real	and	circular	nanowire	cross	section,	depict	two	different	slopes	of	the	curve.	In	

the	real	cross	section,	increasing	angles	leads	to	a	higher	value	of	HSW	whereas	not	

much	of	an	increase	is	observed	with	increasing	angles	in	the	circular	cross	section.	

Interestingly,	 the	 HSW	 values	 obtained	 from	 the	 circular	 and	 real	 cross-sections	

define	a	range	 inside	which	all	of	 the	experimental	data	 fit.	This	suggests	 that	 the	

different	 HSW	 values	 found	 for	 different	 nanowires	 are	 a	 result	 of	 their	 slightly	

different	 cross-sectional	 shapes.	 While	 the	 simulation	 with	 the	 circular	 cross-

section	yields	the	smallest	possible	values	 for	HSW,	 it	might	be	possible	to	observe	

even	larger	values	than	the	ones	found	for	the	real	cross-section,	depending	on	the	

actual	cross-section	shape	of	the	nanowire	ends.	
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Thus	 the	micromagnetic	simulations	performed	here	are	able	 to	reproduce	

the	experimental	 scattering	obtained	 for	HSW	 of	different	nanowires.	The	shape	of	

the	cross-section	of	the	nanowire	strongly	influences	HSW	and	can	change	by	more	

than	100	%.	This	 is	an	 important	observation	that	has	been	neglected	 in	previous	

studies	and	would	be	relevant	 from	a	technological	point	of	view	as	 the	nanowire	

properties	will	be	crucial	for	the	design	of	nanowire-based	devices.	

	

	

	

	

	

	
Figure	 5-10	 (a)	 Micromagnetic	 simulations	 performed	 using	 a	 real	 cross	

section	 of	 a	 Ni	 nanowire,	 (b)	 dependence	 of	 switching	 field	 (HSW)	 with	 the	

angle	 (θ)	 between	 the	 nanowire	 and	 applied	 field	 of	 five	 Ni	 nanowires	

obtained	using	MOKE	microscopy,	MFM	and	micromagnetic	 simulations.	The	

simulations	 were	 performed	 using	 different	 nanowire	 cross	 section	 shapes	

namely	circular	and	real	cross	section	[61].	

5.8.	Open	Vortex	Area	Characterization	

The	micromagnetic	simulations	shed	 light	on	some	interesting	observations	about	

the	OVA	in	the	nanowire	such	as	the	dependence	of	the	length	and	position	of	the	

OVA	with	respect	to	the	angle	of	applied	field	(θ).		

(a)	

(b)	
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5.8.1.	Length	of	Open	Vortex	Area		

An	 increase	 in	 the	 length	 of	 the	 OVA	was	 observed	with	 higher	 values	 of	 θ.	 The	

length	of	the	OVA	increases	by	approximately	50	nm	(indicated	by	the	dashed	lines	

in	Figure	5-11)	when	the	applied	field	is	changed	from	0°	to	70°.	This	elongation	is	a	

consequence	of	the	contribution	of	the	perpendicular	component	of	magnetic	field	

at	high	values	of	θ.		

	

Figure	 5-11	 Simulation	 depicting	 magnetization	 of	 two	 nanowires	 before	

switching	occurs.	(a)	When	the	angle	between	the	nanowire	and	applied	field	

(H)	is	θ	=	0°	and	(b)	θ	=	70°	[61].	

5.8.2.	Position	of	Open	Vortex	Area		

It	is	observed	that	when	an	external	field	θ	>	0°	is	applied	to	a	nanowire,	the	core	of	

the	 OVA	 shifts	 away	 from	 its	 central	 position	 within	 the	 nanowire	 (depicted	 in	

Figure	 5-12)	 and	 the	 direction	 of	 shift	 is	 dependent	 on	 the	 OVA’s	 chirality.	 The	

observed	 shift	 is	 a	 consequence	 of	 the	 transverse	 component	 of	 the	 applied	

magnetic	field	at	higher	values	of	θ.	At	θ	=	0°,	a	shift	of	the	core	is	not	observed	due	

to	the	absence	of	a	transversal	component	of	the	applied	field	(Figure	5-12	(a)).	 If	

the	OVAs	have	 the	 same	 chirality,	 their	 cores	 are	 displaced	 in	 the	 same	direction	

when	θ	>	0°	(Figure	5-12	(a)).	A	different	OVA	chirality	leads	to	core	displacement	

in	opposite	directions	as	seen	in	Figure	5-12	(b).	
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Figure	5-12	(a)	Side	views	of	nanowires	from	Figure	5-10	depicts	the	positions	

of	the	core	of	the	OVA	at	the	ends	of	the	nanowire	when	the	angle	between	the	

nanowire	and	applied	field	is	(a)	θ	=	0°	and	(b)	θ	=	70°.	The	magnetic	field	is	

applied	 along	 the	 +Z	direction	 and	 θ	 is	 varied	 from	 +Z	 to	 -Z	 direction.	 The	

green	lines	indicate	the	center	of	the	nanowires	and	the	blue	arrows	indicate	

the	displacement	of	the	OVA	core	[61].	
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Chapter	6	Fabrication	of	Single	Nanowire	Devices		

6.1.	introduction		

Electrical	 probing	 of	 individual	 nanowires	 allows	 to	 gain	 an	 insight	 into	 the	

magnetization	reversal	process	within	the	nanowire.	There	exist	two	approaches	to	

electrically	address	a	single	nanowire	[70-74].	In	the	first	approach,	the	nanowires	

are	kept	embedded	 in	 the	AAO	membrane	and	electrodes	are	patterned	on	either	

side	of	the	membrane,	taking	care	to	contact	a	single	nanowire	[70,	71].	The	second	

approach	is	based	on	contacting	released	nanowires	[71-73].	This	ex-situ	approach	

can	be	realized	either	by	dispersing	nanowires	onto	a	substrate	with	pre-fabricated	

electrodes/alignment	marks	or	by	patterning	electrodes	onto	dispersed	nanowires.	

The	 advantages	 of	 the	 ex-situ	 approach	 are	 that	 nanowires	 can	 be	 chosen	

selectively	under	a	SEM,	which	allows	to	probe	any	structural	deformities	along	the	

length	of	the	nanowire.	In	addition	to	the	selectivity	of	the	nanowire,	measurements	

are	not	limited	to	two-point	geometry	and	different	sections	of	the	same	nanowire	

(as	 small	 as	 500	 nm)	 can	 be	 probed.	 Also	 MFM	 and	 MOKE	 microscopy	 can	 be	

performed	 on	 the	 same	 nanowire,	 thus	 allowing	 its	 extensive	 electrical	 and	

magnetic	characterization.	In	this	thesis,	a	nanofabrication	method	based	on	the	ex-

situ	 approach	 to	 contact	 individual	 nanowires	 was	 implemented.	 Instead	 of	

lithographically	fabricating	alignment	marks/electrodes	prior	to	nanowire	dispersal	

[72],	FIB	milling	was	used	to	mark	the	position	of	dispersed	nanowires	(Figure	5-1,	

6-1).	 This	method	has	 the	 advantage	 of	 selecting	 a	 nanowire	with	 high	precision,	

contacting	only	 a	 single	nanowire	with	no	 additional	metallic	 alignment	marks	 in	

the	 vicinity	 of	 the	 nanowire	 as	 well	 as	 obtaining	 a	 low	 resistance	 between	 the	
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nanowire	 and	 electrodes	 by	 removing	 the	 oxide	 layer	 on	 the	 nanowire	 prior	 to	

electrode	deposition	[75].	

6.2.	Electrode	Design	Patterning	using	Maskless	Lithography	

Through	the	course	of	this	research,	the	process	of	patterning	electrodes	has	been	

optimized	 using	 maskless	 lithography	 techniques	 such	 as	 	 electron	 beam	

lithography	 (EBL)	 as	 well	 as	 LED	 based	 direct	 write	 lithography	 (DWL)	 system	

(Appendix	 C).	 Both	 the	 exposure	 systems	 have	 their	 own	 advantages	 and	

disadvantages.	 Even	 though,	 EBL	 is	 a	 labor,	 cost	 and	 time	 intensive	 process,	 it	

achieves	high	precision	and	small	electrode	width.	This	 is	advantageous	when	the	

nanowires	are	of	a	 shorter	 length.	The	alignment	of	 the	electron	beam	onto	short	

nanowires	 in	 the	 EBL	 system	 is	 extremely	 challenging	 especially	 for	 patterning	

several	 contacts,	 where	 there	 is	 a	 high	 change	 of	 misalignment	 of	 1	 or	 more	

patterns.	The	difficulty	arises	in	the	fact	that	conventionally	it	is	not	crucial	to	get	1-

2	μm	precision	alignment	whereas	here,	the	FIB	marked	nanowire	is	in	the	center	of	

the	1	cm2	Si	die.	The	electron	beam	alignment	thus	has	to	be	performed	by	moving	

to	 the	nanowire	 coordinates	without	viewing	 the	area,	 as	viewing	 the	area	would	

expose	the	photoresist.	The	DWL	on	the	other	hand	is	a	relatively	quick	process	but	

has	 limitations	 regarding	 the	minimum	width	 of	 patterns	 that	 can	 be	 exposed	 as	

well	as	the	length	of	the	nanowires	that	can	be	used.			

6.2.1.	Exposure	using	Electron	Beam	Lithography		

The	 EBL	 system	 that	 was	 used	 to	 pattern	 the	 electrodes	 was	 the	 Crestec	 CABL-

9520C.	The	following	procedure	has	been	optimized	for	the	EBL	patterning:-	
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1.	 Spin	Coating:	A	bilayer	resist	approach	was	implemented	using	resists	LOR	

5B	and	950	PMMA	(A4),	a	positive	photoresist	from	Microchem,	in	order	to	obtain	a	

resist	undercut	 (Figure	5-2	 (b)).	 Firstly,	 LOR	5B	was	 spin	 coated	onto	 the	 sample	

containing	 the	 FIB-marked	 nanowire	 (spin	 coating	 parameters	 in	 Table	 6-1).	 The	

spin	 coated	 sample	was	 then	 heated	 at	 180	 °C	 for	 7	minutes,	 after	 which	 it	 was	

allowed	 to	 cool	 on	 a	metal	 surface	 for	 15	minutes.	 The	 second	 resist	 PMMA	was	

then	spin	coated	(spin	coating	parameters	in	Table	6-2)	onto	the	LOR	coated	sample	

and	heated	at	180	°C	for	90	seconds.	Strong	Van	der	Waals	forces	that	exist	between	

the	substrate	and	dispersed	nanowires	ensure	that	the	nanowires	are	not	displaced	

during	the	subsequent	nanofabrication	steps.		

	

	
Table	6-1	Spin	coating	parameters	for	resist	LOR	5B.	

	

	
Table	6-2	Spin	coating	parameters	for	resist	PMMA.	

	

Step	 Spin	Speed	(rpm)	 Ramp	(rpm/s)	 Time	(s)	

Step	1	 800	 1000	 3	

Step	2	 1500	 1500	 3	

Step	3	 3000	 3000	 30	

Step	 Spin	Speed	(rpm)	 Ramp	(rpm/s)	 Time	(s)	

Step	1	 1500	 500	 3	

Step	2	 4500	 1500	 45	

Step	3	 0	 1000	 0	
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2.	EBL	Alignment:	The	FIB	etch	marks	for	EBL	are	more	elaborate	than	the	FIB	etch	

marks	made	for	MOKE	and	MFM	microscopy.	The	etch	marks	consist	of	a	series	of	

crosses,	 lines	 and	 circles	 as	 depicted	 in	 Figure	 6-1.	 The	 crosses	 (length:	 20	 μm,	

width:	 2μm)	mark	 the	 vicinity	 of	 the	 nanowire	whereas	 the	 lines	 (length:	 50	 μm,	

width:	2μm)	lead	from	the	crosses	towards	the	edge	of	the	sample.	The	circles	are	

larger	structures	(outer	diameter:	300	μm,	inner	diameter	280	μm)	which	mark	the	

end	of	the	line	structures	and	can	be	seen	with	the	naked	eye	under	certain	sample	

tilt.	The	circles	are	still	 relatively	 far	away	 from	the	sample	edge.	For	 this	 reason,	

scratch	marks	 are	made	by	 a	 sharp	 tweezers	 after	 loading	 the	 sample	 in	 the	EBL	

system’s	sample	holder.	These	scratch	marks	greatly	aid	 in	 finding	 the	FIB	etched	

circles	under	the	viewing	mode	of	the	EBL.	Once	the	sample	 is	 loaded,	the	scratch	

marks	 were	 located	 using	 the	 viewing	 mode	 of	 the	 EBL.	 The	 FIB	 etched	 marks	

(circle	and	lines)	were	then	quickly	followed	under	a	 low	beam	dose	until	 the	FIB	

etched	crosses	were	reached,	after	which	the	coordinates	of	the	nanowire	position		

	

	

	
Figure	 6-1	 Alignment	 marks	 created	 using	 a	 FIB	 to	 mark	 the	 location	 of	 a	

nanowire	onto	which	electrodes	designs	are	to	be	patterned	using	EBL.	

were	 entered	 and	 the	 EBL	 sample	 holder	 moved	 the	 stage	 on	 to	 the	 designated	

coordinates	 (prior	 to	 loading	 the	 sample	 in	 the	 EBL	 sample	 holder,	 the	 distance	
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between	 the	 inner	 cross	 and	 the	 edge	 of	 the	 nanowire	 was	 measured	 using	 an	

optical	microscope).	Once	 the	stage	moved	 to	 the	desired	coordinates,	 the	sample	

should	not	be	 viewed	as	 this	would	 lead	 to	 the	 exposure	of	 the	 resist	 around	 the	

nanowire	vicinity.		

	
3.	EBL	Exposure:	Once	the	sample	is	loaded	and	alignment	achieved,	the	required	

electrode	 design	was	 patterned	 in	 a	 two-step	 exposure	 process.	 Firstly	 the	 inner	

electrodes	are	patterned	at	a	 low	exposure	current	of	500	pA	and	dose	of	1.2	at	a	

resolution	 of	 60000	 dots.	 Once	 the	 inner	 design	 features	 are	 patterned	 (takes	

approximately	 30	 minutes),	 the	 electron	 beam	 is	 refocused	 and	 astigmatism	 is	

corrected	for	a	higher	exposure	current	of	1200	pA	and	dose	of	11	at	a	20000	dot	

size	resolution.	The	exposure	of	a	single	device	takes	approximately	4	hours.		

	
4.	 Photoresist	 Development:	 Once	 the	 exposure	 is	 completed,	 the	 sample	 is	

developed	in	a	two	step	developing	process.	The	role	of	the	developer	is	to	dissolve	

and	wash	away	the	non	exposed	photoresist	 leaving	behind	the	exposed	electrode	

pattern.	 To	 develop	 the	 pattern,	 firstly	 the	 sample	 was	 dipped	 in	 a	 mixture	 of	

MIBK:IPA	 (1:3)	 for	 30	 s	 under	 light	 agitation.	 The	 sample	 was	 then	 dipped	 in	 a	

mixture	 of	 AZ	 726	 MIF:DI	 water	 (1:1)	 for	 a	 duration	 of	 15	 s	 to	 terminate	 the	

development	of	the	pattern	after	which	a	N2	drying	step	was	performed.		

