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Abstract

In this thesis the electrical properties, magnetic states and spin wave resonances of individual
magnetically hollow ferromagnetic nanotubes have been studied. They were prepared from
the different materials Nickel (Ni), Permalloy (Py) and Cobalt-Iron-Boron (CoFeB), deposited as
shells onto non-magnetic Gallium-Arsenide (GaAs) semiconductor nanowires via Atomic Layer
Deposition (ALD), thermal evaporation and magnetron sputtering, respectively. The resulting
nanotubes had lengths between 10 to 20 um, diameters of 150 to 400 nm and tube walls (shells)
which were 20 to 40 nm thick. Structural analysis of the tubes by Transmission Electron
Microscopy revealed a poly(nano)crystalline (Ni, Py) and amorphous (CoFeB) structure.

Electrical transport experiments as a function of temperature revealed different transport
mechanisms for each of the materials. Electron-phonon scattering dominated the tempera-
ture dependence of the resistivity in Ni, while a clear evidence for electron magnon scattering
was observed in Py. Electron-electron interaction in granular and amorphous media was iden-
tified as the major contribution to the temperature dependence in CoFeB. The Anisotropic
Magnetoresistance (AMR) ratios have been determined for all tubes and different tempera-
tures. Ni nanotubes exhibited a large relative AMR effect of 1.4% at room temperature. The
AMR measurements provided information about the magnetic configurations as well as the
magnetization reversal mechanism. Indications for the formation of vortex segments in Ni
tubes were found for the magnetization reversal when the magnetic field was perpendicular
to the nanotube axis.

In cooperation with the Poggio group in Basel, cantilever magnetometry has been used for
the further characterization of the nanotube magnetization. The magnetization curves were
compared to the AMR measurements and finite element method (FEM) micromagnetic simu-
lations. The comparison between the experimental results and the simulations suggested that
the roughness of Ni tubes gave rise to segmented magnetic switching. An almost perfect axial
alignment of the remanent magnetization has been observed in Py and CoFeB nanotubes. The
influence of the inhomogeneous internal field in transverse magnetic fields was investigated
by simulation. The segment-wise alignment of spins with the field direction is argued to pro-
voke characteristic kinks in the hysteresis curve and measured AMR effect. Magnetothermal
spatial mapping experiments using the anomalous Nernst effect (ANE) complemented the
magnetotransport experiments in cooperation with the group of Prof. Grundler in Munich.
Here, first evidence of end-vortices entering the nanotube before reversal could be found.

Electrically detected spin wave resonance experiments have been performed in cooperation
with the group of Prof. Grundler on individual nanotubes. The detected voltage, generated by
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Abstract

the spin rectification effect, revealed multiple resonances in the GHz frequency. The exper-
imentally observed resonances were compared to calculated ones extracted from dynamic
simulations. With this comparison, the signatures could be attributed to azimuthally confined
spin-wave modes. The deduced dispersion relation suggested the quantization of exchange-
dominated spin waves in that resonance frequencies follow roughly a quadratic dependence
on the wave vector.

Key words: ferromagnetic nanotubes, micromagnetics, magnetoresistance, magnetothermal
effects, magnonics, microwave photovoltage, Ni, Py, CoFeB
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Zusammenfassung

In dieser Arbeit wurden die elektrischen Eigenschaften, die magnetischen Zustinde und
die Spinwellen Eigenmoden in einzelnen ferromagnetischen Nanoréhren untersucht. Dazu
wurden Nickel (Ni), Permalloy (Py) und Cobalt-Eisen-Boron (CoFeB) Filme auf Halbleiter-
Nanodréhte mittels Atomlagenabscheidung (ALD), thermischen Bedampfen oder Magnetron-
sputtern aufgebracht. Die Nanordhren hatten Langen zwischen 10 und 20 pm, Durchmesser
im Bereich von 150 und 400 nm und Wandstédrken von 20 bis 40 nm. Die Strukturanalyse
per Transmission Elektronen Mikroskop (TEM) ergab, dass die Filme der Ni und Py R6hren
polykristallin und die der CoFeB R6hren amorph waren.

Temperaturabhédngige Experimente zeigten unterschiedliche Transportmechanismen fiir die
verschiedenen Materialien. Wéahrend fiir Ni die Streuung von Elektronen an Phononen den
Temperaturverlauf zwischen 2 K und 300 K bestimmte, lies sich das Verhalten von Py mit
Elektron-Magnon Streuung erkldren. Die Elektron-Elektron Wechselwirkung in granularen
und amorphen Materialien wurde als dominanter Beitrag zum Widerstand in CoFeB Rohren
identifiziert. Weiterhin wurde die Stirke des anisotropen magnetoresistiven Effekts (AMR) in
allen Materialien und fiir unterschiedliche Temperaturen bestimmt. Ni Nanordhren zeigten
einen grossen relativen AMR von 1.4 % bei Raumtemperatur. Mittels AMR Messungen konnten
Informationen iiber die magnetischen Zustinde und die Mechanismen, die das Umschalten
der Magnetisierung bestimmen, gesammelt werden. Im Umschaltprozess unter Querfeld
wurden Hinweise auf Vortexbildung gefunden.

In Zusammenarbeit mit der Forschungsgruppe um Prof. Martino Poggio in Basel wurde eine
zusidtzliche Charakterisierung der Nanorohren Magnetisierung durch Cantilever Magneto-
metry vorgenommen. Die Magnetisierungkurven wurden mit AMR Daten und mikroma-
gnetischen Finite-Elemente-Methode (FEM) Simulationen verglichen. Der Vergleich deutete
darauf hin, dass die Rauigkeit der Ni Rohren zu einem segmentierten Schalten fiihrt. Die
Magnetisierung in Py and CoFeB Rohren wies eine nahezu perfekte axiale Ausrichtung auf.
Es wurde weiterhin der Einfluss des inhomogenen internen Feldes im Querfeld in Simulatio-
nen untersucht. Das segmentweise Ausrichten der Spins entlang des internen Feldes fiihrte
zu charakterstischen Knicks in der Hysteresekurve und dem gemessenen AMR Signal. Die
Magnetotransport-Messungen wurden in Zusammenarbeit mit der Miinchner Gruppe von
Prof. Grundler um orts-aufgeldste magnetothermische Experimente erweitert. In diesen Ver-
suchen wurden erste Hinweise auf das Eindringen von End-Vortices vor dem Umschalten
gefunden.

Zusammen mit der Gruppe von Prof. Grundler wurden auch elektrisch detektiere Spinwellen-
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Zusammenfassung

Resonanz Versuche durchgefiihrt. Die Gleichrichtung des induzierten Mikrowellenstroms
erzeugte eine Photospannung, die mehrere Eigenmoden in der Nanordhre aufweist. Der
Vergleich zu dynamischen Simulationen identifizierte diese als entlang des Umfangs ste-
hende Spinwellen. Die abgeleitete Dispersionrelation zeigte quadratische Abhdngigkeit vom
Wellenvektor und bestdtigte somit den Austausch-Charakter der Spinwellen.

Stichworter: ferromagnetische Nanoréhren, Mikromagnetismus, magnetothermische Effekte,
Magnetwiderstand, Magnonik, Mikrowellen-Photospannung, Ni, Py, CoFeB



Résumé

Cette these présente I'étude expérimentale des propriétés électriques, des états magnétiques
et des résonnances des ondes de spins de nanotubes magnétiques individuels. Les nanotubes
ont été préparé a partir de nickel (Ni), de permalloy (Py) et d'un alliage cobalt-fer-bore (CoFeB)
déposé de maniere a former une enveloppe autour de nanofils d’arsenure de gallium (GaAs)
amagnétiques. Les dépositions ont été effectuées respectivement par dépot de couches minces
atomiques (atomic layer deposition, ALD), par évaporation thermique et par pulvérisation
cathodique magnétron. Les nanotubes ainsi obtenus ont une longueur comprise entre 10
et 20 um, pour des diameétres entre 100 et 400 nm. Les parois des nanotubes varient entre
20 et 40 nm d’épaisseur (épaisseur de I'’enveloppe). Lanalyse structurelle par microscope
électronique en transmission a révélé des enveloppes ayant des microstructures polycristalline
al’échelle nanométrique (Ni, Py) et amorphe (CoFeB).

Les expériences de conductivité en fonction de la température ont permis de mettre a jour
des mécanismes de transport différents pour chaque matériau : Si pour les enveloppes Ni
la diffusion résultant des interactions entre électrons et phonons domine la dépendance
en température, des preuves claires de diffusions par interaction électron-magnon ont été
observées dans le cas d’enveloppes de Py. Les interactions électron-électron présentes dans
matériaux granulaires et amorphes ont été identifiées comme contribution majoritaire a la
résistivité dans le cas du CoFeB sur la plage de températures observée, entre 2K et 300 K.
Les ratios de magnétorésistance anisotrope (AMR) ont été déterminés pour tous les type de
tubes et a différentes températures. Les nanotubes de Ni ont présenté un effet AMR important,
1.4%, a température ambiante. L'utilisation de '’AMR a permis d’obtention d’'informations
sur la configuration magnétique et 'inversion de cette derniere. Les phénomenes d’inversion
dans le cas de champs magnétiques transverses a I’axe principale des nanotubes indiquent la
formation de segments comprenant des vortex magnétiques.

En collaboration avec le groupe du prof. Poggio a 'université de Bale, des mesures de ma-
gnétométrie par cantilever ont été réalisées afin de mieux caractériser les phénomenes de
magnétisation dans les nanotubes. Les courbes de magnétisation comparées a des simulations
micromagnétiques utilisant la méthode des éléments finis (FEM) ont suggérés que la rugosité
des tubes de Ni engendre une inversion magnétique segmentée. Un alignement axial uniforme
et quasiment parfais a été observé pour les enveloppes de Py et CoFeB. Linfluence d'un champ
magnétique interne inhomogene dans un champ transverse a été étudiée par simulations.
Lalignement des spins dans la direction du champ magnétique, segment par segment, est
considéré comme étant la cause d’irrégularités caractéristiques dans la courbe d’hystérese
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Résumé

et dans les mesures de 'effet ' AMR. De maniere complémentaire aux expériences de trans-
port électrique, des mesures réalisées en collaboration avec le groupe du Prof. Grundler a
Munich ont permis d’établir une cartographie spatiale magnétothermique basée sur I'effet
Nernst anormal (ANE). Ces mesures se sont montrées consistantes avec I’existence de vortex
terminaux avant l'inversion.

Des expériences portant sur la détection électrique de résonances des ondes de spins ont aussi
été réalisées en collaboration avec le groupe du Prof. Grundler sur des nanotubes individuels.
Le voltage, généré par un effet de redressement des spins, laisse apercevoir de nombreuses
résonances a des fréquences de I'ordre du Ghz. La comparaison avec des simulations dyna-
miques permet d’attribuer ces signatures a des modes azimutaux confinés d’ondes de spins.
La relation de dispersion déduite de ces mesures, dans le sens ot elle suit approximativement
une dépendance quadratique par rapport au vecteur d’onde, suggere le caractere quantifié
des ondes de spins dominées par des effets d’échange.

Mots clefs : nanotubes ferromagnétiques, micromagnétisme, magnétorésistance, effets ma-
gnétothermiques, magnonique, micro-ondes photovoltage, Ni, Py, CoFeB
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|§ Introduction

During the last decades the digital revolution has transformed the daily life. Our ways of living,
working and communicating have been recast drastically by the emergence of mass storage
and high-speed logic. The enormous advances in the amount of available digital memory
and computing power have been achieved on the shoulders of two fundamental principles:
first, the scaling ability of semiconductor device fabrication, sometimes called die shrink.
The significance of scaling lies in the fact that the shrinkage goes along with an increase in
performance and lower power consumption, while the same time reducing the manufacturing
cost per unit [M*65]. A second key-element of the success has been magnetic memory devices
for high-density random-access data storage. From the humble magnetic-core memory, in
which wires are fed through macroscopic magnetic toroids, to modern day hard disc drives
(HDDs) with giant or tunneling magnetoresistive read-heads, information has been stored
in ever more tiny magnetic domains. Both technologies are matured and reach the end of
further improvement: transistor gates reach dimensions in which tunneling processes and
thermal limitations severely hamper performance. In HDDs the small size of the magnetic
domains provokes the superparamagnetic limit, for which the domains become susceptible
to inadvertent switching because of thermal effects [GAB74]. To overcome this intrinsic limit,
new paths have been envisaged. One potential path to further increase the density is to
leave the planar technology and venture into the third dimension. One particular example is
the racetrack memory [PHT08], in which magnetic domain walls are moved along vertically
standing ferromagnetic wires. Here, a key parameter of device performance is the speed
of the domain walls when subject to external fields or spin polarized currents. It has been
predicted that the speed is particularly high in ferromagnetic nanotubes [LNn10, YAK*11].
Interestingly, such ferromagnetic nanotubes can be fabricated in arrays using a bottom-up
approach [NCRKO05], facilitating three-dimensional device fabrication. The peculiar tubular
structure of such ferromagnetic nanotubes makes them also promising candidates in very
different applications. For example, large potential is found in medical applications, such as
drug delivery or immunobinding [SRH*05]. Due to their magnetization they can be guided
by external magnetic fields. Their hollow structure allows for capturing or releasing species.
Because of their high surface to volume ratio, nanotubes are effective geometries for surface
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functionalization. Numerous theoretical works on magnetic states in nanotubes can be found
in literature. Despite their interesting geometry and their potential as building block in future
applications, experimental investigations on individual nanotubes were however scarce in
recent years.

1.1 Scope of the thesis

The goal of this thesis is to gain an understanding of the microscopic details of the magnetic
states, the magnetization reversal and spin dynamics in individual nanotubes prepared from
ferromagnetic metals.

In the past, most publications focused on the reversal of magnetization in nanotubes under a
magnetic field along their axis. By investigating the mechanism of reversal upon the applica-
tion of a magnetic field perpendicular to the nanotube axis, we aim at elucidating the role of
the inhomogeneous internal field in the magnetization reversal. We also want to explore if a
stable vortex state with minimum stray field is possible. Answering this question is important
for the potential of these nanostructures as memory elements.

Theoretical work has established the notion of a mixed state, in which the magnetic moments
align along the axis for most of the nanotube length and curl at its ends to minimize the stray
field WLL* 05, CUBGO07, LSS™07, LSCV09, CGG10]. Calculations suggest that the reversal is
greatly influenced by the mixed state. We want to elaborate experimentally this state.

To the best of our knowledge there are no studies on the spin wave dynamics in single ferro-
magnetic nanotubes. Previous studies addressed ensembles of short nanotubes [WLL" 05] or
rolled-up membranes with micron-radii [MPT*08, BMK* 10, BJH" 12, BBJ*13, BNM13]. With
the study of spin dynamics in ferromagnetic nanotubes we want to answer the questions of
how spin waves interact and what resonant modes exist in the tubular geometry. The thesis
aims at experiments addressing the magnetic properties of individual magnetic tubes from
DC to GHz frequencies.

We use nanotubes from three different materials, i.e. poly(nano)crystalline Nickel (Ni),
Nig, Fe,, (Py) and amorphous Cobalt-Iron-Boron (CoFeB). Avoiding magnetocrystalline anisotropy,
we intend to study the role of the tubular shape on the magnetic properties of the nanostruc-
tures.

1.2 Overview of the thesis

Please note that the measurements, the fabrication and structural analysis were embedded in
a large collaboration with colleagues from Barcelona, Basel, Jiilich and Munich. The contri-
butions are listed in Sec. 1.3 and in the list of publications in the preface. Parts of the thesis
have been published in peer-reviewed journals and are reproduced with permission of the
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publisher.

An extensive review of the existing literature on ferromagnetic nanotubes is given in Chap. 2.
The following Chapter 3 gives an introduction to the theory on ferromagnetism, micromag-
netics and spin dynamics. It will also summarize the effects of the tubular geometry on the
magnetic behavior. The experimental methods and the sample fabrication are described in
Chap. 4 and Chap. 5, respectively. The characterization of Ni, CoFeB and Py nanotubes and is
presented in Chap. 6. Here, we also discuss the reversal process in individual Ni nanotubes.
Chapter 7 is devoted to the study of revesal in CoFeB nanotubes. The dynamic measurements
and simulations are discussed in Chap. 8. Finally, the thesis is concluded with a summary in
Chap. 9.

1.3 Contributions

The experiments were embedded in a larger collaboration with colleagues from Barcelona,
Basel, Julich and Munich. Individual contributions other than mine were:

Measurements:

* Transmission electron microscopy images and their analysis were conducted by Jordi
Arbiol!2, Rafal Dunin-Borkowski®, Andras Kovacs®, Joan R. Morante? and Reza R.

Zamanil?.

e Marlou Slot and I performed the high field magnetotransport experiments from ~2 K to
room temperature (cf. Sec. 6.2).

* Cantilever magnetometry experiments and their analysis via analytical modelling were
done by Arne Buchter®, Martino Poggio® and Dennis Weber®. I performed the micro-
magnetic simulations. The setup was extended by Arne Buchter®, Prof. Dieter Kolle®
and Joachim Nagel® to include a nanoSQUID flux sensor.

e The setup for dynamic measurements was built and run in the group of Dirk Grundler”’.
I modified the setup for electrically detected spin wave spectroscopy and wrote the
control software. The experimental setup was further improved by Florian Brandl” and
Joahnnes Mendil’. Forian Heimbach’, Johannes Mendil’, Tobias Stiickler’ and Shengda
Wang’ and I conducted the dynamic measurements.

Unstitut de Ciencia de Materials de Barcelona (ICMAB-CSIC), Campus de la UAB, 08193 Bellaterra, CAT, Spain

2Instituci6 Catalana de Recerca i Estudis Avancats (ICREA), 08019 Barcelona, CAT, Spain

3Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons and Peter Griinberg Institute,
Forschungszentrum Jiilich, D-52425 Jiilich, Germany

4Catalonia Institute for Energy Research (IREC), Barcelona 08930, Spain

SDepartment of Physics, University of Basel, 4056 Basel, Switzerland

6physikalisches Institut and Center for Collective Quantum Phenomena in LISA™, Universitit Tiibingen, 72076
Tiibingen, Germany

7Lehrstuhl fiir Physik funktionaler Schichtsysteme, Physik Department E10, Technische Universitit Miinchen,
85747 Garching, Germany
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* Florian Brandl’ and Johannes Mendil” designed the setup for magnetothermal mapping
and conducted the measurements on nanotubes with specifically designed microwave
antennas and electrical contacts fabricated by me. Ioannis Stasinopoulos’ optimized
the design parameters of the co-planar waveguides.

Sample fabrication:

* The semiconductor nanowires were grown by Martin Heiss®, Federico Matteini®, Eleonora
Russo-Averchi®, Gézde Tiitiiciioglu? and me. Particularly, Federico Matteini® and
Eleonora Russo-Averchi® optimized the growth parameters for the given requirements.
The software control system of the MBE system and the related tools for automation
and monitoring were developed by Martin Heiss® and me.

* The Atomic Layer Deposition (ALD) process in Munich was developed by Rupert Huber’ .
The initial processes were performed by Rupert Huber’ and me, subsequent deposition

was executed by Rupert Huber’ and Thomas Schwarze’.

e The setups for thermal evaporation of Py and magnetron sputtering of CoFeB were
devised by Thomas Rapp’. The modifications for deposition under an angle and with
rotation was planned by Florian Heimbach’ and Thomas Rapp’. The depositions were
conducted by Florian Heimbach’.

8Laboratoire des Matériaux Semiconducteurs, Institut des Matériaux, Ecole Polytechnique Fédérale de Lau-
sanne, 1015 Lausanne, Switzerland
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Although Frei et al. and Aharoni and Shtrikman theoretically treated the magnetization reversal
of infinite, solid cylinders already in 1957 [FST57] and 1958 [AS58], respectively, it took nearly
four decades until these theories were extended to hollow tubes [CLY94, LC96]. Since then, a
multitude and increasing amount of theoretical and experimental work has been conducted
in the field of magnetic nanotubes. In the following, an overview of the state-of-the-art and
published research results is given. The literature review is divided into three topical sections:
Sec. 2.1 treats the progress in the fabrication of ferromagnetic nanotubes. Publications on
static magnetization behavior and reversal in tubes are discussed in Sec. 2.2 considering both,
theoretical and experimental works. Section 2.3 focuses on studies about domain wall motion.
Finally, Sec. 2.4 summarizes the publications about spin waves in tubular geometries. Details
of the most important theories will be discussed in Sec. 3.4 of Chap. 3.

2.1 Reported techniques for ferromagnetic tube fabrication

During the late 1990s and early 2000s research focused on the development of processes
to fabricate ferromagnetic tubes. Mertig et al. [IMKP98] performed electroless Co and Ni
plating of biomolecular microtubules. The tobacco mosaic virus as a template for iron
oxide mineralization was chosen by Shenton et al. [SDY"99]. The electrochemical fabrica-
tion of nanotubes was reported by Tourillon ef al. in 2000 [TPLL00]. They deposited Fe
and Co into track-etched polycarbonate membranes. In contrast, Bao et al. [BTX*01] used
porous alumina membranes, in which the Ni was deposited with pulsed and dc eletrode-
position. In such porous alumina membranes, metal salt was successfully decomposed in
hydrogen to form FePt and Fe,0, nanotubes (Sui et al. [SSSS04]) or Co/Polymer multilay-
ers formed by thermal decomposition (Nielsch et al. [NCM*05]). The use of Atomic Layer
Deposition (ALD) to fabricate Ni, Co and Fe;0, tubes into anodic alumina membranes was
pioneered in 2007 [DKGNO07, BJK*07, NBD*07, EBJ*08, BEP*09, AZA*11]. Amongst various
other publications related to the fabrication via electrodeposition, e.g. [TGJ*06, CSA*13],
further techniques can be found in literature: Kirkendall diffusion [WGW™10], liquid phase
deposition [YC11], nanoparticle assembly [CST*07], a hydrothermal, coordination-assisted
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dissolution process [JSY*05, LXWS08] or particle coating of carbon nanotubes [SYL*05].

With the epitaxial growth of Fe; O, core-shell nanowires, Zhang and co-workers pioneered the
usage of bottom-up grown nanowire templates [ZLH" 04, LZH* 05]. For the shell deposition,
pulsed laser deposition was chosen. In contrast, Rudolph et al. [RSK*09] employed Molecular
Beam Epitaxy (MBE) to fabricate both, the GaAs nanowire core and the GaMnAs shell.

Efforts to fabricate magnetic nanotubes with well established lithography methods have also
been undertaken. Khizroev and co-workers have fabricated short nanotubes with rectangular
cross-section by Focused-Ion-Beam (FIB) etching on top of a pillar [KKLT02]. A different
technique for low aspect-ratio tubes was developed by Huang et al. only recently [HKS*12].
They succeeded to create nanotube stubs by coating lithographically fabricated resist pillars
with Py and subsequent ion-beam milling. AC dielectrophoretic assembly of a poly(3,4-
ethylenedioxythiophene) PEDOT nanowire on prefabricated electrodes and sub-sequent
electrodeposition was employed to overcome the difficult post-growth contacting problem
in the publication by Hangarter et al. [HRSM11]. In this approach, the ferromagnetic coating
of the contacts influenced the nanotube behavior and thus made the analysis of the tube
properties problematic. Nevertheless, a refined process could be interesting for future top-
down fabrication.

Within the last decade a method to fabricate rolled-up tubular structures was developed: when
removing a sacrificial layer in a strained thin-film stack, the upper layers are released and roll
up into a tube-like structure [SE01]. By strain engineering one can choose the diameter and by
lithography define the length of such tubes. Mendach et al. IMPT*08] fabricated Rolled-Up
Permalloy Tubes (RUPTs) from planar thin films. Using thin-film techniques gives rise to good
material quality and allow for integration with other circuitry. The diameters are usually larger
than 1 um [UMC'09, BJH"12, BBJ*13, BNM13, SHK* 14].

2.2 Magnetic states and reversal

Frei et al. [FST57] suggested three modes of magnetization reversal for infinite, solid cylinders:
below a critical radius reversal of the axially aligned magnetization occurs by coherent rotation
[Fig.2.1 (a)]. For intermediate radii, the so called buckling is the energetically preferred
route to reversal [Fig. 2.1 (b)]. For wider cylinders, the magnetization reverses through the so
called curling state [Fig.2.1 (c)]. In the latter case, the magnetization forms a global vortex
state. In a solid cylinder, this state involves a line singularity in the center. Note that the
vortex state is singularity-free in a tubular geometry, lowering its energy and making it more
favorable. The transition from curling to coherent reversal as a function of angle between
axis and field was proposed and discussed by Han et al. [HZIWO03] and followed by other
works [HSS*09, HRSJY* 09, SLS*09, ZZW™* 13]. All these works assume a solid infinite cylinder
to calculate the coercive field H;. They assume a single-domain behavior for the coherent
rotation as well as for the curling mode.
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Figure 2.1 — Sketches of theoretically predicted mode in a solid ferromagnetic cylinder (a)
coherent reversal, (b) reversal buckling and (c) curling, which involves a global vortex state.

In a pioneering work Landeros et al. [LAE*07] introduced the notion of a domain-wall miti-
gated reversal. In this model, a domain wall is nucleated at the end and propagates through
the tube. Depending on the geometry it can be a vortex or transverse domain wall [Fig. 2.2].
The model will be reviewed in Sec. 3.4.2. Escrig and co-workers extended this work to calculate
nucleation fields H;, of the different modes. They consider hollow nanotubes, the influence
of finite length and the reversal via domain walls. They predicted a change in reversal de-
pending on both, the orientation of the applied field [EDL*07, AEA*08] and the thickness ¢
of the film [EBJ*08, BEP*09]. For both dependencies experimental evidence was reported in
SQUID studies [EBJ*08, BEP*09, AZA*11]. An introduction to the model is given in Sec. 3.4.3.
Considering nanotube arrays, they included the effect of mutual stray field. This led to a
reduction of the coercive field due to dipolar coupling with adjacent tubes [EBJ*08, BEP*09].

In a similar approach, the phase diagram for the static equilibrium in finite-length nano-
tubes has been calculated by Escrig et al. [ELAT07]. The authors compared the energies
of the axial configuration [Fig.2.3 (a)] and the stray-field free vortex state [Fig. 2.3 (b)]. Be-
cause the curvature comprises an exchange energy penalty for the vortex configuration, it
is more likely to be found in tubes with large diameters. In addition, a mixed state has been
postulate [WLL*05, CUBG07, LSS*07, LSCVO09]. In this state, depicted in Fig. 2.3 (c), the mag-
netization curls at the end of a tube to minimize the stray field and aligns axially in the center
to minimize the exchange energy involved with curvature. The state was reported by Wang et
al. [WLL"05], who performed numerical simulations in 2005. Such mixed states were found
numerically by Chen et al. [CUBGO07] and Lee et al. [LSS*07] two years later. A corresponding
phase diagram was developed analytically by Landeros et al. [LSCV09] only shortly thereafter.
In Sec. 3.4.1 we discuss this model in further detail. It has been evaluated numerically that
the relative chirality, i.e. the rotational senses, of the end-vortices depends on the ratio ¢/r, of
thickness ¢ to outer radius r,. The reason is a stronger stray field interaction for tubes with
larger ¢. Tubes with t/r, < 0.2 exhibit end-vortices with the same chirality and thicker tubes
show opposite rotational senses [CGG10, CGG11].

Most of the experimental work, e.g. Ref. [HZLW03, CDM™*05, WWL*06, TGJ"06, DKGNO07,
7ZCWL07, LTBL08, SSM*08, EBJ*t08, HRSJY'09, HSST09, SL.ST09, BEPT09, HTH*09, ZWZ'11,
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Figure 2.2 — Sketches of magnetization reversal in a magnetic nanotube, mediated by a (a)
transverse or (b) vortex domain wall

Z7ZW*13, SSS*13], have been limited to studies on arrays of magnetic tubes using either
superconducting quantum interference devices (SQUIDs) or vibrating sample magnetometers
(VSMs). So far the magnetic properties of individual magnetic nanotubes have been explored
by a small number of publications. Magnetotransport experiments on individual tubes were
pioneered by Zhang er al. [ZLH* 04] in 2004, when they presented magnetoresistance studies
in MgO/Fe;0, core-shell nanowires. Since then, few works have been reported Notably,
Li et al. [LTBL08] extended their SQUID investigation on arrays of Co tubes by Magnetic
Force Microscopy (MFM) images of a single tube. They interpret the almost vanishing MFM
signal and the very small remanent magnetization as an indication for a global vortex state.
Comparison of the involved energy densities support their finding. During the course of the
thesis, further groups published work on individual tubes. They treated either epitaxially
grown materials [ZLH*04, BRR"13], observing magnetocrystalline anisotropy, or microtubes
with comparably large diameters [SLE* 12, LWP*12].

Magnetic imaging of ferromagnetic nanotubes is challenging due to their dimensions and
curvature. Nevertheless, recent advances in X-ray Magnetic Circular Dichroism PhotoEmission
Electron Microscopy (XMCD PEEM) are a promising basis for future investigations. In such
experiments, the magnetic pattern is extracted from the x-ray shadow with high resolution
and material selectivity. Results of a first study on Ni-Fe;0, core-shell structures [KKM™11]
with diameters of about 100 nm supported a model of two distinct switching events of core
and shell, presented by Chong et al. [CGM™ 10]: while the shell curls, the core switches via a
domain wall. Very recent the same method was employed to image transverse and bloch-point
walls in solid nanowires with diameters below and above 70-90 nm,respectively [DCJR* 14].
Finally, the uniform axial, the global vortex state and two vortices with opposing chirality
were measured with the same technique in rolled-up microtubes with diameters above 1 um
and multiple windings [SHK" 14]. The results indicate that tightly wound tubes, similar to the
ones studied dynamically (cf. Sec. 2.4), can be considered as a hollow tube with continuous
tube walls. Another promising method for future high resolution, 3D imaging is the Lorentz
transmission electron microscopy (LTEM) [YDH*13b].

10
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Figure 2.3 — Depiction of the (a) axial, the (b) vortex and (c) mixed state

2.3 Domain wall motion in nanotubes

After Landeros et al. [LAET07] proposed that vortex walls mediate the reversal of uni-axially
magnetized and not too thin nanotubes (cf. Sec. 3.4.2), multiple theoretical studies on their
motion were published. The predicted velocities of more than 1 km/s are interesting for fu-
ture applications as memory or logic devices [LNn10, YAK* 11, OLLVL12, OLLNnL12, YAK* 12,
YKAH13]. It is still under discussion whether a phenomena similar to the Walker break-
down [SW74], exists in magnetic nanotubes. While analytic models by Landeros and co-
workers predict a decrease in velocity after a certain threshold [LNn10, OLLVL12, OLLNnL12],
simulations by Yan et al. [YAK* 11, YAK" 12, YKAH13] claim the suppression of the breakdown,
at least in certain geometric dimensions. If this is the case, the domain wall velocities could
reach the phase velocity regime, which in turn would lead to Cherenkov-like spin wave emis-
sion [YAK"11, YKAH13]. Furthermore it was observed that the left-right symmetry of the
domain wall dynamics is broken [OLLVL12, YAK* 12]. This chiral symmetry breaking results
in different mobility for vortex walls with different rotational sense. This peculiar observa-
tion might be relevant for technological applications. At the time of this thesis and to the
authors knowledge, no successful experiments on domain wall motion have been published
in literature.

2.4 Spin waves in nanotubes

Arias and Mills developed a theory for axially propagating dipole-exchange spin waves in
solid cylinders [AMO1]. The dispersion relation of axially propagating spin waves in a hollow
magnetic tube was presented for the special case of t — 0 by Leblond and Veerakumar [LV04].
In their model, an increase in the exchange energy for all fields and wave vectors is introduced
by the cylindrical coordinate system. Further aspects of the model are given in Sec. 3.4.4.

The first experimental results were published in 2005 by Wang et al. [WLL* 05], who performed
BLS experiments on arrays of 150 nm long nanorings. The rings, which have an outer diameter
of 80 nm, are spaced 105 nm apart. They extended the Arias-Mills theory to include an effective
radial component and also found an additional term in the dispersion relation which accounts

11
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for the effect of curvature on the exchange energy. Furthermore, they perform OOMMEF
simulations to obtain the equilibrium state and the fundamental spin wave mode. Motivated
by this work, Nguyen and Cottam reported results for a nanotube composed of hexagonally
ordered spins [NCO06]. Their model is microscopic and based on a spin Hamiltonian. By
solving the system numerically, they found dispersion relations for axial field comprising
minima at finite wave vectors and evidence of mode-repulsion and -mixing. Das and Cottam
reported numerical solutions of magnetostatic modes [DCO07] for particular dimensions of a Py
nanotube. They consider propagation along the axis and a quantized azimuthal wave vector
component ky. Later the same authors extended their numerical calculations to include
dipole-exchange spin waves and radial confinement [DC11]. In the investigated EuS and
Ni tubes, they find mode-mixing of the radially quantized bulk modes and the modified
magnetostatic surface modes. The spin wave spectra of infinitely long, cylindrical nanotubes
with or without vortex wall were calculated by Gonzalez et al. [GLNn10] by minimization of
the corresponding energy functional and linearization of the Landau-Lifshitz-Gilbert equation
[cf. Eq. 3.32]. Because they assume radially homogeneous magnetization, the calculation are
applicable to thin wall tubes with small ¢. They find that spin waves dispersion is modified by
a domain wall. Also, spin waves propagating along the tube axis are scattered by the domain
wall.

Mendach et al. [IMPT*08] conducted an experimental study on spin waves in single micromet-
ric Rolled-Up Permalloy Tubes (RUPTSs) in 2008. Due to the large diameters, curvature only
influences the dipolar exchange in these tubes. It is thus possible, to describe the observations
using modified thin-film models. In such a model the curvature can be included by a dynamic
demagnetization field. Later works by Balhorn et al. observed azimuthal and axial confine-
ment [BMK*10, BJH*12, BBJ*13, BNM13]. Further details of the applied model are given in
Sec.3.4.4.

Hai-Peng et al. [HPMGLLJ11] reported recently the dynamic response of Ni-P nanotube/-
paraffin composites. Because of the random dispersion of the tubes in the paraffin, little
information about an individual nanotube could be extracted.

12



8] Theoretical background

In this chapter the essential theoretical background for the presented research is introduced.
In Sec. 3.1 the term ferromagnetism is defined, followed by a brief overview over relevant
micromagnetic aspects. Section 3.3 summarizes dynamic effects in magnetic materials. Finally,
the concepts are applied to the tubular geometry in order to outline the most important aspects
of ferromagnetic nanotubes.

3.1 Ferromagnetism

Magnetism in materials is a macroscopic manifestation of quantum mechanical angular
momenta. The magnetic moment y is proportional to the angular momenta of atoms and
electrons. The proportionality factor is called the gyromagnetic ratio y and takes the value
1.761 x 101! %1 for an electron in vacuum [nis]. As a magnetic body contains a large number
of magnetic moments, it comes handy to define the magnetization M as the volume density of
the total magnetic moments. On most realistic length scales, one can neglect the quantized
character of the individual magnetic moments. In this, so called 'continuum approach’, M is a
smooth and continuous vector field over the entire magnetic body. In free space, the magnetic
flux density B scales linearly with the magnetic field H. In presence of a magnetic body, M and
H add vectorially:

B=puoH+M) (3.1

Here g = 47 x 10" H/m is the vacuum permeability.

Magnetic materials can be classified by their response to external fields. For this one usually
considers the tensor components of the magnetic volume susceptibility

o0M;

—. 3.2
57 (3.2)

Xij =

Often y;; is considered to be a scalar y = y;;. In certain materials and for sufficiently small

13
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H, we observe a linear relation and thus y = const.VH. If y > 0 and small we speak of
paramagnetism. Here the magnetic moments line up with the applied field and give rise to an
increased flux density B. If H induces a magnetic moment in a material such that it opposes
the applied field, which is equivalent to—1 < y < 0, the material is called diamagnetic. In a
number of materials, the magnetic moments order spontaneously below a certain critical
temperature T.. One possibility is the anti-parallel ordering of two sublattices of magnetic
moments. If the magnetic moments are of similar strength we speak of antiferromagnetism
and of ferrimagnetism in case of disparate moments.

Ferromagnetism is characterized by parallel ordering of the magnetic moments. This leads
to a remanent magnetization even at vanishing field and usually to a strong amplification of
the magnetic flux. A ferromagnet is often described by y > 1. Please note that this is only
applicable in soft ferromagnets with negligible remanence. In case of remanent behavior,
the relation between M and H is neither linear nor single-valued. M depends on the history
of the sample, it has a hysteretic behavior. The maximal magnitude M is defined as the sat-
uration magnetization M. At room temperature Fe, Co and Ni are the only three chemical
elements that are ferromagnetic. There is however a plethora of alloys which show ferromag-
netism. Throughout the thesis, the elemental ferromagnet Ni and the two alloys Permalloy
(Py,Nig,Fe, ) and Cobalt-Iron-Boron (CoFeB, typically Co, Fe,,B,,) are used.

3.2 Micromagnetics

To describe the magnetic behavior of objects on the micrometric scale, one usually employs
the micromagnetic model, pioneered by Brown [Bro40, Bro63]. Instead of considering the
microscopic origin of magnetism, this model considers the influence of different physical
effects by including multiple phenomenological energy contribution. It is further assumed
that the material is spontaneously saturated in each point to the same magnitude |M| = M;
but that the direction of the magnetization vector varies.

In the following the thermodynamic treatment of magnetostatics (cf. Sec. 3.2.1), the relevant
energies (cf. Sec. 3.2.2) and the equations of motion (cf. Sec. 3.3) are presented.

3.2.1 Magnetostatics

To find the thermal equilibrium of the system the correct thermodynamic potential has to
be utilized. Considering that the externally applied magnetic field Hey, is a free variable, the
Gibbs free energy

GMHex, T)=U-TS~- /,uoHext-MdV (3.3)

is the correct thermodynamic potential to describe a system with Volume V. Here S denotes
the entropy, T the temperature and U the inner energy of the system. Per definition of G and

14
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a well-defined thermal equilibrium, M has to be uniquely defined by the free variables Hex(
and T: M = M (Hext, 7). On the other hand it is well known, that a magnetic body can have
multiple meta-stables states, i.e. local minima in the free energy. A typical manifestation of
this is the familiar hysteresis curve. In the framework of non-equilibrium thermodynamics,
the metastable states of a body with Volume V can be taken into account for by a generalized
version of the total Gibbs free energy where the inner energy is a function of M:

Got(Hexe, M) = UM) - /,UOHext -MdV -TS (3.4)
Etot(Hext; M) -TS (3.5)

At fixed T the metastable equilibrium can be determined by minimizing the total energy Ei,
composed of multiple energy terms described in the following chapter.

The energy contributions can also be understood as an effective magnetic field Heg;, acting
on the magnetization. It is defined as the derivative of the energy density with respect to
orientation of M. It can be written as

1 d dEtot

eff =~ 714

Ho dM dv

(3.6)

In this picture, a metastable state is reached, when the torque exerted by Heg on M vanishes. In
other words, the magnetization aims to align with the effective field. One can express Brown’s
equations as [Bro78]

MXHeff =0 (3-7)
oM
— (3.8)
on Q

The second equation defines the boundary condition at the surface boundary Q with normal
vector n.

3.2.2 Energies in a micromagnetic systems

The free energy of a magnetic system consists of multiple extrinsic and intrinsic contributions.
In addition to the Zeeman energy, E,, one usually considers the exchange energy Ey, the
dipolar energy E4 and the crystalline anisotropy Eani. These terms add up to

Etot = E; + Eex + Eq + Eani (3.9)

and are explained in the following.
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Chapter 3. Theoretical background

3.2.2.1 Zeeman Energy

The second term in Eq. 3.4 is the Zeeman energy:

E,= —uO/Hext-MdV (3.10)

It states that the energy of a magnetic moment in an external field is minimal when aligned
parallel.

3.2.2.2 Exchange energy

The quantum mechanical exchange is the fundamental force behind ferromagnetism. The
Pauli exclusion principle states that two identical fermions cannot occupy the same quantum
state. Two atoms minimize the energy by a parallel alignment of their spins §; and §; due to
the Couloumb interaction. The exchange energy of localized individual magnetic moments
can be written as

Bex=—Jij ) 8i-Sj==2Jij }_Si"S,, 511

i,j i<j

where J;; is the exchange integral. For a ferromagnet J;; > 0. The exchange energy is respon-
sible for spontaneous and long-range ordering of magnetic moments. Please note that the
exchange interaction strength decreases rapidly with increasing distance. For this reason it is
often sufficient to consider only neighboring spins.

In the continuum approximation, Eex can be reformulated as [HK51]
_ A 2
Eox = ﬁg (VM)“dV. (3.12)

In this formulation, the exchange stiffness or coupling constant A, which is related to J;; is
assumed position independent. The exchange energy is sensitive to the gradient of M and is
large for non-uniform magnetization®.

3.2.2.3 Dipolar Energy

The dipolar coupling, with which two magnetic moments couple to each other, is basically
the force of the stray field of a spin on another one. Considering Gauss’ law of magnetism a

IPlease note that (VM)2 =Y ;— Xz (VMZ-)2 is the squared gradient of the magnetization and not the divergence.
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3.2. Micromagnetics

divergence in M leads to the generation of a stray field Hq:

V-B = 0 (3.13)
V- (Hg+M) = 0 (3.14)
>V-M = -V-Hy (3.15)

It can be seen that Hy opposes the magnetization in a body with homogeneous magnetization.
For this it is dubbed the demagnetization field. In absence of free currents and assuming the
electric displacement field to be constant over time, Ampére’s circuital law reads

VxHg=0 (3.16)

It follows thus that we can introduce the magnetic scalar potential ¢ that solves the Poisson’s

equation

Ap=pm (3.17)
by

Hqy=-V¢ (3.18)

with the magnetic charge density p,, = —V-M. It is important to understand that |[M| = M,
inside the magnetic body and |M| = 0 everywhere else. The finite extent of the ferromagnetic
region implies that |H4| — 0 for [x| — co. This demands the scalar potential ¢ to be constant
far away from the magnetic body. Usually one chooses

lim ¢=0 3.19)

[x|—o00

which defines an open boundary condition. One can calculate the dipolar energy of the stray
field Hq which is generated by p,, via

_Ho

E
=7

H3dV (3.20)

The integration over the entire space can be replaced by one over the magnetic body:

By = —% Hy-MdV 3.21)

v

The general expression for ¢ can be derived as [Aha96]

1 [ pm(X) 1 [ on(X)
<p(x)_a/v |x—x'|dV+E/Q o 40 (3.22)
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(a)
Hext

(b)
"‘ "‘ Hext
1
>

Figure 3.1 — Illustration of the geometry and the parameters for the calculation of the demag-
netization factor of (a) a rectangular prism and (b) a hollow cylinder in transverse field.

In addition to the left term, which gives the contribution of the magnetic charge density in the
volume, one obtains a term due to the discontinuity of M at the surface Q. The discontinuity
effectively gives rise to an effective magnetic surface charge o, =n-M.

The calculation of Hq can be very complex and is not analytically possible in the general
case. A relatively simple relation can be given for uniformly magnetized ellipsoids using the
demagnetization tensor N:

Hy=-NM (3.23)

The tensor is diagonal in the coordinate system of the ellipsoid’s principal axes and can be

written as
N, 0 0
N=[ 0o N, 0 (3.24)
0 0 N

For the degenerate shapes of an ellipsoid, such as e.g. spheres, long rods or films, the tensor
can be analytically solved. For a thin-film with its normal vector along e, the demagnetization
factors read Ny = N, = 0 and N, = 1, in a sphere they are N, = N,, = N, = 1/3 and in a solid,
infinitely long cylinder with e, along the axis they are N, = N, =1/2 and N, = 0. Because of the
inhomogeneity of Hq for non-ellipsoidal bodies, we cannot define a general demagnetization
tensor. Effective demagnetization tensors, employing some kind of averaging, are defined and
used in literature. Common definitions are the magnetometric demagnetization tensor

N 1 N
Ny = —— / NpdV (3.25)
V /v

and the ballistic demagnetization tensor

A

1
Np = —W/QHd-MdQ (3.26)

with the point-function demagnetization tensor Np defined as Hy (x) = —Np x)M. In both
cases uniform magnetization is assumed [MDT66].
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3.2. Micromagnetics

As a technologically relevant example, one can solve analytically the magnetometric demag-
netization factor for a rectangular prism. For the special case of a stripe, infinitely elongated
along y, Aharoni has calculated it to be [Aha98]

1 l—pr2

Ny == In(1+ pZ) + pr-In(p;) +2arctan (p; ') 3.27)
T 2py

for a field along the z-axis and p; = [|j/1, theratio of the rectangle’s respective sides [Fig. 3.1 (a)].
Recently, Prat-Camps et al. [PCNCS12] determined the analytic solution as function of y for a
cylindrical tube in transverse fields. For the ballistic and the magnetometric demagnetization
tensor [cf. Eq. 3.26] they obtained

1-p

Ngpc = > (3.28)

and

1 X
N =—(1- 62_ , 3.29
M,PC 2 ( X 2) ( )

respectively. Here 8 = r;/r, is the ratio of inner and outer radii [Fig. 3.1 (b)].

3.2.2.4 Crystalline anisotropies

In crystalline materials M preferentially aligns along certain crystallographic directions. Mi-
croscopically, the magnetocrystalline anisotropy arises from spin-orbit coupling which links
the electron orbits to the lattice structure. It can be expressed by an energy term Ej,,;, whose
structure depends on the underlying lattice symmetry. This thesis focuses on amorphous
and polycrystalline materials. Eqpj is thus neglected when analyzing the data and not further
discussed in the following.

3.2.3 Equations of motion

To describe the dynamic behavior of M in the continuum approach one makes use of the
Landau-Lifshitz equation of [LL35]:
dmMm

qp = YHoMx Hefr + ALLM x (M x Hegr) . (3.30)

Here, A1}, is the phenomenological Landau-Lifschitz damping parameter. A physically more
sound formulation was given by Gilbert in 1955 by adding a 'viscous’ force in a Lagrangian
formulation [Gil04]. The resulting Gilbert equation has a damping term which depends on the
time derivative of the magnetization:

dM a dM

—_— == M x Hegs+ —M x — 3.31
a YoM x Hegr M, X 1 (3.31)
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Chapter 3. Theoretical background

The Gilbert damping parameter « is again a phenomenological constant to be determined by
experiments. Although more realistic, the Gilbert equation is numerically more challenging.
The time derivative appears in the damping term, while it appears only on the left-hand side
in the Landau-Lifshitz equation. Because both formulas are mathematically equivalent, one
can reformulate the Gilbert equation to resemble the form of the Landau-Lifshitz equation:

dM _ Yo
dt 1+a?

M x Heff+

— YO M x (M x Hepp) (3.32)

Ms(1+a?)

In this form it usually referred to as Landau-Lifshitz-Gilbert (LLG) equation. The LLG equation
can equally be used to relax the system to its equilibrium state and to follow the evolution of
M in time. From a numerical point of view it is by far easier to implement. For this reason it
usually employed to describe magnetization dynamics.

3.3 Magnetization dynamics

The LLG describes a damped precessional motion of the magnetization after pulsed excita-
tion. Although a general analytic solution of Eq. 3.32 is not conceivable, special cases can
be described analytically. The ones relevant for this thesis will be presented in the following.
First the ferromagnetic resonance (FMR) is explained, followed by the extension of the theory
towards spin-exchange waves. Finally, a brief introduction to spin wave confinement in thin
films is given.

3.3.1 Ferromagnetic resonance

A solution of the equations of motion was found by Kittel in 1948 [Kit48] for an ellipsoid which
is homogeneously magnetized in direction of the static external field (Hex) = Hy = Hype;. The
exciting external radio frequency (rf) field h;s = hre, is chosen to be perpendicular to the
static field. Additionally, damping is neglected and a macrospin model employed, in which the
magnetization is assumed to be uniform over the entire sample and for all times:

M(x, 1) =M. (3.33)

This means, according to Eq. 3.12, that the exchange energy contribution vanishes. Further-
more Eqapi = 0 inisotropic materials and thus the only other contribution to the effective field is
Hy = —-NM. With M, (1) My (1) < M, ~ M and | hy| < | Hy| the equation of motion, Eq. 3.32,
simplifies to

dM,
T Yo [Ho + (Ny — N;) M| M, (3.34)
dM,
T = Yo [hygMs — HyMy — (Ny — Nz) My Ms] (3.35)
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3.3. Magnetization dynamics

and dé\fz ~ 0. Using M, My, ~ exp (iwt) and solving the set of equations, one yields a resonance

condition in the magnetic susceptibility tensor component y ., with a resonance frequency
described by the Kittel formula:

wo =WO\/ [Ho + (Ny — N;) M| [Ho + (Ny — N7) M. (3.36)

This solution, called the ferromagnetic resonance (FMR), describes the uniform precession of
the entire magnetization. It corresponds to a wave with infinite wavelength A or, similarly, a
wave vector k = 0. In the special case of a sphere (cf. Sec. 3.2.2.3) Eq. 3.36 becomes independent
of M, and simplifies to wo = y Hp.

3.3.2 Dipole-exchange spin waves

For waves with k # 0, the assumption of the previous section that the exchange can be ne-
glected does not hold true. Per definition, a phase shift between neighboring spins exists,
giving rise to (VM) 2 # 0 and Ex # 0 [cf. Eq. 3.12]. Obviously, M comprises a static component
My with [Mp| = M and a dynamic component m (x, ¢) that is a function of the position. For
small precession angles, m (x, t) can be expanded in a series of plane waves with amplitude
myp:

M(x, 1) =Mo+m(x, 1) =Mo+ Y my () exp (ik-1). (3.37)
k

Inserting into Eqs. 3.12 and 3.6, the exchange field can be calculated to be

2A

V°M = kem(x, 1). (3.38)
o Mz toM¢

Inserting into the equation of motion, Eq. 3.32, assuming My = Mye, and linearizing the set of
equations one obtains the Herring-Kittel formula [HK51]

2A A .
wy = YIJO\/(Hint + oM, kz) (Hjnt + oML K2+ M sin? Iuk (3.39)
= yho/ (Hing + A3 Myk?) (Hing + A2, M k? + My sin? 9. (3.40)

Here 9y is the angle between M and the propagation direction. The internal field is composed
of the external field and the demagnetizing field, Hj,; = Hexe + Hg. In general it could also
include the influence of magnetocrystalline anisotropies. We define the spin exchange length
Aex AS

(3.41)
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Chapter 3. Theoretical background

Equation 3.40 represents the dispersion relation of spin waves in an unbound media. For
A2, k? < 1 the influence of the exchange term A2, Msk? can be neglected and the dispersion
wy (k) is independent of k. In this regime we speak of magnetostatic waves or dipolar spin
waves. For larger k, the solutions are called exchange spin waves or dipolar-exchange spin
waves. In this regime wy becomes a function of k and has a finite value even for zero field. For
very large k, one observes wg o< k?.

3.3.3 Spin waves in thin films

In a thin film with thickness ¢, the spin waves are confined in one dimension and the wave vec-
tor can be split into an in-plane and an out-of-plane component k = kj, + kop. The dispersion
relation for this case has been computed by Kalinikos and Slavin [KS86] to be

wo =Y Ho \/(Hint + A(Zest kz) (Hint + A%XMS k? + MsFyp (k, I'Iint)) (3.42)

with

Pyn (1= Pyp) Ms sin? PKS

F,, (k, Hipt) = P +sin? 9|1=P,, (1 +cos? +
nn int nn nn ( ‘PKS) Hi + /1§st 2

(3.43)

as the dipolar matrix element. 9 is the angle between M and the film normal and ks is
the angle between the in-plane component of M and the propagation direction?. The latter
coincides with the film plane. The exact form of the matrix element depends on the pinning
condition of M at the surfaces [KS86]. The confinement along the film normal leads to the
condition ko, = 7rn/t. For the special case of totally pinned surface spins, Py, reads

2
kip 2 kip kgp

Pup=—+—
k2 rk*

[1-(-D"exp(-tkip)] (3.44)

with n=1,2,3.... For totally unpinned surface spins it is modified to

p :k_izp_ZkEP L [1-(=1)"exp(—tkip)] (3.45)
T2kt 1460, P '

and n = 0,1,2... Neglecting the exchange term 12, Mk?, the spin waves are called magne-
tostatic modes or dipolar spin waves. In a thin film one usually considers three types of
modes [DHSO01]: M in-plane and k L M gives rise to so called magnetostatic surface modes
or Damon-Eshbach Modes (DE) [DE61]. Magnetostatic backward volume modes (MSBV)
for k | M and both in-plane. The backward volume modes exhibits negative group velocity.
Finally, the magnetostatic forward volume (MSFV) waves describe waves propagating in the
plane when M is normal to the surface. As an example, the spin wave dispersion of each mode
is plotted for Hj,¢ = Ms and kop = 0 in Fig. 3.2. The reader is referred to Refs. [DHS01, KDG10]
for further reading.

2please note that ¢xs is only equal to @y of the Herring-Kittel formula, if the magnetization is aligned in-plane
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10 T T

kop =0 DE

UJO/ ('Y/J'O[Hint + Ms])

wo/ (YmoHint)

wo/ (Yo Hint)

thip

Figure 3.2 — Dispersion relations for spin waves propagating in a planar thin film for an internal
field of Hjn¢ = Ms and kop = 0 under various field orientation.

3.4 Effects of tubular geometry

The concepts introduced before will now be applied to the tubular geometry. In the following
analytic models found in literature are summarized for the convenience of the reader. Although
they are limited to special cases or perfect geometries, they are essential for an understanding
of the fundamental physics that govern the magnetic behavior in ferromagnetic nanotubes.

3.4.1 Equilibrium states

In the following we will discuss possible magnetization configurations in a ferromagnetic
nanotube. First, two configurations which are uniform over the entire length of the nanotubes
are considered: the uniform axial alignment [Fig. 2.3 (a)] and the global vortex configuration
[Fig.2.3 (b)].

The parallel alignment minimizes the gradient in magnetization at the cost of dipolar energy
due to the stray field at the ends. The dipolar energy of the axial alignment EJ* can be
calculated [ELA*07] by expanding |x—x’ |_1 in the magnetic scalar potential ¢ [cf. Eq. 3.22]
and combining Egs. 3.18 and 3.21 to

©1—exp(—yL/ro)
y2

By = muoM2r [ [ () - 871 (B) P, (3.46)
0
where L is the length of the nanotube, § = ri/r, the ratio of inner to outer diameter, J; is a
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Figure 3.3 — Phasediagram for the transition from axial to vortex state as function of the
normalized outer radius r,/Aex and the normalized tube length L/ Aex for f=0.5, 0.9 and 0.95
(after [ELA*07]).

Bessel function of the first type. For large L/r, this can be approximated as [ELA*07]

: (1+B%) - B*Far (B) |- (3.47)

2.3
EY =mpgMgry in
Here Fo; (B) = Fo1 [~3, 3,2, f%] denotes a hypergeometric function. From VM = 0 and Eq. 3.12
it follows that the exchange energy is E3x = 0. The total energy of the axial alignment is thus
determined only by its dipolar energy.

The complete flux closure of the vortex results in zero stray field Ej = 0 but significant ex-
change energy due to bending. Inserting M (x) = Msey, where 9 is the azimuthal coordinate
in a cylindrical coordinate system, into Eq.3.12 and considering that (VM)2 = —M-AM =
M?2r~2 [BRH93], one yields [ELA*07]

2n L To
EgX:A/O dﬁ/o dz/ r-'dr=2nLAIn(p7"). (3.48)
Ti

It can be seen from Eq. 3.47 that for fixed §, EJ* increases with r, while Eg, is constant. On the
other hand, E* does not depend on the tube length for large L/r,, while Eg is alinear function
of L. This means that long and thin nanotubes will have an axial alignment as equilibrium
configuration and thick short tubes a vortex state. This can be understood, considering that
larger r, is equal to less curvature, which implies smaller VM and smaller Egy. At the same time
larger radii result in larger surfaces at the ends and thus increased stray field. To determine
the critical parameters we can compare the energies of Egs. 3.47 and 3.48. The vortex will
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L/ A, /103

Figure 3.4 — Phasediagram for the transition from axial to mixed and finally vortex state as
function of the normalized outer radius r,/Aex and the normalized tube length L/ ey for
B =0.5and 0.9 (after [LSCV09]).

dominate for

El, < E¥ (3.49)

2nLAIn(B7!) < nuOMszrg[%(l+,B3)—ﬁ2F21 (ﬁ)]. (3.50)

Rearranging and utilizing the exchange length Aex =/ #21‘312 we can write this condition for
0Vig
the vortex state as

Lidey 1
<
(ro/Aex)® In(B71)

3

na (1+p°) - p*Fa (ﬂ)] : 3.51)

Figure 3.3 depicts the phasediagram corresponding to Eq. 3.51.

If one relaxes the constraint that the magnetization has to be uniform over the whole tube, one
can imagine another configuration. In the mixed state, first observed in numerical simulations
by Chen et al. [CUBGO07] in 2007, the stray field is minimized by the magnetization curling at
the ends of the tube while being parallel aligned over the rest of the length [Fig. 2.3 (c)]. For
the detailed analytic calculations performed by Landeros et al. the reader is kindly referred to
Ref. [LSCV09]. The phasediagram including this state is reproduced in Fig. 3.4. It follows that
the mixed state dominates in high aspect ratio nanotubes with negligible magnetocrystalline
anisotropy over a wide range of radii.
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3.4.2 Domain walls

Considering a tube with axial alignment of the magnetization, one can think of two domain
wall types: the transverse [Fig. 2.2 (a)] and the vortex wall [Fig. 2.2 (b)]. Similar to the calcula-
tions presented in Sec. 3.4.1, one can determine the energies related to the two types of walls
and determine a phase diagram. In principal the vortex wall avoids the surface magnetic
charges, which occur for a transverse wall, and has thus a lower dipolar energy. On the other
hand the gradient in magnetization related to the vortex wall increases the exchange energy.
For detailed calculations we refer to Landeros et al. [LAET07] and summarize the most im-
portant results of a simpler thin shell model developed by Landeros and Ntifiez [LNn10]3. In
this model the minimal energy difference for the existence of a domain wall in respect to a
homogeneous axial configuration can be expressed as

_Amrs(1-p) A

AEY (3.52)
w
with the domain wall width w, which is
(3.53)
for the vortex wall and
W= Wy = V2ex (3.54)

in case of a transverse wall. It can already be seen that the domain wall width is the critical
parameter in Eq. 3.52: smaller walls cost more energy. The width of the vortex wall scales
linearly with the outer radius of the tube. In contrast the transverse wall width is independent
of the geometrical dimensions. For this reason it is clear that above a certain critical radius
only vortex walls will exist. From an energy comparison one yields the condition for vortex
walls,

To ln(ﬁ‘:)
Mex 1-p

(3.55)

which is plotted in Fig. 3.5. Considering that the typical exchange length is in the order of a
few to a few tens of nanometers, it is evident that in tubes with dimension of this work, the
vortex wall is expected.

Calculations and simulations predict that moving the vortex walls with external fields [LNn10,
YAK*11, OLLVL12] or electrical pulse [OLLNnL12] takes place at very high velocities. In Py it
can reach multiple km/s [LNn10]. A Walker breakdown [SW74] like phenomenon is predicted
to occur above a certain threshold, leading to periodic switching of the chirality, i.e. the

3Please note that the thin shell model is similar to the more complete calculation for large > 0.7. The
qualitative picture holds true in any case.
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Figure 3.5 — Phasediagram for the transition from transverse to vortex wall as function of the
normalized outer radius r,/Aex and the radii ratio g (after [LNn10]).

rotational sense [LNn10, OLLVL12, OLLNnL12]. Interestingly the chiral symmetry of domain
wall motion is broken in magnetic nanotubes [OLLVL12, YAK*12]. Employing the correct pulse
strength and length of the field or the current, it is expected that the chirality can be switched
in a predictable manner [OLLNnL12, OLLVL12]. On the other hand simulations show that, at
least for specific geometrical dimensions, the Walker breakdown can be suppressed [YAK* 11]
and speeds of the phase velocity of magnons are reached, leading to Cherenkov-like spin wave
emission [YAK'11, YKAH13].

3.4.3 Switching field

First experimental investigations analyzed the dependence of the switching field* H; as func-
tion of either the angle 6 between the external field and the tube axis or the tube wall thickness
t. In a first model, only curling or coherent reversal processes were considered and the cal-
culations for an infinite and solid cylinder employed [HZLW03, SSM*08, HRSJY*09, HSS*09,
SLS™09]. Escrig and co-workers introduced the possibility of magnetization reversal via trans-
verse or vortex walls [EDLT07, EBJT08, AEAT08, BEPT09, AZAT11].

All models are based on either a theory of coherent rotation derived by Stoner and Wohl-
farth [SW48] or Aharoni’s calculation for the curling reversal [Aha97]. The Stoner-Wohlfarth
model is a macrospin model based on energy minimization and includes the Zeeman and
the dipolar energy (cf. Sec.3.2.1). It allows the determination of the characteristic jumps of

4The switching field is defined as the field at which M performs a spontaneous jump. The coercive field is the
field at which the projection of the magnetization along the field is zero. The terms switching field and coercive
field are often interchanged, because in most cases switching causes the magnetization to cross zero.
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Figure 3.6 — Switching field as function of (a) the angle between field and axis, 6, and (b)
the normalized tube wall thickness #/A1¢x. Please note that the graphs are using values of
Refs. [AEA*08, EBJ"08]. They depict the behavior of (a) Ni tubes and (b) Fe,O, tubes with
ri = 25nm and typical material parameters. The exact shape and critical values depend on the
actual material and geometry.

M. At this switching field HS°", M coherently rotates into a new energy minimum. Escrig et
al. [EDL*07] extended the model to the tubular geometry by employing the demagnetization
factor in a long tube [cf. Eq. 3.46]

_1-3N; (1) v/1—tan? (0) + tan* (0)

H = 3.56
° 2 1+ tan? (0) (3.56)
with the demagnetization factor
2To ©1—exp(—yLlTy) )
=)= - d 3.57
+ () L(l—ﬁZ)/O 72 [ () =B (By)]"dy (3.57)

Here J; is a Bessel function of the first type. Shortly after, Escrig et al. [EBJ* 08, AEA™ 08] argued
that the nucleation field of a transverse wall with width w,, is similar to the switching field of
a tube with length wyy. The nucleation field is thus HYY = HSCOh (L = Ww).

Chang et al. [CLY94] calculated the nucleation field H;"" for the curling mode in an infinite
hollow cylinder using the model of Frei et al. [Aha97]. In this model, the Brown equation
[cf. Eq.3.7] is employed HS" can then be found solving the equation assuming a solution
with azimuthal magnetization component. Escrig et al. [EDL*07] modified HS"" in order
to describe its dependence on 6. For this they extended the expression found in prolate
spheroids [Aha97] to include the effect of curvature as derived by Chang et al.:

[ ) (e~ =25

Hy™ = M 2 2
\/(NZ - —a(ﬁ%’lg") sin? () + (Nx - —a([glgx) cos? (0)

) (3.58)
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where they function a () = ¢ satisfies [CLY94]

alo(a)-11(a)  Balo(Bq)-Ji(Bg)
a%(q)-11(q) BaYo(Bq)-Y1(Bq)

=0. (3.59)

Ji and Y; are Bessel functions of the first and second kind, respectively. a (8) can be approxi-
mated using a Ritz model to [EDL*07]

8 (14-13B8%+58%
=— . 3.60
)= s IR =7+ 5 (3.60)
Equation 3.58 simplifies to
AZ
HE™ = a () % (3.61)
(o]

In this model, employed in Ref. [EDL*07, AEA*08, EBJ*08, BEPT09, AZA* 11], the nucleation
field of the curling mode is used as switching field for a reversal via vortex domain wall. This
implies two assumptions: first, it has to be assumed that the curling nucleation occurs at the
same energy as the nucleation of a domain wall. Second, the switching field of the vortex wall
reversal H'" has to be assumed equal to the absolute of the nucleation field | HY"|.

The resulting Hs as function of (a) 6 and (b) ¢ are illustrated in Fig. 3.6. The observed trend can
be understood if one considers that a a higher nucleation field corresponds to a configuration
with higher energies. The transverse wall is supported by the Zeeman energy for approximately
transverse fields. Because of the curvature, a vortex wall induces more exchange energy if
B=rilro=1-t/r, becomes smaller. At the same time, the dipolar energy of the void in the
center a transverse wall diminishes with decreasing £.

Please note that the model is only valid in the axial phase:5 Landeros et al. [LSCV09] showed
that tubes which support mixed states, reverse by first nucleating the incomplete end-vortices.
In negative fields, which differ in strength from the nucleation field, Hy, # | Hgl, the end-vortices
expand and reversal starts. It is assumed that once the end-vortices extend further than the
length of a vortex domain wall, such a wall is nucleated. The domain wall then propagates
along the tube axis and causes the reversal. It was shown by numerical simulations, that in
shorter tubes, the end-vortices extend until they touch. At this point they are separated by a
Néel-type domain wall [CGG10, BNR*13].

3.4.4 Spinwaves

A general analytic solution for tubes with arbitrary inner radius r; and film thickness ¢ is very
complex and has not yet been developed up to today. Nevertheless, solutions for special cases
have been discussed in literature. Most notably, Leblond and Veerakumar [LV04] solved the

5The radii at which the axial state is supported roughly correspond to the ones, where transverse walls are
possible (cf. Fig. 3.4 and 3.5).
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Chapter 3. Theoretical background
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Figure 3.7 — Dispersion relations for spin waves in an infinite (L — co) and thin walled (¢t — 0)
nanotube with axial alignment [cf. Eq. 3.62] for Hjy: = 0 and various normalized curvatures
Aex! To.

Landau-Lifshitz equation and the magnetostatic Maxwell equations for an infinite tube (L —
o0) in the thin wall limit (¢ — 0 or r; — r,) with uniform axial alignment of My. They consider
spin waves propagating along the axis of the tube and neglect any azimuthal confinement.
Under these constraints they obtain

wo =Y o \/ [Ho + A2, Ms (K% + r5%) | [ Ho + A3 Ms (k% + 15 %) + Ms). (3.62)

Interestingly, and in contrast to the bulk case, wg is always non-zero, even for vanishing
magnetic field and k = 0 [Fig. 3.7]. This is a direct effect of the exchange energy related to the
misalignment of the spins on the curved surface of the tube. In a tube, exchange effects can
only be neglected for 12, (k? + ry %) < 1. This means that the modes are exchange dominated
for much smaller k than in planar samples.

In case the magnetic tube is large enough, so that the exchange effect of curvature itself can
be neglected, one can model the system using the thin film dispersion equation, Eq. 3.42, and
assume periodic boundary conditions. Balhorn et al. [BMK" 10] used the model to interpret the
spin wave resonances found in Rolled-Up Permalloy Tubes (RUPTs). Under the experimental
conditions, the magnetization is parallel to the axis and the spin waves are considered to
propagate in-plane and perpendicular to M. This means that ¢xs = 9 = n/2 in Eq. 3.43.
Considering only the fundamental out-of-plane mode, n = 0, the wave vector becomes k = kjp.
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3.4. Effects of tubular geometry

Assuming further unpinned surface spins Egs. 3.43 and 3.45 simplify to

M
F(k,Hpn)=1-Pk,t)[1-P(k, )] ———— 3.63
(k, Hint) (k, 1) [ (k, )] Hom A2 MLK2 (3.63)

and

P(k,t)= 1—% [1—exp(—tk)]. (3.64)

The periodic boundary condition demands a quantization of the azimuthal wavevector. This
can be expresses as

k=2mld (3.65)
with m=0,1,2,....