	



	

	

80	

				 	
	
Figure	 6-2	 SEM	 image	 of	 electrode	 design	 patterned	 using	DWL,	 after	 resist	

development	a)	top	view,	b)	side	view	clearly	depicting	the	undercut	(inset).			

	

6.2.2.	Exposure	using	LED	based	Direct	Write	Lithography		

The	DWL	system	used	here	 is	a	Heidelberg	μPG	501	which	uses	an	LED	source	of	

390	nm	wavelength.	To	pattern	the	electrode	designs,	the	following	procedures	are	

followed:-	

1.	 Spin	 Coating:	 As	 in	 the	 case	 of	 EBL	 spin	 coating,	 a	 bilayer	 resist	 approach	 is	

implemented	utilizing	the	resists	LOR	5B	and	AZ	5214.	The	resist	LOR	5B	was	spin	

coated	to	a	thickness	of	500	nm	followed	by	a	bake	step	at	180	°C	for	7	minutes.	The	

	

	

Table	6-3	Spin	coating	parameters	for	resist	AZ	5214.	

Step	 Spin	Speed	(rpm)	 Ramp	(rpm/s)	 Time	(s)	

Step	1	 800	 1000	 3	

Step	2	 1500	 1500	 3	

Step	3	 3000	 3000	 30	

(a)	 (b)	
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sample	was	allowed	 to	 cool	 a	 few	minutes	 after	which	 the	 second	 resist	AZ	5214	

was	spin	coated	(Table	5-3)	to	a	thickness	of	1400	nm	and	subsequently	baked	at	

110	°C	for	1	minute.		

	
2.	 Alignment	 and	 Exposure:	The	 field	 of	 view	 in	 the	DWL	 system	 is	 quite	 large	

compared	to	that	of	the	EBL	system	and	for	this	reason	an	elaborate	FIB	alignment	

marking	 procedure	 is	 not	 needed.	 Here	 the	 FIB	 marks	 consist	 of	 only	 the	 inner	

crosses.	The	only	drawback	of	the	DWL	system	is	the	lack	of	a	rotatable	stage.	This	

issue	was	overcome	by	fabricating	a	custom	made	stage	alignment	tool	that	could	fit	

the	1	cm2	nanowire	wafer.	Firstly	 the	nanowire	sample	was	 loaded	onto	 the	stage	

and	the	alignment	tool	was	fitted	onto	the	sample.	The	FIB-marks	were	then	located	

and	 the	 sample	was	 tilted	 to	 obtain	 alignment	 of	 the	 nanowire	with	 the	 pattern.	

Sample	exposure	was	performed	with	a	55	ms	exposure	time	and	a	defocusing	of	-6.		

	
3.	 Photoresist	 Development:	 After	 exposure,	 the	 sample	 was	 developed	 by	

submerging	it	in	the	developer	AZ	726	for	30	seconds.	The	sample	was	then	dipped	

in	DI	water	to	terminate	the	development	of	the	pattern	after	which	a	N2	drying	step	

was	performed.	

6.3.	Metal	Deposition		

	Once	 the	 sample	was	developed,	metal	 deposition	was	performed.	Prior	 to	metal	

deposition,	 an	 etch	 step	 was	 performed	 in	 side	 the	 sputter	 tool,	 to	 remove	 the	

nanowire	oxide	layer	at	the	resist	openings.	The	etching	process	was	optimized	by	

systematically	 controlling	 the	 etch	 time	 to	 avoid	 over	 or	 under	 etching	 of	 the	

nanowire.	This	 step	 is	 crucial	 as	 it	provides	a	 low	resistance	 contact	between	 the	

nanowire	and	the	deposited	electrodes	The	pressure	of	the	chamber	is	maintained	



	

	

82	

at	 10-7	 T	 in	 order	 to	minimize	 the	 oxide	 growth	while	 transferring	 from	 the	 etch	

chamber	to	the	sputter	chamber	of	the	tool.	Chromium	and	gold	are	deposited	to	a	

thickness	of	10	nm	and	180	nm	respectively.		

	

6.4.	Lift-Off		

	Finally,	 the	 liftoff	 of	 the	 deposited	metals	 was	 performed	 using	 a	 resist	 stripper	

Remover	PG	from	Micro	chem.	A	two-bath	treatment	of	Remover	PG	was	carried	out.	

Firstly	the	sample	was	dipped	in	Remover	PG	at	65	°C	for	10	minutes,	after	which	

the	 sample	 was	 transferred	 to	 a	 second	 Remover	 PG	 solution	 at	 65°C	 for	 2-3	

minutes.	The	second	bath	was	used	to	prevent	re-deposition	of	 the	 lifted	material	

onto	the	substrate.	The	lift0off	was	followed	by	a	rinse	with	IPA	and	DI	water	and	

finally	N2	drying.	

	

	
	
Figure	 6-3	 SEM	 image	 of	 four	 electrodes	 patterned	 onto	 a	 single	 nanowire	

[75].



	Chapter	7	Electrical	Probing	of	Individual	Nanowires	

7.1.	Magnetoresistance	Measurements	

The	Magnetoresistance	 (MR)	 effect	 has	 its	 origin	 in	 spin–orbit	 interaction	 and	

depends	on	the	relative	orientation	of	the	magnetic	moments	with	respect	to	the	

direction	of	applied	electric	current.	The	MR	measurements	offer	an	insight	into	

the	magnetization	reversal	process	within	the	nanowire	[76].		An	electrical	setup	

was	 designed	 in	 order	 to	measure	 the	MR	 of	 individual	 nanowires.	 The	 setup	

consists	of	a	 sample	holder	which	holds	 the	nanowire-based	device	along	with	

the	 necessary	 electrical	 connections	 to	 perform	 the	measurements.	 The	 setup	

and	procedure	for	performing	the	MR	measurement	is	discussed	in	detail	below.		

7.1.1.	Sample	Holder		

To	perform	electrical	measurements,	a	custom	designed	Al	shielding	box	with	a	

lid	was	 fabricated.	 The	Al	 sample	 holder	 is	 an	 ‘I’	 shaped	 holder	with	 8	 female	

BNC	 connectors	 soldered	 into	 either	 side	 of	 the	 sample	 holder.	 An	 in-house	

circuit	 board	 made	 out	 of	 a	 double-sided	 (Cu)	 sheet	 having	 5	 Cu	 tracks	 was	

fabricated	using	an	LPKF	system	(ProtoMat)	and	mounted	onto	a	sheet	of	Al.	The	

fabricated	circuit	board	was	sputtered	with	200	nm	Au	(Figure	7-1	(a))	and	was	

placed	 in	 the	 Al	 sample	 holder.	 The	 nanowire-based	 device	 (i.e.	 the	 nanowire	

with	 electrodes	 patterned	 onto	 it)	 was	mounted	 between	 the	 Cu	 tracks	 using	

conductive	 silver	 paint	 (from	 SPI	 supplies).	 Connections	 were	 then	 made	

between	the	nanowire	electrodes	and	the	Cu	tracks	using	a	wire	bonder	(Figure	

7-1	(b)).	
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Figure	7-1	 a)	Nanowire	based	device	bonded	onto	Au/Cu	 tracks,	 b)	wire	

bonding	of	8	pads	conntacted	to	a	single	nanowire.	

7.1.2.	Magnetoresistance	Setup	Connections		

	The	MR	measurement	setup	can	be	divided	into	two	parts:	the	field	generation	

system	 and	 the	 nanowire	 measurement	 system.	 The	 field	 generation	 system	

consists	of	an	electromagnet	to	generate	a	homogenous	magnetic	field	between	

its	poles	(maximum	field	that	can	be	generated	is	4300	Oe).	The	coils	are	sourced	

with	a	Keithley	2400-C	Source	Meter	which	is	amplified	using	a	KEPCO	Bipolar	

operational	power	amplifier.	The	 field	generated	between	the	poles	 is	detected	

Figure	7-2	Circuit	diagram	of	MR	measurement	setup	where	I	denotes	the	

current	source,	R	the	resistor	and	S1,	S3,	S3	are	the	switches.	
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with	 a	 Hall	 probe	 and	monitored	 using	 an	 Agilent	 34410A	Digital	Multimeter.	

The	 measurement	 system	 consists	 of	 a	 current	 source	 (Keithley	 model	 6221)	

used	to	apply	current	to	the	nanowire,	and	a	voltmeter	to	measure	the	resistance	

(Keithley	2182A).	A	LabVIEW	program	was	implemented	to	measure	the	MR	of	

the	nanowire.		

7.1.3.	Electrical	Grounding	and	Measurement	Procedure		

Electrical	Grounding:	The	electrical	grounding	of	the	device	is	crucial	to	avoid	

any	electrical	discharge	 through	the	nanowire.	Failure	 to	do	so	would	result	 in	

melting/burning	 of	 the	 nanowire	 as	 seen	 in	 Figure	 7-3.	 The	 issue	 of	 nanowire	

burning	was	overcome	by	implementing	the	following	techniques.	Ensuring	that	

all	measurement	 tools	 such	 as	 source	meter,	 power	 source	 etc.	 are	 turned	 on	

prior	 to	 connecting	 the	 cables	 to	 the	 Al	 sample	 holder.	 Switching	 on	 the	 tools	

before	 connecting	 the	 sample,	 as	 otherwise	 it	 would	 result	 in	 a	 sudden	

fluctuation	within	the	system,	which	would	damage/burn	the	nanowire.	By		

	

			 	

	
Figure	 7-3	 A	 nanowire	 with	 a	 damaged/burnt	 area	 between	 the	 two	

electrodes	(inset	depicts	magnified	image	of	the	nanowire).	
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standing	on	a	 ground	plate	 and	discharging	oneself	 (using	 a	 grounding	watch)	

and	all	necessary	tools	(such	as	 tweezers)	before	connecting	the	BNC	cables	 to	

the	Al	 sample	holder.	 Lastly	 by	minimizing	 any	unnecessary	movements	while	

connecting	and	disconnecting	the	BNC	cables	to	the	Al	sample	holder	connectors.			

	
	
Measurement	 Procedure:	 Firstly,	 the	 setup	was	discharged	by	 closing	 all	 the	

switches	 (S1,	 S2,	 S3)	 in	 the	 setup	 (Figure	 7-4)	 allowing	 the	 BNC	 cables	 to	 be	

grounded	through	a	10	MΩ	resistor.	The	discharging	of	the	setup	was	monitored	

using	 the	 nanovoltmeter	 and	 the	 discharging	 process	 was	 continued	 until	 the	

nanovoltmeter	 displayed	 in	 the	 range	 of	 100-200	 nV.	 The	 Al	 sample	 holder	

containing	the	nanowire	to	be	measured	was	then	placed	in	between	the	poles	of	

the	electromagnet.	The	cable	attached	to	the	low	of	the	current	source	(ILow)	was	

connected	to	the	female	BNC	connector	in	the	Al	sample	holder,	followed	by	the	

high	cable	(IHIGH).	The	two	cables	attached	to	the	voltmeter	were	then	connected	

to	the	Al	sample	holder	connectors.	The	Al	sample	holder	lid	was	closed	and	the	

Hall	probe	was	placed	on	top	of	the	Al	sample	holder.	After	the	discharging	step,	

the	 switches	 S1,	 S2	 and	 S3	 (respectively)	 were	 opened,	 thereby	 keeping	 the	

setup	 at	 a	 floating	 potential	 and	 isolating	 the	 current	 source	 and	 the	

nanovoltmeter.	To	begin	the	measurement,	the	electromagnet	was	swept	to	the	

maximum	positive	field,	at	which	point	the	nanowire	measurement	was	started.	

The	 MR	 measurements	 were	 performed	 at	 room	 temperature	 by	 applying	 a	

constant	current	of	500	nA	and	recording	the	average	voltage	while	the	magnetic	

field	was	ramped.		
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Figure	7-4	The	MR	measurement	setup	consisting	of	an	Al	sample	holder	

(containing	the	nanowire	to	be	measured)	placed	between	the	poles	of	an	

electromagnet.	

7.2.	Magnetoresistance	of	Individual	Nanowires	

		The	MR	curve	offers	an	insight	into	the	switching	behavior	of	nanowires.	Figure	

7-5	(a)	depicts	the	schematics	for	MR	measurement	and	Figure	7-5	(b)	shows	the	

magnetization	 reversal/MR	 curve	 of	 a	 Ni	 nanowire	 (160	 nm	 diameter).	 At	

magnetic	saturation,	the	magnetic	moments	are	aligned	parallel	to	the	direction	

of	current	indicated	by	the	high	resistance	state	in	the	MR	curve.	Reversal	of	the	

magnetic	 field	 results	 in	 a	 decrease	 of	 resistance	 as	 the	 magnetic	 moments	

continuously	rotate	away	from	the	direction	of	current.	At	a	distinct	value	of	the	

magnetic	field	(~300	Oe	)	referred	to	as	the	switching	field	HSW	,	there	occurs	an	

abrupt	reversal	of	the	magnetic	moments,	which	is	 indicated	by	a	sudden	jump	

of	resistance,	as	shown	in	Figure	7-5	(b).	

	

	

Al	sample	holder	
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Figure	7-5	(a)	MR	measurement	schematic	depicting	a	nanowire	with	four	

electrodes	patterned	onto	it.	The	black	arrow	within	the	nanowire	indicates	

the	 nanowire’s	 magnetization	 direction,	 (b)	 MR	 curve	 of	 a	 Ni	 nanowire	

starting	from	negative	saturation	to	positive	saturation	(depicted	by	the	red	

arrows)	followed	by	performing	the	measurement	in	the	reverse	direction	

i.e.	 from	 positive	 to	 negative	 saturation.	 The	 black	 arrow	 within	 the	

nanowire	 indicates	 the	nanowire’s	magnetization	direction	 (adapted	 from	

[75]).	

	

	

	

	

	

	
	 	 	

Au	electrode 

I+ I- V 

Magnetic	Field 

	

V 

	 	
(a)	 (b)	

Nanowire 



	

	

89	

Chapter	8	Domain	Wall	Pinning	

8.1.	Introduction	

	The	single	magnetic	domain	state	of	a	nanowire	implies	that	every	nanowire	can	

essentially	 be	 a	 single	 bit	 that	 is	 either	 a	 ‘1’	 or	 a	 ‘0’,	 corresponding	 to	 the	

nanowire	 magnetization	 direction.	 This	 would	 limit	 the	 bit	 density	 to	 the	

number	of	nanowires	present	in	the	system.	In	order	to	pack	more	bits	per	wire,	

a	multi	domain	nanowire	state	has	to	be	achieved.	Also	the	domains	will	have	to	

be	reliably	moved	across	the	length	of	the	nanowire	in	order	to	access	the	bits.	