The authors argue that precession in a curved system lead to magnetization pointing normal
to surfaces. This is the source of a dynamic demagnetization field. Balhorn et al. [BMK* 10]
include this effect by adding it to the externally applied field. Its magnitude can be estimated by
measurement in transverse field. When the external field and the opposing demagnetization
field cancel each other, minimal frequency is expected. In practice, it is employed as an
additional fit parameter. It should be noted that this model only holds true as long as the
curvature is small and the wave lengths are large, i.e. 12, (k* +r,%) < 1.
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Methods

The present chapter gives on overview of methods which were employed in the framework of
the thesis. First, in Sec.4.1.1, an overview of the employed experimental techniques is given.
Section 4.2 gives a brief description of the micromagnetic simulations.

4.1 Experimental techniques

4.1.1 Magnetic field generation

Electrical measurements were performed either in a cryostat with superconducting magnet
coils or room temperature setups with resistive 2D vector magnets. The superconducting
coils deliver high enough fields to saturate the magnetization in all directions within a large
temperature range. Complementary to this, resistive magnets allow for small field steps with
negligible field hysteresis. All setups comprise the possibility to contact the samples with
multiple low frequency lines which are contacted to a break-out-box.

Cryostat A liquid helium bath-cryostat with supercon-
ducting coils, Variable Temperature Insert (VTI) and rotat- y 110 Hox
able sample platform has been installed at the EPFL. The X* z l

system is fabricated by Cryogenic LTD and provides mag- <®'\ ’
o?\/@))i/’

ation axis
in the VTT and the sample platform. The rotatable sample
platform, which rotates through 320 °, comprises a Cermet Figure 4.1 — In the cryostat the
potentiometer linked to the platform. By reading the volt- Substrate plane can be rotated

age drop in a four terminal configuration, the angle can be through 320° in a fixed mag-
netic field of upto 9 T.

netic fields up to 9T in a fixed direction. By cooling a su-
perconducting switch a persistent field can be frozen-in.

The sample temperature can be adjusted within a range be-
tween 1.6 and 300 K using gas cooling and resistive heaters Substrate

determined. The rotation is controlled with a stepper motor
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Chapter 4. Methods

to a angle accuracy < 0.5°. A custom software, developed in the course of the thesis, allows for
the full control and scripting of the cryostat. While the superconducting coils provide high
magnetic fields at a wide range of temperatures, they have some intrinsic trade-offs: flux trap-
ping in the superconducting coils gives rise to a hysteretic behavior of few mT. Furthermore,
stabilizing on a field value can take substantial time (up to 2 min for that particular system)
and the field resolution is only in the range of half a mT.

Resistive 2D vector magnet coils The cryostat has been supplemented by room temperature
setups in the group of Prof. Dirk Grundler at the Technical University Munich (TUM), Germany.
The setups comprise two pairs of resistive coils around pole shoes which are fed by bipolar
power supplies. The magnetic field can be rotated freely by 360 ° in the substrate plane by
adequate superposition of the two generated fields. The maximal field amplitude is 100 mT
and the step resolution better than 0.1 mT. The applied field

y Lo Hext is calibrated or actively monitored via a 2D hall probe. For

the experiments presented in this thesis, the setups were
equipped with electronics for low signal voltage and resis-
tance measurements (cf. Sec.4.1.2) and Electrically De-
tected Spin Wave Spectroscopy (EDSWS) (cf. Sec.4.1.5). The
data acquisition was automatized with custom software. In

Substrate addition to the low frequency contacts, the room temper-
ature setups include rf-probes attached to microposition
Figure 4.2 - With the vector mag- stages. With these microwave can be injected into co-planar
nets a field up ot 100mT canbe  \y4ye guides (cf. Sec.4.1.5). More detailed technical infor-

rotated in the substrate plane. mation can be found in Refs. [Hub13, Men14, Bral4].

4.1.2 Electrical characterization & magnetotransport

The electrical resistance R is determined by applying a known probe current I, between
two electrical contacts and measuring the voltage drop V between two contacts which are
located between the other two. In this four point geometry, the influence of cable and contact
resistances is excluded. In magnetotransport experiments the change of R as a function of
the applied external field pg Hey is determined. Typically, the measurement is initialized by
a high magnetic field in order to saturate the sample and obtain a defined magnetic state.
Subsequently, the field is lowered in steps. After each change of the field setpoint, the system
is allowed to settle to the new field. In case of the resistive magnets the settling is almost
instantaneous, but can take up to 2 mins for the superconducting coils, depending on the step
size.

Anisotropic magnetoresistance (AMR) Throughout the thesis the AMR effect, discovered
by Lord Kelvin over 150 years ago [Tho57], plays a crucial role for the study of the magnetic
structure in individual ferromagnetic nanotubes. It connects the electrical transport to the
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4.1. Experimental techniques

magnetization orientation. Its fundamental origin is the spin-orbit coupling, which gives rise
to spin-flip scattering. The spin-orbit coupling allows the scattering of majority spins into
the vacant minority spin states at the Fermi energy and thus increases the resistivity p. The
spin mixing is anisotropic because the orbital distribution is affected by the orientation of
M [Smi51, CFJ70]. In most materials, such as the 3d-ferromagnets, the density of vacant states
is larger in direction of the magnetization and thus a higher resistance is observed for a current
density J || M. Defining the resistivity parallel and perpendicular to J as p and p, Ohm's law
reads

Ez,ou+'°”]\_4fl J-M)M. 4.1)

S

Alternatively, the resistivity p = E-J/J? can be written as function of the angle 9; between
current flow and magnetization:

p@) =pi+(p)—p1)cos®(9)). (4.2)

When comparing materials, usually the AMR ratio

AMR = P1=PL 4.3)

[

is considered.

Instrumentation Throughout the thesis, the injected current Iis controlled by a current
source, which has been either a Keithley 2401 or 6221. The voltage is detected via a Keith-
ley 2182 nanovoltmeter. In order to avoid excessive heating and irreversible damage of the
nanotube, the applied current is usually kept around 100 nV to a few pV. The signal-to-noise
(S/N) ratio is maximized and thermovoltages excluded by a 3 step current reversal tech-
nique [DGAO5]. The current source and the nanovoltmeter are tightly linked with trigger
lines. The sign of the applied current is switched after each voltage acquisition, resulting in a
square-wave-like current signal with a frequency of about 25 Hz. Three voltage point V1, V>
and V3 are acquired and the signal calculated by

v:%[vl—21/2+v3]~(—1)". (4.4)

The resulting signal is filtered from low frequency noise and excludes any voltages not origi-
nating from the applied current, as e.g. thermovoltages. n is the sign of the current during
the first voltage point V). The signal quality can be further improved by employing a moving
average on the acquired points. For samples with low resistances or reactances, such current
reversal techniques yield better results than traditional lock-in amplifiers [DGAO05, Rii09]. Ad-
ditionally, the large dynamic range of sub-nV resolution at an input range of 10 mV allows
for measurements with strongly varying signal strength. Furthermore, the detection of small
deviation from a large constant background becomes feasible.
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Chapter 4. Methods

4.1.3 Cantilever Magnetometry

In order to measure the saturation magnetization M and estimate

(é\torque the anisotropy of individual ferromagnetic nanotubes, an exper-
%, canti- iment was devised in collaboration with Arne Buchter, Prof. Mar-
9 lever tino Poggio and Dennis Weber from University Basel, Switzerland.

x\NT They designed the setup and conducted all experimental work.
B e 5 o, In such an experiment, a single nanotube is attached to the tip of
 / ot 22 an ultrasoft Si cantilever, whose motion is detected by the deflec-

tion of a laser by an integrated paddle. In an external field Hey the

Figure 4.3 - Schematic of )aonetization M generates a torque on the cantilever which in

the cantilever magnetom-

i turn modifies its resonance frequency. For large enough fields, M
etry experiment.

is almost saturated and one can apply a macro spin model. In such
amodel the relevant magnetic energies (cf. Sec. 3.2.2) can be expressed by the Zeeman energy
E; = MgHexV cos (8 — 0)y) and an uniaxial anisotropy term Eypj = KV sin? (). Here, 0 is the
angle between tube axis and field and 8,; the one between M and tube axis [Fig. 4.3]. All pos-
sible uniaxial anisotropies are collected in En; using a single phenomenological anisotropy
constant K. Following the idea developed in Sec. 3.4, the macro spin will orient itself such that
the energy is minimized. Using this model the frequency shift is

2Ho KV

A fo = Keant ( (4.5)

2K
ext T 31

for Hext > —2K/ M. The constant K¢ant is only a function of cantilever parameters such as
length and the original resonance frequency. With Eq. 4.5 one can determine K and M by
fitting. More details on the experiment and the full model including derivation can be found
in Pub. B-I (cf. App. D) and the corresponding supplementary information [WRB*12].

Instrumentation The nanotubes were glued to the Si cantilevers with less than 100 fL of
epoxy (Gatan G1). The cantilever and the nanotube were actuated under an optical micro-
scope with precision micromanipulators (Narishige MMO-202ND). The cantilevers have a
typical resonance frequency of 2 to 3 kHz, quality factors in the order of 3 x 10* and spring
constants around 60 uN/m. The cantilever dimensions are 18um x 4 um x 100 nm. Additionally
it incorporates the 12 um wide paddle and a 18 um long and 1 um thick mass. The light of a
laser diode operating at 1550 nm is reflected from the paddle and fed into an optical fiber
interferometer. A piezoelectric element is linked to the deflection signal in order to maintain
the desired amplitude at self-oscillation. This way the resonance frequency can be determined
very accurately.
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4.1. Experimental techniques

4.1.4 Local probing of magnetization orientation by anomalous Nernst effect

The small dimensions and the curvature of ferromagnetic nanotubes inhibit conventional
Magneto-Optical Kerr-Effect (MOKE) experiments. Thus magnetothermal imaging via the
Anomalous Nernst Effect (ANE) (cf. Sec.7.1) was employed in cooperation with the group
of Prof. Grundler in Munich. In such an experiment a temperature gradient VT is induced
locally by the laser spot. According to the ANE [Ner87], a temperature gradient in a magnetic
body generates an electric field normal to VT and M:

EANE = —NANEHOM x VT (4.6)

Here, the Nernst coefficient Nang is @ material specific constant. The ANE’s microscopic origin
is the spin-orbit interaction which leads to a broken time-reversal symmetry, similar to the
anomalous Hall effect. The origin can be either intrinsic, caused by Berry phase effects, or
extrinsic by disorder scattering via the side jump or skew scattering mechanism. An exhaustive
review of the physics can be found in Ref. [NSO* 10]. In planar samples the ANE based imaging
was recently employed to study the magnetization reversal [WAC*12, vBBGA13].

The voltage drop is measured along the tube axis (the z-axis in Fig. 4.2). It follows from Eq. 4.6
that the ANE signal is sensitive to the component of the magnetization which is parallel to the
substrate surface and normal to the tube axis (the x-axis in Fig. 4.2).

Instrumentation The ANE measurements were performed in a room temperature vector
magnet setup with laser stage (cf. Sec.4.1.1). The laser (Toptica iBeam Smart 405 HP) is
operating at a wavelength of 407 nm and provides a laser spot size wis of about 1 um. The
position reproducibility is in the order of 100 nm. For long term spot stability, its position can
be automatically stabilized using the TFPDAS4-Micro software [Sch10]. During the moment
of actual data acquisition, the position adjustment is deactivated. The drift during the data
acquisition is negligible. More details can be found in the doctoral thesis of Florian Brandl
(TUM) [Bral4], who devised the laser stage, in Ref. [BG14] or in the master thesis of Johannes
Mendil [Men14], who conducted the actual measurements. For the electrical measurements
the same combination of Keithley 2182 Nanovoltmeter and the Keithley 2401 or 6221 current
source (see above) were employed, albeit in standard DC four point mode.
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Chapter 4. Methods

4.1.5 Electrically detected spin wave spectroscopy

Five decades ago, Juretschke and co-workers
(@ eZA (b) eZA predicted [Jur60] and measured [E]J63] the ex-
' ' istance of a microwave photoconductivity or

ammdaa, M, (t) . .
€lloa--: £ const. a photovoltage in a Ferromagnetic Resonance
M, (t) (FMR) condition. It was shown a bit later
= const. . .
" that the same holds true in case of spin wave
M (t

resonances [MJ70]. The photoconductivity is

caused by a combination of bolometric ef-
fects GHMHO05, GSB*07, MGHO07] and magne-
Figure 4.4 - Schematic describing the angle  qresistive effects such as the AMR [GMW*07,
dependence of spin-rectification GMHO07, GMZ*07a, MGHO07, HCG*11, GY13]

(cf. Sec.4.1.2). The AMR based effect gener-
ates even without applied current a photovoltage by interacting with the induced microwave
current. For this reason, the effect is usually called spin-rectification. It can be understood
when considering the vectorial depiction of Ohmi’s law including AMR and the anomalous Hall
effect (AHE) with Ry as the anomalous Hall constant [Jur60]:

A
E=pJ+—2 0-M)M-RuJx M. 4.7
MS
Assuming that the microwave field induces current parallel to the axis of the tube, J =
Jcos(wt + @) ez, the electric field along the axis reads

Ap
M

E.(t) = pJcos(wt+ @)+ — M2 (1) Jcos (wt + ). (4.8)

The dc voltage drop between two contacts with distant L, will then be

ApJLy
Mg

Ve =(Ez) Lp = (M2 () cos (wt+)). (4.9)

If M is perfectly parallel to the tube axis [Fig.4.4 (a)], M;(¢) is constant and thus no DC
voltage is expected. In case M is tilted by an angle 0, to the axis and performs circular
precession with a cone angle ¢, Eq. 4.9 can be solved. From Fig.4.4 (b) one finds that M, (t) =
—M; cos (wt)sin ({) sin (B) + M cos (60) cos ({). It follows that

ApJL
Vbe = — pi P sin (20) sin (26) cos (¢).

The strength of the spin-rectification thus depends on the phase shift ¢. It is maximal for a tilt
angle 6, =45°.

In practice the oscillation will not be circular but elliptic. In complex structures the trajectory
of the motion can also be a function of the spatial coordinates. Furthermore, if a more complex
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4.1. Experimental techniques

current distribution is considered, the AHE can further modifiy the signal. A comprehensive
overview of spin-rectification in planar samples can be found in Ref. [MGHO07] and in the
thesis of Nikolai Mecking [Mec08]. It was found by Harder et al. [HCG™"11], that in such planar
samples the line shape and the symmetry of the spin-rectification signals depends on the
orientation of the exciting rf-field. Excitation out-of-plane (in-plane) results in a - (27-)
periodicity and Lorentzian (dispersive) line shape.

Instrumentation The experiments were conducted in close collaboration with the group of
Prof. Grundler in Munich. For high frequency measurements the room temperature vector
magnets (cf. Sec.4.1.1) have been used. Microwaves in the range between 100 kHz and 20 GHz
are fed from an Agilent N5183A microwave generator (with the UNT option for AM modulation)
into asymmetric waveguides via microwave probes (Picroprobe) at maximal power (15 dBm).
The stripline of the rf wave guide is located in vicinity and parallel to the nanotube [Fig. 5.5 (b)].
The stripline has a width of 2 um and is separated by a 1.2 um gap from the 35 um wide ground
line. The nanotube has a distance of typically 500 to 800 nm from the stripline. The DC
voltage is detected by a Keithley 2182 nanovoltmeter which is triggered by Keithley 2401 or
6221 current source (cf. Sec. 4.1.2). The output current is translated into a voltage, which in
turn is used to control the AM modulation. As a result the rf-generator’s output is switched
on-off in sync with the nanovoltmeter. At zero and maximal output the voltage is sampled.
Before each sample, a short settling period (5 ms) is included. On these samples, the 3-step
delta technique (cf. Sec. 4.1.2) is employed in order to maximize the S/N-ratio. Because the
signal is switched on-off rather then being reversed, the calculated voltage is half the real
physical value.
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Chapter 4. Methods

4.2 Micromagnetic simulations

In order to gain more insight into the magnetic states and the magnetization dynamics, micro-
magnetic simulations have been performed using the open source simulation toolkit Nmag,
which is provided free of charge by the University of Southhampton'! [FFBF07]. The simulation
implements the LLG equation [cf. Eq. 3.32] in a Finite Element Method (FEM) approach. A
tetrahedral mesh resembling the structure under investigation is generated. The tetrahedral
mesh is more suited for the approximation of circular shapes than the rectangular mesh in the
Finite Difference (FD) method. The Nmag package was chosen because it implements a hybrid
FEM/BEM method in combination with hierarchical matrices. It is furthermore optimized for
parallel computing and can be easily scripted due to its Python interface. The advantages and
implications of these points are briefly reviewed in the following. A comprehensive overview
of the numerical details behind Nmag can be found in the thesis of Knittel [Knil1].

4.2.1 Hybrid-FEM/BEM

In micromagnetic simulations the computation of the magnetic scalar potential ¢ [cf. Eq.3.17]
is numerically challenging. The open boundary condition described by Eq. 3.19 implies
that conventional FEM, which assumes finite-domains, cannot be used for micromagnetic
computations. A number of techniques were devised in order to overcome the problem of open
boundaries [CK97]. The most simple approach is the truncation of the vacuum domain at a
certain distance. If the point of truncation is sufficiently far away, ¢ is approximately zero and
thus the open boundary condition can be approximated with a finite boundary. Today, most
state-of-the-art FEM solvers implement an approach which combines traditional FEM with
an Boundary Element Matrix (BEM) approach [FK90, FSD* 03, GCR06]. Here, the magnetic
scalar potential ¢ is divided into two contributions ¢; + ¢, such that the problem is split into
a Poission equation in the magnetic body for ¢; and a Laplace equation in the vacuum region
(¢p2). It can be shown that ¢, can be computed using the simple vector relation [FK90, GCR06]

) =Bij- (M) (4.10)

The Boundary Element Matrix (BEM) B describes thus the influence of the magnetic charge
at node i onto node j. Interestingly, B does only depend on the geometry of the simulation.
For this reason it is sufficient to calculate it once in the initialization phase. Unfortunately,
B is a dense and non-symmetric matrix. It scales quadratically with the number of surface
nodes and thus the BEM approach becomes numerically challenging for geometries with a
large number of surface nodes.

Thttp://nmag.soton.ac.uk/nmag/
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4.2, Micromagnetic simulations

4.2.2 Hierarchical matrices

The large size of B is a general problem when simulating realistically sized problems while
keeping the mesh size in the the order of the exchange length. This is especially problematic
for a hollow tube with high aspect ratio, which comprises a large number of surface nodes.
It is thus advantageous to compress B. Nmag uses for this purpose the HLib library which
implements hierarchical matrices, or #-matrices [Hac99, HK00]. The underlying theory is
very complex. In a simple picture the BEM is divided into a number of sub-matrice, organized
in a hierarchical tree with only few matrix elements. For a complete introduction, the inter-
ested reader is referred to the lecture notes of Borm, Grasedyck and Hackbusch [BGHO06]. In
practice, the method allows for a data-sparse approximation of a non-sparse matrix and thus
a high degree of compression of the effective data. Instead of the quadratic scaling (~ N?) with
the number of surface elements N, a much more favorable ~ Nlog (V) scaling is found for the
data compression and the speed of the matrix-vector product.

4.2.3 Quasi-periodic boundary conditions

Due to computational limitations, the aspect ra-
tios which can be readily simulated are very lim-

Simulate only pmm————
one unit cell e

______

ited. One option, common in numerical compu-
tations, is to apply periodic boundary conditions.
This is problematic in micromagnetic simulations,
as the behavior is highly shape-sensitive due to the
influence of the long-range dipolar interaction. To
circumvent the problem, a new approach was de-

vised by Fangohr er al. [FBF*09] and implemented
in Nmag. The quasi-periodic boundary condition
approach takes advantage of the fact that the BEM Figure 4.5 — Illustration of the quasi-
depends only on the geometry. This means the periodic boundary conditions

matrix has to be calculated only once and can then be reused during the following computa-
tion. The problem is split into a number of similar unit cells. The full LLG computation is only
performed on one copy. The dipolar interaction, however, is calculated using the full matrix,
describing correctly the demagnetizating field. This approach correctly includes the shape,
but neglects the influence of potentially varying M (r) at the outer unit cells. One should be

aware, that this method is limited to certain scenarios.

4.2.4 Methodology

In this thesis the meshes have been generated either using netgen® in the case of nanotubes
with cylindrical cross-section or gmsh® for hexagonal nanotubes. In all simulations the average

2 http:/sourceforge.net/projects/netgen-mesher/
3http://geuz.org/gmsh/
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cell size was chosen to be in the order of A¢x. The magnetization vector should barely vary from
cell to cell in order to fulfill the assumptions of the micromagnetic equations. Nmag gives the
user the possibility to verify the maximal angle that occurred between neighboring cells during
simulation. The maximal angle should be smaller than 30 ° in order to have a solution which is
most likely reliable*. Furthermore, if possible, a simulation should be performed with smaller
cell size to verify that no modification of any output parameter is linked to the meshsize. The
simulation takes the exchange coupling constant A and the saturation magnetization M; as
material parameters. Furthermore, for dynamic simulations, the Gilbert damping parameter a
has to be correctly defined. The values that were employed for this thesis are listed in Tab. 4.1.

Hysteresis curves To determine the equilibrium configuration, the system is relaxed by
following the time evolution of the system until it converges. For the determination of the
global ground state, the magnetization would have to be initialized randomly and the re-
laxation process repeated numerous times. In this thesis, the micromagnetic simulations
were employed to determine the hysteresis curves of a system. For this purpose, the simu-
lation was commenced at Hex; > M;. At such high fields, M is known to be almost perfectly
aligned with the external field. M can thus be initialized parallel to Hex;. The magnetic
field was then gradually reduced. At each field step the magnetization has been relaxed
until the convergence criterion is reached, i.e. dM/dt is smaller than dlm|/dt < 3°/ns. To
save computation time, the influence of the damping term was neglected in all simula-
tions. In the simulation presented in publication B-II (cf. App.D) the complete nanotube
was simulated in order to correctly describe the behavior of M at the ends. In the simu-
lations of Sec. 7.2 only very long nanotubes in transverse fields were considered. Here, in
order to save computational time and be able to simulate rather large diameter tubes, quasi-
periodic boundary conditions (cf. Sec. 4.2.3) were employed. This means that any deviations
of M along the axis were neglected.

@ ¢ toHpuise

0 <>

2 ulse . . . .
(b) s Dynamic simulations To simulate the response of

M in a ferromagnetic nanotube, the equilibrium

PLOHpu\se
state at the desired Hey had been determined as

mentioned in the previous paragraph. The long

nanotubes were approximated by the quasi-periodic
boundary conditions (cf. Sec.4.2.3). The damp-
ing term was included and a realistic value for the
damping parameter chosen (cf. Tab. 4.1). After hav-

) o ing found the equilibrium state, a short field pulse
Figure 4.6 — Depiction of the pulse

shape (a) and the field geometry for
the dynamic simulations with asym-
metric excitation (b).

Hpuise (X, £) was added to Hex;. The pulse shape in the
presented simulations was of rectangular shape in
the time domain with a pulse width fpulse [Fig. 4.6 (@)].

“4from http://nmag.soton.ac.uk/nmag/0.2/manual/html/tutorial/doc.html
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’ ‘ Mg [KA/m] ‘ A [p)/m] ‘ a ‘ precession ‘ Lecen [nm] ‘ (X¢g) [NM] ‘
Ni 406 7 1 off - 6.9
CoFeB 1430 28 1 off 50 6.4
Py 400 13 0.008 on 20 5.8

Table 4.1 — Simulation parameters

In order to reproduce the experimental conditions, Hext was applied in the x-z plane and
Hpuise = Hpuise €y normal to it. The excitation profile was chosen to be either uniform over the
entire volume, or to vary as [Fig. 4.6 (a)]:

Vx<0
Vx=0

Hpulse

Hpulse x) = 4.11)

While the first profile excites symmetric modes, the latter gives an excitation of modes with
asymmetric amplitude distribution.

The time evolution of M (t) was followed and stored in time steps of At for a total simulated
time period feyo. The frequency spectrum of the response was then extracted by Fast Fourier
Transform (FFT) of the dynamic magnetization m (x, t) = M (x, t) —M (x, £ = 0). The frequency
resolution is Af = 1/tey and the Nyquist-Frequency, the maximum reachable frequency,
fx =1/2At. In geometries resembling a standard coordinate system, e..g planar or cylindrical
object, the FFT is usually computed of a single component (e.g. out-of-plane) of m (). Peaks
in the modulus of the complex FFT spectrum are then attributed to resonances. When
investigating arbitraty geometries, such as an hexagonal nanotube (cf. Sec. 8), no orthonogal
coordinate system is natural to the system. Thus, the two-dimensional FFT vector F (m ) was
considered in the analysis. Here, m are the two components orthogonal to M (x, ¢ = 0), i.e.
m = myey+myey in case of Hex || €. One obtains a two-dimensional, complex spectral map
F(m,) = FFT (m,) e, + FFT (m, ) e,. Considering that the components of F (m ) are complex
numbers, the power spectrum was calculated using the magnitude of F(m_ ) as °

[Fmy)| = \/llFFT(mx) 12+ |FET (my) . 4.12)

Simulation Parameters Table 4.1 gives the parameters which were utilized for the simula-
tions. The table also indicates whether the precession term was included and the length of
the cell for the quasi-periodic boundary conditions L. The average cell size, as determined
by the nmeshpp of the nmag distribution, is given as (x.s). The value for Ni nanotubes with
L <2pm ([Fig.4 in Pub. B-1I, App. D]) is given in the first row, the CoFeB tubes with periodic
boundaries of Sec. 7.2 in the second. In the last row, the value for the dynamic simulations on

Py tubes of Pub. A-1II Sec. 8 are listed.

5Note that || zl| = z* - z denotes the modulus of a complex number or vector.
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Sample fabrication

One goal of this thesis was to develop new fabrication methods for ferromagnetic nanotubes
from magnetically isotropic materials. In this chapter the reader is introduced to fabrication
methods based on nanowire templates (cf. Sec.5.1.1). Furthermore, the process to contact
individual magnetic nanotubes is outlined (cf. Sec. 5.2). In this context the newly developed
scheme to automatize the location of microstructures and the lithography layout design will
be described.

5.1 Ferromagnetic tube fabrication based on nanowire templates

Ususally, to fabricate magnetic nanotubes, the walls of a porous template, often porous an-
odized alumina, are coated with a thin film of a magnetic material (cf. Sec.2.1). An inverse
approach was followed in order to produce magnetically hollow tubes: comparable to the fab-
rication of epitaxial core/ferromagnetic-shell nanowire sytems [ZLH* 04, HTH* 09, RSK*09],
arrays of self assembled semiconductor nanowires have been coated with a thin shell of the
desired material. In contrast to previous works, the materials Nickel (Ni), Permalloy (Py)
and an alloy Cobalt, Iron and Boron (CoFeB) were chosen for this thesis in order to obtain
polycrystalline or amorphous materials. The reason is that these materials are known to be
magnetically isotropic.

5.1.1 Nanowire growth

The nanowires used for this thesis were grown using the Vapor-Liquid-Solid (VLS) growth
mechanism [WE64]. In a Molecular-Beam-Epitaxy system, Gallium (Ga) droplets serve as
catalysts and nucleation points for subsequent nanowire growth along the preferred (111)B
orientation [FIMCA* 08, CSF*08]. An incoming Ga flux will give rise to diffusion of Ga adatoms
on the oxide surface. These form and feed the Ga droplets which will act as seed for the
later nanowire growth. A flux of Arsenic (As) is directed onto the surface. The As, otherwise
subject to desorption, dissolves in the liquid Ga. Once supersaturation is reached, GaAs
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precipitates and forms the mono-crystalline GaAs in epitaxial relation to the underlying
substrate. Throughout the thesis Si(111) substrates were utilized [JGRM08, PNYS09]. The
substrate is typically heated to a temperature between 590 and 650°. In an As pressure of
about 3 x 1075 mbar, a Ga flux equivalent to 0.3 to 1.1 A/s planar growth is applied. Because
this thesis is not concerned with the complex details of nanowire growth, the reader is referred
to Refs. [CSF*08, PNYS09, PDL* 10, KJJ*13, RHG*13] for more detailed information regarding
the growth process.

5.1.2 Deposition of ferromagnetic shell material

After the nanowire growth, the ferromagnetic shells were deposited conformally around the
nanowires. Depending on the desired material, the chosen process varied. The Ni shells were
fabricated using Atomic Layer Deposition (ALD), the CoFeB one with via magnetron sputtering
and Py with thermal evaporation. For this the as-grown nanowires were shipped to the group
of Prof. Grundler in Munich for deposition. ALD processes were performed by Rupert Huber
and Thomas Schwarze. Florian Heimbach performed both, the thermal evaporation and the
sputtering.

Atomic Layer Deposition Atomic Layer Deposition (ALD), first called Atomic Layer Epi-

taxy [Sun89], was originally developed in the 1970s [SA77] for the deposition of epitaxial

semiconductor films on large area substrates. ALD is more commonly known for the highly

isotropic and homogeneous growth of poylcrystalline or amorphous materials without shad-

owing effect [Sun92, Geol0]. It has been successfully employed to fabricate ferromagnetic

Ni [DKGNO07], Co [DKGNO07] and Fe, O, [BJK"07, EBJ 08, BEP" 09, AZP* 10] nanotubes in porous
membranes

In principle ALD can be understood as a special case of chemical vapor deposition (CVD). It
differs from conventional CVD in that the reactants are supplied in sequence without mixing.
This way the process is dominated by the surface chemistry. The process is a cyclic repetition
of multiple steps. The choice of precursor in each step is such that the chemi- or physisorption
at the surface is self-terminated. In between these reaction steps, the reactor is purged from
any reaction products and residuals of the precursor. Figure 5.1 depicts schematically the ALD
process for Al,O,, which is one of the most common processes. More comprehensive reviews
can be found in literature, e.g. [Sun92, Geo10, Hub13].

Although having made significant advances [DKGN07, BJK*07, LKP"09, CGM*10], ALD of
ferromagnetic transition metals, and in particular of their alloys, is still in its infancy [Les11].
One challenge is that using Nickelocene (Ni(C;H;), or NiCp,) and O, as precursors results in
an oxidic process. This means a large amount of NiO is generated. Thus an additional ex-situ
reduction step is required. Although the fabrication of metallic films using ex-situ reduction
were reported in literature [DKGNO07, BJK*07], the method can give rise to non-homogeneous
films [Hub13] due to Ostwalt ripening [Ost00, Wag61]. Ostwalt ripening describes the process
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Figure 5.1 — Schematic depiction of the Al,0, ALD process. Tri-methyl aluminum
Al(CHg) 3(TMA) is injected as precursor (a) and reacts with Hydroxyl (OH) terminated surface
of the substrate under production of Methane CH, (b). The reaction stops once the surface
is saturated. Then, after purging, water is inserted as precursor (c). The reaction will form a
single layer of Al,O,, which again offers OH groups (d) for a cyclic repetition and layer by layer
growth.

that smaller grain shrink and larger grains grow under elevated temperatures, which are
necessary for the reduction step, resulting into movement of material.

To improve the material quality and diminish problems of homogeneity, an additional step
with Hydrogen (H,) was introduced after each ozone pulse. The process flow for the fabrication
of Ni thin films via in-situ reduction can be summarized as [Hub13]:

Nc x (tilto+ 13|14 + t5|t6) =
Nc x  (0.8s]4s+10s|10s+165s]20s)

Here N¢ denotes the number of cycles, which is directly proportional to the film thickness. The
times 11,3 and {5 give the pulse duration for NiCp,, O, and H,, #3,7; and # the corresponding
purge times. It has been found that a sub-sequent ex-situ reduction step further improves
the material properties. For this the Ni nanotubes were held in hydrogen atmosphere at
350°C for four hours. A more detailed description of the ALD technique can be found in
the dissertation of Rupert Huber [Hub13], who developed and optimized the process at the
Technical University of Munich, Germany in the group of Prof. Dirk Grundler.

Physical thin film deposition The limitation in the material choice made it necessary to
develop a different process in order to obtain magnetic nanotubes which are suitable for spin
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dynamics. Py and CoFeB are interesting materials in that they do not show magnetocrystalline
anisotropy and very little damping of spin excitation [YWL" 06, YHS*12]. In this thesis mag-
netron sputtering [KA0O] and thermal evaporation were utilized to fabricate high-aspect ratio
magnetic nanotubes made of CoFeB and Py, respectively. In both cases, the Si(111) substrate
with vertical GaAs nanowires was installed on a rotating sample holder. The rotational axis
was tilted by 35 ° with respect to the direction of the incoming flux. In order to minimize
shadowing effects it is necessary to optimize the nanowire growth process for a high yield
of vertical wires and comparatively low densities [RAHM"12]. Due to the rotation and the
deposition angle the deposition rate can not be directly determined by reference films. For this
reason, the shell thicknesses have been calibrated and verified using Transmission Electron
Microscopy analysis (TEM), performed by Reza R. Zamani and Jordi Arbiol at ICMAB-CSIC
and ICREA at Barcelona, Spain. The custom-build vacuum systems achieve base pressures
below 3 x 10~7 mbar. The CoFeB has been sputtered using a Co,,Feg,B,, target in a Xenon
atmosphere of 3.5 x 103 mbar at a thin film deposition rate of 9.6 A/s. The Py growth rate on a
planar substrate equals 1.5 A/s. It was found that the deposition on the side facets is smaller
by a factor of 2.6 +£0.1.

5.2 Fabrication of samples for electrical measurements

The previous section outlined how the ferromagnetic nanotubes themselves are fabricated. In
the following, the process steps which are needed to fabricate the final samples are described.