For	 these	 purposes	 it	 is	 essential	 to	 create	 reliable	 pinning	 sites	 wherein	 the	

DWs	 can	 be	 pinned	 (Figure	 8-1).	 The	 most	 widespread	 method	 of	 creating	

pinning	 sites	 in	 rectangular	 nanowires	 is	 by	 local	 modification	 of	 magnetic	

properties	and	by	creating	well-defined	confining	potentials	such	as	notches	of	

different	 shapes.	 In	 cylindrical	nanowires,	pinning	 sites	have	been	 reported	by	

ion	beam	irradiation	of	a	small	area	on	the	nanowire,	but	this	method	does	not	

result	 in	 reliable	 pinning	 sites.	 In	 this	 thesis,	 the	 effect	 of	 triangular	 notches	

(Figure	8-2)	as	well	as	a	novel	concept	of	using	segmented	nanowires	to	pin	DWs,	

wherein	 the	 interface	 between	 the	 segments	 acts	 as	 a	 pinning	 site	 have	 been	

investigated	[75,	77]	.		

	
	

	

Figure	8-1	Schematic	depicting	a	cylindrical	nanowire	with	write	and	read	

heads	 at	 the	 ends.	 The	 different	 sections	 of	magnetization	 (blue	 and	 red)	
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represent	 the	bits	 (‘1’	and	 ‘0’).	Pinning	sites	at	 regular	 intervals	allow	the	

DWs	to	be	pinned/depinned	and	subsequently	moved	along	the	nanowire.			

8.2.	Notches	as	Pinning	Sites	

		To	 fabricate	 pinning	 sites,	 triangular	 notches	were	 patterned	 onto	 cylindrical	

nanowires	(Figure	8-2	(a))	using	an	SEM	equipped	with	a	FIB	source.	Figure	8-2	

(b)	is	an	SEM	image	of	a	nanowire	with	four	triangular	notches	patterned	onto	it.		

	

	

	

	

Figure	 8-2	 (a)	 Schematic	 depicting	 triangular	 notches	 on	 a	 nanowire,	 (b)	

SEM	image	of	a	Ni	nanowire	with	FIB-etched	triangular	notches.	

	
The	pinning	of	a	DW	can	be	detected	by	performing	a	MR	measurement.	

The	MR	curve	 in	 the	case	of	a	DW	pinning	event	will	 consist	of	an	 interrupted	

magnetization	 reversal	 curve	 i.e.	 instead	 of	 the	magnetization	 of	 the	 nanowire	

reversing	abruptly	at	Hsw	(as	seen	in	Figure	7-5	(b)),	the	reversal	will	be	a	non-

abrupt	reversal.	This	non-abrupt	reversal	of	the	magnetization	is	a	consequence	

of	a	DW	pinned	at	a	pinning	site,	which	will	need	a	higher	applied	magnetic	field	

to	 depin	 and	 propagate	 the	 DW	 thereby	 reversing	 the	 magnetization	 of	 the	

nanowire.		

In	 order	 to	 determine	 whether	 notches	 act	 as	 pinning	 sites,	 the	

	 		 		 	

2	um	
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magnetization	 reversal	 in	 a	 nanowire	was	 studied	 before	 and	 after	 patterning	

the	notches.	For	this	purpose,	electrodes	were	patterned	onto	a	Ni	nanowire	(d=	

160	nm,	 l=	20	μm)	using	 the	 technique	 in	 section	6.2.1	and	MR	measurements	

were	 performed.	 Once	 the	 MR	 curve	 of	 the	 nanowire	 was	 measured,	 notches	

were	patterned	onto	the	same	nanowire.	Two	pairs	of	notches	were	created		

	

	

	

	
	
Figure	8-3	(a)	SEM	image	of	a	Ni	nanowire	with	FIB-etched	notches	 to	pin	

DWs,	 (b)	 MR	 curve	 of	 the	 Ni	 nanowire	 with	 notches.	 Insets	 depict	 the	

magnified	area	of	the	MR	curve	where	pinning	is	observed	(represented	by	

the	red	circles).	

between	 the	 electrodes	 in	 order	 to	 act	 as	 pinning	 sites.	 The	 MR	 curve	 of	 the	

nanowire	was	again	measured	 to	 study	 the	 influence	of	 the	patterned	notches.	

MR	curve	of	the	nanowire	after	patterning	the	notches,	constituted	a	non	abrupt	

reversal	or	a	step	in	the	magnetization	reversal	curve	at	the	HSW	(~150	Oe).	This	

discontinuity	during	the	magnetization	reversal	 is	an	 indication	of	a	DW	which	

will	 only	 depin	 upon	 further	 increase	 of	 the	 applied	 field.	 The	 magnetization	

reversal	at	HSW	shows	two	steps	(the	red	circles	represent	the	step	positions)	in	

Figure	8-3	(b).	These	steps	are	present	in	both	directions	and	are	an	indication	of	

DW	pinning	at	the	two	constriction	sites.			

(b)	(a)	

Notches	
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8.3.	Segmented	Nanowire	

		Even	though	geometric	constrictions	such	as	notches	have	been	demonstrated	

to	 pin	 DWs,	 it	 is	 not	 a	 feasible	 approach	 as	 pinning	 sites	 would	 have	 to	 be	

patterned	on	every	single	nanowire	ex	situ	template.	A	rather	appealing	concept	

is	 to	 incorporate	 the	 fabrication	of	 pinning	 sites	 onto	 the	nanowire	during	 the	

nanowire	fabrication	process	itself	i.e.	in	situ	template,	thereby	leading	to	a	batch	

process.		

During	 the	 course	 of	 this	 research,	 segmented	 nanowires	 (Figure	 8-4)	

consisting	of	segments	of	Co	and	Ni	were	fabricated	(details	in	section	3.4.2).	The	

interfaces	between	 the	Co	and	Ni	segments	act	as	pinning	sites	 for	DWs.	Using	

MR	measurements,	micromagnetic	simulations	and	MFM	studies,	pinning	at	the	

segment	interfaces	was	confirmed,	which	is	elaborated	in	the	upcoming	chapters.	

	

	 		

	

Figure	 8-4	Multisegmented	 Co/Ni	 nanowire	 a)	 schematic,	 b)	 TEM	 image	

depicting	elemental	mapping	of	the	nanowires	within	an	AAO	template.	

8.3.1.	Magnetoresistance	of	Segmented	Co/Ni	Nanowires	

MR	measurements	were	performed	on	multisegmented	Co/Ni	nanowires.	Figure	

8-5	 depicts	 the	 MR	 curve	 of	 a	 multisegmented	 Co/Ni	 nanowire.	 The	

magnetization	reversal	of	the	nanowire	proceeds	from	a	magnetically	saturated	

state	indicated	by	the	high	resistance	value	in	the	MR	curve	(Figure	8-5	(a)).	As	
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the	 direction	 of	 applied	 field	 is	 reversed,	 a	 gradual	 decrease	 in	 resistance	was	

observed.	 This	 decreasing	 resistance	 in	 the	MR	 curve	 is	 a	 consequence	 of	 the	

rotation	of	the	nanowire’s	magnetic	moments	away	from	the	direction	of	applied	

current.	The	MR	curve	of	the	multisegmented	Co/Ni	nanowire	differs	from	that	

of	the	Ni	nanowire	in	Figure	7-5	(b).	Here,	in	the	Co/Ni	nanowire,	the	MR	curve	

is	similar	to	the	nanowire	with	notches	(Figure	8-3	(b))	i.e.	instead	of	the	distinct	

jump	 at	HSW,	 it	 displays	 a	 step/plateau	 during	 the	 jump	 (Figure	 8-5	 (b)).	 The	

plateau	 indicates	 that	 the	 magnetization	 does	 not	 reverse	 at	 once,	 and	

magnetization	reversal	proceeds	only	upon	further	increase	of	the	magnetic		

	
	

Figure	 8-5	 MR	 curve	 of	 a	 segmented	 Co/Ni	 nanowire.	 Stage	 (a)	 of	

magnetization	reversal	depicts	 the	saturated	state	wherein	 the	magnetic	

moments	are	aligned	parallel	to	the	current.	Stage	(b)	depicts	a	nanowire	

with	a	DW	(head-to-head	in	this	case)	and	finally	stage	(c)	represents	the	

saturated	 state	 with	 the	 nanowire	 having	 a	 reversed	 magnetization	

direction	to	that	in	stage	(a)	[90].		

	

!
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field.	 This	 region	 of	 the	 curve	 is	 indicative	 of	 the	 pinning	 of	 a	 DW,	 which	

continues	 to	propagate	upon	 further	 increase	 in	 the	magnetic	 field.	 Finally	 the	

direction	of	magnetization	within	the	nanowire	is	reversed,	leading	to	a	parallel	

alignment	 of	 the	 magnetic	 moments	 with	 respect	 to	 the	 current,	 which	 is	

indicated	by	the	high	resistance	value	in	the	MR	curve	(Figure	8-5	(c)).	

8.3.2.	Simulation	of	Magnetization	Reversal	in	Segmented	Co/Ni	Nanowires		

Studies	 have	 revealed	 that	 the	 magnetization	 reversal	 in	 fcc	 Ni	 and	 hcp	 Co	

nanowires	 occurs	 through	 the	 nucleation	 of	 vortex	DWs	 at	 the	 nanowire	 ends	

followed	 by	 subsequent	 depinning	 and	 propagation	 along	 the	 nanowire	 in	 a	

parallel	 field	 configuration	 [78].	 In	 the	 case	 of	 fcc	 Ni	 nanowires,	 the	

magnetization	 reversal	 is	 determined	 by	 the	 high	 value	 of	 shape	 anisotropy,	

which	 is	 a	 consequence	 of	 the	 high	 aspect	 ratio	 (length/diameter)	 of	 the	

nanowire.	This	leads	to	an	easy	axis	parallel	to	the	nanowire’s	longitudinal	axis		

	
Figure	8-6	MFM	image	of	a	Co	nanowire	at	remanence.	(b)	Magnified	image	

of	 the	 nanowire	 with	 five	 alternating	 vortices	 and	 (c)	 the	 corresponding	

results	 of	 a	 micromagnetic	 simulation.	 (The	 colors	 along	 the	 nanowire	
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correspond	 to	 the	 MFM	 contrast	 obtained	 and	 the	 arrows	 show	 the	

clockwise	 and	 anticlockwise	 rotation	 of	 nanowire	 magnetization	 in	

adjacent	vortices)	(adapted	from	[59]).	

	
at	remanence,	whereas	hcp	Co	(d	=	80	nm)	has	a	more	complex	structure	due	to	

the	high	value	of	magnetocrystalline	anisotropy,	which	is	oriented	in	the	plane	of	

the	 nanowire’s	 diameter.	 At	 remanence,	 the	 magnetic	 structure	 consists	 of	 a	

vortex	 like	state	along	the	nanowire	with	a	core	parallel	 to	 the	direction	of	 the	

initial	 applied	 field.	 In	addition,	 the	high	aspect	 ratio	 (length	/diameter)	of	 the	

nanowire	 leads	 to	 the	 presence	 of	 more	 than	 one	 vortex	 with	 alternating	

chirality	(clockwise	and	anticlockwise)	(Figure	8-6)[78,	79].	To	study	the	effect	

of	 DW	 pinning	 on	 the	 magnetotransport	 measurements,	 micromagnetic	

simulations	were	performed	using	the	LLG	software.	The	following	geometrical	

parameters	 for	 the	 simulation	 of	 the	 magnetization	 reversal	 process	 of	 a	

multisegmented	Co/Ni	nanowire	were	chosen:	two	segments	of	cobalt	and	nickel	

each	750	nm	long	with	a	diameter	of	80	nm	with	a	magnetic	field	applied	parallel	

to	the	nanowire	long	axis.	The	nanowire	was	discretized	into	a	cubic	mesh	with	a	

size	 of	 2	 nm.	 The	 magnetic	 parameters	 of	 fcc	 Ni	 and	 hcp	 Co	 (with	 magneto	

crystalline	 anisotropy	 in-plane	 of	 the	 nanowire’s	 diameter)	 were	 taken	 from	

[49].	 The	 simulation	 proceeds	 from	 a	 saturated	 state	 of	 the	 multisegmented	

nanowire,	 which	 is	 shown	 in	 Figure	 8-7	 (A)	 (stage	 (a)).	 Upon	 decreasing	 the	

field,	open	vortex	states	form	at	the	ends	of	the	segments.	The	open	vortex	state	

of	 the	Co	segment	differs	 from	the	Ni	segment,	by	 forming	a	vortex	state	along	

the	 entire	 length	 of	 the	 Co	 segment.	 The	 Co	 segment	 in	 stage	 (d)	 of	 the	

magnetization	reversal	process	consists	of	a	core	magnetized	along	the	length	of	
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the	 nanowire	 possessing	 two	 different	 chiralities.	 In	 stages	 (e)	 and	 (f),	 the	 Ni	

segment	shows	a	pronounced	open	vortex	at	its	end,	and	a	subsequent	reversal	

of	magnetization	of	the	Ni	segment	is	observed	in	stage	(g).	At	this	point		

	

	

	
	
Figure	8-7	 (A)	Simulation	of	magnetization	reversal	 in	a	 segmented	Co/Ni	

nanowire.	Stages	(a)	and	(m)	of	the	simulation	exhibits	the	opposite	states	

of	magnetization	with	DW	pinning	at	the	interface	occurring	in	stage	(g),	(B)	

shows	 the	MR	curve	extracted	 from	 the	micromagnetic	 simulation.	 Labels	

(a)–(m)	correspond	to	those	in	(A)	[75].	

of	 reversal	 of	 the	 multisegmented	 nanowire,	 the	 Ni	 segment	 has	 switched	 its	

magnetization,	 whereas	 the	 Co	 segment	 remains	 relatively	 unchanged.	 This	

differential	switching	of	 the	segments	 lead	to	the	pinning	of	a	DW	at	the	Co/Ni	

interface,	 as	 shown	 in	 Figure	 8-7	 (A)	 (stage	 (g)).	 The	 magnetization	 reversal	

proceeds	 with	 the	 switching	 of	 the	 core	 of	 the	 Co	 segment	 subsequently	

(A)	 (B)	
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switching	its	shell	magnetization	direction.	In	stage	(k),	the	entire	nanowire	has	

completely	 reversed	 its	 magnetization	 direction.	 Thus	 the	 micromagnetic	

simulations	 give	 an	 insight	 into	 the	 complex	 reversal	 mechanism	 in	 the	

multisegmented	 nanowires	 and	 indicate	 DW	 pinning	 at	 the	 interface	 of	 the	

segments.	

8.3.3.	MFM	of	Segmented	Co/Ni	Nanowires	

In	order	to	visualize	the	pinning	of	a	DW	at	the	 interface	of	a	cobalt	and	nickel	

nanowire,	 MFM	 studies	 were	 performed.	 The	 MFM	 image	 of	 a	 single	 domain	

state	of	a	nanowire	is	characterized	by	a	bright	and	a	dark	spot	at	the	end	of	the		

	

	

	

	

	
	
	
	

Figure	 8-8	 MFM	 image	 of	 a	 multisegmented	 Co/Ni	 nanowire	 with	 a	 DW	

pinned	 at	 the	 interface.	 The	 arrows	 within	 the	 nanowire	 schematic	

represents	the	direction	of	magnetization	[75].	

nanowire	 (as	 seen	 in	 Figure	 5-5).	 Figure	 8-8	 depicts	 an	 MFM	 image	 of	 a	

segmented	Co/Ni	nanowire	which	is	characterized	by	two	bright	spots	at	the	end	

of	the	nanowire	and	a	more	pronounced	black	spot	in	the	middle,	from	which	the	

magnetization	state	of	the	nanowire	can	be	inferred	-	a	two	domain	state	with	a	

DW	pinned	at	the	center.	Thus	by	performing	MR	measurements,	micromagnetic	
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simulations	 and	 MFM	 studies,	 it	 is	 demonstrated	 that	 the	 interface	 of	 a	

segmented	Co/	Ni	nanowire	does	in	fact	act	as	a	DW	pinning	site.		

	 The	 pinning	 of	 DW	 at	 the	 interface	 between	 the	 Co	 and	 Ni	 segment	 is	

attributed	to	the	high	stray	field	emanating	from	the	Co	segment	(obtained	from	

TEM	 analyses)	 as	 a	 consequence	 of	 its	 higher	 magnetization	 [77].	 Figure	 8-9	

depicts	the	compositional	and	magnetic	mapping	obtained	using	different		

	

	

	
	
	
	
	
	
	
	
	
	
	
	
Figure	 8-9	 TEM	 images	 showing	 (a)	 compositional	 mapping	 of	 a	

multisegmented	Co/Ni	nanowire	using	electron	energy	 loss	spectroscopy	

(EELS)	 technique,	 (b)−(c)	 x	 component	 (Bx)	 and	 y	 component	 (By)	

respectively	 of	 the	 in-plane	 magnetic	 field	 obtained	 using	 a	 modified	

differential	 phase	 contrast	 technique.	 Blue	 and	 red	 colors	 indicate	

opposite	directions	of	 the	magnetic	 field	 component,	 (b)	parallel	and	 (c)	

perpendicular	 to	 the	 nanowire	 length.	 (d)	 Schematic	 of	 the	 nanowire	

magnetization	 and	 stray	 fields	 emanating	 from	 the	 interfaces.	 Image	

adapted	from	[77].		

a b c d 

Ni	

Co	
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techniques	of	TEM.	In	Figure	8-9	(a)	the	alternating	Ni	and	Co	segments	can	be	

seen.	 The	 respective	 magnetic	 mapping	 is	 shown	 in	 Figure	 8-9	 (b-c).	 The	

schematic	 in	Figure	8-9	 (d)	 is	obtained	 from	Figure	8-9	 (a,	b,	 c)	and	 illustrates	

the	magnetization	of	the	nanowire	segments	as	well	as	its	stray	field.	
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Chapter	9	Angular	Magnetoresistance	of	Multisegmented	Co/Ni	

Nanowires	

9.1	Introduction	

Reversal	 mechanisms	 in	 cylindrical	 nanowires	 have	 been	 proposed	 to	 be	 a	

coherent	 or	 curling	 rotation	 in	 an	 infinite	 cylindrical	 nanowire.	 The	 angular	

dependence	of	the	switching	field	in	the	coherent	rotation	mode	is	characterized	

by	a	switching	field	minimum	at	45°	in	contrast	to	the	curling	mode,	wherein	an	

increasing	switching	 field	 is	observed	at	 increasing	angles.	Another	mechanism	

is	 the	 localized	 curling	mode	 in	 a	 finite	 cylindrical	 nanowire,	where	 an	OVA	 is	

nucleated	 at	 the	 ends	 of	 the	 nanowire	 which	 propagates	 as	 a	 DW	 and	

consequently	 reverses	 the	 magnetization	 within	 the	 nanowire	 (discussed	 in	

section	5.4.3.	The	value	of	the	switching	field	(HSW)	as	well	as	its	dependence	on	

the	angle	between	the	applied	 field	and	nanowire	axis	(θ)	gives	an	 insight	 into	

the	 magnetization	 reversal	 within	 the	 nanowire	 at	 different	 angles	 of	 applied	

field.	 So	 far	 in	 this	 dissertation	 research,	 the	 angular	 dependence	 of	HSW	 in	Ni	

nanowires	 (of	 160	 nm	 diameter)	 were	 studied	 using	 MOKE	 and	 MFM	

measurements.	 Measuring	 the	 angular	 dependence	 of	 HSW	 in	 segmented	

nanowires	is	difficult	using	MOKE	microscopy	as	the	80	nm	diameter	nanowires	

are	 at	 the	 resolution	 limit	 of	 the	 instrument.	 Therefore	 angular	 MR	

measurements	 were	 performed.	 The	 nanowire-based	 device	 was	wire	 bonded	

onto	 a	 custom	 built	 chip	 carrier	 and	 placed	 in	 an	 Al	 shield	 box	 which	 was	

connected	to	a	DC	stepper	motor	to	enable	angular	rotation	of	 the	sample.	The	

setup	was	 then	 placed	 between	 the	 poles	 of	 an	 electromagnet,	 such	 that	 at	 0°	



	

	

101	

orientation	 of	 the	 nanowire,	 the	 magnetic	 field	 was	 applied	 parallel	 to	 the	

nanowire	axis.	

	

Figure	9-1	SEM	images	with	energy	dispersive	X-ray	(EDX)	overlapping	of	

the	 Co/Ni	 nanowires	 connected	 to	 four	 electrodes:	 (a)	 two-segmented	

nanowire	 and	 (b)	 multisegmented	 nanowire.	 Electrical	 circuits	 and	

angular	 reference	 for	 the	 applied	 magnetic	 field	 are	 depicted	

schematically	[80].		

	
Prior	 to	 performing	 the	 MR	 measurements,	 the	 nanowire	 was	 saturated	 by	

applying	a	magnetic	field	of	250	mT	along	the	nanowire	in	both	directions.	The	

MR	measurements	were	performed	at	room	temperature	by	applying	a	constant	

current	of	100	μA	through	the	outer	electrodes	and	the	voltage	was	measured	at	

the	inner	electrodes	using	a	nanovoltmeter	while	an	in-plane	external	magnetic	

field	was	applied	in	steps	of	~	0.5	mT.	Once	an	MR	measurement	was	performed,	

the	orientation	of	the	nanowire	with	respect	to	the	applied	field	was	changed	in	

increments	of	θ	≈	1°	and	the	next	MR	measurement	was	performed.	Angular	MR	
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measurements	were	carried	out	at	-90°	≤	θ	≤	90°.	

9.2.	Magnetization	Reversal	in	Two-Segmented	Nanowires	

Two-segmented	 Co/Ni	 nanowires	 offer	 a	 simplified	 version	 of	 the	

multisegmented	Co/Ni	nanowires	as	they	comprise	of	only	one	interface,	which	

will	act	as	a	reliable	pinning	site.	In	addition,	since	an	interface	is	positioned	in	

between	 the	 inner	 electrodes,	 interfacial	 pinning	 is	 expected	 only	 in	 the	

electrically	probed	area,	whereas	in	a	multisegmented	nanowire,	DWs	could	be	

pinned	outside	the	probed	area	(i.e.	outside	the	inner	electrodes),	which	would	

be	exhibited	as	a	higher	switching	field	value	in	the	MR	curve.	

	 MR	measurements	were	performed	on	two-segmented	Co/Ni	nanowires	

with	 the	 external	 magnetic	 field	 applied	 at	 θ	=	 0°,	 22.5°,	 45°,	 and	 67.5°	 with	

respect	to	the	nanowire	axis	as	depicted	in	Figure	9-2	(a).	The	MR	measurements	

reveal	 that	 a	 DW	 pins	 at	 all	 angles	 of	 the	 applied	 field.	 An	 additional	 pinning	

event	is	observed	at	θ	=	45°,	which	is	an	indication	of	a	DW	pinning	that	occurs	

at	a	defect	within	the	nanowire	such	as	a	tilted	interface	between	the	Co	and	Ni	

segment.	Since	the	pinning	 is	observed	only	at	a	certain	angle,	 i.e.	at	θ	=	45°,	 it	

indicates	 that	 the	defect’s	pinning	potential	 is	dependent	on	 the	magnetic	 field	

orientations.	For	example,	 the	defect	 is	energetically	shallow	and	unable	 to	pin	

the	DW	at	θ	=	0°,	22.5°,	and	67.5°.	 In	addition	to	this,	 the	switching	field	of	the	

two	segmented	nanowire	increases	with	an	increased	angle	of	the	applied	field.	

At	θ	=	 0°,	 the	 applied	magnetic	 field	 acts	 along	 the	 nanowire	 axis,	whereas	 at	

higher	angles,	the	in-plane	component	of	magnetization	decreases.	At	θ	=	67.5°,	

the	 nanowire	 experiences	 a	 lower	 component	 of	 applied	 field	 along	 the	

nanowire’s	axis,	thus	requiring	a	higher	magnitude	of	applied	field	to	switch	the	
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nanowire’s	magnetization	[80].	

	

	

	
	
	
	
	

	
Figure	 9-2	 MR	 curves	 of	 (a)	 two-segmented	 and	 (b)	 multisegmented	

nanowires	for	θ	=	0°,	22.5°,	45°,	and	67.5°	[80].	

9.3	Magnetization	Reversal	in	Multisegmented	Nanowires	

In	this	section,	multisegment	refers	to	a	nanowire	with	more	than	two	segments.	

Figure	9-	2	(b)	depicts	the	MR	curves	of	a	multisegmented	Co/Ni	nanowire	with	

external	magnetic	field	applied	at	θ	=	0°,	22.5°,	45°,	and	67.5°	with	respect	to	the	

nanowire	axis.	At	θ	=	0°	and	22.5°,	a	 two-step	resistance	change	 is	observed	 in	

the	 MR	 curve	 indicating	 a	 DW	 pinning	 event.	 The	 pinned	 DW	 subsequently	

depins	upon	the	application	of	a	higher	magnitude	of	applied	field.	The	DW	is	no	

longer	 expected	 to	 pin	 at	 the	 subsequent	 interfaces,	 as	 now	 the	 in-plane	

component	of	magnetization	experienced	by	 the	DW	 is	 larger	 than	 the	pinning	

field.	 A	 different	 scenario	 is	 observed	 at	 higher	 angles,	 i.e.	at	θ	=	 45°	 and	 67°,	

where	a	three-step	resistance	change	is	observed,	indicating	two	pinning	events.	

This	 implies	 that	 after	 the	 first	 pinning	 event,	 the	 DW	 propagates	 and	 gets	

pinned	 at	 another	 interface,	 since	 the	 in-plane	 field	 experienced	 by	 the	DW	 is	

lower	at	higher	angles	of	the	applied	field.	
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9.4	Domain	Wall	Depinning	in	Multisegmented	Nanowires	observed	using	

Magnetic	Force	Microscope	

In	order	to	confirm	that	the	resistance	steps	in	the	MR	curve	are	a	consequence	

of	 a	 pinned	 DW,	 MFM	 was	 performed.	 Figure	 9-3	 depicts	 the	 MFM	 images	

obtained	 from	a	multisegmented	nanowire	with	a	magnetic	 field	applied	at	θ	=	

22.5°.	The	blue	and	red	dashed	boxes	in	the	MFM	images	indicate	the	Ni	and	Co	

segments,	 respectively,	 as	 identified	by	EDX	analysis.	The	nanowire	was	 firstly	

saturated	 by	 applying	 a	 field	 of	 -90	 mT.	 The	 saturated	 nanowire	 in	 stage	 I	

displays	 alternating	 dark	 and	 bright	 regions	 at	 the	 interface	 of	 the	 segments,	

which	are	a	consequence	of	the	stray	fields	emanating	from	the	Co	segments.	The	

applied	 field	 is	 gradually	 reversed,	 however,	 the	 direction	 of	 the	 nanowire	

magnetization	remains	largely	unchanged	in	remanence,	as	observed	in	stage	II.		

	

	

Figure	9-3	Multisegmented	Co/Ni	nanowire	with	EDX	analysis	overlapping	

and	electrode	schematic;	MFM	images	(I	to	VII)	with	applied	field	(B)	at	θ	=	
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22.5°.	The	blue	and	red	dashed	boxes	indicate	the	Ni	and	Co	sections	from	

EDX.	DW	pinning	is	observed	in	stages	III	and	VI	[80].	

	
The	magnitude	of	the	field	is	gradually	increased	and	at	stage	III,	at	B	=	50	mT,	

the	stray	field	emanating	from	the	Co	segments	appear	reversed.	In	addition	to	

this,	a	DW	is	pinned	at	one	of	the	Co/Ni	interfaces.	Further	increase	in	the	field	

results	 in	 the	 depinning	 and	 propagation	 of	 the	 DW,	 leading	 to	 nanowire	

saturation	 in	 the	reverse	direction	at	B	=	90	mT	(as	observed	 in	stage	 IV).	The	

measurement	was	repeated	by	sweeping	the	magnetic	field	from	B	=	+	90	mT	to	

–	 90	 mT.	 The	 direction	 of	 magnetization	 within	 the	 nanowire	 remained	

unchanged	 at	 remanence	 as	 depicted	 in	 stage	 V.	 In	 stage	 VI,	 a	 DW	 pinning	 is	

again	observed	at	the	same	interface	as	in	stage	III	followed	by	a	depinning	and	

reversal	of	the	nanowire’s	magnetization	as	observed	in	stage	VII.	Thus,	the	step	

in	resistance	at	B	=	53	mT	and	θ	=	22.5°	in	Figure	9-2	(b)	can	be	attributed	to	the	

presence	of	a	pinned	DW.	Furthermore,	at	θ	=	22.5°	only	a	single	pinning	event	is	

observed	in	the	MFM	images,	as	is	the	case	in	the	MR	measurements.	