5.2.1 Novel method for automatized localization of microstructures

The as-grown nanowires are distributed in a random fashion and normal to the substrate
surface. For the fabrication of contacts, they have been transferred to another substrate. In
the context of this thesis a novel method was developed to locate and contact these nanotubes
or other microstructures in a highly automatized manner !. The pattern for the individual
nanotubes is designed by a software tool with minimal interaction of the user. The user can
easily create new layout templates. Using image recognition tools, the positional accuracy of
the layout is better than the resolution limit imposed by the optical microscope, typically in
the range of 100 nm. The following steps are involved and described in the following:

1. Definition of alignment markers on the target substrate
2. Nanotube transfer
3. Nanotube localization

4. Pattern design and Elecheretron Beam Lithography (EBL)

IThe technological achievement was honored with the NCCR QSIT gstarter Tech Transfer Award 2013
http://www.qgstarter.ch/qgstarter-awards-2013
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Figure 5.2 — (a) Depiction of the pattern layout for location of nanotubes and other microstruc-
tures. (b) Numerous circles are spread over the surface defining cells. (c) In the optical
microscopy image a typical cell is shown. The absolute position on the wafer is encoded in the
“barcode”-like pattern in the lower left and a local coordinate system defined by the framing
circles.
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Figure 5.3 — Examples of nanotube (a) bundling and (b) pairing

1. Alignment markers A photo-lithography mask was developed for patterning of adequate
markers for nanotube localization. As shown in Fig. 5.2, markers are spread over the surface
of a 4-inch substrate. The marker geometry has to be chosen such, that the detection of the
objects becomes as reliable as possible. Here, we employ circular shapes. The center position
of a circle is independent of its diameter. This makes the pattern tolerant against over or
underexposure in photo lithography. The absence of sharp edges, as e.g. in rectangles, further
facilitates lift-off processes. Moreover, the detection of a circle is comparatively easy using
image recognition algorithms. In addition to the circular markers for nanotube localization,
the mask comprises square markers for the Vistec EBPG 5000 electron beam lithography (EBL)
tool. More details on the mask layout can be found in App. C.1.

The absolute accuracy of the circle position relative to the EBL markers has to be in the order
of or better than the desired precision. During the initial stage of the project it was found that
the Heidelberg DWL-200 Laser Writer available at CMi, EPFL exhibited a stitching mismatch
of up to 1 um between subsequent stripes. Because this number is far outside the required
position accuracy, a process to write photo lithography mask using the Vistec EBPG 5000 EBL
tool has been devised. The process flow is given in App. C.1. Using this mask, the pattern
can be transferred to the target substrate by standard photo lithography. Depending on the
substrate and the desired future use, the markers can be generated using a lift-off process,
leading to positive markers, or by etching, giving rise to negative markers. For both types it is
essential that the resulting markers show enough contrast in optical microscopy.

2. Nanotube transfer The as-grown ferromagnetic nanotubes are first stripped of the sub-
strate and placed on the target substrate for further processing. For that, the original growth
substrate is placed in isopropanol. The nanotubes are released by sonication of the solution,
which then can be transferred to the target wafer by, e.g., a pipette. The nanotubes perform
Brownian motion within the deposited solution. Upon contact with the surface, the nanotubes
attach to the surface at random positions and orientations. In this step, the correct nanotube
density in the solution is of importance. Clearly, too low density gives an insufficient amount
of tubes for contacting. On the other hand, too high density complicates the design of the
surrounding pattern. The presence of too many tubes might render short-free pattern design
impossible.
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Figure 5.4 — Gaphical User Interface (GUI) of the software tool for automatized nanotube
detection and pattern generation

At this point it should be noted that ferromagnetic nanotubes tend to bundle due to their
magnetic interaction [Fig. 5.3 (a)]. Another manifestation of the same is the paring of tubes
[Fig.5.3 (b)]. This problem can be mitigated by deploying the solution directly after sonication
and by using very low density solution. Furthermore it is advisable to not use solution that has
been stored for more than a few weeks.

3. Nanotube localization Standard optical microscopes can be used to localize the nano-
tubes on the target substrate. Currently, the image acquisition step is performed manually,
but it could easily be automated in the future. The user scans the wafer surface for nanotubes.
A simple image of the nanotube and the surrounding cell is sufficient [Fig. 5.2 (c)]. The de-
veloped software tool? [Fig. 5.4], locates the nanotubes in the images and determines their
position. The framing circles define a coordinate system and the “barcode” like pattern on
the lower left encodes the position of this coordinate system relative to the coordinates of the
entire wafer. For the detection of the circles, as well as of the nanotubes, algorithms of the
open source computer vision (openCV) toolkit® are used.

Because the contrast of the circles is usually rather high, the image can be binarized using a
simple median threshold. Contours are detected in the binary image with the findContours
algorithm devised by Suzuki et al. [Sb85]. Subsequently, ellipses are fitted to the contour points
and circles discriminated by various conditions: first of all, the contour is approximated by a
polygon using the Ramer-Douglas-Peucker algorithm [Ram72, DP73]. Rectangular, pentagonal
and hexagonal objects are then excluded by the low number of vertices. Also, only a small
difference between the principal axes is permitted. Furthermore, the area encircled by the

2Developed using the Python, numpy, matplotlib, python-gdsii and PyQT packages.
3http://opencv.org/
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contour is compared to the area calculated from the fitted circle radius.

For the nanotube detection, the binarization is performed by an adaptive threshold method.
This is necessary to overcome the inevitable brightness gradients in the optical microscopy
images. In addition, the tubes exhibit lower contrast than the markers. As before, contours
are detected and the minimal area rectangles determined by the minAreaRect function which
implements Toussaint’s rotating calipers algorithm [Tou83]. For discrimination a minimal
length and aspect ratio are chosen.

The circles with extremal x- and y-coordinates define the cell’s coordinate system. Assuming
an undistorted image, a set of two markers would be sufficient. In this design, the number was
set to four. By averaging over the three independent vectors, the calculation of the coordinate
system becomes more accurate by a factor of v/3 and more tolerant to fabrication problems.
From the standard deviation of the scale and the center position an estimate of the fit quality
and thus the expected sample quality can be given. If microscopes with sufficient image quality
are utilized, the number could be reduced*. This would further improve design flexibility and
give more choices of framing during image acquisition.

4. Pattern design and EBL The pattern is automatically designed using the two extremal
points of the fitted nanotube, relative to the established coordinate system. Multiple different
templates can be chosen for the pattern layout. The GUT allows simple modification of
important design parameters, such as width etc., and of the EBL tool parameters, such as
beam current and dose. Further templates can be easily integrated via a Python plugin file.
The software outputs all the files necessary to run an automated EBL run®. The layout is stored
in the GDS-II data format. All files are compressed and scripts provided to automate pattern
fractioning and batch job creation. Currently the software is optimized for use with the CATS
or the LayoutBeamer fractioning software and the Vistec cjob job handling software at CMi,
EPFL. Using LayoutBeamer it is possible to perform Proximity Effect Correction (PEC) by beam
dose adaption.

5.2.2 Fabrication of contacts and rf waveguides

In the course of this thesis, different layouts for electrical experiments on magnetic nanotubes
were devised. Scanning Electron Microscopy (SEM) images of typical patterns can be found in
Fig.5.5. All structures were defined by EBL and the detailed process flows are listed in App. C.2.

Typically four or five electrical contacts were fabricated [Fig. 5.5 (a)] for the magnetotransport
experiments. The pattern is written into a spin-coated double layer resist. The double layer
ensures good lift-off by providing an undercut. The thin films are then deposited by DC

“4Please note that the optical distortion can be calibrated using an array of circles at the edges of the wafer. From
a single calibration image a look-up table could be constructed. The feasibility was shown but not yet implemented
in the software.

5In theory, the same method could be used to use laser writing technology.

52



5.2. Fabrication of samples for electrical measurements

Figure 5.5 — Pattern layouts for electrical contacting of ferromagnetic nanotubes: simple four
point contact (a), contacted nanotube with asymmetric co-planar waveguide (CPW) (b) and
CPW fabricated below a nanotube (c). The nanotubes can be lifted from the substrate to avoid
contact with the substrate (d).

magnetron sputtering with in-situ, pre-deposition rf-etch. Finally, ultra-sound assisted lift-off
is performed in acetone. It was found that sputtering yields more reliable contacts with less
film thicknesses. In thermal or electron beam evaporation normal to the surface, usually
employed for lift-off, shadowing at the nanotube itself can lead to very thin material bridges
or even gaps [Fig. 5.6 (a)]. The improved contact of sputtered contacts comes at the cost of
significant side walls at the edges [Fig. 5.6 (b)]. In the case of spin wave resonance experiments
(cf. Sec.4.1.5), the electrical contacts were complemented by an asymmetric co-planar wave
guide (CPW) [Fig.5.5 (b)]. In order to avoid the side walls and proximity effects, the wave
guide is defined in a secondary EBL step, in which the film for lift-off is deposited via e-beam
evaporation.

Two additional designs were realized but did not yet lead to experimental results. The first is a
contact-less design for inductive detection of spin wave excitation [ZOI*97, KVS* 04, GPKGO5].
As depicted in Fig.5.5 (c), a symmetric CPW is fabricated below an individual nanotube.
For this purpose, the entire wafer is metallized and coated with a thin isolating oxide layer.
Following this, negative markers (cf. Sec.5.2.1) are defined by lon Beam Etching (IBE). The
subsequently deposited nanotubes are located and the CPW layout is designed. Using a
negative resist, the entire metallic layer is etched by IBE except for the area defining the CPW.

The second new design features nanotubes lifted from the substrate by the electrical contacts
[Fig. 5.5 (d)]. A layer of ebeam resist was spin-coated before the actual nanotube deposition. Af-
ter coating the usual MMA/PMMA double layer resist on top of this lifting layer, the nanotubes
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Figure 5.6 — SEM images of Ni tubes contacted by electron beam evaporation (a) and mag-
netron DC sputtering. Sputtering gives more reliable contacts at the cost of side walls at the
edge of the structure.

are completely embedded. The usual ebeam process defines the structure and the contacts
are sputter-deposited with appropriate film thickness. After resist stripping, the nanotubes
are held by the contacts in a position floating above the substrate.
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Characterization of ferromagnetic
nanotubes

The chapter is devoted to the characterization of Ni, CoFeB and Py nanotubes prepared in co-
operation with partners in Munich. The first two section have been published in peer-reviewed
journals and are reproduced with permission. Section 6.1 presents a magnetotransport study
of an individual Ni nanotube at liquid helium temperature. The study is extended to CoFeB
tubes and a temperature range from 2 K to room temperature in Sec. 6.2. In Sec. 6.3 magneto-
transport experiments on Py tubes are discussed. Sec. 6.4 reports the values of the saturation
magnetization which were measured in a collaboration with the Poggio group in Basel. Finally,
the results of a study on the magnetization reversal of an individual Ni nanotube in axial field
is presented in Sec. 6.5.

6.1 Pub. A-I: Magnetic states of an individual Ni nanotube probed
by anisotropic magnetoresistance

D. Riiffer, R. Huber, P. Berberich, S. Albert, E. Russo-Averchi, M. Heiss,
J. Arbiol, A. Fontcuberta i Morral and D. Grundler

Nanoscale, 2012, 4, 4989-4995
doi: 10.1039/C2NR31086D

Reproduced by permission of the Royal Society of Chemistry. The pa-
per was reformatted for uniformity and the references integrated into
the thesis’ bibliography, but otherwise the content remains unchanged.

I designed the experiment, conducted largely the sample preparation (cf. Sec.5), coordi-
nated the data acquisition and analyzed the data. I wrote the draft version of the manuscript.
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Chapter 6. Characterization of ferromagnetic nanotubes

6.1.1 Abstract

Defined magnetization states in magnetic nanotubes could be the basic building blocks for
future memory elements. Till today, it has been extremely challenging to measure the states
at the single-nanotube level. We investigate the magnetization states of an individual Ni
nanotube by measuring the anisotropic magnetoresistance effect at cryogenic temperature.
Depending on the magnitude and direction of the magnetic field, we program the nanotube
to be in a vortex- or onion-like state near remanence.

6.1.2 Introduction

Ferromagnetic top-down and bottom-up nanostructures constitute the basic building blocks
for future high-density memory elements. They are an alternative to the current planar tech-
nology which is expected to face fundamental physical limits in the next few years [TP06].
Three-dimensional architectures based on ferromagnetic nanowires have been proposed to
overcome the limits [PHTO08]. Especially interesting is the application of nanoscale ferromag-
netic materials in magnonic devices [NG09, KDG10]. There, the control and manipulation
of spin waves at the nanoscale are expected to offer novel perspectives for data transmis-
sion [ITR0O9] and data processing [KBW10]. At the same time, magnetic nanoparticles and
disks are powerful for biological applications, drug delivery, targeted magnetic resonance
imaging and magnetothermal treatment of tissue [PCJD03, SRH* 05, AZM™* 09, KRU*10]. Low-
dimensional ferromagnetic nanostructures are particularly interesting due to unique mag-
netic configurations [RKLD*01, CnRF*03, PGB*05, WKN*02, TPHG08, VVAE10]. In contrast
to nanowires or dots, hollow nanotubes possess three independent geometrical parameters
for the control of the magnetic properties via shape anisotropy; i.e., the length L, the inner
radius r; and the outer radius r,. It has been predicted that the magnetization reversal via
vortex wall formation and propagation might be more controlled in nanotubes compared
to solid nanowires since in nanotubes the Bloch point structure is avoided [HK04]. Numer-
ous theoretical predictions exist concerning remanent states of an individual ferromagnetic
nanotube [EDL*07, ELA*07, LGSE09, LSCV09, LAE*07, LNn10]. So far, however, only large
ensembles of nanotubes have been studied experimentally which were fabricated from a fer-
romagnetic metal [BJK*07, DKGN07, BEP09, RSK*09, CGM*10, AZA*11, EBJ"08, BEH*09].
Not only the nanotubes exhibited different diameters, but also a different orientation with
respect to the magnetic field H. All this led to magnetic hysteresis curves that were difficult
to interpret. Recently an individual nanotube of GaMnAs was studied [BRG* 11]. There, mag-
netocrystalline anisotropy of the ferromagnetic semiconductor dominated over the shape
anisotropy. This does not allow one to address the peculiar magnetic states of a nanotube. In
this paper we report an experimental study performed on individual nanotubes that have been
fabricated from a metallic ferromagnet. The nanotubes consist of 40 nm thick Ni deposited by
Atomic Layer Deposition (ALD) on GaAs nanowires as nano-templates. In particular the nickel
film is polycrystalline and does not exhibit magnetocrystalline anisotropy. The use of ALD
on self-assembled nanowires enables one to reach unprecedented aspect ratios and thereby

58



6.1. Pub. A-I: Magnetic states of an individual Ni nanotube probed by AMR

tailor shape anisotropy in magnetic systems. In this study, the nanotubes have a diameter
of 150 nm and length of 20 um. The nanotubes are straight and mechanically robust as they
are supported by the insulating GaAs nanowire core. This is an ideal configuration for the
integration of electrical contacts and the measurement of the anisotropic magnetoresistance
(AMR) effect. The AMR effect is a powerful tool to study the magnetization states of individual
nanomagnets as demonstrated on planar nanostripes [HG95] and solid nanowires [WKF*99].
Following the theory of AMR in thin metallic films [RCdJd]J95] we discuss a classification of
relevant nanotube magnetization states in terms of the relative AMR effect for the first time.
This allows us to analyze the magnetization reversal under the two orthogonal orientations
of H parallel and perpendicular to the nanotube axis. For both orientations, segments of
the nanowires are found to align their remanent magnetization in azimuthal direction. The
magnetoresistance traces for perpendicular field orientation suggest the transition from an
onion-like state to a vortex configuration in opposing field.

6.1.3 Sample fabrication and thin-film properties

The magnetic nanotubes were fabricated using a two step process. In a first step, GaAs
nanowires were grown on a 2” Si(111) substrate using the self-catalyzed growth mode. The
growth was performed in a DCA P600 molecular beam epitaxy (MBE) system. Si wafers were
used without removing the native oxide before starting the growth. After the axial growth, the
mode was switched to planar growth in order to deposit an epitaxial shell of GaAs and thus
increase the diameter in a controlled manner. Further details on the nanowire growth can be
found elsewhere [UAM ™11, RAHM*12]. Finally, the nanowires were coated with roughly 2 nm
of aluminum to protect the wires from decomposition at the elevated temperatures needed
for the following atomic layer deposition (ALD) of nickel oxide in the second step. For this,
the samples were transferred to an ALD vacuum chamber PicoSun Sunale P, where first a
25 nm thick layer of Al, O, was deposited [KNNO07] using trimethylaluminium and water. This
layer of Al,O, was conformally grown around the nanowires to isolate the core and prevent
arsenic from diffusing into the nickel nanotube. Second, the nanowires were exposed to
successive pulses of nickelocene NiCp,, ozone (O5) and hydrogen (H,). The substrate was
held at 300 ° [HSB*11]. We used 800 cycles to form a 40 nm thick nickeloxide layer which was
partially reduced by the hydrogen pulses. To further improve the reduction of nickeloxide to
metallic nickel the sample was held at 350 °C for four hours in an hydrogen atmosphere.

The ferromagnetic behavior was studied by ferromagnetic resonance (FMR) measurements at
room temperature performed on planar reference films grown in the same ALD process. The
FMR data showed a pronounced resonance line varying characteristically with the applied
magnetic field [HSB*11]. The FMR data did not depend on the orientation of the in-plane
magnetic field. This behavior suggests vanishing magnetocrystalline anisotropy of the ALD-
grown Ni. This is attributed to the polycrystalline nature (cf. Sec.6.1.4) and in contrast to
GaMnAs used in Ref. [BRG'11].
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AMR measurements on an ALD-grown planar Ni films of 10 nm thickness showed a relative
MR effect

MR=(pj~p1)/p1 6.1)

of about 0.7% at 4.2K. Here p| (p ) is the specific resistivity for the device being saturated
in the direction of (perpendicular to) the current I. In this case, p, was taken with H being
perpendicular to the plane. The shape anisotropy field of plain Ni films amounted to about
0.4 T in perpendicular field [Stull].

6.1.4 Nanotube characterization
6.1.4.1 Structure and composition

We proceed now with the presentation of the structure and composition of the magnetic
nanotubes which were grown as a Ni shell on a core consisting of a 150 nm diameter semi-
insulating GaAs nanowire. A Scanning Electron Microscopy (SEM) image of a core-shell
device is shown in Fig.6.1 (a). The morphology and conformal nature of the Ni layer is
extracted from Fig. 6.1 (b), where a Scanning Transmission Electron Microscopy (STEM) High
Angle Annular Dark Field (HAADF) image is shown. We find nickel of average thickness of
about 40 nm along the up to 20 um long GaAs nanowires and around the Ga nanodroplets
used to grow the semiconductor cores. The nickel shell is polycrystalline and exhibits some
remaining nanotroughs. By SEM investigations we observed that the roughness depended on
the diameter of the GaAs nanowires forming the templates for the ALD growth process. The
roughness is due to the Ni deposition, as the GaAs nanowires themselves exhibit planar facets
with a roughness on the atomic scale [SAG* 09]. We attribute the formation of nanotroughs to
surface tension effects in the hydrogen-based reduction process after the ALD growth. As a
consequence, also the roughness of nanotubes and planar reference films are found to differ.

Randomly oriented grain boundaries are expected to exist in the Ni shell. Profiles obtained
on the HAADF STEM images provide the expected hexagonal cross-section of the GaAs
core [FiIMSA™08], and a quasi spherical shell. Electron Energy Loss Spectroscopy (EELS) data
shown in Fig. 6.1 (e-h) confirm the presence of the Ni at the extremal shell of the nanotube on
the GaAs core. Due to the high electron scattering on the Ni shell, it was very difficult to obtain
appropriate EELS maps. As seen above, the Ni shell can be clearly mapped by EELS, however
Ga and As signals are noisy. In order to assure the core composition, we utilized an individual
nanotrough where the shell was locally discontinuous [Fig. fig:SEM (i)]. In this case, one can
appreciate on the EELS maps the Ga and As increasing signals on the uncovered area. The
EELS profile shown in Fig. 6.1 (j) has been obtained along the red arrow direction.
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Figure 6.1 — (a) SEM and (b) HAADF STEM images of a magnetic nanotube. We find the nickel
to conformally overgrow both the GaAs nanowire and the nanodroplet used for epitaxial
growth of the core. (c-d) A Ni nanotube of a length of about 20 pm contacted by Au leads in
a four-point configuration. (e-h) EELS data for the area around a nanotrough (i). The EELS
profile (j) was obtained along the red arrow direction.

6.1.4.2 Electrical measurements

For the following magnetotransport studies we transferred nanotubes to a silicon wafer cov-
ered with 500 nm thick silicon oxide for electrical isolation. Single nanotubes were contacted
with four Cr/Au probes using an electron beam lithography based process [Fig. fig:SEM (c)].
To obtain an interface resistance being as low as a few Ohms we cleaned the nickel surface
through in situ ion milling before evaporation of the adhesion layer (5 nm thick Cr) and metal
film (300 nm thick Au) and lift-off processing. We performed four-point probe measurements
of the nanotube resistance by applying the current I at contacts 1 and 4 and measuring the
voltage V at contacts 2 and 3 [Fig. fig:SEM (d)]. In order to improve the signal-to-noise ratio,
we used either a nanovoltmeter and a current source operating in current-reversal mode or
a lock-in amplifier to modulate I and detect phase-sensitively the voltage V. The current
amplitude amounted to 4 pA. Assuming a shell thickness of 40 nm, this value corresponded to
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Figure 6.2 — Resistance of a 10 um long Ni nanotube segment for magnetic field sweeps in
positive (green) and negative (blue) direction when H is parallel to the long axis (upper curves).
The magnetoresistance is hysteretic and positive at large fields. We extract a coercive field of
toH = 17mT from the data. The absolute variation is d max R = 48 mQ. For H perpendicular to
the long nanotube axis the magnetoresistance is negative to large fields with 6 n,xR; = 11 mQ.
Overall the relative AMR effect amounts to AR/R) min = 0.3% in the given Ni nanotube.

a current density of about 10* Acm ™2,

All data presented in the following is taken on one individual tube. Data taken on a further
nanowire is presented at the end of section 6.1.5.2. The electrical properties were studied by
resistance measurements from room temperature down to 1.6 K. At room temperature the
specific resistivity p was about (25 + 10) uQcm. At 1.6 K we obtained p = (5 + 2) uQcm. This
value is smaller than for the planar Ni nanowires reported by Hong and Giordano [HG95] and
substantiates the good quality of the ALD-grown Ni shell.

6.1.4.3 Magnetotransport measurements

The magnetic properties were investigated by magnetotransport studies for field orientations
parallel and perpendicular to the tube axis. The sample was cooled down to a temperature
T =1.6Kin a cryostat with a superconducting magnet providing an axial field poH of up to
9 Tesla. The sample holder allows us to vary the orientation of the nanotube with respect to
H at low temperatures. In the course of a sweep, the resistance occasionally increased by an
individual jump of 10-15 mQ, which neither depended on the magnetic field nor was hysteretic.
Such jumps were attributed to resistance changes in nanotroughs through electromigration.
The resistance curves were corrected for such occasional effects. The large magnetic field H
allowed us to saturate the nanotube magnetization M under different field orientations. This
is a prerequisite to quantify the AMR effect. At the same time the low temperature enables us
to be close to the condition T = 0 used for the theoretical predictions.
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We start by presenting the magnetoresistance and AMR effect for H applied parallel to the
long nanotube axis. Before applying a magnetic field for the first time, the resistance was
measured to be 17.936 mQ. Then the magnetic state was saturated in the longitudinal direction
by a magnetic field of yoH = —1T. Figure 6.2 shows the typical field-dependent behavior
R(H) =V (H)/I vs H for pp|H| < 1T. Towards larger fields, the nanotube exhibits a positive
magnetoresistance. The resistance does not saturate up to 9 T. The increase of the resistance
for uo H > 1T is attributed to the well-known Lorentz magnetoresistance [SS68]. To analyze the
AMR effect we thus focus on data taken for po| H| < 1 T. At 1T, the resistance is R max = 17.985Q.
When decreasing poH from 17T, R deviates from R| max over a broad field regime ranging from
about —0.2 to +0.2 T. This means that microscopic magnetic moments tilt away from the
longitudinal direction, thereby reducing the spin-dependent scattering following: [MP75]

p(0) = pL +(pj—p1)cos’(6). (6.2)

Here, 0 is the angle between the direction of current I and magnetization M. At small field,
the magnetoresistance is found to be hysteretic. This means that the magnetization at H =0
depends on the magnetic history [HG95, RCdJdJ95, WKF*99]. We attribute the minima R| min
in R (H) to the coercive field amounting to p| He| = 17mT. The maximum resistance change
is found to be 6 maxR| = R|max — R|;,min = (48 + 2) mQ in Fig. 6.2. In minor loop measurements
(not shown) the resistance is found to remain constant and non-hysteretic, if we stay with H
in the regime po| H| < 15mT. Increasing the reversal field beyond 15 mT we regain hysteretic
behavior in R(H). The hysteretic behavior and the minor loop measurements suggest an
incoherent reversal mode of the nanotube.

Before we analyze the data in the parallel field configuration in more detail it is instructive to
discuss the magnetoresistive behavior in perpendicular field. For this, we turn the direction
of the sample in the cryostat at low temperatures and zero field after saturation at -1 T. The
typical magnetoresistive behavior is shown in Fig. 6.2 (bottom curve). Starting from H =0,
R(H) is found to decrease by 0 maxR1 = (11 £2)mQ up to poH = 1 T. The magnetoresistance
is thus negative. It exhibits a relatively steep slope R vs H for py|H| < 0.4 T. We attribute the
field value of 0.4 T to the shape anisotropy field Hapi. For | H| > Hypi, the magnetization M of
the device becomes aligned with H so that M is perpendicular to the applied current I. As a
consequence, R takes a minimum of R nin = 17.930Q at 1 T. The overall resistance change
OmaxR1 = (11 £2) mQ is significantly smaller than dmaxR|| = (48 £ 2) mQ observed for parallel
fields. Considering the resistance data from Fig. 6.2 we calculate the maximum relative AMR
effect to be

R||,max =Ry min

AR/R| min = =0.3%. (6.3)

RL,min
This is a reasonable value compared to the AMR effect observed on the ALD-grown planar
Ni films. It is a factor of about two smaller. We attribute this discrepancy to the nanotroughs
observed in Fig.6.1. They locally reduce the cross section of the nanotube. In contrast to
the thin film, the current might not be able to percolate around the nanotroughs. The series
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Figure 6.3 — Magnetoresistance data (symbols) for field sweeps between —0.17 and +0.17 T
when H is perpendicular to the nanotube: Blue filled (green open) symbols show a sweep of H
in negative (positive) direction. For clarity symbols are interconnected by lines. The nanotube
exhibits an overall decrease of R for increasing fields and characteristic local minima at small
opposing fields in the range of 0.010T < |uo H| < 0.075 T. For comparison, the lines show the
major loop data presented in Fig. 6.2 for H || axis. Large arrows indicate sweep directions of H.

of nanotroughs increases the specific resistivity which enters the denominator of Eq. 6.3 via
R min and thereby reduces the overall MR value.

Interestingly, R is hysteretic in perpendicular fields as well. Figure 6.3 shows field-dependent
data (symbols) taken in minor loops between -0.17 and +0.17 T where H was varied in small
increments of 1 mT. For both sweep directions, field regions are found where R takes a local
minimum. Coming from, e.g., +0.17 T and going to negative fields the resistance is found to
drop abruptly by almost 3mQ at -0.010 T. It remains small until -0.075 T where R regains a large
value within a range of a few mT. Note that the absolute value of the local minium is larger than
R} min at goH = 1T. For further decreasing field, R follows the negative magnetoresistance
already seen in Fig.6.2. The drop and local minimum in R for small opposing fields are
reproducible features for successive field sweeps. Depending on the exact reversal field the
relevant field region is found to vary slightly.

6.1.5 Discussion
6.1.5.1 AMR effect in nanotubes: development of a classification scheme

We start by introducing the well-known characteristics of the AMR effect in planar thin films
and discuss what should be expected in a nanotube configuration. For the AMR effect, the
angle 6 between the direction of current I and magnetization M is decisive. The specific
resistivity p varies due to spin-dependent scattering provoked by spin-orbit coupling. In a
ferromagnetic bulk material the field-dependent resistivity follows Eq. 6.2.
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Figure 6.4 — (a) Theoretical variation of the specific resistivity p of a thin film as a function of the
angle between I and M for rotation of M in plane (blue, solid) and out-of-plane (red, dashed)
[after Rijks ef al. [RCdJd]J95]]. (b) Relevant magnetic states in the thin film (left) compared to
configurations in a nanotube (right) as discussed in the text. Configurations are ordered such
that the resistance increases from bottom to top. Arrows indicate the orientations of magnetic
moments and current. The semiconductor core is gray.

Because p| > p in Ni, p is expected to be at maximum when I and M are collinear. It is at
a minimum when the magnetization is perpendicular to the current. Rijks et al. [RCdJd]95]
showed that the relative magnetoresistance (MR) effect is modified by boundary scattering
in a planar thin film. As a function of 6 they find a different behavior for M staying in the
film plane or pointing perpendicular to the film boundary. The qualitative behavior R(6)
is sketched in Fig.6.4 (a) as extracted from Ref. [RCdJd]J95]. In Fig.6.4 (b) we illustrate the
magnetic states of the thin film (left) at characteristic points of the R(6) dependencies. We
will show that they allow us to classify the magnetic states of the nanotube (right). For the
thin film, the largest resistance occurs when the magnetization is collinear with the current,
resulting in p = max(p) = pj. Now, if we compare the resistivity in the case where M is in-
(p = p,ip) or out-of-plane (p = p, op), the smallest resistance is achieved for an out-of-plane
magnetization, due to the modified boundary scattering. Such a discrepancy does not occur
in Eq. 6.2 for bulk materials where boundary scattering is not relevant. According to Rijks
et al. [RCdJd]95], a measurable difference between in-plane and out-of-plane AMR ratios is
present for film thicknesses below a critical value ¢, of approximately 100 nm.

We now turn to the discussion of the nanotube, for which we consider the current to be always
parallel to the long nanotube axis. The shell thickness is about 40 nm and smaller than #.. We
thus attribute the MR behavior of the nanotube to the effect which was elaborated by Rijks et al.
As in the thin film case, the maximum resistance is achieved when the magnetization is parallel
to the current. We call this the axially-saturated state (ASS). Figure 6.4 would suggest the same
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resistivity for the nanotube and the thin film. Interestingly, the minimum resistivity p | op
obtained for the thin film would correspond to a state of the nanotube where the magnetic
moments obey a radially aligned out-of-plane configuration (ROP). Such a state [bottom-most
graph in Fig. 6.4 (b)] might be created by a tailored magnetocrystalline or interfacial anisotropy.
For a nanotube prepared from an isotropic ferromagnet as considered here, the minimum
resistivity state of Fig. 6.4 (a) can not be achieved. For such a nanotube, the lowest resistivity
is obtained in a transversally-saturated state (TSS), where all magnetic moments are aligned
along a direction perpendicular to the long nanotube axis. Such a configuration is attained at
large magnetic fields. Here, it is interesting to note that due to the curved surface, only a small
portion of the moments point perpendicularly to the nanotube surface. The relevant resistivity
falls between p, i, and p op and is marked with a cross in Fig. 6.4 (a). We now consider the
intermediate magnetization states between ASS and TSS. Slightly above the resistivity of the
TSS, we find the global vortex state (GVS), in which the moments follow the circumference of
the nanotube and are aligned in azimuthal direction. Such a state has been predicted to occur
in equilibrium for nanotubes above a certain diameter [LSCV09]. The resistivity of the global
vortex state coincides with the resistivity p | i, of the thin film.

In close analogy to the onion-state (OS) in ferromagnetic ring structures [RKLD*01, CnRF*03,
PGB*05], we propose the existence of a comparable state in magnetic nanotubes. Here, the
two halves of the nanotube exhibit parallel magnetic moments being aligned in azimuthal
direction. The two halves are separated by domain walls. To minimize the stray field energy
the moments in the domain walls are expected to align with the long axis and in opposite
direction for both domains. With this, the overall resistivity will increase according to Eq. 6.2.
The resistivity of OS is thus expected to be larger compared to GVS [Fig. 6.4 (b)]. For the vortex
state in an individual permalloy ring, a higher resistance compared to the onion state was
observed [PGB*05]. This was due to the orientation of the current which was in the plane
of the magnetic moments. In contrast, the current is perpendicular to the moments in our
nanotube, leading to the opposite behavior in R(H).

At an even higher resistivity but still below the ASS, we classify the multi-domain state (MDS)
formed by a series of domains in the ASS configuration of opposite directions separated
domain walls. Domain walls might be in a TSS- or GVS-like configuration [LAE07].

6.1.5.2 Magnetic states assigned to measured resistance values

We turn now to the discussion of magnetic states observed with the magnetic field applied
in a direction parallel or perpendicular to the long nanotube axis. We use the classification
developed in Fig. 6.4 to attribute magnetic states to the measured resistance values as sketched
in Fig. 6.5. Experimentally, we obtain the lowest resistance in the magnetic nanotube when we
generate the transversely saturated state (TSS) by applying po H = 1T > o Hapi in a direction
perpendicular to the long axis [Fig. 6.2]. When reducing the magnetic field, the TSS is found
to be unstable. The demagnetization field is largest where the surface normal is parallel to
the external magnetic field. At these points, the magnetic moments tilt away from the field
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Figure 6.5 — Magnetic states schematically attributed to characteristic resistance values in (a) a
perpendicular and (b) a parallel magnetic field.

direction if H < H,pi and form head-to-head or tail-to-tail domain walls. To minimize the
stray-field energy, moments will most likely turn into an axial direction, provoke a domain
wall and form the OS [Fig. 6.5 (a)]. The domain walls exhibit p| > p, jp. By this, we explain
the gradual increase in R when reducing H in the perpendicular field direction. As a stable
configuration at H = 0, we propose the OS. The increased value of R at H = 0 depends on the
total width of segments with p > p ip. The overall specific resistivity is certainly larger than
P = p1,ip- In an opposing magnetic field, large parts of the nanotube are expected to switch
irreversibly and form a GVS. In the vortex state, the small specific resistivity p | i, is realized
around the nanotube. Following this argument, we attribute the abrupt jump of reduced R in
Fig. 6.3 to the creation of the GVS [Fig. 6.5 (a)]. This state is stable for a small field region and
has a resistance which is between the one of TSS and OS at H = 0. At a field of uy|H| = 0.075T,
the energy attributed to the misalignment of the spins in the external field will be higher than
the energy gain due to the flux-closure configuration. At this field, the configuration changes
abruptly back to the OS with nanotube halves being aligned in the negative field direction.