9.5.	Angular	Dependence	of	Switching	Field	

Angular	dependence	studies	have	been	previously	reported	in	Co,	Ni,	and	CoxNix	

nanowires	[76,	81,	82].	The	value	of	the	switching	field	as	well	as	its	dependence	

on	 the	angle	between	 the	applied	 field	and	nanowire	axis	 gives	an	 insight	 into	

the	 magnetization	 reversal	 mechanism	 within	 the	 nanowire.	 Reversal	

mechanism	 in	 finite	 cylindrical	nanowires	has	been	proposed	 to	be	 a	 localized	

curling	mode,	where	an	OVA	is	nucleated	at	the	end	of	the	nanowire	and	a	DW	

propagates	 and	 consequently	 reverses	 the	magnetization	within	 the	 nanowire.	
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The	dependence	of	the	nanowire	switching	field	with	respect	to	the	field	angle	θ	

was	determined	for	two-segmented	and	multisegmented	Co/Ni	nanowires	with	

a	 diameter	 of	 80	 nm	using	 angular	MR	measurements	 as	 shown	 in	 Figure	 9-4	

where	 the	 y	 axis	 represents	 the	 switching	 field	 (BSW).	 The	 dotted	 red	 line	 in	

Figure	9-4	indicates	the	switching	field	of	the	two-segmented	nanowire.	The		

	
	

	

	

	

	
Figure	 9-4	Angular	mapping	 of	MR	 for	 (a)	 two-segmented	nanowire	 and	

(b)	 multisegmented	 nanowire.	 Dashed	 lines	 in	 both	 graphs	 indicate	

switching	field	of	the	two-segmented	nanowire	[80].	

	
general	 trend	 in	 the	 angular	 dependence	 curve	 is	 that	 as	 the	 magnitude	 of	 θ	

increases,	 the	 switching	 field	 increases	 in	 both	 types	 of	 nanowires,	 which	 is	

characteristic	 for	 the	 localized	 curling	 reversal	 mode	 in	 a	 finite	 cylinder.	 The	

switching	 field	 of	 the	 two-segmented	 and	 multisegmented	 nanowires	 are	

relatively	 close	 to	 each	 other	 at	 low	 angles	 of	 the	 applied	 field,	 whereas	 a	

significant	deviation	in	their	switching	field	is	observed	at	higher	angles,	where	

the	reversal	of	the	multisegmented	nanowire	occurs	at	higher	applied	fields.	This	

can	be	due	to	a	DW,	which	is	pinned	outside	the	probed	area	leading	to	a	higher	
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switching	 field	 in	 the	 multisegmented	 nanowire.	 Thus	 segmented	 Co/Ni	

nanowires	 have	 been	 demonstrated	 to	 pin	 DWs	 between	 their	 interfaces.	 In	

order	 to	 utilize	 this	 interfacial	 pinning	 phenomenon,	 it	 is	 crucial	 to	 gain	 an	

understanding	 of	 the	 magnetization	 reversal	 within	 these	 nanowires.	 MR	

measurements	as	well	as	the	angular	dependence	of	the	nanowire	switching	field	

gives	 an	 insight	 into	 the	 magnetization	 reversal	 process.	 Angular	 MR	

measurements	 of	 the	 multisegmented	 nanowire	 reveal	 an	 increase	 in	 the	

number	 of	 pinning	 events	 with	 an	 increased	 angle	 of	 the	 applied	 field.	 Even	

though	 the	 angular	 dependence	 of	 the	 switching	 field	 of	 both	 nanowires	 are	

similar	at	 low	angles	of	the	applied	field,	a	characteristic	difference	is	observed	

at	 higher	 angles,	where	 the	 two-segmented	nanowires	display	 a	 low	 switching	

field	 value.	 The	 above	 observations	 are	 a	 consequence	 of	 the	 low	 in-plane	

component	of	magnetization	experienced	by	a	pinned	DW	at	higher	values	of	θ,	

as	well	 as	 the	possibility	 of	 a	DW	pinned	outside	 the	probed	area	 leading	 to	 a	

higher	 observed	 switching	 field	 in	 multisegmented	 nanowires.	 These	

observations	 contribute	 towards	 the	 understanding	 of	 the	 angular	 switching	

field	 in	segmented	nanowires	which	 is	 crucial	 for	a	cylindrical	nanowire-based	

racetrack	memory	 device.	 A	 higher	 sensitivity	 to	 the	 detection	 of	 DWs	 can	 be	

observed	by	orienting	the	external	field	at	an	angle	to	the	nanowire.	By	aligning	

the	 field	parallel	 to	 the	nanowire,	 it	 is	possible	 to	 trigger	all	 the	DW	depinning	

events	 at	 once,	 whereas	 by	 changing	 the	 angular	 orientation	 of	 the	 field,	 it	 is	

possible	to	distinguish	clearly	between	different	DW	depinning	events	and	hence	

change	locally	the	magnetization	of	the	nanowire	thereby	allowing	to	selectively	

operate	different	areas	of	a	racetrack	memory.	
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Chapter	10	Current	Induced	Domain	Wall	Depinning		

	10.1.	Introduction	

Recent	studies	on	cylindrical	nanowires	of	certain	diameters	have	confirmed	the	

existence	 of	 a	 unique	 type	 of	 topologically	 protected	 DW,	 the	 Bloch-point	 DW	

[77,	83].	This	 type	of	DW	consists	of	a	magnetic	 ‘hedgehog’	 structure	around	a	

Bloch-point,	 which	 is	 a	 point	 of	 vanishing	 magnetization	 [84-88].	 From	

theoretical	 studies,	 Bloch-point	 DWs	 are	 associated	 with	 an	 ultra-high	

propagation	speed	in	the	range	of	1	km	s-1[16],	which	is	a	very	attractive	feature	

for	data	storage	applications.	Specifically,	the	multisegmented	Co/Ni	nanowires	

of	80	nm	diameter	have	been	reported	to	have	a	3D	spin	structure	with	a	Bloch-

point	 at	 its	 center	 [77].	 By	 shifting	 the	 DWs	 along	multisegmented	 nanowires	

using	current	pulses,	a	fast	3D	memory	device	could	be	realized.	Therefore,	with	

a	 nanowire	 density	 in	 the	 order	 of	 1011	 nanowires/cm2	 in	 AAO	 templates,	 a	

storage	 capacity	 of	 several	 terabytes	 could	be	 achieved.	Although	 studies	have	

demonstrated	magnetic	 field	 assisted	motion	of	 a	DW	 in	 cylindrical	 nanowires	

[89],	insight	into	current	assisted	DW	depinning	has	been	limited	due	to	several	

challenges.	Specifically,	 the	CIDWM	demonstrated	previously	was	 induced	by	a	

DC	current	in	the	presence	of	a	background	field	to	depin	a	DW	[90].	In	this	case,	

current	control	only	allowed	for	changing	the	configuration	from	a	two-domain	

state	to	a	single	domain	state.	Current-driven	successive	pinning	and	depinning,	

which	constitutes	the	elementary	operation	of	racetrack	memory	devices,	could	

not	 be	 achieved.	 Pulsed-current	 operation	 is	 therefore	 essential	 for	 a	multi-bit	

device,	in	order	to	shift	DWs	sequentially	between	individual	pinning	sites.	This	

capability	 opens	 up	 the	 possibility	 to	 introduce	 several	 bits	 per	 nanowire.	 In	
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addition	 to	 control	 over	 the	 sequential	 pinning	 and	 depinning	 of	 a	 DW,	

application	of	short	current	pulses	will	potentially	allow	to	overcome	the	main	

drawback	 of	 DC	 current,	 i.e.	 to	 reduce	 nanowire	 heating	 and	 decrease	 power	

consumption.		

10.2.	Current	Induced	Domain	Wall	Motion	

A	DW	in	a	cylindrical	nanowire	of	diameter	80	nm	is	expected	to	be	a	Bloch-point	

DW.	 The	 Bloch-point	 walls	 are	 a	 type	 of	 topologically	 protected	 DWs	 which	

consists	of	a	magnetic	‘hedgehog’’	structure	around	a	Bloch-point.	The	DW	are	of	

head-to-head	or	tail-to-tail	configuration	as	depicted	in	Figure	10-1	(a)	and	(b)		

	

		

	

	

Figure	 10-1	 Schematic	 of	 a	 Bloch-point	 DW	 in	 a	 multisegmented	 Co/Ni	

nanowire	 (a)	 head-to-head	 Bloch-point	 DW	 consisting	 of	 a	 magnetic	

‘hedgehog’’	 structure	 around	 a	 Bloch-point	 (represented	 by	 the	 yellow	

dot),	 (b)	 tail-to-tail	 Bloch-point	 DW.	 Arrows	 indicating	 direction	 of	

magnetization.	

(a)	

(b)	

Nickel 

Nickel 

Cobalt 

Cobalt 
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respectively.	While	performing	the	DW	depinning	experiments,	it	is	important	to	

consider	the	configuration	of	DW	(i.e.	whether	it	 is	head-to-head	or	tail-to-tail),	

direction	of	 electron	 flow	 (of	 the	 applied	 current	 pulse)	 as	well	 as	 the	 applied	

external	field.	These	factors	have	to	be	in	a	favorable	state	to	depin	the	DW.	For	

example	in	a	head-to-head	DW,	if	the	electron	flow	and	magnetic	field	are	in	the	

same	direction	(i.e.	towards	the	right),	the	DW	would	move	towards	the	right.			

In	 this	 thesis,	 current	 pulses	 in	 the	 presence	 of	 a	 background	magnetic	 field	

were	 utilized	 to	 manipulate	 DWs	 between	 pinning	 sites.	 Pinned	 DWs	 in	

multisegmented	Co/Ni	nanowires	were	 visualized	using	magnetic	 tomography.	

Using	MR	measurements	and	MFM,	for	the	first	time,	the	pulsed	current-driven	

motion	 of	 the	 DW	 between	 pinning	 sites	 was	 demonstrated,	 thereby	

demonstrating	 a	 two-bit	 nanowire	 system	 consisting	 of	 four	 states.	 The	

direction,	 amplitude	 and	 duration	 of	 the	 applied	 current	 pulses	 determine	 the	

depinning	 and	 propagation	 of	 the	 DW.	 These	 results	 represent	 a	 scalable	

technology	based	on	segmented	cylindrical	nanowires	for	multi-bit	3D	memory	

devices.		

Magnetic	 tomography	measurements	 were	 performed	 to	 reconstruct	 the	 3D	

spin	structure	of	the	nanowire,	utilizing	a	novel	Virtual	Bright	Field	Differential	

Phase	 Contrast	 imaging	 technique	 [91].	 Figure	 10-2	 (a)	 depicts	 the	 3D	

distribution	of	the	magnetic	field	in	the	Co/Ni	nanowire.	Figure	10-2	(b)	depicts	

the	EELS	elemental	mapping	of	 the	nanowire	with	an	overlapping	schematic	of	

the	magnetic	field	extracted	from	Figure	10-2	(a).		The	Ni	segment	on	the	left	end	

of	 the	nanowire	and	the	adjacent	Co	segment	are	magnetized	 from	left	 to	right	

(green	region	within	the	nanowire	in	Figure	10-2	(a)),	whereas	a	major	portion	

of	the	Ni	segment	on	the	right	end	of	the	nanowire	is	magnetized	in	the	opposite	
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direction	(purple	region	within	 the	nanowire).	Due	 to	 the	 larger	magnetization	

value	of	Co	compared	to	the	Ni	segment,	stray	fields	were	observed	at	the,	

	

	

	

Figure	 10-2	 TEM	 analyses	 of	 a	 multisegmented	 Co/Ni	 nanowire:	 (a)	

magnetic	 tomography	 depicting	 3D	 distribution	 of	 the	magnetic	 field	 (B).	

The	color	scheme	for	magnetic	 field	(B)	depicts	magnetization	orientation	

in	 individual	 segments.	 Intensity	 of	 the	 color	 is	 proportional	 to	 the	 field	

intensity.	A	DW	separates	opposing	magnetization	directions.	(b)	Schematic	

of	 3D	 distribution	 of	 the	 magnetic	 field	 overlapped	 with	 compositional	

tomography	 of	 the	 nanowire.	 The	 solid	 arrows	 indicate	magnetization	 of	

the	nanowire,	whereas	 the	stray	magnetic	 field	 is	 indicated	by	the	dashed	

arrows.	The	red	square	indicates	the	position	of	the	DW.	(c)	An	arrow	plot	

of	 the	 spin	 distribution	 at	 the	 nanowire	 cross-section	 extracted	 from	 (a)	

reveals	a	head-to-head	DW	with	a	3D	distribution	of	spins.	

interfaces,	(blue	and	brown	regions	in	Figure	10-2	(a)).	In	addition	to	the	stray	

field	emanating	from	the	 interfaces,	a	 larger	stray	field	resulting	from	a	pinned	

DW	 (indicated	 by	 the	 red	 rectangle	 in	 Figure	 10-2	 (a))	 was	 observed.	 The	

position	 of	 the	 DW	 away	 from	 the	 interface	 is	 a	 consequence	 of	 the	 larger	

(a)	 (b)	

(c)	
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magnetization	of	the	Co	segment.	A	detailed	analysis	of	the	structure	of	the	DW	

in	 the	 plane	 perpendicular	 to	 the	wire	 shown	 in	 Figure	 10-2	 (c)	 reveals	 a	 3D	

distribution	of	spins.		

In	 this	 research,	MR	measurements	were	performed	at	 room	 temperature	 to	

monitor	 the	nanowire’s	magnetization	 reversal	 and	determine	 the	pinning	and	

depinning	of	DWs.	The	electrical	setup	and	nanowire	composition	(as	extracted	

from	 EDX	 mapping)	 is	 shown	 schematically	 in	 Figure	 10-3	 (a).	 Firstly,	 the	

switching	field	of	the	nanowire	was	determined	by	passing	a	DC	current	of	100	

μA	(current	density	J	~	2	x	1010	A	m-2)	through	the	outermost	electrodes	(from	A	

to	D	in	Figure	10-3	(a))	and	measuring	the	voltage	between	the	inner	electrodes	

(B	and	C),	while	an	external	magnetic	 field	 (B)	was	 ramped	up	and	down.	The	

external	 field	 was	 applied	 at	 an	 angle	 θ	 =	 63º	 with	 respect	 to	 the	 nanowire.	

Orienting	 the	 magnetic	 field	 at	 an	 angle,	 instead	 of	 parallel	 to	 the	 nanowire	

increases	 the	 number	 of	 DW	 pinning	 events,	 thereby	 facilitating	 the	 study	 of	

subsequent	DW	pinning/depinning	[80].	Figure	10-3	(b),	depicts	the	typical	field	

dependence	of	MR	(blue/black	curves	for	field	ramping	up/down,	respectively),	

where	 the	 high	 resistance	 state	 is	 a	 consequence	 of	 the	 magnetic	 moments	

within	 the	 nanowire	 being	 aligned	 parallel	 to	 the	 direction	 of	 the	 current.	

Following	 the	black	 curve	 in	Figure	10-3	 (b)	 (i.e.	 field	 ramping	up),	 increasing	

the	field	from	negative	saturation	towards	positive	values	leads	to	a	rotation	of	

the	magnetic	moments	away	from	the	direction	of	current,	resulting	in	a	gradual	

reduction	 of	 resistance.	 At	 ~70	 mT,	 the	 resistance	 of	 the	 nanowire	 increases	

abruptly	 in	 three	 successive	 steps.	Thus,	 a	DW	has	been	nucleated	at	~70	mT,	

then	propagates	along	the	nanowire	and	gets	pinned	at	a	Co/Ni	interface,		
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Figure	 10-3	 MR	 measurements	 of	 a	 single	 multisegmented	 Co/Ni	

nanowire.	 (a)	 Electrical	 setup	 and	 nanowire	 composition	 (red	 and	 blue	

coded)	extracted	 from	EDX	 imaging.	 Four	yellow	stripes	 (A-D)	 represent	

Au	electrodes.	(b)	Individual	MR	curves,	with	field	applied	at	θ	=	63°	to	the	

nanowire.	Black	curve:	 field	swept	 from	positive	 to	negative;	Blue	curve:	

field	 swept	 from	 negative	 to	 positive;	 Red	 circles	 indicate	 domain	 wall	

pinning	 events.	 (c)	 Temporal	 evolution	 of	 MR	 (top)	 and	 magnetic	 field	

magnitude	(bottom)	when	field	is	applied	at	θ	=	63°	to	the	nanowire.	Black	

curve:	 no	 current	 pulse	 is	 applied	 to	 the	 nanowire;	 red	 curve:	 current	

pulses	 are	 applied	 to	 the	 nanowire	 (1st	 and	2nd	 pulse,	 respectively).	 The	

nanowire	 schematics	 in	 (c)	 represents	 the	 magnetization	 direction	 at	
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specific	 points	 in	 the	 MR	 evolution	 thereby	 depicting	 a	 two-bit	 system	

consisting	of	four	states.		

	
thereby	reversing	the	magnetization	only	within	a	section	of	the	nanowire.	Upon	

further	 increase	 in	 the	 magnetic	 field,	 the	 DW	 gets	 depinned	 (at	 ~78	 mT),	

propagates	 along	 the	 nanowire	 and	 then	 pins	 at	 a	 subsequent	 pinning	 site.	

Application	of	an	even	higher	magnitude	of	magnetic	field	(~86	mT)	depins	the	

DW	from	the	second	pinning	site,	 leading	to	a	complete	magnetization	reversal	

as	 reflected	 by	 the	 final	 high	 resistance	 state	 in	 the	 MR	 curve.	 The	 first	 and	

second	pinning	events	are	marked	by	the	red	circles	in	Figure	10-3	(b).	Ramping	

the	 field	 down	 (i.e.	 red	 curve)	 leads	 to	 similar	 results	 but	 in	 this	 case,	 due	 to	

pinning/depinning	stochasticity,	only	two	steps	were	seen.	

	 Prior	 to	 investigating	 the	 influence	of	 current	pulses	on	a	DW,	a	control	

MR	 measurement	 was	 performed	 ramping	 the	 field	 from	 positive	 to	 negative	

values	(black	curve	in	Figure	10-3	(c)).	The	procedure	followed	was	the	same	as	

in	 the	 previous	MR	measurement	 except	 that	 in	 this	 case,	 before	 reaching	 the	

nanowire’s	switching	field,	 the	external	 field	was	kept	constant	at	-68	mT	for	a	

period	 of	 30	 s	 (see	 bottom	 panel	 in	 Figure	 10-3	 (c)).	 Then,	 the	 field	 was	

continuously	 decreased	 until	 the	 direction	 of	 magnetization	 within	 the	 entire	

nanowire	was	reversed.	Here,	a	variation	in	resistance	when	the	external	field	is	

constant	(i.e.	at	68	mT)	is	not	observed.	From	this	control	MR	measurement,	it	is	

confirmed	that	the	DW	propagates	only	upon	increasing	the	external	field	above	

the	 switching	 field.	 This	 observation	 allows	 to	 disregard	 any	 stochastic	

depinning	effects	 that	could	occasionally	occur	 in	 the	nanowire,	when	applying	

pulses	of	current.	
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	 In	 order	 to	 study	 the	 influence	 of	 current	 pulses	 on	 a	 pinned	 DW,	 the	

same	procedure	stated	previously	was	 followed	except	 that	now	 in	addition	 to	

the	 constant	 external	 field	 of	 -68	mT,	 a	 current	 pulse	 (1st	 pulse)	was	 injected	

from	electrode	A	to	D	(IDC	=	4	mA,	tpulse	=	600	ns	with	a	pulse	rise	time	of	~	8	ns),	

while	still	monitoring	the	resistance	(red	curve	in	top	panel	of	Figure	10-3	(c)).	

The	current	pulse	was	applied	opposite	to	the	direction	of	the	external	field	(B),	

i.e.	the	electron	flow	and	B	were	in	the	same	direction.	After	a	duration	of	10	s,	a	

second	pulse	(2nd	pulse)	of	the	same	amplitude	and	duration	as	the	1st	pulse	was	

applied.	 The	 timings	 of	 the	 application	 of	 pulses	 are	 indicated	 by	 the	 dashed	

vertical	lines.	The	application	of	the	first	pulse	resulted	in	an	immediate	increase	

in	 the	 resistance;	 however,	 the	 nanowire	 has	 not	 yet	 reached	 its	 highest	

resistance	 value.	 This	 indicates	 the	 presence	 of	 a	 pinned	 DW	 within	 the	

nanowire.	Furthermore,	 the	application	of	 the	 second	pulse	also	 resulted	 in	an	

immediate	increase	of	resistance.	This	once	more	indicates	depinning	of	the	DW	

from	its	previous	position	and	its	subsequent	propagation	until	it	gets	pinned	at	

the	 next	 pinning	 site.	 Further	 decreasing	 the	 magnetic	 field	 towards	 negative	

saturation	values	results	in	the	depinning	and	propagation	of	the	DW	leading	to	

the	complete	magnetization	reversal	in	the	nanowire	solely	under	the	influence	

of	the	external	field.		

	 To	 confirm	 whether	 the	 observed	 DW	 motion	 is	 a	 consequence	 of	 the	

applied	current	pulses	(i.e.	1st	and	2nd	pulses)	and	not	the	external	field	and/or	

heating	 effects,	 a	 reverse	 orientation	 of	 the	 field	 was	 applied.	 Note	 that	 the	

direction	of	the	applied	current	pulses	remained	unchanged.	The	results	(shown	

in	Appendix	D),	demonstrate	no	change	in	resistance	after	the	application	of	the	

1st	and	2nd	pulses.	This	indicates	that	the	mutual	orientation	of	I	and	B	is	a	crucial	
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ingredient	to	trigger	the	DW	depinning	and	propagation	within	the	applied	range	

of	 magnetic	 field.	 This	 also	 confirms	 that	 DW	 motion	 was	 triggered	 by	 the	

current	 pulse	 and	 rules	 out	 depinning	 due	 to	 heating	 effects.	 Taking	 into	

consideration	the	direction	of	saturation	of	the	nanowire,	the	external	magnetic	

field,	 the	 direction	 of	 the	 applied	 current	 and	 the	 occurrence	 of	DW	motion,	 a	

head-to-head	DW	moved	from	the	right	end	of	the	nanowire	to	its	left	end.	Thus,	

the	 combination	 of	 the	 external	 field	 and	 electron	 flow	 in	 the	 same	 direction	

(left),	led	to	the	propagation	of	the	head-to-head	DW	towards	the	left	end	of	the	

nanowire.	 These	 results	 are	 in	 agreement	 with	 current-driven	 DW	 motion	

theory.		In	a	1D	system,	below	Walker	breakdown,	the	DW	velocity	is:	

		
	 	 	 	 𝑣 = − !

!
𝑣! +

!"#
!
𝐻,			 	 	 	 												(18)	

	
where	 β,	 α	 and 𝛥	are	 the	 non-adiabatic	 parameter,	 the	 damping	 and	 the	 DW	

width,	 𝑣! 	is	 the	 driving	 electron	 velocity,	 𝛾 	is	 the	 absolute	 value	 of	 the	

gyromagnetic	ratio,	𝐻	is	the	external	field	and	s	determines	the	DW	polarity	(i.e.	

whether	it	is	head-to-head	or	tail-to-tail).	

	
The	 observation	 that	 a	 head-to-head	 DW	 can	 be	 depinned	 and	 moved	 by	 a	

current	pulse,	when	the	directions	of	electron	flow	and	external	field	are	in	the	

same	direction	was	further	confirmed	by	applying	pulses	with	a	varying	range	of	

pulse	amplitude	and	duration	(Figure	10-4).	The	application	of	a	wide	range	of	

pulse	amplitudes	(up	to	2	mA)	and	durations	(up	to	1.5	μs)	allows	the	evaluation	

of	the	current	density	required	for	DW	depinning	and	whether	the	depinned	DW	

could	get	pinned	again	at	a	subsequent	interface.		
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The	measurement	 procedure	 is	 the	 same	 as	 the	 one	 in	 Figure	 10-3	 (c).	

The	 change	 in	 resistance	 (ΔR)	 is	 measured	 with	 respect	 to	 the	 resistance	

immediately	before	applying	 the	current	pulse.	Figures	10-4	 (a)	and	 (b)	depict	

the	 influence	of	1st	and	2nd	pulses,	respectively,	when	the	applied	external	 field	

and	electron	 flow	are	 in	 the	 same	direction.	The	 results	 show	 that	a	 change	 in	

resistance	does	not	occur	at	 low	current	densities	 J	<	3	x	1011	A	m-2,	 indicating	

that	 the	DWs	are	not	affected	by	 the	applied	pulse	 (Figure	10-4	(a)).	At	higher	

pulse	amplitudes	and	lower	pulse	durations,	a	change	in	resistance	is	observed		

	
	

Figure	 10-4	 Change	 in	 the	 resistance	 (ΔR)	 obtained	 from	 MR	

measurements	of	 a	multisegmented	Co/Ni	nanowire	by	applying	 current	

pulses	of	 varying	 amplitude	and	duration.	 (a)	Application	of	 current	 (1st	

pulse),	(b)	current	(2nd	pulse).		

	
(depicted	 by	 the	 green	 regions	 in	 Figure	 10-4	 (a)),	 indicating	 the	 reversal	 of	

magnetization	 within	 a	 section	 of	 the	 nanowire.	 This	 implies	 that	 the	 DW	

propagates	over	a	short	distance,	as	it	gets	pinned	at	a	subsequent	interface,	at	a	
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current	density	J	>	3	x	1011	A	m-2.	A	higher	pulse	amplitude	and	longer	duration	

resulted	in	a	 larger	ΔR	(depicted	by	yellow	and	red	regions	in	Figure	10-4	(a)),	

indicating	 that	 the	 magnetization	 within	 a	 larger	 section	 of	 the	 nanowire	 has	

reversed.	 Thus,	 the	DW	has	 propagated	 over	 a	 larger	 distance	 and	 completely	

reversed	the	magnetization	direction	within	the	nanowire.	Thus	higher	current	

densities	move	the	DW	across	multiple	pinning	sites	thereby	enabling	multi-bit	

device.	 Figure	 10-4	 (b)	 depicts	 the	 effect	 of	 2nd	 current	 pulse	 on	 the	

magnetization	 state	 of	 the	 nanowire.	 The	 2nd	 pulse	 affected	 the	 DWs	 that	 had	

previously	been	pinned	at	an	interface	(depicted	by	the	yellow	regions	in	Figure	

10-4	(a))	and	succeeds	in	depinning	the	DWs,	thereby	completely	reversing	the	

magnetization	within	the	whole	nanowire.	These	measurements	agree	with	the	

previous	findings	and	indicate	that	for	a	head-to-head	DW,	the	electron	flow	and	

magnetic	 field	act	 together	and	depinning	occurs	when	 they	are	applied	 in	 the	

same	direction.		

	 Though	MR	measurements	clearly	show	the	presence	and	motion	of	DWs	

in	 the	nanowires,	 they	do	not	 give	 insight	 into	 spatial	 distribution	of	magnetic	

domains,	which	is	obtained	from	in	situ	MFM	[80]	employed	to	observe	the	effect	

of	 current	 pulses	 on	 pinned	 DWs.	 A	 multisegmented	 Co/Ni	 nanowire	 with	

electrical	contacts,	was	first	saturated	at	B	=	-80	mT	(State	1	in	Figure	10-5,	with	

the	 external	 field	 applied	 horizontally	 i.e.	 θ	 =	 0º).	 Periodic	 bright	 and	 dark	

regions	can	be	observed,	which	indicate	the	strong	stray	fields	emanating	from	

the	Co	segments.	This	contrast	aids	 in	understanding	 the	magnetization	within	

the	nanowire,	 since	a	 reversed	periodic	 contrast	 in	MFM	(i.e.	dark	 followed	by	

bright)	is	a	signature	of	magnetization	reversal	within	the	Co	segment.		
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Figure	 10-5	 MFM	 images	 (top)	 and	 corresponding	 nanowire	 schematics	

(bottom)	of	a	multisegmented	Co/Ni	nanowire.	State	1	corresponds	to	the	

saturated	state	when	magnetic	 field	 is	applied	 in	–	B	 direction	 (-80	mT).	

The	black	arrows	within	the	nanowire	schematics	indicate	the	direction	of	

magnetization	and	the	black	arrows	outside	the	Co	segment	represent	the	

stray	fields	emanating	from	the	Co	segment.	State	2	corresponds	to	B	=	50	

mT	 where	 a	 tail-to-tail	 DW	 has	 been	 nucleated.	 A	 current	 pulse	 (of	 the	

same	direction	as	B)	was	applied	to	state	2	resulting	in	the	propagation	of	

the	 tail-to-tail	DW	 towards	 electrode	B.	 The	 external	 field	 assists	 in	 this	

propagation.	State	3’	corresponds	to	the	saturated	state	in	+	B	direction	(at	

80	mT)	 obtained	 by	 increasing	 the	 external	 field	 in	 state	 2,	without	 the	

application	of	a	current	pulse.		

	
In	order	to	nucleate	a	DW,	the	external	field	was	increased,	and	at	50	mT	(State	

2	 in	 Figure	 10-5),	 the	 stray	 field	 contrast	 from	 two	 Co	 segments	 (center	 and	
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right)	indicates	a	reversed	magnetization.	Thus,	a	DW	has	been	nucleated	at	the	

right	end	of	the	nanowire,	which	then	propagates	and	gets	pinned	in	the	center	

of	 the	 nanowire.	 Considering	 the	 direction	 of	 saturation	 of	 the	 nanowire,	 the	

externally	applied	field	and	propagation	of	the	DW,	a	tail-to-tail	DW	is	pinned	at	

one	 of	 the	 interfaces.	 To	 investigate	 the	 effect	 of	 current	 pulses	 on	 the	pinned	

tail-to-tail	DW,	a	current	pulse	(pulse	amplitude	of	4	mA	and	pulse	duration	of	

600	ns)	was	applied	at	State	2.	The	application	of	the	current	pulse	in	the	same	

direction	as	 the	external	 field	 leads	 to	 the	reversal	of	magnetization	within	 the	

left	Co	segment	(as	seen	by	the	reversal	of	the	Co	stray	field	contrast	as	well	as	

the	segment	outside	electrode	B,	in	State	3	of	Figure	10-5).	Thus,	the	tail-to-tail	

DW	moves	 in	 the	direction	of	 the	electron	 flow,	 i.e.	 towards	 the	 left	end	of	 the	

nanowire,	and	the	opposing	direction	of	B	assists	its	propagation.	In	addition	to	

this,	a	control	measurement	was	performed,	where	instead	of	applying	a	pulse	at	

State	 2,	 the	 external	 field	 was	 increased	 until	 the	 nanowire	 reversed	 its	

magnetization	at	B	=	+80	mT	(State	3’	in	Figure	10-5).	It	is	observed	that	states	3	

and	3’	 are	 equivalent	magnetization	 states.	Thus,	 the	depinning	of	 a	 tail-to-tail	

DW	 upon	 the	 application	 of	 a	 current	 pulse	 in	 the	 presence	 of	 a	 background	

magnetic	 field,	 provided	 that	 the	 direction	 of	 B	 assists	 in	 DW	 motion,	 is	

demonstrated.	The	MFM	results	confirm	that	the	change	in	resistance	observed	

in	 the	MR	upon	the	application	of	a	current	pulse,	 is	 in	 fact	 the	movement	of	a	

DW	 (as	 evidenced	 by	 the	 switching	 of	 the	 Co	 segment)	 and	 not	 merely	

rearrangement	of	the	magnetization	within	the	nanowire.		
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Chapter	11	Investigation	of	Multisegmented	Nanowires	with	