It is now interesting to address the reversal in a field H applied parallel to the long axis. In
Fig. 6.2 and 6.3 we observe that R(H,) is almost as small as the resistance of the vortex-like state
discussed above. Comparing 6 max R = 48 mQ from Fig. 6.2 with the maximum absolute change
AR =59mQ, we calculate the relative amount of magnetic moments being perpendicular to I
during reversal to be 87 % of the total magnetization. In Ref. [LAE*07] the reversal mechanism
was investigated theoretically assuming an ideal nanotube without surface roughness. For the
geometrical parameters realized by our nanotubes, the authors predicted an abruptreversal to
occur via a single vortex wall. In the real nanotube, we find the resistance to change gradually
with H in a wide field region. At this point we can not decide whether the reversal occurs
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via a global vortex state or segments of vortex-like domain walls (vortex walls) separated by
ASS domains. The scenario of vortex walls sketched in Fig. 6.5 (b) seems to be more likely
considering the surface roughness of our nanotubes. Vortex walls might enter the nanotube in
a sequential manner and thereby explain the wide field region where R deviates from Rj max.
The gradual change of R implies the creation, movement and pinning of a large number of
vortex walls where locally M is perpendicular to I. The minimum resistance R)min is achieved
at H = H;, when the maximum number of domain walls reside between the voltage probes.

In the scenarios discussed above, the absolute resistance changes AR between ASS and TSS
as well as 0max R between VS and TSS should depend little on the exact number of nan-
otroughs. In contrast, we expect dmaxR| to depend on the number of nanotroughs serving as
pinning sites. Magnetotransport experiments performed on a further nanotube with similar
geometrical parameters provided the following data at 4 K: AR =51 mQ, dmaxR1 = 12mQQ, and
OmaxR| = 22mQ. The number of nanothrougs and their microscopic shape were different
compared to the device of Fig. 6.2. However, only the value 6 max R deviated substantially (by a
factor of 2) from values obtained on the nanotube presented above. This is consistent with the
argument that we expect nanotroughs to change mainly 6 maxR).

6.1.6 Conclusion

We have discussed magnetotransport experiments performed on individual ferromagnetic
nanotubes. For parallel field orientation, the vortex wall reversal mode predicted by theoretical
studies seems to be consistent with the anisotropic magnetoresistance data. The reversal
occurs in segments in a sequential manner. For a magnetic field applied perpendicular to
the long axis we suggest onion and vortex states to form in the reversal. This field geometry
has not been considered theoretically before. In this work, we have developed a classification
scheme for magnetic states of nanotubes which is derived from the AMR effect known for
planar films. This scheme allows one to relate resistance changes to different magnetic
states. For memory applications, it would be extremely important to control all the different
magnetization configurations depending on the magnitude and orientation of the magnetic
field applied. Interestingly, both, the ROP and GVS lead to zero magnetization but significantly
different stray field. In the GVS the stray field is zero, avoiding magnetostatic interaction
between memory elements.
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I designed the experiment, conducted largely the sample preparation (cf. Sec.5), coordi-
nated the data acquisition and analyzed the data. The magnetotransport measurements were
performed by the Master student Marlou Slot, supervised by myself. I wrote the draft version
of the manuscript.

6.2.1 Abstract

Magnetic nanotubes (NTs) are interesting for magnetic memory and magnonic applications.
We report magnetotransport experiments on individual 10 to 20 um long Ni and CoFeB NTs
with outer diameters ranging from 160 to 390 nm and film thicknesses of 20 to 40 nm. The
anisotropic magnetoresistance (AMR) effect studied from 2 K to room temperature (RT)
amounted to 1.4 and 0.1% for Ni and CoFeB NTs, respectively, at RT. We evaluated magne-
tometric demagnetization factors of about 0.7 for Ni and CoFeB NTs having considerably
different saturation magnetization. The relatively large AMR value of the Ni nanotubes is
promising for RT spintronic applications. The large saturation magnetization of CoFeB is
useful in different fields such as magnonics and scanning probe microscopy using nanotubes
as magnetic tips.

6.2.2 Main

Ferromagnetic nanostructures with tubular shape are fascinating objects for fundamen-
tal research as well as for applications. Due to their hollow structure, theory predicts the
existence of Bloch-point free vortex states and domain walls [ELA*07, LAE*07, LGSE09].
The motion of vortex domain walls in nanotubes is expected to occur at very high veloc-
ities [LNn10, YAK*11], possibly fast enough to generate a Cherenkov-type spin wave exci-
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tation [YKAH13]. Such magnetic properties and high velocities could be beneficial in fu-
ture low-power and high-speed memory applications [PHT08]. For this, polycrystalline or
even better amorphous materials, being soft-magnetic and magnetically isotropic, repre-
sent a very promising basis. While soft-magnetic behavior allows for mobile domain-walls,
isotropic magnetic properties are key for the formation of the characteristic magnetic states
predicted for tubes. Molecular beam epitaxy and epitaxial growth as reported for GaM-
nAs, MnAs and Fe3Si nanotubes recently [HTH" 09, RSK*09, YWP* 13] introduce however
magnetocrystalline anisotropy. Magnetron sputtering as a technologically relevant depo-
sition technique has not been reported for the fabrication of magnetic nanotubes yet. In-
stead ferromagnetic nanotubes were first fabricated by electrodeposition into nanoporous
membranes [TPLL00, BTX*01]. Various other methods were developed such as hydrogen
reduction of porous alumina templates preloaded with metallic salts [SSSS04] or decomposi-
tion of polymers containing a metallo-organic precursor wetting such templates [NCRKO05].
Different deposition techniques including atomic layer deposition (ALD) were employed
to fabricate tubes in nanopores [DKGN07, BJK*07] or as shells onto semiconductor nano-
wires [DKGNO07, HTH*09, DLC*10, HHJ " 13]. Early magnetic characterization was restricted
to large ensembles of nanotubes. In the last years, the investigation of individual nanotubes be-
came technologically feasible [ZLH" 04, LWP*12, RHB*12, WRB*12, BNR*13, BRR"13]. The
role of both magnetocrystalline [[WP* 12, BRR* 13] and shape anisotropy [HHJ*13] has been
discussed but the relevant magnetometric demagnetization factor for individual nanotubes
has not yet been addressed. For Ni nanotubes anisotropic magnetoresistance (AMR) data
presented recently revealed a technologicallcy unfavourable relative AMR effect of only 0.3%
at 4K [RHB*12]. Here we report on the structural characterization of polycrystalline Ni and
amorphous CoFeB nanotubes. Studying their AMR over a broad temperature range we obtain
a large relative effect of up to 1.4% for the Ni nanotubes at room temperature. For both types
of nanotubes we evaluate a consistent magnetometric demagnetization factor N, of about
0.7. Thereby we account for the different fields Hyq needed to saturate the Ni and CoFeB
nanotubes in transverse (L) direction. Correspondingly the magnetic anisotropy is argued to
be dominated by the shape. Large room-temperature AMR values are interesting if one thinks
about e.g. sensor applications or transport studies on magnetic configurations predicted for
nanotubes [ELA*07, LAE*07, LGSE09]. The nanotubes from CoFeB are expected to advance
both nanomagnonics and magnetic sensing. Their large saturation magnetization favors
fast spin dynamics [YHS"12] and provides one with large stray fields from nanoscopic tips,
respectively, helping to improve magnetic microscopy [NBX*13].

Magnetic nanotubes were fabricated from either Ni or CoFeB by depositing the ferromagnetic
shells around bottom-up grown GaAs nanowires [UAM* 11, RAHM " 12]. The nanowires, which
were grown using Ga droplets as catalysts, had lengths between about 10 and 20 um. Their
diameters ranged from 100 to 150 nm [UAM* 11, RAHM*12]. A list of relevant geometrical
parameters is given in the table in the supplementary information (cf. Suppl. Inf., Sec. A.1).
The Ni was deposited by ALD [RHB*12, BNR*13], while the CoFeB was obtained by mag-
netron sputtering using Xenon gas at room temperature [YHS* 12]. In the ALD process we
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Figure 6.6 — (a) Low-magnification ADF STEM image of Ni nanotubes, the inset shows an EELS
Ni map obtained on the same region of the tube. (b) ADF STEM image of one of the CoFeB
nanotubes covering the GaAs nanowire template as well as the Ga tip used for bottom-up
growth. (c) Cross-section ADF STEM view showing the hexagonal prismatic morphology of the
GaAs core template and the CoFeB nanotube shell. (d) Atomic resolution ADF STEM image
showing the crystallinity of the GaAs and the amorphous CoFeB shell. The CoFeB shows a
columnar morphology. The inner ADF detector semi-angle used was 78 mrad. (e)-(h) EELS
chemical maps corresponding to Ga, As, Fe and Co, respectively, obtained on the squared
region in (b).

intentionally produced an intermediate Al,O3 layer in order to vary the inner diameter of
the supporting core before depositing the ferromagnetic shell. For magnetron sputtering
of CoFeB we mounted the Si (111) substrate containing the GaAs nanowires on a rotatable
sample holder facing a Coz¢FegoB2o (CoFeB) target that was positioned under an angle of 35°
with respect to the substrate normal. Intentionally choosing ensembles of nanowires with
rather large nanowire-to-nanowire separation, the substrate rotation allowed us to obtain
nanotubes showing homogeneously thick CoFeB shells.

Annular Dark Field (ADF) Scanning Transmission Electron Microscopy (STEM) images were
obtained in order to determine the morphology and thicknesses of the Ni [Fig. 6.6 (a)] and
CoFeB shells [Fig. 6.6 (b-c)]. The Ni shells were found to exhibit a surface roughness with peak-
to-peak values of about 10 nm [RHB* 12, BNR*13]. The magnetron-sputtered CoFeB shells
were much smoother. Atomic-resolution ADF STEM analyses as those presented in Fig. 6.6 (d)
evidenced a zinc-blende structure of the GaAs core that grew along one of the [111]B directions
as demonstrated recently [UAM*11, dIMMG*12]. Cross sections of the core/shell systems
were prepared by means of Focused Ion Beam showing that the hexagonal cross-section of
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g

Figure 6.7 — Scanning electron microscopy images of a small segment of sample (a) NiS1
and (b) CFBS1. (c) Overview of sample CFBS1 with electrical contacts. (d) Measurement
configuration.

the core was transferred to the CoFeB shell [Fig. 6.6 (c)]. This was not observed for the Ni
shells due to the larger surface roughness [RHB* 12, BNR" 13] [Fig. 6.6 (a)]. The Ni consisted
of grains being ellipsoids with a long (short) axis of roughly 30 nm (10 nm). The conformal
CoFeB shell appeared instead amorphous. The amorphous structure is provoked by adding B
to the CoFe alloy [HKM™08]. The columnar structure seen in Fig. 6.6 (d) is attributed to local
variations in the density of the material. These might be caused by directional deposition on
the rotating nanowires. This peculiar feature is under further investigation. Electron Energy
Loss Spectroscopy (EELS) spectrum images were obtained in STEM mode in order to study
the composition. The nanowire cores are composed of GaAs. Shells are shown to be Ni rich in
the inset of Fig. 6.6 (a) and Fe and Co rich in Fig. 6.6 (g) and (h), respectively. EELS analyses
performed on the CoFeB shell provided a relative composition of Fe 77% (at. %), Co 20%, and
Xe 3%. Note that the content of B could not be obtained as the energy range of the B in the
EELS spectra falls far from the Fe and Co signal. The upper bound for the oxygen content in the
shell is determined to be 2%. The values are consistent with energy dispersive x-ray analysis
performed on planar films [YHS™ 12]. Remarkably, the catalyst seed for nanowire growth is
composed of pure Ga covered with a slight thin shell containing As. The CoFeB layer coats
the seed as well. In contrast to Refs. [DLC*10, LWP* 12, HHJ*13] we do not find an epitaxial
relationship between the magnetic shells and the semiconductor cores. For polycrystalline Ni
and amorphous CoFeB [YHS"12, SG13] prepared on planar substrates a magnetocrystalline
anisotropy was not observed.

The core/shell systems were released in isopropanol using sonication and transferred to Si
wafers covered with 200 nm thick silicon oxide. The absolute position of nanotubes was
determined using prepatterned gold alignment markers, optical microscopy and an in-house
developed software for image recognition !. In-situ plasma etching was performed before
sputtering electrical contacts from 5 nm thick titanium and 150 nm thick gold [Fig. 6.7 (b)]. The

Thttp:/ /'www.gstarter.ch/projects/automated-contacting-of-random-microstructures
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Figure 6.8 — Normalized resistance change AR(H)/ARnax as a function of | H| for sample (a)
NiS1 and (b) CFBS2 at room temperature. Magnetic field sweeps in both directions and field
polarities are shown for field parallel (top) and perpendicular (bottom) to the long axis. We
define Hy as the field at which most of the magnetization saturates and AR(H)/ARpax is
smaller then the noise level. For CFBS2, the saturation occurs at very small fields for the
parallel field configuration.

separation between voltage probes Lcontact [Fig. 6.7 (c)] was varied between 6.5 and 13.2 um
depending on the investigated nanotube. The Ni nanotubes have a thickness of 40 nm (NiL1,
NiL2) and 20 nm (NiM). By inserting an Al, O3 layer between the ferromagnetic shell and the
GaAs core, we achieved different outer diameters of about 350 nm (large, 'L) and 220 nm
(middle, 'M’). The CoFeB nanotubes considered here have thicknesses of 30 nm (CFBM]1,
CFBM2) and 20 nm (CFBS1, CFBS2) where 'S’ (small) indicates an outer diameter of about 180
nm. The CoFeB nanotubes stick to the substrate with one of their side facets.

Magnetotransport experiments were performed on wire-bonded samples mounted on a ro-
tatable stage in a bath cryostat with a superconducting magnet providing a magnetic field
o H of up to 9T. The resistance R(H,0) as a function of the magnetic field and the rotation
angle 6§ was measured in a four-point-probe configuration [Fig. 6.7 (d)] using a nanovoltmeter
in combination with a programmable current source and a three-step current operated at
25 Hz to compensate for thermovoltages. The data from the bath cryostat were corrected for
thermal drifts and the field dependent characteristics of the temperature sensor. To compare
different nanotubes when rotating a fixed field H, we consider the relative resistance change
AR(0) = (R(0) —min(R)) / min(R) where min(R) is the minimum resistance value. The AMR
ratio is defined as AMR = R”R;l& where R and R, are the absolute maximum (max(R)) and
minimum (min(R)) resistance values for a magnetic field H being parallel and perpendic-
ular, respectively, to the current I and being larger than the field Hq at which most parts
of the magnetization saturate [APK0O]. Furthermore we utilize the normalized resistance

AR(H)/ARpax = (R(H) —min(R)) / (max(R) — min(R)).

Before discussing the electrical properties and magnetoresistance of the nanotubes in detail
we determine Hy [APK00]. Magnetic field sweeps can be found in Fig. 6.8 for sample NiS1
(a) and CFBS1 (b) with H being parallel (top) and perpendicular (bottom) to the long axis
(see supplementary information for further experimental data (cf. Suppl. Inf., Sec.A.1). In
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the parallel configuration only small fields were needed to saturate the nanotubes. CoFeB
was in particular soft magnetic. In the perpendicular configuration we extracted poHg (black
arrow) to be 0.35+0.05T for the Ni nanotube. This value was much smaller compared to
the CoFeB nanotube for which we found 1.2 + 0.2 T. We attribute this observation to differ-
ent demagnetization fields. If we consider M ~ 375kA/m for Ni [WRB* 12], we estimate the
magnetometric demagnetization factor [APK00] to be N, (Ni) = | Hg(Ni)/ Ms(Ni)| = 0.7 2 If
we assume N, (CoFeB) = N, (Ni) and take the saturation magnetization of 1430 kA/m mea-
sured for our CoFeB when magnetron-sputtered on a planar substrate [SG13], we calculate
toHg = poNy (CoFeB) x Mg(CoFeB) =~ 1.3 T. This value is consistent with the experimental
value of pg Hg = 1.2+ 0.2 T observed for the CoFeB nanotube in Fig. 6.8 (b). We do not expect
the hexagonal shape of the smooth CoFeB nanotubes to vary significantly the effective com-
ponent of the demagnetization factor compared to the rougher and thereby more circular
Ni nanotubes. The different values Hy thus reflect the different saturation magnetization
values of Ni and CoFeB. Note that a large and thin film is expected to exhibit V, of 1.0 whereas
an infinitely long (full) cylinder acquires N, = 0.5. The extracted effective demagnetization
factor of 0.7 for the nanotubes being hollow cylinders is in between these values and seems
reasonable to us. The specific shape of the nanotubes reduces the overall demagnetization
effect compared to a film, but still provides a larger effective demagnetization effect compared
to a full cylinder. The nanobar-magnet behavior reported in Ref. [HH]* 13] is consistent with
the shape anisotropy provided by the relatively large N; = 0.7 extracted here.

We now present the electrical properties and magnetoresistance of the nanotubes. Fig-
ure 6.9 (a) shows the temperature dependent resistance R(T) of a Ni nanotube (NiL1) at
zero magnetic field. R decreases from 40.9 Q) at room temperature down to 15.8 Q at 2K. The
behavior is expected for a polycrystalline metallic material. Using the geometrical parame-
ters (cf. Suppl. Inf,, Sec. A.1), we calculate a specific resistivity p = R- A/ Lcontact of 18 pQcm and
7 uQcm for room and low temperature, respectively (A is the cross-section of Ni). Our values of
p are in relatively good agreement with values measured on nanostripes fabricated from ther-
mally evaporated Ni [RCGG11, JCZ97] indicating a good electrical quality of the ALD-grown
metal. The temperature dependent R(T) for two CoFeB samples is shown in Fig. 6.9 (b). Here,
we obtain specific resistivities of p = 1 —2 x 10® uQcm at room temperature. As a function of T
we do not observe the typical metallic behavior. For sample CFBSI1 the resistance decreases
from room temperature down to 140 K and then increases. In case of CFBM1 the resistance
increases monotonously with decreasing temperature. The measured resistances range from
7.63 to 7.79kQ and 7.35 to 7.79 kQ for CFBS1 and CFBM1, respectively. The semi-logarithmic
plot suggests R(T) to exhibit a logarithmic dependence on 1/7 for T < Tinin = 130K (190K) for
CFBS1 (CFBM1) [ET03], albeit a small deviation can be found for CFBM1 at

Figure 6.9 (c) shows the resistance change of Ni tubes as a function of the rotation angle 0

2Nanotubes are non-ellipsoidal magnetic elements for which an inhomogeneous internal field is expected
when H is perpendicular to the long axis. This would make position-dependent demagnetization factors necessary
when describing the micromagnetic behavior in detail. This is why we define the so-called magnetometric
demagnetization factor.
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Figure 6.9 — Resistance R as a function of the temperature T for (a) the Ni nanotube NiL1
(circles) and (b) the two different CoFeB nanotubes CFBM1 (squares) and CFBSI1 (triangles).
For CoFeB, R is more than two orders of magnitude larger and shows a different temperature
dependence (note the different axes) compared to the metallic Ni. (c) Resistance variation as
a function of the angle 6 displayed as AR(0) for NiL1 (circles) and NiS1 (stars) at 3T and 2T,
respectively. The field values H were chosen such that H > Hg, and magnetic saturation was
achieved for all angles 6. (d) AMR ratios as a function of temperature for NiL1 (circles). For
NiS1 (star) and NiM (triangle) room-temperature AMR ratios are given. (e) R(8) of CFBS1 at
5T at two temperatures (triangles) and CFBM1 at 2 T and 283 K. The data for CFS1 were taken
in two-point configuration. (f) AMR ratios of samples CFBM1 (squares), CFBS1(triangles),
and CFBS2 (diamond) at room temperature. The AMR effect of CFBM 1 was extracted from
magnetic field sweeps performed at different 8 (cf. Suppl. Inf., Sec. A.1). Solid lines in (c) and
(e) indicate a cos? (0) relationship. The maximum AMR ratio is one order of magnitude smaller
for CoFeB compared to Ni.
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at different temperatures. We rotated a field H > Hy to saturate the tubes at all angles. R(60)
follows a cos? (6) dependence remodelled by solid lines in Fig. 6.9 (c). This is expected for
ferromagnetic conductors displaying the AMR. Relative AMR values are shown in Fig. 6.9 (d)
as a function of T. Between 3 and 220 K the AMR is found to increase linearly with T from
about 0.35 to 1.2%. Then, up to 295K the AMR stays almost constant for sample NiL1. The
low-temperature value is consistent with data obtained previously on different Ni nanotubes
[RHB"12]. At room temperature we now find a much larger value of up to 1.4% for NiS1 and
NiM [Fig. 6.9 (d)]. In Refs. [RCGG11, JCZ97] stripes from thermally evaporated Ni were studies
and the authors provided values of 1.6% and 1.8%, respectively. We attribute the slightly
smaller AMR effect of our nanotubes compared to the planar stripes mainly to the influence
of the nanotube roughness. We assume the roughness-induced scattering of electrons to
enhance the resistivity and thereby to reduce the overall AMR effect (compare considerations
on boundary scattering in Ref. [RCdJdJ95]).

R(0) of CoFeB nanotubes CFBS1 (triangles) and CFBM1 (squares) shown in Fig. 6.9 (e) also
follows a cos? (6) dependence consistent with the AMR effect. The AMR effect is found to
diminish with increasing T [Fig. 6.9 (f)]. This is different from the Ni nanotubes. For CFBM1
we get AMR = 0.18% at 2 K and 0.08% at room temperature being more than an order of magni-
tude smaller than Ni. We attribute this to the amorphous structure of our unannealed CoFeB
leading to a short electron mean free path and reducing the MR ratio [TJIK97]. The measured
CoFeB resistivity of 1-2 x 103 uQcm is one order of magnitude larger compared to the best
values given in literature for CoFeB alloy films with a comparable thickness [CX12, JYCT06].
For R(T) we do not find a T3/2 dependence in the accessible temperature range and rule
out magnetic contributions to R(T) [KKR86]. The characteristic minima in R(T) [Fig. 6.9 (b)]
have been reported for many amorphous and granular alloys with intermediate resistivi-
ties [TKM ™08, KKR87] including CoFeB [FMI1094, SPS*13]. The following dependencies have
been discussed for the low-temperature R when considering Coulomb interaction in disor-
dered systems: exp(v/To/T) [ES75], a power law 1/ T% or In(Ty/ T) [ET03] (T is a characteristic
temperature and 0 < a << 1). The first (latter) occurs for systems with high (intermediate)
resistivity [CDLM81, SDVV*87, FMI1094, ET03]. Following Ref. [ET03], we attribute the loga-
rithmic behavior of R(T) in Fig.6.9 (b) for T < Tpjn to electron-electron interaction in the
disordered and amorphous material. The role of the columnar structure is not yet fully clear
and under further investigation. Despite the complex R(T) dependence the AMR value of up
to 0.18% that we observe for CoFeB nanotubes at small T is slightly larger than the value of
0.12% obtained by DFT simulations [SFZ*11].

The large room-temperature AMR ratios of up to 1.4% for Ni are encouraging for possible
applications of nanotubes and, in general, magnetic devices on curved surfaces [PHT08]
prepared by ALD. Still there is room for improvement as the AMR ratio of bulk Ni is known
to be 2% [MP75]. We expect an improved AMR ratio after reducing the surface roughness of
the nickel. The smooth side facets of the CoFeB nanotubes make the integration of magnetic
tunnel junctions [IMY*10] feasible, thereby enhancing the perspectives of nanotube-based
sensing and local detection of domain walls.
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In conclusion, we prepared nanotubes from Ni and CoFeB on non-magnetic nanotemplates
using two different technologically relevant deposition techniques, i.e., atomic layer depo-
sition and magnetron sputtering, respectively. Structural analysis of the CoFeB proved the
shell to be amorphous. For polycrystalline Ni and amorphous CoFeB the magnetic anisotropy
was argued to be dominated by the shape. Both the relatively small resistivity and large AMR
ratio of 1.4% obtained for Ni indicated a good electrical performance of the ALD-grown metal
at room temperature. Magnetron-sputtered CoFeB nanotubes exhibited a much smoother
surface but a smaller AMR effect attributed to the amorphous structure and thereby enhanced
electron scattering. The materials are highly eligible for magnetotransport studies on individ-
ual domain walls in nanotubes and nanotube-based sensing or logic applications. For room
temperature spintronic applications the relatively large AMR of Ni is promising. The larger
saturation magnetization makes the CoFeB nanotubes favorable as magnetic tips in scanning
probe microscopy.
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Figure 6.10 — Resistance R as function of the temperature T for samples (a) Pyl and (b) Py2. The
measured data (red solid line) can be fitted by a T?-function (black dashed line). Sample Pyl
follows R (T) =326 Q+0.81073 Q/K? x T? and sample two (b) R(T) = 153Q+0.41073 Q/K? x T?
after an irreversible resistance drop (cf. text for details)

6.3 Resistivity and AMR of Permalloy nanotubes

Two Py tubes, Pyl and Py2, similar to the ones used in Pub.A-III (cf. Sec.8), have been
characterized electrically and the AMR ratios have been determined. The data extends upon
the work of Pub. A-I and Pub. A-II. For the experiment, the methodology described in Chap. 4
and Pub. A-I & A-II was followed.

6.3.1 Electrical Characterization

Sample Pyl Figure 6.10 (a) gives the resistance R as function of the sample temperature T of
a tube with a total length of 12.3 um, film thickness t = 30nm and outer diameter 2r, between
190 and 205 nm. The resistance drops from about 390 Q to 325 Q when cooling the sample
from room temperature to 2 K [cf. red solid line in Fig. 6.10 (a)]. The T-dependence is fitted
by a T2-function [cf. black dashed line in Fig. 7.7 (a)]. Using the length between the voltage
contacts Lp = 4.4 um, the resistivity p is determined to be 140 + 10 uQcm at room temperature
and 115+ 5pQcm at 2 K. At room temperature the AMR of this sample was determined to be
0.45 £+ 0.05%.

Sample Py2 The tube has similar thickness ¢ = 30nm, outer diameter 2r, = 180 to 215nm,
contact length L, = 6.4pum and a total length of 14.2 um. The sample exhibited a resistance of
about 530 Q, i.e. p =130+ 20uQcm, and an AMR ratio of 0.45 + 0.05% at room temperature in
Fig.6.11a. The resistance dropped approximately linearly to 490 Q at 210 K. After being kept at
190 K for a day, the resistance had dropped irreversibly to around 170 Q at 190 K. The decrease
in resistance correlated with an increase in AMR to 0.63 + 0.05%. After that, R followed T
with decreasing T [Fig.7.7 (b)], until it saturated at a value of 153 Q below < 30K. At the same
time the AMR increased to 0.74 + 0.05%. The resistance related to 41 + 4 uQcm at 190K and
38+3uQcmat 2K
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Figure 6.11 — Resistance R as function of the magnetic field ugH of nanotube Py2 at room
temperature. The low field regime of (a) is shown in (b). Arrows indicate the sweep direction.

6.3.2 Hysteresis curves

The high field data for sample Py2 is plotted in
Fig.6.11 (a). Here, the resistance R is shown as func-
tion of the applied field o H for field parallel (red
circles) and perpendicular to the axis (blue circles).
The field was initialized at 2 T and then gradually de-
creased to -2 T. For both field orientations a linear neg- 5 -0.2} )

0.2

-533.05Q

c
ative magnetoresistance can be found. Figure 6.11 (b) H || axis
shows a magnification of the small field regime. Here, 0.4 . . . .
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an additional trace for perpendicular field is given LoH (mT)

with inverted sweep direction (green circles). The
Figure 6.12 — Resistance R for H || axis

and both sweep directions for Py2 at
room temperature. Some sweeps ex-
hibit a dip at an opposing field of
around 7mT.

maximum R obtained near H = 0 is almost similar for
fields parallel and normal to the tube axis. Both traces
for perpendicular fields exhibit a jump to higher re-
sistance at | woH | =~ 40mT after decreasing gradually
in inverse field. This feature is well reproducible. In
parallel field direction, no significant deviation of the linear R can be found before inversion
of the field direction (Fig.6.12 and Fig. A.4, p. 133). A dip can be found at 7 + 3mT with an am-
plitude which is about a tenth of the maximal resistance change, The available data suggests,
that the dip is not always present but occurs statistically.

6.3.3 Discussion

The resistivity of sample Pyl and Py2 before the sudden decrease is a factor of about five higher
than values reported in literature [MJG74, CDK*06, BA09]. Because of increased influence
of surface scattering and considering the large surface to volume ration in the tubes, this
value seems reasonable. The significant decrease in resistance after a certain time could be
explained by an annealing effect of the measurement current, either via electromigration
or localized heating. It is known that p can be decreased significantly by annealing of the
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sample [KGD73], but whether and how this can be held responsible for the observed decrease
cannot be answered without further experimental data.

The T?-dependence, found in both samples, was also reported in Py films by Council et
al. [CDK*06]. The same behavior was calculated by Richter et al. [RWG79] and discussed by
Kaul et al. [KKR86] two decades before. They make coherent electron-magnon scattering
responsible for the T2-dependence. For amorphous materials additionally a 73/? term related
to incoherent electron-magnon scattering is expected. In crystalline samples the 7%/2 term is
zero and only the square dependence remains.

The reason for decreased AMR in Py samples was not clear until redirection of this thesis. It
is known that the grain size influences the AMR because of changed grain boundary scat-
tering. The grain size is dependent on the substrate and the conditions of the deposition
process [LTT*00]. A possible route to further improve could be annealing [FOKS94].

The hysteresis curves correspond to a uni-axial anisotropy. No significant deviation of the
resistance during the reversal in parallel fields occur before inversion of the field orientation.
Furthermore, only statistically a dip, corresponding to a certain azimuthal component, can
be found. The statistical behavior and the small magnitude of the dip are in agreement with
areversal via a vortex domain wall. The wall would then stick to pinning sites, giving rise to
the statistical observation. Another possible explanation is the expansion of end-vortices as
discussed in Sec. 7.1.

By comparison of the resistance at the dip minimum with the maximal change of resistance we
can estimate that about 9% of the probed length is aligned azimuthally. This equals to a length
of approximately 550 nm with azimuthal orientation. Using the geometrical dimensions of
Py2, the expected domain wall width can be estimated to be around 85 nm from Eq. 3.53. This
would mean that in total 6 to 7 domain walls participate in the reversal. On the other hand, if
end-vortices are made responsible for the measured dip, the azimuthal part has to extend into
the probe part of the tube. Because of the position of the electrical probes, this implies that
the end-vortices extend for more than 4 um from the end. To get a better understanding of
the reversal process data from complementary experiments, such as e.g. spatially resolved
ANE mapping (cf. Sec.7.1), are desirable. The jump towards higher resistance relates to an
increased axial component of M, following the discussion Sec.6.1 [Fig.6.4 p.65]. Further
investigations are needed to understand the origin of this jump in detail.

6.4 Saturation magnetization

Ni, CoFeB and Py are materials with very different saturation magnetization M;. Because of
the small involved volume measuring Ms can be challenging with conventional techniques
which are designed for bulk samples. For this reason, cantilever magnetometry on individual
nanotubes was performed in collaboration with the group of Prof. Martino Poggio at Basel (cf.
Sec.4.1.3). The results have been published (cf. Pub. B-I in App. D) and are summarized in the
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| \ A(/m) | Ms (KA/m) | Aex (nm) |
Ni 7-1071? [Boa05] 375 9
CoFeB | 2.8-10~!! [BDK'06] 800 8
Py 1.3-107!! [Boa05] 400 11

Table 6.1 — Calculated exchange length Ay

following paragraph.

Cantilever magnetometry experiments were performed on Ni nanotubes attached in three dif-
ferent geometries to the cantilever. This way, the anisotropy due to the shape for the different
field orientations could be evaluated. For the determination of the saturation magnetization
M; the chosen orientation is irrelevant as long as the applied magnetic fields are strong enough
to saturate the entire tube homogeneously. In the experiment the change of the cantilever’s
resonance frequency A fy was measured and fitted to Eq. 4.5 at fields above saturation. The fit
yielded a value of Mg =375+ 70kA/m, which is in good agreement with the reported values
of 406 kA/m for bulk crystalline Ni at low temperature [KMO05] and 450 kA/m for ultra fine Ni
particles [GLZC91].

Cantilever magnetometry was recently performed for the CoFeB tubes [Web14]. Here, the fits
gave M =870+ 30kA/m. The value is significantly below the values of 1430 kA/m obtained on
planar CoFeB films deposited in the same vacuum chamber [SG13, YDH*13a]. Whether this
decrease is related to the growth under an angle and rotation is not clear at the moment. It is
possible that the columnar structure observed in TEM |[cf. Fig. 6.6 (c)] is linked to the findings.
Further studies comparing planar films grown under similar angle and rotation are under way.