Scanning	Transmission	X-ray	Microscope	

11.1	Introduction		

Out	of	 the	 various	 techniques	 available	 to	probe	 the	magnetic	 configuration	of	

materials	 at	 the	 nanoscale,	 X-rays	 have	 become	 a	 popular	 tool,	 exploiting	 the	

concept	 of	 X-ray	 magnetic	 circular	 dichroism	 (XMCD)	 spectroscopy.	 The	

magnetic	 sensitivity	 arises	 due	 to	 changes	 in	 the	 polarization-dependent	

absorption	 of	 the	 sample,	 which	 is	 correlated	 to	 the	 part	 of	 its	 electronic	

structure	(i.e.	the	p	-	d	electronic	transition)	responsible	for	magnetism.	In	1975,	

Erskine	 first	 predicted	 that	 magnetic	 information	 could	 be	 obtained	 from	 the	

absorption	spectra	of	circularly	polarised	light	[92],	but	it	was	only	in	1987	that	

the	XMCD	effect	was	first	observed	[93].	Thus,	the	XMCD	is	based	on	the	different	

absorption	of	 left	 and	 right	 circularly	polarized	X-rays	 [94].	Monochromatic	X-

rays	with	tunable	energy	and	high	brightness	are	required,	which	are	obtained	

from	beamlines	at	synchrotron	sources.	The	use	of	synchrotron	radiation	for	the	

investigation	 of	 nanomagnetic	 samples	 is	 currently	 a	 fast	 developing	 field	 of	

research.	 Even	 though	 this	 technique	 needs	 a	 synchrotron	 facility,	 it	 is	

advantageous	over	other	common	magnetic	imaging	techniques	like	MFM,	due	to	

its	 non-intrusive,	 non-scanning	 operation,	 high	 time	 resolution	 and,	 most	

importantly,	its	element	specificity.	In	addition	to	imaging	the	spin	structures,	it	

is	possible	to	quantitatively	determine	the	spin	and	orbital	momentums	[95,	96].		
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In	this	dissertation	research,	XMCD	is	used	as	a	contrast	mechanism	rather	

than	for	the	determination	of	magnetic	moments.	Generally	the	XMCD	effect	can	

be	 measured	 using	 either	 the	 photo	 emission	 electron	 microscopy	 (PEEM),	

wherein	 the	 emitted	 photoelectrons	 are	 measured,	 or	 using	 scanning	

transmission	X-ray	microscopy	(STXM),	where	the	intensity	of	the	transmitted	X-

rays	 is	 measured.	 The	 STXM	 measurements	 presented	 in	 this	 thesis	 was	

performed	 at	 the	 "PolLux"	 beamline	 at	 the	 Swiss	 Light	 Source	 in	 Villigen,	

Switzerland	[97].		

	
Figure	11-1	Splitting	of	the	Fe	L	X-ray	absorption	edge	where	two	peaks	L3	

and	 L2	 arise	 due	 to	 the	 absorption	 from	 the	 2p3/2	 and	 2p1/2	 levels	

respectively	[98].		

	
In	 transition	 metals,	 spin	 orbit	 interaction	 leads	 to	 the	 lifting	 of	 the	

degeneracy	of	 the	2p	core	 level,	 splitting	 it	 into	 two	different	 levels	defined	as	

2p3/2	and	2p1/2.	When	 the	 electrons	 from	 the	occupied	2p	 core	 level	 states	 are	

excited	 into	 the	 partially	 filled	 3d	 levels	 by	 the	 X-rays,	 the	 different	 2p	 levels	

exhibit	different	transition/absorption	energies.	The	L2	peak	corresponds	to	the	
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transition	2p1/2	→	3d	and	the	L3	peak	corresponds	to	 the	transition	2p3/2	→	3d.	

Figure	11-1	shows	the	L	absorption	edge	of	Fe,	composed	of	the	L3	and	L2	peaks	

originating	from	the	spin-orbit	splitting	of	the	2p	shell	into	the	2p3/2	and	2p1/2	

levels	 respectively.	 When	 the	 2p	 to	 3d	 transitions	 are	 induced	 by	 circularly	

polarized	X-rays,	a	different	number	of	electrons	are	excited	for	the	two	different	

X-ray	 helicities.	 Subtracting	 the	 images	 recorded	 at	 the	 different	 helicities	

reveals	 the	 magnetic	 contrast	 proportional	 to	 the	 magnetization	 components	

along	the	in-plane	projection	of	the	X-rays.	

11.2.	Synchrotron	Light	Source	

Synchrotron	light	sources	are	X-ray	sources	that	provide	a	source	of	collimated,	

monochromatic	 and	 high	 brilliance	 X-ray	 beams,	 which	 are	 essential	 to	 probe	

elemental	 and	 magnetic	 properties	 of	 materials.	 The	 major	 components	 of	 a	

synchrotron	 are	 the	 electron	 source,	 linear	 accelerator	 (LINAC),	 booster	 ring,	

storage	 ring,	 beamline	 and	 end	 stations	 (Figure	 11-2).	 Firstly	 the	 electrons	

generated	by	an	electron	source	are	accelerated	to	almost	the	speed	of	 light	by	

the	LINAC.	The	electrons	are	then	transferred	to	a	booster	ring,	where	they	are	

given	 a	 boost	 in	 their	 energy.	 When	 the	 electrons	 possess	 enough	 energy	 to	

generate	 light,	 the	 injection	system	transfers	them	from	the	booster	ring	to	the	

storage	ring.	The	storage	ring	is	composed	of	several	straight	sections,	which	are	

connected	to	each	other	by	curved	sections,	where	bending	magnets,	are	located.	

The	electrons	upon	circulation	in	the	storage	ring,	get	deflected	by	the	magnets	

and	generate	electromagnetic	radiation.	Thus,	at	each	deflection	of	the	electron	

path	 a	 beam	 of	 light	 is	 produced.	 For	 optimal	 generation	 of	 synchrotron	

radiation	 additional	 devices	 called	 insertion	 devices	 such	 as	 wiggler	 and	
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undulators	 are	 used	 to	 increase	 the	 intensity,	 tune	 to	 specific	 wavelengths	 as	

well	as	force	the	electrons	to	follow	an	undulating	path	[99].	The	resulting	X-rays	

are	emitted	as	dozens	of	beams,	which	are	directed	 towards	beamlines,	where	

the	experiments	are	performed.	Each	beamline	is	designed	for	use	with	a	specific	

technique	and	consists	of	an	optics	cabin,	experimental	cabin,	and	control	cabin.	

The	optics	hutch	is	where	the	radiation	is	optimized	for	the	required	experiment	

and	the	experiments	are	carried	out	in	the	experiment	hutch.		

	

	
	

Figure	11-2	Diagram	of	a	synchrotron	facility	[100].	

11.3.	Sample	Fabrication	for	Scanning	Transmission	X-ray	Microscopy		

So	far	the	investigation	of	the	magnetic	properties	of	nanowires	was	performed	

on	nanowires	dispersed	on	SiO2	substrates	with	a	thickness	of	525	μm.	For	STXM	

measurements,	 it	 is	 essential	 for	 the	 X-rays	 to	 transmit	 through	 the	 substrate	

and	 this	 was	 achieved	 by	 using	 substrates	 having	 a	 thin	 central	

window/membrane.	Here,	Si3N4	substrates	(5	mm2	and	200	μm	thickness)	with	

central	membrane	window	 area	 of	 0.5	mm2	and	 200	 nm	 thickness	were	 used.	

Using	the	EBL	system	(performed	at	the	Paul	Scherrer	Institut,	Switzerland),	Au		
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Figure	 11-3	 (a)	 Optical	 image	 of	 a	 Si3N4	 substrate	 patterned	 with	 Au	

electrodes	(central	square	area	appears	translucent	due	to	its	thickness	of	

200	nm),	(b)	SEM	image	of	the	same	Au	patterned	Si3N4	substrate.	

electrodes	with	 large	contact	pads	were	patterned	on	 the	Si3N4	membranes,	as	

shown	 in	 Figure	 11-3.	 Nanowires	 in	 ethanol	 were	 then	 dispersed	 onto	 this	

membrane	and	viewed	under	a	SEM	equipped	with	a	FIB	source	(Helios,	FEI).	In	

order	 to	 electrically	 contact	 individual	 nanowires	 with	 the	 pre-patterned	 Au	

electrodes,	Pt	deposition	within	the	SEM	system	was	utilized.		

	

				 	
Figure	 11-4	 (a)	 SEM	 image	 of	 Si3N4	 substrate	 with	 five	 nanowires	

connected	to	the	Au	electrodes	(indicated	in	red),	(b)	magnified	image	of	a	

Pt	contacted	nanowire.	
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Prior	to	depositing	Pt	contacts	to	connect	the	nanowire	with	the	Au	electrodes,	it	

is	crucial	to	etch	away	the	thin	native	oxide	layer	present	on	the	nanowire.	This	

was	achieved	by	etching	the	ends	of	the	nanowire	using	low	energies	of	electron	

beam	followed	by	Pt	deposition	(thickness	of	approx.	500	nm).	Figure	11-4	(a)	

shows	 a	 substrate	 with	 5	 nanowires	 connected	 with	 Pt	 wires	 to	 the	 Au	

electrodes.	

11.4.	Current	Induced	Domain	Wall	Motion	observed	using	STXM	

Prior	 to	 STXM	measurements,	 a	 layer	 of	 Al	 (100	 nm)	 was	 sputtered	 onto	 the	

substrate	 in	 order	 to	 reduce	 the	 effect	 of	 heating.	 The	 substrate	 was	 then	

mounted	onto	a	PCB	board	(see	Appendix	E)	using	silver	paint	and	wire	bonding	

was	 performed	 to	 connect	 the	 contact	 pads	 with	 the	 PCB	 board.	 This	 was	

mounted	with	screws	onto	a	stable	sample	mount	(see	Appendix	E)	with	a	tilt	of	

30°	with	respect	to	the	X-ray	beam	(to	observe	the	in-plane	magnetization)	and	

then	placed	within	the	STXM	setup.		

	

	

	
Figure	11-5	Schematic	of	a	two-segmented	Co/Ni	nanowire	with	Pt	contacts	

at	 the	 ends.	 (a)	 STXM	 image	 at	 the	 Ni	 edge,	 showing	 elemental	 and	 (b)	
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corresponding	 magnetic	 information,	 (c)	 STXM	 image	 at	 the	 Co	 edge,	

showing	elemental	and	(d)	corresponding	magnetic	information.	

	
In	 the	 STXM,	 X-rays	 are	 focused	 onto	 the	 sample	 using	 a	 Fresnel	 zone	

plate.	The	 transmitted	photons	are	 recorded	using	a	photomultiplier	 tube.	The	

energy	 of	 the	 X-ray	 beam	 depends	 on	 the	 composition	 of	 the	 sample	 being	

probed.	 In	 this	 research,	multisegmented	 Co/Ni	 nanowires	were	 probed;	 thus,	

the	X-ray	 energy	of	781.2	 eV	was	used	at	 the	Co	edge	and	856.2	 eV	 for	 the	Ni	

edge.	Figure	11-5	depicts	a	 two	segmented	Co/Ni	nanowire	with	STXM	 images	

providing	elemental	and	magnetic	information.	

Investigation	 of	 the	 CIDWM	 in	 multisegmented	 Co/Ni	 nanowires	 was	

performed	using	a	multisegmented	nanowire	with	four	segments	(Figure	11-6).	

The	 measurements	 were	 carried	 out	 in	 the	 following	 manner.	 Firstly,	 the	

magnetization	reversal	of	the	nanowire	was	studied	at	the	Ni	and	Co	edges.	This	

was	achieved	by	scanning	the	sample,	 for	example	at	 the	Ni	edge	with	positive	

and	negative	circularly	polarized	X-rays,	and	the	respective	XMCD	contrast	was	

obtained.	After	this,	the	image	was	normalized	to	the	non-magnetic	reference	i.e.	

the	membrane.	Once	an	image	was	obtained,	a	permanent	magnet	located	close	

to	 the	 sample	 holder	 was	 used	 to	 apply	 an	 in-plane	 external	 magnetic	 field	

between	 the	 maximal	 values	 of	 -140	 mT	 to	 140	 mT,	 recording	 the	 STXM	

micrograph	 (both	 positive	 and	 negative	 polarization)	 at	 each	 field.	 Once	 the	

STXM	micrographs	 were	 completed	 for	 one	 material	 (i.e.	 Ni),	 the	 same	 set	 of	

measurements	was	performed	at	the	Co	edge.	Thus,	providing	a	complete	view	

of	 the	magnetization	 reversal	 in	 the	 Co/Ni	 nanowires.	 Figure	 11-6	 depicts	 the	
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evolution	 of	 the	magnetic	 state	 of	 a	 four-segmented	 Co/Ni/Co/Ni	 nanowire	 at	

the	Co	edge	at	varied	external	fields.	In	Figure	11-6,	the	field	of	view	is	reduced;	

thus,	 resulting	 in	 observing	 only	 the	 three-segments,	 i.e.	 Co/Ni/Co.	 Firstly,	 a	

magnetic	 field	of	 -140	mT	was	applied	 in-plane	 to	 fully	 saturate	 the	nanowire,	

leading	 to	 a	 dark	 shade	 within	 the	 nanowire	 in	 Figure	 11-6	 (black	 in	 STXM	

images	with	XMCD	contrast).	Then,	the	magnetic	field	was	gradually	reduced.	At	

remanence,	 the	 black	 shade	 was	 still	 observed.	 An	 abrupt	 switch	 in	

magnetization	was	observed	at	30	mT	in	the	opposite	direction	(indicated	by	the	

bright	shade).	Thus,	a	DW	has	been	nucleated	at	this	field,	which	travelled	across	

the	Co	segment	and	switched	 its	magnetization	direction.	Finally,	 the	 field	was	

ramped	to	the	maximum	value	of	140	mT,	at	which	the	complete	reversal	of	the	

nanowire	 has	 already	 occurred,	 as	 evidenced	 by	 the	 white	 shade	 in	 the	 Co	

segment.	

	

	

	

Figure	11-6	XMCD	image	at	the	Co	edge	of	a	Co/Ni/Co	nanowire	revealing	its	

magnetization	reversal.	

	
In	 order	 to	 study	 the	 effect	 of	 current	 pulses	 on	 a	 pinned	 DW,	 current	 pulses	

ranging	 from	 5	 ns	 up	 to	 1000	 ns	 were	 applied.	 For	 these	 measurements,	 the	
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same	 procedure	 described	 above	 was	 used	 except	 that,	 once	 a	 DW	 was	

nucleated,	 a	 current	 pulse	 was	 applied	 and	 an	 image	 recorded.	 Thus,	 by	

comparing	 the	 images	 before	 and	 after	 the	 application	 of	 the	 current	 pulse,	 it	

was	possible	to	determine	whether	the	current	pulse	assisted	in	DW	depinning.		

Once	 a	 DW	 was	 nucleated,	 the	 current	 pulses	 were	 applied	 at	 various	

values	 of	 external	 field,	 ranging	 from	 remanence	 to	 a	 few	 mT	 just	 before	

switching	(for	example	for	a	nanowire	with	Hsw	of	–	36	mT,	current	pulses	were	

applied	at	fields	of	0	mT,	-30	mT,	-31	mT,	-	32	mT,	-35	mT).	It	was	observed	that	

current	 pulses	 applied	with	 an	 external	 field	 value	 close	 to	 the	 switching	 field	

succeeded	in	DW	depinning,	which	was	not	the	case	when	the	magnitude	of	the	

external	field	was	decreased.		
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Chapter	12	Summary	and	Future	Outlook	

The	 main	 objective	 of	 this	 research	 was	 to	 gain	 an	 understanding	 of	 the	

magnetization	 reversal	 processes	 in	 cylindrical	magnetic	 nanowires	 at	 a	 single	

nanowire	 level,	 to	 investigate	 geometries	 for	 DW	 pinning	 and	 demonstrate	

current-assisted	DW	depinning	and	propagation	within	these	systems.	