No magnetometry data is yet available for Py tubes. However, the spin wave spectrum which
was measured in such tubes (cf. Sec. 8), is well reproduced by simulations when using M =
400kA/m. An effective magnetization of 620 kA/m was measured in Py films deposited on
planar substrates with the same evaporation system [Hei].3

6.5 Magnetization reversal in Ni nanotubes under axial field

Considering the determined M; of the investigated nanotubes and literature values for the

exchange coupling parameter A, we find comparable exchange lengths Aex = /2 A/ (o MZ)
between 8 and 11 nm for all three materials (cf. Tab.6.1). In terms of A¢, the length of the
studied nanotubes ranged from 1000 to 2000 A.x and the outer radii from about 7 to 15 A¢x.
The parameter § is 0.6 —0.8. According to the phasediagram in Fig. 3.4, developed by Landeros
et al. [LSCV09], all tubes were well within the mixed state phase. Coming from a uniform axial
alignment in high parallel fields, the end-vortices should nucleate below a certain critical
field [WLL* 05, LSS*T07, LSCV09]. The collected data suggest, however, that the ground state

3Note that the effective magnetization takes the surface anisoptropy into account and can thus be smaller than
the saturation magnetization.
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differs significantly between the Ni tubes and the tubes with CoFeB or Py. In the following we
will briefly summarize the findings on Ni nanotubes which have been published in Pub. A-I,
A-1II and B-II. A detailed analysis of the reversal in CoFeB tubes is given in Chap. 7.

The magnetoresistance traces recorded on Ni nanotubes in axial field show without exception
a smaller resistance R at remanence than at saturation [cf. Fig. 6.2 p. 62,Fig. 6.8 (a) p. 73 and
Fig. A.2 p. 132]. Following the theory of the AMR effect, a smaller R is related to an azimuthal or
transverse component of the magnetization M. To further elucidate the magnetization reversal,
cantilever experiments were performed on an individual Ni nanotube in collaboration with
the group of Prof. Martino Poggio at Basel. For this particular experiment, a nanoSQUID *
magnetic flux sensor was added in vicinity of the tube tip by the group of Prof. Dieter Kolle.
While the cantilever signal is an integral measure of the projection of M onto the field direction,
the nanoSQUID senses the generated stray field close to the nanotube apex. The experimental
results were compared to micromagnetic simulations of circular tubes with lengths up to 2 um
(cf. Sec.4.2). We used a value of 406 kA/m for M and an exchange coupling constant of 7 pJ/m.
More experimental details can be found in the Pub. B-1I, which is reproduced with permission
in App. D.

The cantilever magnetometry data revealed a significant decrease of the axial component
of M at H =0 [cf. Fig.3 (c) in Pub. B-II]. In contrast, the hysteresis curve measured by the
nanoSQUID exhibits a square shape [cf. Fig.2 (a) in Pub. B-1I]. The superposition of simulated
curves of nantubes with lengths between 250 nm and 1 um reproduced the observed cantilever
data closely. In the simulation, anti-chiral end-vortices, i.e. end-vortices having opposite
senses of rotations, nucleate and expand until they touch, only separated by a Néel-type
domain wall [cf. Fig.4 (c) in Pub. B-11I]. Such a finding is consistent with other numerical results
for short tube in literature [WLL* 05, LSS™07, CUBGO7]. At a switching field of approximately
25+ 10 mT, the magnetization in the domain wall switches spontaneously and the end-vortices
retract. The good qualitative and quantitative agreement of simulation and measurement
suggests switching of multiple independent segments during reversal. This argument is
supported by the nanoSQUID data deviating strongly from both, the cantilever data and the
simulation. The nanoSQUID probes locally the tip of the nanotube and thus does not see the
full integral measure of the magnetization, as the cantilever does. This discrepancy is also
consistent with multiple segments that switch individually, if the end segment happens to
switch last.

4Superconducting quantum interference devices (SQUIDs) are superconducting loops including one or two
Josephson-contacts. Based on the Josephson-effect [Jos62], they act as highly sensitive sensor for the magnetic
flux. Because the technology and performance of SQUIDs is beyond the scope of this thesis, the interested reader
is referred to Ref. [CB06].
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gd Magnetization reversal in CoFeB
tubes

This chapter treats the microscopic nature of magnetization reversal in CoFeB tubes. In
Sec.7.1, the microscopic details of the magnetization reversal in axial fields are studied by
a combination of magnetotransport and magnetothermal mapping. Then, in Sec. 7.2, the
influence of the inhomogeneous internal field in nanotubes under a perpendicular field is
investigated.

To understand whether CoFeB nanotubes exhibit non-uniform configurations, e.g. the mixed
state, locally probed magnetotransport and magnetothermal mapping experiments were
conducted. The findings of this chapter were obtained in close collaboration with the group of
Prof. Dirk Grundler at Technical University Munich (cf. Sec.1.3). I measured the high field
data. The low field and ANE measurements were conducted by the Master student Johannes
Mendil whom I co-supervised. The laser stage was designed and setup by the PhD student
Florian Brandl and the experimental rig was adapted to the ANE measurement by Johannes
Mendil. The detailed analysis of the behavior in perpendicular fields in Sec. 7.2 was achieved
by micromagnetic simulations that I performed and interpreted.

7.1 Magnetization reversal of an individual ferromagnetic nanotube
probed via anisotropic magnetoresistance and anomalous Nernst
effect

7.1.1 Anisotropic magnetoresistance

We first present AMR data obtained on two different segments, the end and center segment,
as sketched in Fig. 7.1. For the center segment, we are able to perform a 4-point resistance
measurement. Due to the sample layout, we have to resort to a 3-point measurement for the
end segment, utilizing the same contact for current supply and voltage sense. The nanotubes
employed in the AMR experiments have L = 10 — 16 um, r; = 65 to 105 nm and thickness
t = ro—rj 0f 20 or 30 nm. Note that for parallel field orientation the resistive magnet coils deliver
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CoFeB nanotube 10-16 um

Figure 7.1 - Schematic of the measurement details. For the AMR measurements, the resistance
is either determined in the center via 4-point configuration or at the end segment using only 3
points. For the ANE experiments, the voltage is always measured between the center contacts.
Here, the position of the laser spot is changed. The nanotube explored in perpendicular field
orientation had only four contacts.

sufficient field amplitude (cf. Sec.4.1.1). To fully saturate the tube in transverse direction,
higher fields are needed. For this orientation, the data was acquired in a superconducting
magnet at 180K on a different sample. In this case, the sample had a wall thickness # =20 nm
and four leads [Fig. 7.1]. Its dimensions and relevant contact spacings were comparable. The
applied measurement current was 1 pA in all cases.

The results of the 3-point (4-point) AMR data at the end (center) segment are shown in Fig. 7.2
in blue and green (red and black) for parallel field orientation. Starting from high negative
fields H, the resistance remains at its highest level for a wide field range, indicating saturation
along this direction. The resistance for the end (center) segment starts to significantly decrease
at -5mT (+2mT) until magnetization reversal takes place and the resistance increases in a
step-like manner back to the saturated value at +4 mT (+5mT). Note the two-step nature of
the resistance increase for the center segment. The curve contains a plateau-like resistance
state around + 5 mT which we will call intermediate state throughout the following analysis.
Note that this intermediate state is a common feature of all 8 investigated CoFeB nanotubes
with H applied along the long axis. The AMR trace behaves correspondingly for the sweep in
opposite direction.

100.00

RIRmax (%)
(o]
(]
©O
[e¢]

room

99.96 | (a) temperature 4 (b)

-50 0 50 -5 0 5
UoH (MT) HoH (mT)

Figure 7.2 — Normalized resistance R/ Rax as a function of the axially aligned magnetic field
(a) for the full field range and in (b) the field regime of the switching. The jump which is
interpreted as switching field H; is indicated in (b).
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Figure 7.3 — Normalized resistance R/Rmax as a function of the magnetic field perpendicular
to the tube axis (a) for the full field range and in (b) the field regime of the switching.

Resistance traces that have been acquired for perpendicular field orientation are given in
Fig.7.3. When the field was decreased from 2 T, the resistance increases already at compa-
rably large fields. This indicates a deviation from the fully perpendicular alignment of the
magnetization M. For the center segment [cf. red line in Fig. 7.3 (b)], reducing the field to zero
shows a monotonically increasing resistance!. Decreasing the field further to the negative
regime, a continuous trace with a maximum in R close to zero field is observed. As discussed
in Sec. 6.1, this maximum can be attributed to a parallel magnetization alignment. However,
the trace is different for the end segment [cf. blue line in Fig. 7.3 (b)]. In particular, it shows a
smaller resistance when approaching zero field and finally a step-like change of resistance
shortly after reversing the field to negative values at about -5 mT. Both, the behavior of the end
and center segment are symmetrically reproduced for the opposite field sweep direction (cf.
black/green lines in Fig. 7.3 (b)).

Note a common feature of AMR data taken in both parallel and perpendicular H: the AMR
traces of the end segments show a significantly smaller relative resistance compared to the
center segment when approaching zero field from saturation. This observation indicates a
different alignment of magnetization for the end than for the center segment. Further insight
is gained in the following where we report ANE experiments.

7.1.2 Anomalous Nernst effect

In the ANE experiments, a laser spot was placed onto a 30 nm-thick nanotube as sketched
in Fig. 7.1 (cf. Sec.4.1.4). The remaining experimental configuration is exactly the same as
employed for the magnetotransport experiments. Again, we perform a field sweep from
negative to positive fields along the axis of the tube and back. Figure 7.4 (b) shows the voltage
in a similar field regime as for Fig. 7.2 (b). To keep comparable experimental conditions, a
biasing current of 1 yuA was applied.

For the sweep in negative direction, we observe a sharp transition from about 6.52 to 6.5mV,

IThe change in resistance can be divided into a field dependent change with three different slopes. This
behavior is investigated in combination with demagnetization field simulations in Sec. 7.2.
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Figure 7.4 — (a) Voltage V across a segment of a CoFeB NT that was locally heated with a
focused laser spot while sweeping the magnetic field po H and applying a bias current of 1 pA.
We attribute the voltage spikes to the anomalous Nernst effect (ANE). (b) Data obtained in a
minor loop with a reversal field of 5 mT. The zero-field magnetic state is persistent when the
laser is found to be switched on and off.

i.e. a difference AV = —20 1V at fields around -5 mT. Sweeping in positive direction, a positive
peak of AV = 20 1V is observed at similar field strength. The signal AV only occurs for sweeps
with the laser turned on and placed onto the nanotube. The sign change of AV with the sweep
direction of H distinguishes the signal clearly from the AMR. Furthermore, minor-loops were
performed. An example is plotted in Fig.7.4 (c). Starting from negative fields, the sweep
direction is reversed at +5 mT where the voltage plateau is reached. Sweeping the field back
to zero, V stays at the elevated level and finally falls back to the original value at -2 mT when
continuing the sweep in negative field direction.

To study the spatial dependence of the signal, the laser-spot is placed onto different segments
of a comparable nanotube of the same batch. The spike-like features of before are repro-
duced at a similar position [Fig. 7.5 (e)]. The detailed trace V (H) however depends on the
laser position along the long axis of the nanotube [Fig. 7.5 (.)] The traces are reproducible,
when repeating the measurements at the same position, even after varying the position and
returning to the corresponding spot. At pos. 1 [Fig. 7.5 (b)], no pronounced peak but a step-like
jump of about 5V can be observed. Heating at pos. 2 results in a similar trace but with a step
amplitude of about 2 uV [Fig. 7.5 (c)]. When heating at pos. 3, a reversed spike-like feature
occurs with an amplitude of about 30 uV [Fig. 7.5 (d)]. At pos. 4 the polarity is spontaneously
inverted [Fig. 7.5 (e)]. For a positive sweep we find now a positive signal and not, as before, a
negative one. Interestingly, this does not hold true for pos. 5, where the polarity changes again
[Fig. 7.5 (f)]. Also, the voltage signal does not show spike-like but rather gradual change. Note
that the signals have an offset voltage at large H and with I = 0 which increases from pos. 1 to
pos. 5. A similar behavior can be found without magnetic field and is thus attributed to the
conventional Seebeck effect. More details and measurements can be found in Ref. [Men14].
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Figure 7.5 — While the laser is positioned on different spots as indicated in (a), voltage sweeps

V (H) are recorded (b-f).

7.1.3 Discussion

Switching field Before discussing the spatially resolved
data, the determined switching fields are compared to the-
ory [EDL*07] (cf. Sec.3.4.3). The switching field Hg is ex-
tracted from V (H) in inverted axial fields. For this, the field
values of the first jump in the AMR data after reversing H
are used [Fig. 7.2 (b)]. The measured values of Hs are plotted
as function of the outer radius r, in Fig. 7.6 (symbols). The
solid lines depict the theoretical prediction for the vortex
nucleation field H{"" as given by Eq.3.61. The exchange
constant is assumed as A = 28-10712J/m [BDK*06] and the
effective saturation magnetization Mg = 870 kA/m [Web14].
Hg and H{"" have similar dependence on the external ra-
dius: both decrease for increasing r,. Because of the good
qualitative agreement, one can assume that reversal occurs
via nucleation of vortex domain walls. Interestingly, we ob-
serve a smaller measured Hg than the theoretical nucleation
field. This finding is agreement with calculations of Lan-
deros et al. [LSCV09] (cf. Sec. 3.4.3) and suggests nucleation
from the end-vortices.

HoH (MT)

Hofs ,£=30nm

80 100 120 140
I, (nm)

Figure 7.6 — Experimentally de-
termined switching fields o H
(symbols) and calculated vortex
nucleation fields H"" (lines) as
a function of external radius r,
for t =20 (blue) and 30 nm (red).
The error bars give the tapering
in r, as determined by scanning
electron microscopy images.

87



Chapter 7. Magnetization reversal in CoFeB tubes

ANE signal Due to our measurement configuration, the voltage detection direction is set
along the long axis of the nanotube (z-axis) and the heat gradient is induced normal to the
substrate surface (y-axis). Therefore, following Eq. 4.6, the experiment is only sensitive to
variations of M along the x-axis. The onion, transverse and the vortex configuration fulfill this
condition [Fig. 6.4 (b)]. Using the ANE based detection of transverse magnetization compo-
nents, an experimental distinction between the three states is very challenging and cannot be
undertaken with the available data. Because of the involved stray field energies, only the vortex
configuration is expected to be formed in tubes with the given dimensions under parallel or
negligible field (cf. Sec. 3.4). Furthermore, the switching field analysis above suggest similarly
a reversal via vortex domain walls. Thus only the vortex configuration is considered in the
following. Please note, that for the vortex a net voltage is only possible if the heat gradient
is different for the top facet and the bottom facet. The environments of both facets are very
different. While the top facet is mainly surrounded by air, the bottom facet is in direct contact
with the silicon surface, which acts as a heat sink. We therefore assume different temperature
gradients VT for the top and bottom facet in the following.

Spatial mapping Let us now consider the spatial dependence found in the AMR as well
as the ANE experiments. Following Ref. [LSCV09], the typical geometrical dimensions of
nanotubes employed in this study fall into the mixed state phase [Fig.3.4]. The length of
the end-vortices, which terminate the tube [Fig.2.3], depends on the sign and amplitude
of H [CUBGO07, LSCV09, CGG10, BNR"13]. The relative chirality depends sensitively on geo-
metrical parameters [CGG10, BNR"13]. For decreasing field the end-vortices are expected
to expand until they either, in short enough tubes, touch [CUBGO07] or a vortex wall is nucle-
ated [LSCV09]. Such an expansion correspond to a decrease in resistance [RHB*12] and an
increase in the magnitude of the ANE signal at the ends of the nanotube. The existence and
expansion of such end-vortices can thus explain the discrepancy in AMR data for the end and
the center segment in Fig. 7.2 and Fig. 7.3. Furthermore the vortex expansion is consistent
with the gradual change of Vang at pos. 5in Fig. 7.5 (f).

Two evidences support the picture in which at least one vortex DW is nucleated from an
expanded end-vortex after a certain expansion length: first, no gradual increase of Vang is
observed at pos. 3 and 4. Additionally, the change in R is much less pronounced for the
central segment in Fig. 7.2. Second, the ANE signal, which had gradually build up at pos. 5 in
Fig.7.5 (f) releases before the peaks are detected in the more central pos. 3 and 4 [Fig. 7.5 (c-d)].
Similarly, the intermediate state in Fig. 7.2 (b) is only present in the center segment. We thus
assume that the nucleation of vortex DWs is responsible for the observed Hs.

Two scenarios can now explain the existence of the intermediate state: first, the nucleated DWs
could be pinned. The pinning strength would thus determine the field which is necessary for
complete reversal [Fig. 7.2 (b)]. In the second scenario the DWs would have opposite chirality,
generating an additional energy barrier for annihilation. The minor loop favors the first
scenario, as no energy barrier is expected to separate anti-chiral DWs. One would thus expect
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no stable state in negative field if blocked anti-chiral DWs cause the switcin field[Fig. 7.4 (b)].
Because there is the possibility of the DWs being pinned while moving apart, it cannot be
decided which scenario holds true.

The AMR data alone does not allow the distinction between the chiralities. According to Eq. 4.6,
the polarity of the voltage signal in the ANE curves allows us to determine the chirality of the
underlying vortex state. A decrease (increase) of the voltage has to be linked to an increase of
azimuthal magnetization component in negative (positive) x-direction. The voltage sweeps of
Fig. 7.5 are translated to a sense of rotation in Tab. 7.1. Note, a position-dependent comparison
of the chirality is only possible, if the nucleating DWs for magnetization reversal follow a
very similar evolution in time, no matter which position is heated. We consider this to be
fulfilled, due to the high reproducibility for each position. The observation of two transitions
(clockwise to counter-clock-wise from position 3 to 4 and back from position 4 to 5) would
thus support the nucleation of DWs at multiple sites. Please note, that recent calculations
predict a chirality switching of DWs traveling withing a certain field range [OLLVL12]. This
effect cannot conclusively be ruled out at the current stage.

position \1\2\3\4\5‘
clockwise vV IV |V v
counter-clockwise v

Table 7.1 - Position-dependent chirality of the azimuthal magnetization orientation.
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Figure 7.7 — Cross-sectional schematic of a (a) cylindrical and (b) hexagonal nanotube with
film thickness ¢, inner and outer Radius, r; and r,. The hexagonal geometry comprises two
principal field orientations, named « for field normal and 7 for field parallel to two facets.

7.2 Influence of the inhomogeneous demagnetization field on the
hysteresis curves in transverse fields

Non-elliptic magnetic objects experience an inhomogeneous internal field. The following
section presents and discusses results of micromagnetic simulations on the reversal of CoFeB
nanotubes in a perpendicular field Hex;. In particular, the influence of the internal field on the
shape of the hysteresis curve and its dependence on geometrical parameters are discussed.
Circular tubes as well as hexagonal tubes along their two symmetry axes are considered. The
results are compared to experimental data acquired by magnetotransport measurements.

7.2.1 Simulation results

For the simulation of the magnetization reversal in nanotubes, quasi-periodic boundary
conditions along the long axis and compressed .#-matrices are employed (cf. Sec. 4.2). The
saturation magnetization was set to Mg = 1430 kA/m [SG13] and the exchange coupling to
A =28p]/m[BDK*06]. Figure 7.7 depicts the three different geometries: apart from cylindrical
tubes [Fig. 7.7 (a)], hexagonal tubes were simulated with the external field being parallel (=
configuration) and normal (x configuration) to the facets [Fig. 7.7 (b)]

In this paragraph, we compare the simulation results at saturation with the analytic solution
of Prat-Camp et al.[PCNCS12]. They calculated the demagnetization field Hq in an infinitely
long cylindrical tube in saturation. In Fig. 7.8 we show simulation results of tubes with internal
radius r; = 75 nm and thickness ¢ = 20 and 21 nm for cylindrical and hexagonal shape, respec-
tively. We apply an external field of Hey = 1.2 M; along the y-axis in cylindrical and x geometry
and along the x-axis in 7 configuration. In Fig. 7.8 (a) we plot the simulation result for the
normalized demagnetization field hq = — Hyq/ Hext as a function of the azimuthal coordinate
9 along the tube circumference. A cos(29) behavior similar to the results of Prat-Camp et al.
(not shown) is obtained [PCNCS12]. Also we find that h4 has a stronger dependence on 9 at
the inner surface, i.e. at smaller radial distance r from the center. A two-dimensional plot of
hq is given in Fig. 7.8 (b). For comparison, maps for both hexagonal orientations are provided
in Fig. 7.8 (c) and (d). While the field distribution is comparable in the cylindrical and the
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Figure 7.8 — (a) Normalized demagnetization field g = — Hy/ Hex in field direction in a cylinder
as a function of the azimuthal coordinate 9 at a radial position r = 76 nm (dashed line) and
94 nm (full line). Cross-sections of hq for (b) a cylinder, (c) hexagon in normal orientation and
(d) in parallel orientation. Parameters employed: r; = 75 nm, ¢ = 20 and 21 nm for cylinder and
hexagon, respectively. In all cases, an external field of Hey = 1.2 Mg was applied.

scenario x, it differs strongly for 7.

We now investigate simulated hysteresis curves and extract the influence of the demagne-
tization field. In Fig.7.9 (a) the projection of the averaged and normalized magnetization
on the field direction, (mp) = (M- Hex¢/ Ms/ Hext), is given for the x configuration. The axial
component (m;) = (M,/ M;) is given in Fig. 7.9 (b). We find two characteristic changes in the
slope of (mp) and (m;) as a function of Hey. We denote the field positions where the slope
(m) (Hext) changes with A and B. Both curves saturate for large fields. The variations in the
slope can be detected by maxima in the second derivative of (m) [Fig.7.9 (c)]. In Fig.7.9 (d-f)
similar curves can be found for the 7 configuration of a nanotube with the same dimensions.
Here, the kink A in (m,) is less pronounced and a third maxima in (m,)”, which we label with
C, is observed. We define the field values of such maxima A, B and C as

nj = H(max((m;)")) / Ms with j =A,B,C. (7.1)

In Fig. 7.10 evaluated parameters? n j are summarized for a wide variety of r; = 12.5, 25, ..., 150 nm
and t = 15,20, ...50nm and plotted as a function of the ratio between inner and outer radius
B=rilro.

2The maxima were calculated automatically by a script. First, (m,)" was calculated and the signal smoothed
with a 10 point hanning window. Only local maxima above a threshold of 0.04 x max ({m)"") were considered.
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Figure 7.9 — Projection of the averaged magnetization (a) (mg), parallel to the external field,
and (b) (m,), parallel to the axis in an hexagonal tube with r; = 75nm and t = 21 nm in x
orientation. The curves exhibit two characteristic changes, denoted A and B in the slope of
the hysteresis curve: The field positions A and B can be extracted via maxima in the second
derivative of m,, depicted in (c). Similar curves for the 7 orientation are shown in (d-f). Here,
the kink A is less pronounced in (m,) and a third maxima in (m,)" is observed and denoted
with C.

For cylinders (circles) and the x configuration (squares), we find two consistent branches
7n(B). They almost meet at a value of about 0.5 for small f. In the limit § — 1, ) reaches values
of 0 and 1 for A and B, respectively. For 8 < 0.7, the difference between 7 for cylinder and
7 configuration is negligible. The A branch shows only minimal deviation between the two
cases. In contrast, we find that n of the 7 configuration never exceeds ~ 0.6 and stays almost
constant for all simulated dimensions (B in Fig. 7.10). Furthermore, we find a third branch of
1 (C in Fig. 7.10)., which tends towards zero for § — 1.

7.2.2 Measurements

Before we discuss the microscopic understanding, we turn to the experimental findings.
Figure 7.11 shows magnetotransport data for an individual CoFeB nanotube with a total
length L = 16.7 um, contact spacing of L, = 7.8 um and ¢ = 20 nm. A slight tapering leads to
a variation of the outer diameter 2 x (r; +2/+v/3 - t) from 185 to 225 nm along the full length.
We plot R as a function of g Hey for field sweeps from positive to negative fields (solid line)
and back (dashed line). The curves on the top were acquired with Hey || €,, the bottom curves
with perpendicular field. The linear and negative magnetoresistance found for Hey | € is
attributed to the suppression of magnon-scattering. This slope is also found at large fields in
the bottom curve. We thus believe that M saturates at about 1 T in perpendicular fields. We find
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Figure 7.10 — Simulated parameters 7 ; as a function of the ratio of inner and outer radii § =
ri/ 1o for cylinders (circles), as well as hexagons with k (squares) and 7 (triangles) configuration.
For comparison, the analytic solutions Ny for a rectangular prism with side ratios p, (A) =
[2ricos(30°)]/t (solid line) and p; (B) = ¢/2r; (dashed line) are given [Aha98].

two kinks A and B where the slope of R (Hex) changes® for Hey | e,. The observed R (Hey) is
consistent with the simulations of (m1,) (Hext) considering that the AMR effect depends on the
relative orientation between M and the axially applied current [cf. Eq. 4.2]. The kink position A
is determined manually to be p Hex (A) =0.17 +£0.03 T (magenta shaded region).

7.2.3 Discussion

We now turn to discuss the physical origins of the characteristic signatures found in simulation
and experiment. We know from the calculations of Prat-Camps et al. and the data presented in
Fig. 7.7 that Hy is inhomogeneous. This is to be expected, considering the non-elliptical form
of a hollow tube. Aharoni et al. [APKO0O] argued that the magnitude of the field at which most of
the magnetization saturates equals Ny x M in isotropic materials. Ny, is the magnetometric
demagnetization factor (cf. Sec. 3.2.2.3). Following this argumentation, one can interpret the
determined 7 of Eq. 7.1 as an effective demagnetization factor for a certain segment of the
tube cross-section. In a first approximation, we approximate such segments by rectangular
prisms as sketched in Fig. 7.12. The magnetometric demagnetization factors Ny for such
prisms are to be calculated by Eq. 3.27.

In the cylindrical and « case, the two kinks in the hysteresis curve suggest that the tube can
be modeled as a conjunction of elongated prisms aligned parallel [Fig.7.12 (a)] and perpen-
dicular to the field [Fig. 7.12 (b)]. Because of their relative orientation to the field, each prism
is expected to experience a different average demagnetization factor Ny, which we label

3Note that due to the limited S/N-ratio, the calculation of a second derivative is not feasible. The kink positions
are determined by eye.
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Figure 7.11 — Resistance R — Ry = R —4.166kQ as a function of the external field poHex¢ for
field parallel (top) and perpendicular (bottom) to the axis at 180 K. The field was swept from
high to low fields (solid lines) and back (dashed lines). We determine the point of kink A
WHext (A) = na pioMs to 0.17 £ 0.03 T (magenta colored region). Using the simulation results
(see text) this allows us to estimate Mg = 800 + 170 kA/m. The magenta colored region depicts
the position of kink B as calculated from M; and the simulated 7p (see text).

Ny (A) and Ny (B) in the following. If one dimension is much larger than the other two,
the demagnetization factor can be expressed as a function of p; = [;/1;, which is the ratio
of the length of the prism’s sides parallel and perpendicular to the field [Fig.3.1]. In a first
approximation, the short axis is chosen equal to the wall thickness ¢ of the tube. For the long
axis, the projection of the hexagonal tube onto the cartesian axis is chosen, as can be seen
in Fig. 7.12. The prism with Hey pointing normal to its surface [Fig. 7.12 (b)] experiences a
strong demagnetizing effect leading to high values of Ny ;. In case of the field being parallel to
the surface [Fig. 7.12 (a)], the smaller amount of surface charges will cause less opposing field.
Therefor we expect small Ny in these segments.

In Fig. 7.10 we plot the analytic solution Ny, (A) for a rectangular prism with infinite extension
in the z-axis and p; (A) = [2r7c0s(30°)]/¢ (solid line) as well as Ny, (B) with p; (B) = ¢/[1+2 x
cos(60°)]r; = t/2r; (dashed line). We find a close agreement between the simulated 7 and Ny
from the model consideration. The peculiar behavior of the 7 orientation is discussed in the
same framework: here, however, the tube is considered to comprise three pairs of prisms: one
with the long axis aligned parallel to the field, one under an angle of 30 ° and finally the edge
where two facets touch. This region is expected to behave as an almost square rod. While
the first two prisms lead to very similar n < 0.5, the other, due to its rod-like cross-section,
is expected to have 7 close to 0.5 and independent of ri/r,. B; in Fig.7.10 exhibits such a
behavior.

In Pub. A-II (cf. Sec.6.2), the saturation field of a Ni and a CoFeB tube, i.e. field positions B,
were compared assuming comparable Ny,. On the one hand, the results of the presented
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Figure 7.12 — Model for approximation of a a hexagonal tube in « configuration by two rectan-
gular prisms for the two branches (a) A and (b) B. For the shorter axis, ¢ is chosen. The longer
axis is the appropriate projection of the tube along the field direction.

simulations support comparable Nj, in that the deviation between 7 for a cylinder and for a
hexagon is comparatively small and negligible for ri/r, < 0.7, if the field is oriented normal to
two facets (x orientation). This was the case in Pub. A-II (cf. Sec. 6.2). On the other hand, due
to the relatively small change of slope at B, the field position defining Ny (B) inherits a larger
error compared to Ny (A). It is advantageous to use Ny (A) because the stronger curvature
reduces the uncertainty in the determination of the relevant field position A.

Assuming that the resistance traces R(Hcx) for a perpendicular field (bottom curves in
Fig.7.11) are related to (my)?, we use the simulation result of 1A to estimate Mg 4 The median
radius of the tube corresponds to the curve presented in Fig. 7.9 (a). Our simulations assume
constant r; and thus neglect the tapering of the nanowire. To give an estimate of an error using
our simulations, we take the difference of values 4 and np calculated for the extremal values
of rj to the one at (r;) as the uncertainty (curves not shown). By this, we yield np = 0.17 +0.02
and np = 0.87 £ 0.03. Setting the measured kink position of A, pyHex (A) = 0.17 £0.03 T,
equal to the simulated saturation field na poM; of the corresponding segment, we derive
M, =800+ 160kA/m. As a cross-check we calculate the predicted saturation field of the
remaining segment, which corresponds to position B, via pg Hext (B) = 1 oM t0 0.9+ 0.2 T
(green shaded region). The field region corresponds well with the experimental data, further
supporting the interpretation. The simulations support the approach in Pub. A-II, where
high-field kinks in R (Hey) were suggested to provide the magnetometric demagnetization
factor.

So far we assumed 7 to be a solely geometric parameter, similar to the magnetometric de-
magnetization factors Ny;. As long as the magnetization is not homogeneous over the whole
sample, this assumption is not completely correct. The domain boundary linking the two
segments adds additional energies and varies the exact position of the kinks as a function
of M. For more accurate results, a number of simulations with an iterative adaptation of
M; would be necessary. Because the tapering was ignored and the determination of the kink

4The relation neglects the influence of Ohm’s law in combination with locally varying angle between current
flow and magnetic moments. As we use the field values at which the slope of (m;) changes, it is negligible.
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Chapter 7. Magnetization reversal in CoFeB tubes

position in the measured data introduces an additional uncertainty, we think the influence of
this error not to be relevant for the evaluation. Note that the derived Mj is equal to the value
0of 870 £ 30kA/m, determined via cantilever magnetometry (cf. Sec. 6.4) by our collaborators
in Basel [Web14], within the accuracy.
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Pub. A-III: Quantized exchange spin
waves in ferromagnetic nanotubes

The following chapter focuses on the study of spin dynamics in individual ferromagnetic
nanotubes. Here a draft version of a manuscript is reproduced.

D. Riiffer, J. Mendil, S. Wang, T. Stiickler, R. Huber, T. Schwarze, E Heim-
bach, G. Tiitiinclioglu, E Matteini, E. Russo-Averchi, R. R. Zamani, J. R.
Morante, J. Arbiol, A. Fontcuberta i Morral, and D. Grundler

I designed the experiment and the relevant parts of the measurement when visiting the
group Prof Dirk Grundler in Munich. I coordinated and conducted largely the sample prepara-
tion and pushed the data analysis and interpretation. The simulations were conducted and
analyzed by myself.

Introduction

Recent advances in magnonics [KDG10, DUD10, LUGM11, YDH" 13a, VFP* 14] fostered new
ideas for information processing concepts without charge transport, based on the propagation
of spin waves with a characteristic wavelength of few nanometer. This sets new grounds
for new and much smaller logic elements. The potential of these new building blocks will
materialize only when the underlying spin wave dynamics is understood. In this paper we
demonstrate ferromagnetic nanotubes as tubular cavities for dipole-exchange spin waves
and evidence their functionality for spin wave-based electronics by electrical detection of
magnonic resonance modes via the spin-rectification effect  MGH07, HCG*11, GY13]. The
GHz near-field of an adjacent microwave antenna excites the modes in individual nanotubes
created from the three different materials, i.e., Ni [RHB*12], CoFeB [RSH*14] and Ni80Fe20
(permalloy Py). Here, we focus on Py that has already turned out to be of utmost relevance in
magnetoelectronics, spintronics and magnonics. The symmetry and microscopic nature of the
modes is modeled by micromagnetic simulation. The modeling substantiates the exchange

97



Chapter 8. Pub. A-III: Quantized exchange spin waves in ferromagnetic nanotubes

Figure 8.1 — (a) Depiction of the simulated dynamic spin configuration of mode ug. A SEM
image of the nanotube with voltage probes is given in (b). (c) TEM image of a Py tube,
indicating a shell thickness of 28 + 1 nm.

character of the modes and is the basis for creating more advanced devices.

Main

To the best of our knowledge, experiments addressing the spin dynamics in an individual
nanotube with a radius below 100 nm have not yet been reported. The previous experimental
studies on spin wave resonances of ferromagnetic tubular structures have been limited to large
ensembles formed in porous alumina [WLZ*06] or rolled-up ferromagnetic layers (RUFLSs)
on semiconductor membranes with micrometric radii [MPT*08, BMK*"10, BJH*12, BNM13,
BBJ*13]. Addressing individual RUFLs the authors translated spin wave physics from the
planar to the tubular form [KS86]. The model is not valid for radii below 100 nm due to
increased relevance of the short-range exchange interaction. Dispersion relations have also
been calculated using models for cylindrical systems with thin tube walls [LV04, GLNn10,
DC11]. These models are not directly applicable to our system because of the non-negligible
thickness and the hexagonal cross-section of the tubes.

Figure 8.1 (a) shows a schematic drawing of the device. A coplanar microwave waveguide
(CPW) positioned next to a ferromagnetic nanotube induces a dynamic magnetization. The
latter induces a voltage across the nanotube, which is detected by the contacts. An image
of the device is shown in Fig.8.1 (b). A nanotube with 5 electrical contacts is positioned
parallel and 720 nm away from the CPW. The ferromagnetic nanotube consists of a 28 nm
thick permalloy (Py) layer wrapped-around a non-ferromagnetic GaAs nanowire, obtained by
sputtering as explained in Refs. [RHB* 12, RSH*14]. Py constitues an ideal candidate thanks
to its low damping and the sufficiently large anisotropic magneto resistance (AMR) [MP75]. A
transmission electron micrograph of the material is shown in Fig. 8.1 (c). In the lateral view
image we can observe a 28 nm thick permalloy (Py) layer covering the GaAs NW core. Notice
that the permalloy is forming columnar-like structure which present a 55 ° angle versus the
lateral GaAs surface.

Following the Biot-Savart law, the rf-current i;; travelling through the CPW generates a dy-
namic magnetic field h;¢ around it, which in turn couples to the adjacent ferromagnetic nano-
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Figure 8.2 - (a) Generated voltage V as function of the external field o H at an angle 0 = —42.5°
to the tube axis. A feature with Lorentzian line shape, ranging from 6 GHz at zero field to
8.8 GHz at 100 mT, can be discerned. Cuts at fixed f are given in (b). (c) The frequency of
the mode decreases from 8.9 GHz at H || axis to about 6 GHz at |#| = 70 — 80°, at which point
a sharp change in the signal indicates the transition from the single domain (SD) to a multi
domain (MD) configuration. The signal is found to be antisymmetric around 0 and it shows a
180° periodicity. (d) Traces at = —10° (blue), —30° (black) and —60° (red).

tube and induces a dynamic magnetization M [Fig. 8.1 (a)]. Thanks to the spin-rectification
effect, the induced spin-dynamics are translated into a resistance modulation at the same
frequency f. Adding this to the current generated inductively by the CPW, there will be
a frequency-dependent voltage drop across the ferromagnetic nanotube directly related
to the spin-dynamics [GMZ"07b, MGH07, HCG*11, GY13]. As a consequence, the inter-
action between the CPW and the ferromagnetic nanotube generates a dc voltage in the form:
V =(R(1)-1(t)) x (ARcos(wt+ ¢)-cos(wt)) x AR-cos(¢). Following this expression, V does
not only depend on the change of resistance due to precession, AR, but also on the phase
difference ¢ between the induced current and resistance oscillation. In order to explore the
role of the overall magnetization configuration of the nanotube with the spin wave dynamics,
we have also applied an external magnetic field, H, and rotated it an angle 6 with respect to
the nanotube axis.

The data presented in Fig. 8.2 were acquired on the device shown in Fig. 8.1 (b). The signal
was measured between contacts 2 and 4, defining a roughly 4 um long segment. The inner
nanowire exhibits a tapering of 7%, resulting in a slight gradual variation of the inner and
outer diameter of the nanotube. The inner diameter is D = 130 + 15nm. Figure 8.2a depicts
the generated V as a function of f and the amplitude of the external field yy H, for an angle
0 between H and axis of -42.5°. The most pronounced resonance (main mode) is detected
by a peak in the generated voltage. The resonance frequency depends on the magnitude of
the magnetic field applied. Traces of the generated voltage at a fixed frequency are shown
in Fig.8.2 (b). The curves are symmetric with respect to H = 0. In Fig. 8.2 (c), we show the
evolution of the generated voltage as function of the angle of the magnetic field with the
nanotube axis. The mode frequency exhibits a 180° periodicity. The maximum frequency is
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Figure 8.3 — (a) V(f,uoH,0 = 0), showing a dominant feature in the range of 6.5 to 10 GHz
and multiple higher modes. The field was swept from positive to negative fields. For low
frequencies, we find another non-linear mode, which extends into negative fields until the
magnetization reverses, marked by an arrow. The circles give the position of resonant modes
as determined by simulation. (b) Voltage traces at o H = 40 and 70 mT.

found when the field is aligned with the easy axis, i.e., the long axis of the nanotube, meaning
0 = 0 and 180°. At the same time the voltage signal is zero as a sign change of the detected
voltage occurs at zero degree and multiples of 90°. We observe the maximum signal strength
at about 8 = 60°(Fig. 8.2 (d)). Here further modes of significantly smaller intensity (arrows in
Fig.8.2 (a)) are resolved. For slightly larger angles, around 80 °, we see an abrupt change in
the voltage signal that we attribute to the magnetization reversal of the nanotube (AMR traces
proving this can be found in the supplementary information, App.A.2).

We turn now to the study of the spin-dynamics of the nanotube when we apply H along
the long axis (8 = 0), i.e., the easy axis. Outside the hysteretic region around H = 0 the
magnetization is expected to be parallel to the applied field allowing for a detailed mode
analysis. In Fig. 8.3 we show the voltage signal detected for a broad regime of frequencies
and applied fields. The main mode (varying from about 6.5 GHz at zero field to 9 GHz at
+100 mT) is weak for this angle 0 as described above and the signal stregth is not perfectly
symmetric around zero magnetic field. This feature is attributed to the zero crossing of the
signal at 6 = 0. Besides this mode, we resolve a number of further resonances that depend
on the applied field H. Up to four modes can be discerned for frequencies between 10 to
15 GHz that seem to depend almost linearly on H. For H < 0 and f slightly below the main
mode, we find a fine structure suggesting a few new resonant peaks. A further mode exhibits
aresonance frequency of f = 2GHz at zero field and reaches about 6.5 GHz at 100 mT [star
in Fig. 8.3 (a)]. This mode obeys an approximately square-root dependence on H different
from the earlier discussed modes. When decreasing H from large positive fields we observe
that several of the mode branches are continous at H = 0 and can be followed down to about
-7mT [arrow in Fig. 8.3 (a)]. This indicates that the uniaxial anisotropy of the long nanotube
supports a single-domain configuration at zero field and in a small opposing field. Similarly
rich mode spectra were found in Ni and CoFeB tubes (cf. supplementary information App. A.2).
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Figure 8.4 — (a) Simulated mode spectrum for an applied field po H = 50mT along the axis. We
identify thin-film-like modes (1) and 2D-modes (y) from the vectorial representation of the
modes [(b-f), left column]. The thin film modes can be understood as standing spin waves,
quantized along the circumference, and can be illustrated in a picture of an unrolled film (right
column). The spatial distribution of the magnitude of precession, || (m_ )|, is depicted in the
center column of (b-f). The 3D-modes split of from existing thin-film-like modes above 10 GHz
and show segments with correlated phase in the global coordinates. Adjacent segments have
roughly 7 phase shift. As an example, we show the modes y5 and g in (e) and (f).

Consistent with the smaller (larger) saturation magnetization compared to Py, the modes of
the Ni (CoFeB) nanotubes were shifted to smaller (larger) frequencies. In their case, the single
domain state was not present at zero field.

In order to understand the rich spectra of the Py nanotube of Fig. 8.3 in detail we performed
dynamic micromagnetic simulations. Circles in Fig. 8.3 (a) represent eigenfrequencies of
spin wave resonances extracted from the simulations (Methods section). An exemplary spec-
tra, Y 41 (m)ll, at poH = 50 mT and 6 = 0 is depicted in Fig. 8.4 (a). Taking into account
phase profiles such as those shown in the right column of Fig. 8.4 (b-f), we distinguish be-
tween thin-film-like modes following the tubular geometry (uy, ¢=0,1,...) and 3D-like modes
(vx, ¥ =0,1,...) where the phase-evolution does not fulfill the interference condition along
the perimeter. This complex spin-precessional motion occur when azimuthal spin waves
hybridize with perpendicular standing spin waves. Such a hybridization could occur in a
segment-wise manner as the thickness of the ferromagnetic material varies between the planar
facets and the corners. The p-modes represent azimuthal spin waves fulfilling the interference
condition along the perimeter of the nanotube. The condition for interference reads u x A = C,
ie, k=2nu/C with p=0,1,2,.. and a circumference C = 3 x D. This condition becomes
evident if we unroll the simulated spin-precessional motion extracted at a specific point of
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Figure 8.5 — Dispersionrelation f (k) calculated with the standing spin-wave condition k =
w27/ C. While the black line shows the results for median circumference, (C) = (Cin + Cout) /2,
the red area gives the range for inner, Cj,, and outer, Cyy, circumference.

time [cf. third column of Fig. 8.4 (b-f)] and follow the phase evolution (right). For the lowest
frequency mode 1, the dynamic magnetization component rotates exactly once through
360 °along the circumference. Projected on a plane, the spin-precessional motion agrees to
the uniform precession in a plain film, i.e., a thin-film spin wave with infinite wavelength,
i.e., u = 0. For the next higher-frequency mode, the dynamic magnetization component is
found to be parallel over the full cross-section. This compares to the ferromagnetic reso-
nance, i.e., uniform precession, in a bulk material (yp). However, if projected on a plane, the
spin-precessional motion is also consistent with a standing wave exhibiting a wavelength that
equals the perimeter, i.e., u = 1. In total, we identify modes with ¢ =0, ...,7. 3D-modes have
parametersy =0,3,5,6,7 for 0 < f <20GHz.

Using the interference condition for the p-modes, we extract a dispersion relation f(k) as
shown in Fig. 8.5. For the open circles we assume the perimeter to be relevant. The shaded
area takes into account that spin waves move closer to the inner (outer) surface, thereby expe-
riencing a smaller (larger) circumference Ci, (Coyt). The relevant wave vectors k of the mode
frequencies observed in the experiment are as large as 0.8 - 10° rad/cm. The group velocities
vg = 27 df/dk range from 500 to 1200 m/s. For u > 1 f (k) follows roughly a k? dependence. This
dependence is consistent with exchange-dominated spin waves [LV04, GLNn10, DC11]. Going
beyond the rolled-up thin films reported in Refs. [MPT*08, BMK* 10, BJH* 12, BNM13, BBJ*13]
the nanotubes presented here are thus true tubular spin wave resonators and provoke az-
imuthal interference for both dipolar- and exchange-dominated spin waves. Our results
obtained on nanotubes prepared from Ni, Py and CoFeB (cf. supplementary information,
App.A.2) show that the relevant frequency band for the spin waves is determined by the
specific ferromagnetic material. Figure 8.5 indicates that within a given band the exact res-
onance frequencies are then tailored by the diameter of the seminconductor core, i.e., the
circumference C. The nanotubes presented here thus allow one to optimize and fine-tune the
operational frequency if exploited in nanomagnonic devices.

In summary, we measured azimuthally confined spin wave modes in nanoscale ferromag-
netic nanotubes using the spin-rectification method. The rich spectra of observed modes
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was analyzed using micromagnetic simulations and attributed to the interference of both
dipolar- and exchange-dominated azimuthal spin waves. Magnonics aims at transmitting and
processing information with spin waves on the nanoscale. Here exchange-dominated spin
waves are key as propagation velocities are proportional to d f/dk < k and become large for
large k, i.e., short wavelengths. The spin-rectification effect explored here paves the way for
the integration of nanotube-based magnonics with spintronics.

Methods

The ferromagnetic nanotubes are fabricated by thermal evaporation of Nig,Fe,, under an
angle of 35° onto the facets of vertical GaAs nanowires grown catalyst-free in a molecular
beam epitaxy chamber [UAM* 11, RAHM™" 12]. The homogeneity of the shell was verified on
nanotubes fabricated in the same batch by means of bright field (BF) transmission electron
microscopy (TEM) in a Tecnai F20 operated at 200 keV with a lattice resolution of 0.14 nm. The
relative composition of the shell determined by electron energy loss spectroscopy (EELS) to
79.6 £0.4% (20.4 + 0.4 %) for Ni (Fe). The tubes are released by sonication in isopropyl alcohol
and transferred to a 4" Si(100) wafer with 200 nm of oxide. The wafer comprises pre-patterned
gold alignment markers for the precise location of the randomly positioned nanotubes by
optical lithography via a custom developed software. In a first electron beam lithography
(EBL) step, the five contacts to the nanotubes are defined in a Vistec EPBG500ES system. In an
Alliance Concept DP650 system, a 1 min in-situ RF-etch at 5- 1072 mbar Ar atmosphere and
100 W is followed by sputter deposition of 5nm Ti and 150 nm Au. After ultra-sound assisted
lift-off, a second EBL defines the waveguide, which are sub-sequentially deposited by thermal
evaporation of 5nm Ti and 120 nm Au utilizing a LAB600H system and released by lift-off.
The waveguides’ dimensions are chosen such as to avoid insertion loss due to impedance
mismatch. The stripline, having a width of 2.0 + 0.1 pm is separated by a gap of 1.3 +0.1 um to
the 35 pm wide ground line.

The contacts to the nanotubes are wire-bonded and the samples mounted into a custom de-
signed two-vector magnet generating fields up to 100 mT under arbitrary in-plane angle. The
microwaves are guided from a Agilent N5183A 100 kHz to 20 GHz signal generator via coaxial
cable to Picroprobe rf wafer probe tips contacting the waveguides. The voltage signal, mea-
sured between contacts 2 and 4 [Fig. 8.1b (,)] is detected using a Keithley 2182 nanovoltmeter.
To improve the S/N ratio and suppress spurious signals we employ a three-step delta method:
the rf output is modulated by a rectangular signal synchronized with the nanovoltmeter and
the signal is calculated as the difference of samples at zero and maximal power.

A slowly varying background signal is removed from the acquired raw data by subtracting
the frequency trace for 8 = —2.5° [Fig. 8.2] or taking the difference at each frequency with the
average value over H [Fig. 8.3]. Noise was removed using a 4™ order 2D Savitzky-Golay filter
with a window size of 11 samples on the 102 x 299 matrix of (H x f)-data in Fig. 8.3.

Mecking et al. [IMGHO07] found the largest spin-rectification signal when the magnetization
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vector of a saturated ferromagnetic stripe was tilted by 45 ° with respect to the antenna. For
our nanotube we apply a field below the saturation field and achieve the largest signal only for
0 =60t > 45° due to the demagnetization effect.

For the micromagnetic simulations, the open source finite element method (FEM) simulation
toolkit Nmag [FFBF07] was utilized. Using a quasi-periodic approach [FBF*09], the tube
was approximated by 250 copies on either side of a hexagonal 20 nm nanotube slice with
30 nm film thickness, inner diameter D = 140nm and an average mesh size of 5 nm. Values
of 1.3-107'' J/m and 400 kA/m were chosen for the exchange coupling parameter and the
saturation magnetization, respectively. Having M relaxed for given poH and 6, a 10 ps and
100 mT pulse in y-direction was added to the static field, which was oriented along the z-axis.
To achieve an asymmetric excitation, the pulse was only applied for x < 0. Using a damping
parameter of 0.008, the time evolution was calculated and stored every 10 ps for 20 ns and
transformed into the frequency domain using Fast Fourier Transform (FFT). The pulse strength
was chosen to minimize numerical noise and artifacts and it was verified that at smaller pulse
amplitudes the mode position does not vary significantly. Using the saturation magnetization
value of Mg = 400kA/m, we obtained the best agreement between data and simulation.

The spin-precession amplitude, second column in Fig. 8.4 (b-f), is almost perfectly homoge-
neous over the entire nanotube cross-section for ;1 = 0 and ¢ = 1. The condition for a standing
spin wave agrees with an integer number of phase cycles around the nanotube. The distribu-
tion of the spin-precession amplitude however can be more involved at shorter wavelengths
in azimuthal direction due to the complex geometry. This can be seen for e.g. 1, showing
maximal amplitudes in three locations [Fig. 8.4 (d)].
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Summary

The results of this thesis are summarized in this final chapter. For the reader’s convenience,
the cumulative summary is organized topically. First, the advances in fabrication and the
results of the material characterization are summarized in Sec. 9.1. Here, the structure, the
electrical characteristics, the AMR and the saturation magnetization of all three materials are
compared. Section 9.2 continues with the quasi-static magnetic properties of the tube and the
reversal of the magnetization. Finally, the spin wave resonance experiments are summarized
in Sec.9.3.

9.1 Ferromagnetic nanotubes

In the present thesis, the fabrication of ferromagnetic nanotubes composed of Ni, Py or CoFeB
were successfully demonstrated. While previous works mainly considered deposition on
side-walls of porous membranes or epitaxial growth of crystalline shells, a new approach was
applied. Here, a ferromagnetic shell was deposited onto bottom-up grown semiconductor
nanowires using ALD, thermal evaporation or magnetron sputtering for the fabrication of Ni,
Py and CoFeB shells, respectively. The resulting shells were either polycrystalline or amorphous
and in turn magnetically isotropic. Anisotropic magnetic the material is of importance, if the
influence of the peculiar tubular shape on the magnetic properties is to be investigated

The structural quality of the tubes has been investigated by TEM microscopy. All methods
yielded conformal shell thickness along the tube. The ALD-deposited Ni is polycrystalline and
consists of ellipsoidal grains with dimensions of 10nmx30 nm. The high roughness of the
film surface led to the formation of nanothroughs. The process resulted in a circular outer
shape of the Ni nanotubes. The thermally evaporated Py showed, in contrast, very little surface
roughness. The film was homogeneous and polycrystalline. The sputtered CoFeB resulted in
an amorphous material for the shell. Although the shell exhibited little surface roughness, a
peculiar columnar structure can be found in cross-section TEM images. The origins of this
feature are not understood at this point. The deposition with rotation under an angle could be
responsible for the columnar structure. It should be noted at this point that both, the Py and
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CoFeB shells, perfectly reproduce the faceting of the nanowire. The obtained nanotubes were
found to have a hexagonal cross-section.

The resistivity p of individually contacted Ni nanotubes was measured as a function of the
sample temperature 7. It was found that p was a linear function of T for T 2 20K, which
is typical for polycrystalline metals with dominant electron-phonon scattering. Enhanced
electron scattering at the surfaces might motivate the low residual resistance ratio of about 2.6.
The values of p, which are in the order of 20 to 30 uQQcm, coincide well with numbers reported
in nanostripes fabricated from thermally evaporated Ni. No typical metallic p (T') was observed
for CoFeB tubes. Instead, the resistivity went through a minimum at around 100 to 200 K.
For lower T, p (T)  log(1/T). This particular behavior was attributed to electron-electron
interaction in disordered and amorphous materials. The observed p =~ 1 —2 x 103 uQcm were
by one order of magnitude larger than literature values for CoFeB thin films. Due to the limited
number of measured samples, no final conclusive results was given for Py. The existing data
suggested that p scaled with T2. Such a square dependence is usually understood as a sign
for coherent electron-magnon scattering and had also been reported for Py planar thin films.
As fabricated, the samples exhibited resistivities in the range of 100 to 150 uQcm, which is
approximately a factor of 5 larger than in plain films. Interestingly, one sample showed a
drastically decreased p after a certain measurement time, potentially due to annealing effects.
The drop was accompanied by an increased AMR.

For all materials the AMR ratio was determined at low and room temperature. The values for
Py and Ni are slightly smaller than values reported in literature for microstructured thin films.
The values found in CoFeB correspond well to the few values reported in literature. The reason
for a decreased AMR in Ni can be related to the structural surface roughness. The reason for
decreased AMR in Py samples was not clear at the time of writing.

Cantilever magnetometry has been performed in collaboration with the group of Martino
Poggio at Basel. By modeling the magnetic tube in a macrospin model, the saturation magne-
tization M was extracted from the measured change of the cantilever’s resonance frequency.
M was determined to be Mg = 375+ 70kA/m for nanotubes with Ni and Mg = 870+ 30kA/m
for CoFeB nanotubes. While the Ni value is in good agreement with literature, the CoFeB
value is significantly smaller. Whether this decrease was related to the observed columnar
structure and the growth on the side facets, is not clear at the moment. No magnetometry
data is available for Py tubes yet. However, the spin wave spectrum which was measured in Py
tubes was well reproduced by simulations when using M = 400kA/m. This value is about 30%
smaller than the effective magnetization measured on planar substrates, deposited with the
same system.

9.2 Magnetic states and reversal

The magnetoresistance curves recorded on Ni nanotubes show without exception a smaller
resistance R at remanence than close to saturation in parallel fields. A smaller R is related to an
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azimuthal or transverse component of the magnetization M. In collaboration with the group
of Prof. Martino Poggio and Prof. Dieter Kolle, hysteresis curves for axial field were recorded by
cantilever and nanoSQUID magnetometry. The cantilever data revealed a significant decrease
of the axial component of M at H = 0. The nanoSQUID, which was positioned at the tip,
measured hysteresis curves with almost perfect squareness. The data were compared to
micromagnetic simulations and close agreement was obtained for the cantilever curve and
the simulations of tubes with lengths between 250 nm and 1 pum. It was thus concluded that
the Ni nanotube reversed by switching of multiple individual segments.

For the reversal of Ni nanotubes in perpendicular field, the maximum of R was found at or
close to zero field. In inverted fields, R jumps to a lower value, forming a plateau which was
stable for a significant field range. Then R returned to a higher value. The signal was attributed
to vortex formation. The resistance of the plateau was higher than the minimal value observed
in saturation. It was discussed that a difference in the AMR ratio for in- and out-of-plane
rotation, caused by modified boundary scattering, could result in an increased R for the vortex.
It is also possible that only segments exhibited the vortex configuration. At zero field the onion
state was proposed to exist.

The recorded AMR traces were different for CoFeB and Py nanotubes. In the reversal process
in axially applied magnetic field, only little deviation due to the AMR was observed. This
was attributed to a uniform axial configuration of the magnetization M in the probed central
segment. In collaboration with the group of Prof. Dirk Grundler, the AMR measurements were
complemented by ANE based magnetothermal mapping of CoFeB tubes. It was found that
the magnetization in the end-segments obtained a non-axial component at smaller field than
the center segment. This was interpreted as an evidence for the existence and expansion of
end-vortices. In the center segment voltage spikes were observed and attributed to vortex
domain walls. Whether these are pinned by pinning sites or blocked by having opposite
chirality could not be determined. Also, no concluding evidence could be found yet for the
nucleation sites of the domain walls.

The reversal of CoFeB nanotubes in perpendicular field has been investigated by magnetotrans-
port experiments, in combination with micromagnetic simulations. Two to three characteristic
changes in the slope of the hysteresis curve could be found. Using micromagnetic simulations,
it could be shown that this peculiar form is a direct result of the inhomogeneity of the internal
field. The observed behavior could be modeled for a large range of geometrical dimensions
by approximating the hexagonal tube by rectangular prisms. To describe the segments with
high and low demagnetization field, the relative orientation of the prisms was chosen to be
perpendicular. Comparing the simulated curve and measured data, the saturation magnetiza-
tion was estimated to 800 + 160kA/m, which falls within the error of the value determined by
cantilever magnetometry.
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9.3 Spin wave resonances

Spin wave resonances have been excited in individual ferromagnetic nanotubes by coupling to
an asymmetric co-planar waveguide. The waveguide was fabricated lithographically in close
vicinity of the tube. For the detection of a resonance condition the spin rectification effect has
been used. Here, the resonant excitation generated dc-voltages that were detected in electrical
leads contacting the tube. Similar to data reported on planar stripes, the measured signal
strength was maximal when the external field comprised an angle with the tube axis.

A number of additional, weak modes were observed and were measured in axially aligned field.
The characteristic frequency spacing and field dependence could not be explained by models
reported in literature. The spectra could be closely matched by dynamic micro-magnetic
simulations. The analysis of the spatial distribution of magnitude and phase of the simulated
eigenmodes revealed two types of modes: a set of azimuthally quantized excitations which
resemble thin-film modes with periodic boundary conditions and more complex 3D modes,
which split from higher order modes. The dispersion relation, extracted from the thin film
modes, exhibited wave vectors with values up to 0.8 - 10 rad/cm. The square dependence of
the eigenfrequencies on the wave vector is a strong indication of exchange dominated nature
of the modes.
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Figure A.1 — Data used for the calculation of the AMR ratio for CFBM1: the black lines show
the linear fits to R(B > 1T). The shaded span gives the area considered for the estimation of
the accuracy of the fit.
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[ Sample | T [ Material [ Digal | Lcontact | fominal | R(Msat) | o (RT) [ AMR [ poHsa 1 | |
NiS1 300K Ni 180-190nm | 13.2um 20nm 54.3Q 4mQcm 14% | 0.35+0.05T
NiS2 300K Ni 170-180nm | 11.0 pm 20nm 284.7Q 25 mQcm 1.0% -

NiM 295K Ni 220-230 nm 8.4 um 20nm 110.3Q 17mQcm 1.4% -

NiL1 300K Ni 330-350 nm 8.4 um 40 nm 40.9Q 18 mQcm 1.2% -

NiL2 300K Ni 330-390nm | 11.5um 40 nm 94.7Q 33mQcm - -
CFBS1 300K CoFeB 160-180 nm 8.1 um 20nm 7.8kQ 1-10°mQem | 0.1% 1.2+0.2T
CFBS2 | 300K CoFeB 180-200 nm 8.1 um 20nm 8.3kQ 1-10°mQem | 0.1% 1.2+£02T
CFBS3 300K CoFeB 160-185nm 6.5 um 20nm 5.6kQ 1-103 mQcm - -
CFBM1 | 280K CoFeB 220-250 nm 8.1 um 30nm 7.4kQ 2:10mQcm | 0.1% 1.2+£0.2T
CFBM2 | 300K CoFeB 205-250 nm 8.1 um 30nm 7.8kQ 2:103mQcm | 0.1% 1.1£0.2T
CFBM3 | 300K CoFeB 220-250 nm 8.0 um 30nm 7.7kQ 2-10° mQcm - -

NiL1 2K Ni 330-350 nm 8.4 um 40 nm 15.8Q 7mQcm 0.3% | 0.30+0.05T
CFBS1 2K CoFeB 160-180 nm 8.1 um 20 nm 8.0kQ 1-10°mQem | 0.1% -
CFBM1 2K CoFeB 220-250 nm 8.1 um 30nm 7.7kQ 2.1 mQcm | 0.2% 1.1+0.1T
CFBM2 2K CoFeB 205-250 nm 8.1 um 30nm 8.3kQ 2.1 mQcm | 0.1% 1.1£0.1T

Table A.1 — Overview of samples, geometrical dimensions and measured values. The diameter
Dyotal provides the values measured by a scanning electron microscopy at the head and tail of
the nanotubes. The values differ most likely due to the conical shape of the nanowire core.
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Figure A.2 - Field sweep raw data at room temperature for samples given in Tab. A.1.
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A.2 Pub.A-III: Supplementary Information
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Figure A.3 — Normalized resistance R/max(R) for the sample presented in the main paper
(red circles) as function of the angle 0 between the axis and the external field poH = 100mT.
For comparison we plot the same curve for a comparable sample, measured in a setup with
superconducting solenoid magnets at 3 T.
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Figure A.4 — Normalized resistance R/max(R) — 1 for the sample presented in the main paper
as function of the external field o H for parallel alignment.

133



Appendix A. Supplementary Information

Figure A.5—a V(f, H) for a 12.0 um Nickel tube with film thickness of 40 nm and D =310 —
390 nm, as well as for b a 16.5 pm CoFeB tube with a 30 nm film and total diameter of between
210 and 250 nm.
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Additional data

B.1 Ni tubes
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Figure B.1 - Hysteresis curves for Ni sample NiS1 with L = 16.4um, Lcontact = 13.2um, 1, =
90—-95nm and ¢ = 20 nm at room temperature for (a) a large field range and a (b) zoom around
zero field.
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Figure B.2 — Hysteresis curves for Ni sample NiL1 with L = 14.5um, Leontact = 8.4pm, 1o =
165—175nm and ¢ = 40 nm at (a) room temperature and (b) 2K.

The exact form of the hysteresis curve in Ni samples differs from sample to sample and from
measurement to measurement. Local minima can almost always be found. The transition
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Appendix B. Additional data

has not always been non-continuous as shown in Pub. A-I (cf. Fig. 6.3 p.64 in Sec. 6.1). At the
current point, the collected data allows not for a clear understanding of the reason. Examples
are given in Fig. B.1 and B.2. The measurements were performed collaboratively by Marlou

Slot and me.

B.2 CoFeB tube
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Figure B.3 — Hysteresis curves for CoFeB sample CFBS2 with L = 11.2um, Lcontact = 8.1pum,
o =80—-90nm and ¢ = 20nm at room temperature for (a) a large field range and a (b) zoom
around zero field.
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Figure B.4 — Another hysteresis curve recorded
before the curves of Fig. B.3 (b). The field was
applied with a misalignment of 5° relative to

the normal.

HoH (mT)

Although the characteristic hysteresis curve
with a change of slope (cf. Sec.7.2) can be
found in all CoFeB samples, some showed ad-
ditionally a fine structure close to zero field.
Field sweeps of sample CFBS2 in Pub. A-II
can be found in Fig. B.3. Before acquiring the
data of Fig. B.3 (b), another sweep at 5 ° mis-
alignment from the normal was performed.
The curves, showing different behavior, can
be found in Fig. B.4. Because of the limited
data available, the origin of the difference
cannot be determined. It is not clear whether
the angle, statistics or an aging of the sample
can be made responsible for the discrepancy.

The measurements were performed collaboratively by Marlou Slot and me.
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o Parameters & Values

C.1 Lithography mask fabrication by e-beam lithography

Figure C.1 depicts the layout of the photolithography mask for automated localization of
nanotubes and sub-sequent e-beam patterning. The mask comprises four Pre-Alignment
Markers (PAMM), comprising 29x29 square markers. The square markers all have slightly
varying distances. This way the Vistec EBL tool can determine its position with only three to
four markers. The active area of the wafer is surrounded by crosses, which can serve as guides
for dicing or cleaving. The area is divided into 8x8 blocks, which are again divided into 16x16
cells. All in all there are 128x128 cells. Each block is surrounded by 64 square markers for
EBL stage alignment. They have a distance of 500 pum to each other. The markers at corners
between the blocks serve as wafer level alignment marker. The remaining markers are used
in sets of four for a block-level alignment. Although redundancy is used, in case a marker is
hidden below some deposited structure, not all markers are used.

Each cell comprises an area of 500 um x 500 um. In its center is a 200 um x 150 um frame
defined by four 4 um circles. These circles are used by the software to scale the image. In
bottom left corner, each cell integrates a simple “barcode”. The number is encoded using
existence or non-existence of the circle: circle corresponds to a binary one and a void equals
zero. To describe the 128x128 cells, two 7 bit numbers are employed.

C.2 Process flows for the sample fabrication

C.2.1 Mask writing via e-beam lithography

The Vistec EBPG 5000 at CMi, EPFL is capable of writing masks for photolithography on 4”-
wafers. Because writing of a mask was not a common task at CMi at this time, masks for laser
writing were used. Here, the photo resist had to be stripped in piranha bath prior to usage'. In

INote that additional cleaning in oxygen plasma is advisable but not always possible due to the chromium layer
of the mask.
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Figure C.1 - Detailed mask layout for automated nanotube detection and e-beam patterning

such cases the adhesion of the PMMA to the mask can be limited and defects in the etching

step occur. It is thus highly recommended to use clean new glass, or better quartz, masks

without pre-coated resist. The process is not fully optimized and further improvements of the

recipe are most likely possible.

. Surface activation: rinse the mask with MF CD26, then with DI water and finally let it

dry?.

. Spin-coating of 500 nm of PMMA 495K A4 at 4000 rpm. Cover the mask well with resist

before spinning.
8 min baking at 190 °C.

. Leave the mask to cool for at least 30 min.

It is advisable to give the mask enough time to thermalize, e.g. perform loading before
other jobs or, better, over night.

Development in MiBK:IPA 1:3 solution for 1 min. Ensure homogeneous contact with
fresh solution over the surface for the complete process.

. Etch Cr with CR-7 MOS (HCIO, + Ce(NH,),(NO;), + H,;). Etch time is feature size

dependent and can be controlled visually. We experienced etch times around 70 s
excluding transfer to QDR bath.
Stop etching by Quick Dump and Rinse (QDR), Ultra Clean (UC) bath and dry with N,,.

9. Rinse with Technistrip P1316.

2This step is meant to improve adhesion by activating the surface. It might not be necessary.
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10. Immersion for 10 min in Technistrip P1316.
11. QDR, UC and dry with N,,.

C.2.2 Default alignment pattern

Compare Fig.5.2 (c):

C.2.

Substrate: 4”-Si Si(100) with 200 nm wet oxide (CMI Test wafer)

Surface treatment / dehydrate: 4 min oxygen plasma, 500 W 400 ml/min O, (TEPLA 300)
Spin coating of double layer positive lift-off resist,

1.2 pum MicroChem Corp. AZ© 1512 on 400 nm LOR, (EVG 150)

(@) 150°C dehydration for 3 min and 30's

(b) LOR coating at 6500 rpm

(c) Bake at 190 °C for 4 minCPW with unprotected tube
(d) CoatAZ1512 at 6000 rpm

(e) Softbake at 100°C for 1 min and 30s

UV exposure using Flexipattern mask, 1.7 s at 10 mW/cm? (Siiss Microtec MA150)
Development, MIF CD 26 with 50 s total contact time and 1 min post-development bake
at 100°C (EVG 150)

Deposition of 5nm Ti / 50 nm Au via e-beam evaporation with 4A/s at RT and 1.5-
1075 mbar base pressure in the HRN configuration (Leybold Optics LAB 600H)

Lift-off in Remover 1165 at 70 °, approx. 1 min of ultrasound, left for multiple hours in
bath

3 Electrical contacts to nanotube

Compare Fig. 5.5 (a):

. Prepare default alignment pattern (cf. C.2.2)

. Deposit nanotubes from isopropanol solution

. Clean wafer with acetone and isopropanol

. Pattern definition by e-beam using positive double layer lift-off resist:

(a) Dehydrate: 10 min at 180°C

(b) Spin-coat ~400 nm MMA EL9 at 2500 rpm (manual)

(c) Bake 5min at 180°C

(d) Spin-coat ~150 nm PMMA 495K A4 at 4000 rpm (manual)

(e) Bake 5min at 180°C

(f) E-beam exposure (Vistec EPBG 5000-ES), 150 nA beam (equiv. 75 nm spot size),
25nm grid and a dose of 800 uC/mm?