	 An	 in-house	 AAO	 fabrication	 setup	 was	 utilized	 to	 fabricate	 magnetic	

nanowires	 using	 different	 anodization	 approaches,	 namely	 MA	 and	 HA	

anodization.	 Nanowires	 with	 various	 diameters	 as	 well	 as	 compositions	 were	

electrodeposited	 into	 the	 AAO	 templates.	 In	 addition	 to	 single	 composition	

nanowires,	 multisegmented	 nanowires	 with	 segments	 of	 Ni	 and	 Co	 were	

fabricated.	 Generally,	 the	 properties	 of	 nanowires	 are	 mainly	 explored	 in	 an	

array,	whereas	in	this	dissertation	research,	focus	is	given	to	understanding	their	

properties	 at	 an	 a	 single	 nanowire	 level.	 This	 is	 achieved	 by	 using	 SEM-FIB	

systems	to	identify	and	mark	the	position	of	a	suitable	nanowire	dispersed	on	a	

substrate.	By	using	such	a	marking	system,	the	same	nanowire	can	be	measured	

using	 various	 techniques.	 Single	 nanowire	 probing	 techniques	 such	 as	 MOKE	

microscopy	 and	 MFM	 were	 utilized	 to	 investigate	 their	 switching	 fields.	 An	

angular	 dependence	 study	 of	 the	 switching	 field	 HSW	revealed	 an	 increase	 in	

switching	 fields		with	 increasing	 applied	 field	 and	 the	 field	varied	 from	wire	 to	

wire	even	 though	 they	were	 from	 the	 same	batch.	The	 source	of	 this	 variation	

was	 attributed	 to	 the	 cross	 sectional	 shape	 of	 the	 nanowire.	 Micromagnetic	

simulations	 revealed	 that	 the	 ideal	 circular	 cross	 section	 had	 a	 lower	 HSW	

compared	 to	 that	 of	 a	 real	 nanowire	 cross-section.	 This	 scattering	 in	HSW	with	
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respect	 to	 the	 cylindrical	 shape	 of	 the	 nanowire	 will	 be	 of	 importance	 while	

developing	any	cylindrical	nanowire-based	systems.		

	 The	protocol	to	pattern	electrodes	onto	single	nanowires	was	established	

in	the	course	of	this	research.	Lithography	systems	such	as	EBL	and	LED	based	

DWL	were	utilized	and	parameters	for	electrode	patterning	were	established.	A	

setup	 for	 MR	 measurements	 of	 single	 nanowires	 was	 implemented.	 The	 MR	

setup	proved	to	be	paramount	to	the	investigation	of	the	magnetization	reversal	

studies	in	different	types	of	nanowires.	Using	MR	measurements,	DW	pinning	in	

nanowires	was	observed	as	an	interruption	in	the	switching	process.	DW	pinning	

was	 explored	 using	 nanowires	 with	 FIB-patterned	 notches	 as	 well	 as	

multisegmented	Co/Ni	 nanowires.	 The	 novel	 approach	 of	 using	 segments	with	

varying	values	of	magnetization	(such	as	Co	and	Ni)	allows	to	pin	a	DW	near	the	

Co/Ni	 interface.	 The	 pinning	 of	 the	 DWs	 was	 demonstrated	 using	 various	

techniques	 such	 as	 MFM,	 MR	 measurements,	 TEM	 and	 micromagnetic	

simulations.		

Angular	 dependence	 studies	 of	 the	multisegmented	 nanowires	 revealed	

an	 increase	 in	 the	 number	 of	 pinning	 events	 with	 an	 increased	 angle	 of	 the	

applied	field.	This	is	attributed	to	the	low	in-plane	component	of	magnetization	

experienced	by	a	pinned	DW	at	higher	values	of	θ,	thereby	allowing	its	depinning	

and	consequent	pinning	at	an	adjacent	Co/Ni	interface.	Thus,	by	aligning	the	field	

parallel	to	the	nanowire,	it	is	possible	to	trigger	all	the	DW	depinning	events	at	

once,	whereas	by	changing	 the	angular	orientation	of	 the	 field,	 it	 is	possible	 to	

distinguish	 clearly	 between	 different	 DW	 depinning	 events.	 This	 will	 prove	

useful	for	current	induced	motion	studies	as	the	depinning	will	not	be	triggered	
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all	at	once,	thus	allowing	a	control	over	them.		

The	difficulty	to	achieve	reliable	DW	pinning	sites	as	well	as	the	electrical	

characterization	of	individual	nanowires	have	so	far	been	a	bottleneck	in	studies	

on	CIDWM	 in	 cylindrical	 nanowires.	 This	 challenge	was	overcome	 through	 the	

course	 of	 this	 dissertation	 and	 for	 the	 first	 time,	 current	 assisted	 DW	motion	

using	pulsed	current	was	demonstrated	using	multisegmented	Co/Ni	nanowires.	

Thereby,	demonstrating	a	 two-bit	nanowire	system	consisting	of	 four	magnetic	

states.	Using	MR	and	MFM	measurements,	 current	 assisted	DW	depinning	was	

demonstrated	 in	 both	 head-to-head	 and	 tail-to-tail	 configurations	 in	

multisegmented	nanowires	with	a	minimum	current	density	of	J	~	3	x	1011	A	m-2.	

The	direction,	 amplitude	and	duration	of	 the	applied	 current	pulses	determine	

the	depinning	and	propagation	of	the	DW.	Thus,	the	capability	of	reliable	pinning	

and	depinning	of	DWs	 from	pinning	sites	opens	up	 the	possibility	 to	 introduce	

several	bits	per	nanowire.			

							Furthermore	 the	 current	 assisted	 DW	 depinning	 in	 these	 multisegmented	

nanowires	 was	 observed	 using	 STXM.	 Due	 to	 the	 requirement	 of	 X-rays	 to	

transmit	 through	 the	 sample,	 the	 nanowires	 were	 dispersed	 and	 electrically	

contacted	 on	membranes	with	 a	 thickness	 of	 200	 nm	membranes	 (versus	 the	

525	μm	 thick	substrates	used	 for	MR	and	MFM	studies)	and	 the	procedure	 for	

contacting	 the	 cylindrical	 nanowires	 was	 established.	 Using	 STXM,	

magnetization	 reversal	 of	 multisegmented	 Co/Ni	 nanowires	 and	 DW	 pinning	

were	 investigated.	 Furthermore	 current	 assisted	 DW	 depinning	 was	

demonstrated	 using	 nanosecond	 long	 current	 pulses.	 Demonstration	 of	

nanosecond	 CIDWM	 is	 crucial	 to	 overcome	 the	main	 drawbacks	 of	 DC	 or	 long	
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current	pulses,	i.e.	nanowire	heating	as	well	as	power	consumption.		

Thus	 the	 research	 outlined	 in	 this	 dissertation	 demonstrates	 current	

assisted	 DW	 motion	 in	 multisegmented	 Co/Ni	 nanowires	 utilizing	 various	

techniques	such	as	MR	measurement,	MFM	and	STXM.	The	next	step	to	take	this	

research	 forward	 is	 to	 perform	 time	 resolved	 measurements	 of	 DW	 motion;	

thereby,	 laying	to	rest	the	prediction	of	1km/s	speed	of	the	DW.	Time	resolved	

measurements	using	STXM	will	require	the	nucleation	of	a	DW	using	a	strip	line	

to	generate	an	Oersted	 field.	A	strip	 line	 is	preferred	over	 the	existing	external	

field	 from	 the	 permanent	 magnet	 in	 the	 STXM,	 in	 order	 to	 switch	 on/off	 the	

magnetic	 field.	 For	 this	 purpose	 a	 strip	 line	 has	 to	 be	 fabricated	 on	 top	 of	 the	

nanowire	with	 an	 insulating	 layer	 in-between	 the	 nanowire	 and	 the	 strip	 line.	

For	 this	 reason,	 it	 is	 essential	 to	 perform	 an	 in-depth	 study	 to	 determine	 the	

Oersted	field	required	to	nucleate	a	DW	in	the	multisegmented	nanowires.		Also,	

by	 modifying	 the	 physical	 parameters	 of	 the	 nanowire	 such	 as	 length	 and	

diameter,	a	lower	value	of	HSW	can	be	obtained,	which	will	make	DW	nucleation	

possible	 at	 a	 lower	 magnetic	 field.	 Even	 though	 STXM	 is	 suitable	 for	 current	

induced	 DW	 motion	 studies,	 techniques	 such	 as	 PEEM	 would	 be	 suitable	 for	

future	studies	on	 the	structure	of	 the	DW	in	multisegmented	Co/Ni	nanowires.	

The	 shadow	 effect	 of	 the	 probed	 samples	 in	 PEEM	 translates	 to	 a	 higher	

resolution;	 thereby,	 being	 suitable	 for	 DW	 structure	 and	 field	 induced	motion	

studies.		

This	 dissertation	 followed	 a	 step-wise	 approach	 to	 single	 nanowire	

characterization	and	device	fabrication	increasing	in	its	complexity	based	on	the	

probing	 techniques	 used.	 The	 demonstration	 of	 DW	 pinning	 in	 cylindrical	



	

	

134	

multisegmented	 Co/Ni	 nanowires	 as	 well	 as	 its	 current	 induced	 depinning	

establishes	 the	 path	 to	 exploit	 these	 nanowires	 at	 a	 device	 level.	 The	 next	

necessary	 step	 towards	 a	 nanowire	 based	 data	 storage	 device	 is	 the	

incorporation	of	write	and	read	heads	on	the	bottom	and	top	of	these	nanowires,	

respectively,	which	would	bring	together	the	reality	of	a	3D	data	storage	system	

based	on	cylindrical	magnetic	nanowires.		

To	conclude,	the	cylindrical	nanowires	fabricated	in	AAO	templates	offer	

a	 high	 degree	 of	 freedom	 in	 terms	 of	 varying	 the	 diameter	 of	 the	 nanowires,	

composition,	length	and	spacing	between	individual	nanowires.	Pore	densities	of	

1010	and	1011	nanowires/cm2	have	been	demonstrated	using	anodizing	solutions	

such	as	oxalic	and	sulphuric	acid,	 respectively.	Using	a	single-magnetic	domain	

nanowire,	 densities	 of	 60	 Gb/inch2	 and	 600	 Gb/inch2	 (for	 6	 x	 1010	

nanowire/inch2	and	6	x	1011	nanowire/inch2)	would	be	possible.	Thus,	by	using	

segmented	nanowires	proposed	in	this	research,	multiple	bits	can	be	packed	into	

a	single	nanowire,	thereby	allowing	even	higher	densities.	For	instance,	by	using	

templates	of	60	μm	and	nanowire	segments	of	750	nm,	which	was	demonstrated	

in	this	research,	a	density	of	5	Tb/inch2	and	50	Tb/inch2	for	nanowire	densities	

of	 6	 x	 1010	 nanowire/inch2	and	 6	 x	 1011	nanowire/inch2,	 respectively	 could	 be	

achieved.	 Even	 though	 this	 technology	 is	 still	 in	 its	 early	 stage	 and	 extensive	

research	would	be	needed	to	bring	it	to	realization,	the	possibility	to	further	tune	

nanowire	parameters	makes	 the	AAO-based	nanowires	an	attractive	option	 for	

next	generation	memory	devices,	especially	when	considering	that	the	segment	

length	can	be	further	reduced	and	the	nanowire	length	increased.			
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Appendices	
	

Appendix	A.	Autumn	in	my	Nanoworld	

	
	

H.	Mohammed,	 J.	Kosel,	“Autumn	in	my	Nanoworld”,	People’s	Choice	Award	in	

the	 Magnetism	 as	 Art	 Showcase	 at	 the	 21st	 International	 Conference	 on	

Magnetism	(ICM),	San	Francisco,	USA	(	2018).		
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Appendix	B.	Electrodeposition	Parameters	

1.	 Pulsed	 deposition	 of	 Nickel	 Nanowires:	 Electrodeposition	 of	 nickel	 was	

carried	out	using	an	electrolyte	containing	300	g/L	NiSO4,	46	g/L	NiCl2	and	40	

g/L	H3BO3	at	room	temperature.	Ni	nanowires	were	deposited	with	a	Ipulse	of	-30	

mA,	pulse	duration	of	2	ms,	Vpulse	of	3V	and	a	recovery	time	of	0.7	s.	

	
2.	DC	Deposition	of	Nickel	Nanowires:	Electrodeposition	of	nickel	was	carried	

out	using	an	electrolyte	containing	300	g/L	NiSO4,	46	g/L	NiCl2	and	40	g/L	H3BO3	

at	room	temperature,	under	constant	stirring,	at	a	constant	DC	voltage	of	−1.0	V.	

	
3.	DC	Deposition	of	Cobalt	Nanowires:	Electrodeposition	of	cobalt	was	carried	

out	 using	 an	 electrolyte	 containing	 250	 g/L	 CoSO4	 and	 40	 g/L	H3BO3	 at	 room	

temperature,	under	constant	stirring,	at	a	bias	of	−1	V.	

	
4.	 DC	 Deposition	 of	 Segmented	 Co/Ni	 Nanowires:	 Segmented	 Co/Ni	

nanowires	were	fabricated	using	Ni	and	Co	electrolyte	solutions	and	deposition	

parameters	given	above.		
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Appendix	C.	Schematic	of	Single	Nanowire	Device	Fabrication	

	

	

	 	

	

	

	

	

	

	

	

	

	

	

	
Schematic	 of	 patterning	 electrodes	 onto	 a	 nanowire	 using	 EBL	 and	 DWL	

techniques.		
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Appendix	D.	Current	Induced	Domain	Wall	Motion	

Effect	 of	 current	 pulses	 on	 a	 head-to-head	 domain	 wall	 when	 current	 and	

external	field	are	applied	in	the	same	direction	

	

	

	

	

Temporal	 evolution	 of	MR	 (top)	 and	magnetic	 field	magnitude	 (bottom)	when	

field	 is	 applied	 at	 θ	 =	 63°	 to	 the	 nanowire.	 Black	 curve:	 no	 current	 pulse	 is	

applied	to	the	nanowire;	red	curve:	current	pulses	are	applied	to	the	nanowire	

(purple:	 pulse	 1,	 green:	 pulse	 2).	 The	 nanowire	 schematics	 depict	 the	

magnetization	direction	at	specific	points	in	the	MR	evolution.			
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Appendix	E.	STXM	Sample	Holder	

	

		 	 	

	

(a)	 Image	 of	 Si3N4	substrate	 on	 a	 PCB	 board	 mounted	 onto	 the	 STXM	 sample	

holder	 (b)	magnified	 image	showing	 the	 silver	paint	and	wire	bonding	used	 to	

contact	the	nanowire	to	the	PCB	board.	

	

	

	

	

(a)	 (b)	
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