(g) Development in MiBK:IPA 1:3 solution for 1 min

(h) Rinse with DI water
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5. DC magnetron sputter deposition of typically 5nm Ti / 150 nm Au (Alliance Concept
DP650)

(a) RF-etchin5-1072 mbar Ar, 100 W
(b) 12.2sTiat4.1A/s,5- 10~% mbar Ar, 250 W
(c) 120.97sAuat 11.4A/s,5-1073 mbar Ar, 400 W

6. Lift-off in Acetone, 30 s of ultrasound, left for multiple hours in bath

C.2.4 Lifted nano-tubes

Compare Fig. 5.5 (d):

Prepare default alignment pattern (cf. C.2.2)

~300 nm sacrificial MMA EL9 layer at 3000 rpm (manual coater)

Deposit nanotubes from isopropanol solution

Clean wafer with isopropanol only

Default e-beam process (Step 4 C.2.3)

DC magnetron sputter deposition of 5nm Ti / 500 nm Au (Alliance Concept DP650)

(@) RF-etchin5-10~2 mbar Ar, 100 W
(b) 12.2sTiat4.1A/s, 5-1073 mbar Ar, 250 W
(c) 438.6sAuatl11.4A/s,5- 1073 mbar Ar, 400 W

S

7. Lift-off in Acetone, 30 s of ultrasound, left for multiple hours in bath

C.2.5 Asymmetric waveguide with contacts

Compare Fig. 5.5 (b):

Deposit electrical contacts (cf. C.2.3), using separate layers in the software

Clean wafer with acetone and isopropanol

Second e-beam process for waveguide pattern (Step 4 C.2.3)

Deposition of 5nm Ti / 120 nm Au via e-beam evaporation with 4A/s at RT and 1.5-
1075 mbar base pressure in the HRN configuration (Leybold Optics LAB 600H)

5. Lift-off in Acetone, 30 s of ultrasound, left for multiple hours in bath

-

C.2.6 Co-planar waveguide underneath nanotube

Compare Fig. 5.5 (c). In this process Ion Beam Etching (IBE) is performed on negative nLOF
resist. This leads to hardening of the resist and complicates it removal. It can either be left
on top and mechanically removed before contacting of the waveguide, or an oxygen plasma
step has to be used. The nanotube has to be protected during the oxygen plasma and thus
additional steps for coating of the protective layer are introduced. These steps are marked
with a star (*). In future, the IBE process could be replaced by appropriate chemical etching
and thus the problem of hardening avoided.
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C.2. Process flows for the sample fabrication

C.2.6.1 Metallization of wafer and negative alignment markers

. Substrate: 4”-Si Si(100) with 200 nm wet oxide (CMI Test wafer)
. Deposition of 10nm Ti / 100 nm Au via e-beam evaporation with 4 A/s at RT and 1.5+

1078 mbar base pressure in the HRN configuration (Leybold Optics LAB 600H)

. Deposition of 10 nm Al, O, in 75 cycles as isolation layer by ALD (Beneq TF200)3

4. Spin coating of 1.5 um of MicroChem Corp. AZ© 1512 positive resist (EVG 150)

(a) CoatAZ®© 1512 at 3000 rpm
(b) Bake at 112°C for 1 min and 30s

UV exposure using Flexipattern V11 mask, 1.7 s at 10 mW/ cm? (Siiss Microtec MA150)

. Development, MIF CD 26 with 40 s total contact time and 90 s post-development bake

at112°C (EVG 150)

. Ion beam etching for 70 s at High, corresponding to 700V acceleration voltage, and -5°

fixature angel and rotation (Veeco Nexus IBE350)

. 10 min oxygen plasma, 500 W 400 ml/min O, (TEPLA 300)

C.2.6.2 CPW etch

Steps marked with * can be left out, if the organic resist is to be removed mechanically before

contacting.

Ll M

6.
7.

Fabricate metallized wafer (cf. C.2.6.1)

Deposit nanotubes from isopropanol solution

* Deposition of 10 nm Al, O, in 75 cycles to protect nanotubes (Beneq TF200)
Definition of rectangle around nanotube (first layer) by e-beam using negative resist in
order to remove the isolation layer:

(a) Dehydration for 5min at about 200 °C

(b) Spin-coating ~300 nm of nLOF:PGMEA 1:1 at 3000 rpm

(c) Bake2min at 115°C

(d) E-beam exposure (Vistec EPBG 5000-ES), 20 nA beam (equiv. 15nm spot size),
25nm grid and a dose of 90 uC/mm?

. Custom development process at CMI, developed by Laszlo Petho (EVG150), it basically

consists of:#

(a) 2min post-exposure bake at 107 °C
(b) 30s development with MIF726

10 s buffered HF (BHF) dip
Stripping of nLOF in SVC-14 for about 2 x 5 min and sub-sequent DI rinsing

3This step could be replaced by, e.g., sputtering of a desired insulator.

4Please note, that the development steps is very sensitive and undeveloped nLOF prone to aging. It is thus
recommended to have less than one hour delay between exposure and development. Furthermore, use of an
automatized development procedure (as with the EVG150) is highly recommended for reproducible results.
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10.

11.

142

. Definition of CPW by e-beam using negative resist (Step 4 with second layer). Dose cor-

rection with correction parameters of 7 = 0.5 and 8 = 33.0 in GenlSys Layout BEAMER.
Development (Step 5)

Ion beam etching for 70 s at High, corresponding to 700V acceleration voltage, and -5 °
fixature angel and rotation (Veeco Nexus IBE350)

* Removal of hardened resist: 10 min oxygen plasma, 500 W 400 ml/min O, (TEPLA 300)
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ABSTRACT: Recent experimental and theoretical work has focused on
ferromagnetic nanotubes due to their potential applications as magnetic
sensors or as elements in high-density magnetic memory. The possible
presence of magnetic vortex states—states which produce no stray fields—
makes these structures particularly promising as storage devices. Here we
investigate the behavior of the magnetization states in individual Ni
nanotubes by sensitive cantilever magnetometry. Magnetometry measure-
ments are carried out in the three major orientations, revealing the presence
of different stable magnetic states. The observed behavior is well-described by
a model based on the presence of uniform states at high applied magnetic
fields and a circumferential onion state at low applied fields.

KEYWORDS: Magnetic nanotubes, cantilever magnetometry, magnetic tubular architectures, nanomagnetic states

he synthesis and investigation of ferromagnetic nano- composed of a mixture of uniform and vortex domains, an

structures has been motivated both by a large number of onion state (0S)**>* consisting of two oppositely oriented
potential applications and by fundamental questions about the circumferential domains, and uniform states in which all
physics of nanometer-scale magnetism. Magnetic nanoparticles magnetic moments align along the applied field. For nanotubes
have potential biological and biomedical 91131)1159“10115;176 with tailored magneto-crystalline or interfacial anisotropy a
applications in high-resolution magnetic imaging,%g as radial out-of-plane state (ROS), in which magnetic moments
magnetic sensors,'” and as dense magnetic storage media.!! align along the tube radius, is also possible. Here we present
At the same time, the low-dimensionality of these structures experimental measurements of individual Ni nanotubes
results inurggsgnetic cor}ﬁgurations not present in macroscopic supporting the presence of various states including uniform
magnets. ~ ~ In particular, magnetic nanotubes distinguish states, the MDS, and the OS.

themselves from magnetic nanowires in that they support core-
free magnetic states. Such configurations avoid the magnetic
point singularity along the axis of the structure, ' thereby
resulting in a fast and controllable reversal process.”” In
addition, previously unforeseen dynamic effects are possible in
nanotubes. Domain walls moving in nanotubes are predicted to
avoid a Walker breakdown and give rise to Cherenkov-like spin
wave emission.'® Both numerical simulations'® and analytical
calculations®®! show that the tubular geometry favors two
main in-plane states: a uniform axial state (UAS) with the
magnetic moments pointing along the tube axis and a global
vortex state (GVS) with moments pointing circumferentially
around the tube. Due to their flux-closure configuration, vortex
states produce much lower stray fields than uniform states; as a

We use sensitive dynamic-mode cantilever magnetometry24
to investigate the magnetic states of the nanotubes. Our
approach allows us to measure the moment, anisotropy, and
switching behavior of a single Ni nanotube as a function of
applied magnetic field and orientation. Until recently, magnet-
ization measurements had only been carried out on large
ensembles of ferromagnetic nanotubes.”> ™' Due to the
distribution in size and orientation, these measurements are
difficult to interpret. In 2012, Riiffer et al. probed the magnetic
states of a single Ni nanotube in transport measurements using
the anisotropic magnetoresistance effect.”® Here we use a
different method to measure the magnetization and effective

result, magneto-static interactions between nanomagnets could Received: August 8, 2012

be reduced resulting in densely packed magnetic memories. Revised: ~ October 19, 2012

Further possibilities include a multidomain state (MDS)"” Published: November 6, 2012

v ACS Publications  © 2012 American Chemical Society 6139 dx.doi.org/10.1021/nl302950u | Nano Lett. 2012, 12, 6139-6144
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Figure 1. Top: Schematic diagram showing the oscillating cantilever (gray), laser light from the interferometer (white), the Ni nanotube (green),
and the relative orientations of the cantilever axis, the applied magnetic field H, and the Ni nanotube magnetization M. Bottom: Transmission
electron micrograph (TEM) (left), and scanning electron micrograph (SEM) (right) of a single Ni nanotube. Arrows indicate both the maximal
inner and the outer diameter of the Ni shell.

magnetic anisotropy of individual Ni nanotubes, shedding weak magnetic response of a variety of nanometer-scale
further light on their magnetic states. Due to its high sensitivity, systems. We note recent measurements of the persistent
cantilever magnetometry is well-suited for the detection of the currents in normal metal rings,32 of the magnetization of

6140 dx.doi.org/10.1021/n1302950u | Nano Lett. 2012, 12, 6139-6144
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Figure 2. Cantilever magnetometry measurements in three major orientations. Each column shows measurements from one of the major
orientations as indicated by the schematic diagrams at the top; from left to right we show configurations 1, 2, and 3, with optical micrographs of the
nanotube samples N1, N2, and N3. The lower two rows show the corresponding measurements of Af as a function of H in different field ranges for
each configuration. Red (blue) points represent data taken while sweeping H in the positive (negative) direction.

superconducting nanostructures,®® and of magnetization
reversal in a single iron-filled carbon nanotube® and a single
Ni nanorod.*®

Cantilever magnetometry experiments are carried out in a
vacuum chamber with a pressure below 1 X 107 mbar at the
bottom of a “He cryostat. A superconducting magnet allows the
application of an external magnetic field y,H of up to 6 T along
the cantilever axis 2. Each single Ni nanotube that we
investigate is affixed to the tip of an ultrasoft cantilever (see
Supporting Information, Figures S1 and S2) with less than 100
fL of epoxy (Gatan G1) applied under an optical microscope by
means of precision micromanipulators (Narishige MMO-
202ND). The nanomagnets are produced by atomic layer
deposition (ALD) of Ni on a nanowire template made of
GaAs™ (see Figure 1). Since the GaAs nanowires have the
shape of a slightly sloped truncated cone, the 20-um-long
nanotubes have an outer diameter which narrows from around
360 nm at one end to 280 nm at the other. The thickness of the
Ni shell is just over 40 nm (see Supporting Information, Table
S1). The single-crystal Si cantilevers used here are 150 #m long,
4 pm wide, and 0.1 ym thick and include a 18-ym-long, 1-um-
thick mass on their end.>® The motion of the levers is detected
using laser light focused onto a 12-um-wide paddle near the
mass-loaded end and reflected back into an optical fiber
interferometer.”” 100 nW of light are incident on the paddle
from a temperature-tuned 1550 nm distributed feedback laser
diode. At T = 42 K and pH = 0 T, the nanotube-loaded
cantilevers have resonant frequencies f, = w,/(27) between 2
and 3 kHz and intrinsic quality factors around Q, = 3 X 10*
Their spring constants k, are determined to be close to 60 yN/
m through measurements of thermal noise spectra at several

6141

different temperatures (see Supporting Information, Table S1).
The interferometric cantilever deflection signal is fed through a
field programmable gate array (FPGA) circuit (National
Instruments) back to a piezoelectric element which is
mechanically coupled to the cantilever. In this way, we are
able to self-oscillate the cantilever at its fundamental resonance
frequency and at a desired amplitude. Self-oscillation allows for
fast and accurate measurement of the cantilever resonance
frequency.

‘We measure f,, as a function of H at T = 4.2 K with a self-
oscillation amplitude of x,,,, = 40 nm. For such small cantilever
deflections x < [, where I, = 105 um is the effective cantilever
length for the fundamental mode, the Ni nanotube tilts by an
angle 6 = x/I, with respect to Z as shown in Figure 1. The
measured shift in resonance frequency Af depends on the
torque acting between the Ni nanotube and H. The
experiments are carried out for identically grown Ni nanotubes
mounted on the cantilever tip in the three major orientations.
Configuration 1 corresponds to the nanotube’s symmetry axis
2’ aligned along 2. Configurations 2 and 3 correspond to 2’
aligned along & and j, respectively, where & corresponds to the
direction of cantilever deflection. The orientations, samples,
and Af as a function of H are shown in Figure 2. Note that the
three configurations are realized using three different nanotubes
fabricated in the same growth and ALD process; we label the
nanotubes N1, N2, and N3, respectively.

The dependence of Af on H is fundamentally different for
each configuration. In configuration 1, Af is positive for large
IHI and approaches a constant value. At low fields, the data
show a clear hysteresis with switching occurring through a
series of discrete steps in Af. In the other configurations the

dx.doi.org/10.1021/nl302950u | Nano Lett. 2012, 12, 6139-6144



Nano Letters

N, el
-150

=300

\, T .
-I.!‘I;I. il

| I |
x]
=
T
: P N -

10 1

Lol olcl
2345
HH [T]

o

Figure 3. Magnetic state progression and model fits in three major orientations. In the top row we show schematic diagrams of the magnetization
states described in the text. The lower row shows measurements of Af (blue points), and the fit functions based on eq 2 (black lines) as a function of
H for each configuration. Red arrows indicate magnetic fields corresponding to the specified state.

dependence is more complex: in configuration 2, Af becomes
negative, and for large |HI eventually approaches a constant
negative value; minima in Af are observed near +400 and —400
mT. In configuration 3, Af is positive and goes through a
maximum, and for large |HI approaches a small positive value.
Both configurations 2 and 3 show hysteresis at low fields. For
all orientations, we measure a negligible dependence of the
mechanical dissipation on H beyond that intrinsic to the Si
cantilevers.*® The fluctuation—dissipation theorem implies that
magnetic-field dependent dissipation is the result of magnetic
moment fluctuations in the sample or the cantilever. The lack
of additional magnetic fluctuations due to the Ni nanotubes is
likely due to their large magnetic anisotropy.

To interpret our data we begin by making the simplifying
assumption that our nanotube behaves as a single-domain
magnetic particle, that is, its magnetization is uniform and
rotates in unison. For high enough applied fields, the nanotube
is magnetized to saturation, and thus this single-domain
assumption is valid. We therefore describe the nanotube’s
magnetic state by the orientation of its total magnetization
vector M. More complex states deviating from this assumption
will be addressed separately later. Since the Ni nanotube is
polycrystalline and does not exhibit magneto-crystalline
anisotropy, we assume the nanotube to exhibit only shape
anisotropy. The total energy of the system can be written as the
sum of the cantilever energy, the Zeeman energy, and an
effective anisotropy energy:3

E= %k(,(lef))2 — MVH cos(f — ¢) + KV sin* ¢ W
where V is the volume of the nanotube, K is its anisotropy in
the plane of the cantilever oscillation, and ¢ is the angle
between M and 2'. To calculate ¢), we minimize the energy of
the system with respect to this angle. The solutions must satisfy
both 0E/d¢ = 0 and 0*E/d¢p* > 0. Although solutions for ¢ are
difficult to obtain exactly, since € < 1, we can expand ¢ as a
function of @ to first order around € = 0. We then substitute the
expansion for ¢)(6) into the expression for the torque acting on
the cantilever, 7 = —0E/00 = —ky?0 — HMV sin(0 — ¢).
Keeping only terms up to first order in & and approximating the
cantilever as a simple harmonic oscillator, we solve for the
cantilever’s frequency shift Af = f — f,, where f is the measured
resonance frequency and f, is the resonance frequency at H =
0. The expected frequency shift as a function of H is (see
Supporting Information for full derivation):
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Singularities at H = +(2K/M) reflect the breakdown of the
small angle approximation, and the solutions become invalid
near this field. The first two solutions correspond to M pointing
along =+ Z respectively. The third solution, valid only for K < 0,
corresponds to M along an easy axis perpendicular to Z (the
implication of a negative K) and rotating toward Z with
increasing H.

Using this model based on a single-domain magnetic particle,
we can fit the data taken in configuration 1. The data and the fit
function, given by eq 2, are plotted together in Figure 3. @y, k,
and V are set to their measured values (see Supporting
Information, Table S1), while M = Mg = 330 + S0 kA/m and K
=44 + 6K/ 'm? are extracted as fit parameters for sample N1.
Here the effective anisotropy K represents the anisotropy of the
easy axis oriented along the nanotube’s axis of symmetry 2’ in
the plane of the cantilever oscillation.

While at high fields (#oH > 100 mT), the measurements are
consistent with a UAS, at low fields the step-like structures
shown in Figure 2 (see also Supporting Information, Figure S3)
cannot be described by the uniform magnetization model.
These discrete magnetization steps indicate the presence of
transition states between the two UASs. In addition, the
number of steps, which occur at slightly different fields each
time the field is swept, suggest the presence of three to five
MDSs. According to calculations,'” MDSs are possible and are
configured as depicted in Figure 3; that is, they consist of
uniform axially saturated domains separated by azimuthal, or
vortex-like, domain walls.

dx.doi.org/10.1021/nl302950u | Nano Lett. 2012, 12, 6139-6144
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A similar fit using eq 2 can be made for the data taken in
configuration 2 as shown in Figure 3. Here K < 0 since H is
directed along a hard axis of the nanotube, and the cantilever
oscillates in a plane defined by this hard axis and its easy axis 2'.
In this orientation and at sufficiently high field, the magnetic
moments in the nanotube will align uniformly along the applied
field, forming a uniform transverse state (UTS). The
magnetometry measurement should therefore result in an M
equal to that measured in configuration 1 and a K with an equal
magnitude and the opposite sign. In fact, we extract M = Mg =
420 + 90 kA/m and K = =52 + 11 kj/m3 as fit parameters for
sample N2. These values are equal to the values extracted in
configuration 1 for N1 within the error of the measurement,
which is dominated by the difficulty of determining each
nanotube’s exact volume. Although eq 2 describes the data for
large |HI, the measurements deviate from the model at low
fields. In particular, for luoHI < 100 mT the data show a clear
hysteresis. According to eq 2, only one stable solution of Af
exists for K < 0, unlike in the case of K > 0 where two exist for
IHl < (2K/M). With only one stable solution, hysteretic
behavior cannot be reproduced; therefore we conclude that the
description of a single uniform magnetization in the nanotube
breaks down at low applied fields. Furthermore, the low-field
hysteresis points to the presence of a magnetization state with
positive effective anisotropy for small H.

One explanation for the differing behavior at high and low
fields is that, while at high fields the Ni nanotube is uniformly
magnetized, at low fields a more complex state emerges. One
possible state, which has been predicted to be stable for such
samples at low fields, is the OS.** This state is shown
schematically in Figure 3 and consists of azimuthally oriented
magnetization domains separated by axially oriented domain
walls. The OS has a total magnetization M < (1/27) [§2M;
sin @ d¢’ = (2/7)M; due to the azimuthal orientation of its
domains and a positive effective anisotropy, related to the
energy required to rotate the azimuthally oriented magnet-
ization domains toward the nanotube axis. The presence of the
OS at low fields could explain the hysteresis observed in
configuration 2. Due to its lower magneto-static energy
compared to saturated states, the OS is favored in low
magnetic fields. For this reason we suppose the Ni nanotube to
undergo a transition from the OS to the UTS as a function of
increasing |HI. Given the region of deviation between the
simple model and the data, this transition region is likely to be
between loHI = 0 and 2 T. Here we hypothesize the presence
of a MDS with some segments of the nanotube in the OS and
some in the UTS.

The aforementioned model is also consistent with the data
measured in configuration 3 on sample N3. The high field
behavior is well-described by a UTS with M = Mg = 375 kA/m
and a small positive magnetic anisotropy K = 0.90 + 0.25 kJ/
m®. Note that we choose Mg of N3 to be between the values
extracted for N1 and N2, since the high field behavior of the fit
in configuration 3 is highly insensitive to M. H is directed along
a hard axis of the nanotube, and the cantilever oscillates in a
plane perpendicular to its axis of symmetry 2’. For an ideal
nanotube in this orientation, no anisotropy should be present
due to its circular symmetry; because of inevitable imperfec-
tions of real Ni nanotubes (see Figure 1), this symmetry is
broken, and therefore we measure a small, in this case positive,
K. For small |HI the data deviate from this small positive
anisotropy behavior, showing the presence of an unsaturated
low-field state as observed in configuration 2. Hysteresis again
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appears for |yyHl < 100 mT, and a transition region exists for
ltoHI < 2 T. In this case, the low-field magnetometry points to a
state with a larger positive anisotropy in this plane than the
UTS. Once again, this low-field behavior is consistent with the
OS. In this plane the OS has a positive effective anisotropy,
related to the energy required to move the axially oriented
domain walls and thus rotate the magnetization around the
nanotube axis. The total magnetization is M < (2/7)M; due to
the azimuthal orientation of its domains. Frequency measure-
ments in both configurations 2 and 3 show pronounced and
reproducible structures as a function of H for luoHI < 1 T.
These changes in Af, and thus in magnetic torque, likely result
from the gradual transition of the low-field OS to the UTS
throughout the volume of the nanotube.

A GVS, which has a total magnetization M = 0, should appear
in our cantilever magnetometry measurements as a range in H
for which Af = 0. The ROS, which also has a total
magnetization M = 0 and would produce Af = 0, cannot be
achieved since the Ni nanotubes are composed of an isotropic
ferromagnet without crystalline anisotropy. As long as the GVS
is stable for a significant range, that is, a range greater than 10
mT, it would be observable in our experiment. In Figures 2.2
and 2.3 for polHl & S0 mT, Af = 0 for a small field range. While
this behavior is consistent with the GVS, we cannot exclude
that Af = 0 might be produced by a MDS with M = 0 or with
the appropriate combination of magnetization M and
anisotropy K. In minor hysteresis loops of the cantilever
magnetometry (see Supporting Information, Figure $4), we can
produce states with Af = 0 for field ranges of up to 50 mT.
Again this evidence is consistent with the GVS but does not
exclude the presence of other states. On the other hand, Riiffer
et al. report evidence for a GVS in similar Ni nanotubes.”® The
discrepancy may be due to differences in the geometrical
parameters of the nanotubes, indicating what is already known
from numerical and analytical calculations: the GVS is
supported only for nanotubes which meet specific geometric
conditions.

In conclusion we have presented experimental evidence for
an onion and a multidomain state (OS, MDS) in ALD-grown
Ni nanotubes. Dynamic cantilever magnetometry measure-
ments of single nanotubes in the three principal orientations
highlight the stability of complex low-field magnetic config-
urations. The characteristics of these low-field states are
compatible with both the OS and the MDS as predicted by
various theoretical works. From the cantilever magnetometry
data above, we cannot unambiguously identify the global vortex
state; a specific MDS may account for the same behavior. From
measurements on different nanotubes, the developed analytical
model provides us with consistent values for the saturation
magnetization Mg = 375 + 70 kA/m and the anisotropy
constant IKl = 48 + 9 kJ/m? for the easy axis. The Mg measured
in the Ni nanotubes is equal within the error to the value of 406
kA/m known for bulk crystalline Ni at low temperature.40
Future high-resolution X-ray magnetic circular dichroism
photoelectron emission microscopy (XMCD-PEEM)H'ls or
magnetic force microscopy (MFM)ZZ'41 experiments on such
magnetic nanotubes could provide further evidence for the
presence of an OS or a GVS.
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Full derivation of the model, video of the fabrication of the Ni
nanotubes, SEMs of the measured nanotubes, study of the step-
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like structures of configuration 1, minor hysteresis loops, and a
table of sample and cantilever specifications. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Using an optimally coupled nanometer-scale SQUID, we measure the magnetic flux originating from
an individual ferromagnetic Ni nanotube attached to a Si cantilever. At the same time, we detect the
nanotube’s volume magnetization using torque magnetometry. We observe both the predicted reversible
and irreversible reversal processes. A detailed comparison with micromagnetic simulations suggests that
vortexlike states are formed in different segments of the individual nanotube. Such stray-field free states
are interesting for memory applications and noninvasive sensing.

DOI: 10.1103/PhysRevLett.111.067202

Recent experimental and theoretical work has demon-
strated that nanometer-scale magnets, as a result of their
low dimensionality, display magnetic configurations not
present in their macroscopic counterparts [1-3]. Such work
is driven by both fundamental questions about nanometer-
scale magnetism and the potential for applying nanomagnets
as elements in high-density memories [4], in high-resolution
imaging [5-7], or as magnetic sensors [8]. Compared to
nanowires, ferromagnetic nanotubes are particularly inter-
esting for magnetization reversal as they avoid the Bloch
point structure [9]. Different reversal processes via curling,
vortex wall formation, and propagation have been predicted
[10-13]. Because of their inherently small magnetic
moment, experimental investigations have often been con-
ducted on large ensembles. The results, however, are difficult
to interpret due to stray-field interactions and the distri-
bution in size and orientation of the individual nanotubes
[12,14-18]. In a pioneering work, Wernsdorfer et al. [19]
investigated the magnetic reversal of an individual Ni nano-
wire at 4 K using a miniaturized SQUID. Detecting the stray
magnetic flux ® from one end of the nanowire as a function
of magnetic field H, ® was assumed to be approximately
proportional to the projection of the total magnetization M
along the nanowire axis. At the time, M(H) of the individual
nanowire was not accessible and micromagnetic simulations
were conducted only a decade later [9]. Here, we present
a technique to simultaneously measure ®(H) and M(H)
of a single low-dimensional magnet. Using a scanning
nanoSQUID and a cantilever-based torque magnetometer

0031-9007/ 13/111(6)/067202(5)
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(Fig. 1) [20], we investigate a Ni nanotube producing
®(H) with a nearly square hysteresis, similar to the Ni
nanowire of Ref. [19]. M(H), however, displays a more
complex behavior composed of reversible and irreversible
contributions, which we interpret in detail with micro-
magnetic simulations. In contrast to theoretical predictions,
the experiment suggests that magnetization reversal is not
initiated from both ends. If nanomagnets are to be optimized
for storage or sensing applications, such detailed investiga-
tions of nanoscale properties are essential.

We use a direct current nanoSQUID formed by a loop
containing two superconductor-normal-superconductor
Josephson junctions (JJs) [21-23] [Fig. 1(a)]. Two
T-shaped superconducting Nb arms are sputtered on top
of each other separated by an insulating layer of SiO,. The
Nb arms are connected via two planar 225 nm thick
Nb/HfTi/Nb JJs each with an area of 200 X 200 nm?.
These JJs and the 1.8 um long Nb leads form a SQUID
loop in the xz plane [shown in yellow in Fig. 1(a)], through
which we measure ®. Atomic layer deposition of Ni is
used to prepare the nanotube around a GaAs nanowire
template grown by molecular beam epitaxy [24,25]. The
GaAs core supports the structure, making it mechanically
robust. The polycrystalline nanotube, which does not ex-
hibit magneto-crystalline anisotropy, has a 140 = 20 nm
outer diameter, a 70 = 10 nm inner diameter, and a
6.0 = 0.5 um length. The error in the diameters results
from the roughness of the Ni film [23]. The Ni nanotube is
affixed to the end of an ultrasoft Si cantilever [25], such

© 2013 American Physical Society
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Cantilever

FIG. 1 (color). (a) Sketch of the apparatus (inset: zoomed-in
view; dashed line indicates SQUID loop). Gray-scale maps of
(b) Af(x,y) and (c) P(x, y) taken simultaneously at a distance
z =280 nm with H = 0. Af (P) ranges from —170 to 430 Hz
(— 0.08 to 0.08P). Dashed lines indicate the T-shaped SQUID
arm and dots the operating position.

that it protrudes from the tip by 4 um. The cantilever is
120 um long, 4 um wide and 0.1 uwm thick. It hangs
above the nanoSQUID in the pendulum geometry, inside
a vacuum chamber (pressure < 107° mbar) at the bottom
of a cryostat. A 3D piezoelectric positioning stage moves
the nanoSQUID relative to the Ni nanotube and an optical
fiber interferometer is used to detect deflections of the
cantilever along y [26]. Fast and accurate measurement
of the cantilever’s fundamental resonance frequency f, is
realized by self-oscillation at a fixed amplitude. An exter-
nal field uoH of up to 2.8 T can be applied along the
cantilever axis Z using a superconducting magnet. At 4.3 K
and woH = 0, the cantilever, loaded with the Ni nanotube
and far from any surfaces, has an intrinsic resonance
frequency f. = f, = 3413 Hz, a quality factor Q = Q, =
3.4 X 10*, and spring constant of k, = 90 = 10 uN/m.
The magnetic flux due the Ni nanotube ®yy(H) is eval-
uated from Oyn(H) = ®(H) — P,;(H), where the flux
®(H) is measured with the nanotube close to the
nanoSQUID, while ®,.;(H) is measured with the nanotube
several um away such that the stray flux is negligible.
Therefore, ®,;(H) < H, due to the small fraction of H
that couples through the nanoSQUID given its imperfect
alignment with 2. Once calibrated, we also use ®,;(H) to
measure the uyH axis of our plots, removing effects due to
hysteresis in the superconducting magnet. Such a field
calibration was not possible for the integrated SQUID of
Ref. [19]. We also perform dynamic-mode cantilever mag-
netometry [27], which is sensitive to the dynamic compo-
nent of the magnetic torque acting between H and the

magnetization M of the Ni nanotube. In order to extract
M(H), we measure the field-dependent frequency shift
Af(H) = f.(H) — f,. Micromagnetic simulations are per-
formed with NMAG [28] which provides finite-element
modeling by adapting a mesh to the curved inner and
outer surfaces of the nanotube. We simulate 30 nm thick
nanotubes of different lengths / and the same 70 nm inner
diameter. We assume magnetically isotropic Ni consistent
with earlier studies [24], a saturation magnetization
Mg = 406 kA /m [29], and an exchange coupling constant
of 7 X 10" J/m [30].

We first scan the nanoSQUID under the cantilever with
the attached Ni nanotube, to map the coupling between
them. To ensure that the scan is done with the nanotube in a
well-defined magnetic state, we first saturate it along its
easy axis (2). Scans are then made at H = 0 in the xy plane
at a fixed height z, i.e., for a fixed distance between the top
of the SQUID device and the bottom end of the Ni nano-
tube. Af(x,y) = f.(x,y) — fo and ®(x,y) are measured
simultaneously, as shown in Figs. 1(b) and I(c), respec-
tively. Af(x,y) is proportional to the force gradient
dF,/dy acting on the cantilever and is sensitive to both
the topography of the sample and to the magnetic field
profile in its vicinity. Raised features such as the T-shaped
top-electrode of the nanoSQUID are visible. ®(x, y) shows
a bipolar flux response. The change in sign of ®(x,y)
occurs as the Ni nanotube crosses the xz plane (defined
by the SQUID loop) above the nanoSQUID, matching the
expected response. Such images allow us to identify the
nanoSQUID and to position the Ni nanotube at a maximum
of |®(x, y)|. Given a constant z, the nanotube stray flux
optimally couples through the nanoSQUID loop at such
positions, resulting in the maximum signal-to-noise ratio
for flux measurements.

At one such position, indicated by the dot in Fig. 1, we
record ®(H) by sweeping uoH from 41 to —41 mT and
vice versa. A representative hysteresis curve ®yn(H) =
O(H) — &, (H) is shown in Fig. 2(a) where ®(H) is
measured at z = 450 nm. wol|H| is incremented in steps
of 0.2 mT with a wait time of 1 s before each acquisition.
The hysteresis has an almost square shape with a maximum
flux Oy = 75 mP coupled into the nanoSQUID. The
loop appears similar to stray-field hysteresis loops obtained
from a bistable Ni nanomagnet [31] and the Ni nanowire of
Ref. [19], where H was collinear with the long axis. Such a
shape may suggest that at H = 0 the remanent magnetiza-
tion My = Mjs. Increasing H from zero [see red branch in
Fig. 2(a)], we first observe a nearly constant flux, then a
variation by about 30% along with tiny jumps in a small
field regime, and finally, a large jump occurring near
30 mT. Similar to Ref. [19], our SQUID data suggest that
almost all magnetic moments are reversed at once near
30 mT via a large irreversible jump, i.e., via domain
nucleation and propagation.

We now turn to cantilever magnetometry, which is sen-
sitive to M(H). Af is first measured simultaneously with

067202-2
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FIG. 2 (color). Simultaneously measured hysteresis loops of
(a) ®dyn(H) and (b) Af(H) at z = 450 nm. Red (blue) points
represent data taken while sweeping H in the positive (negative)
direction. Dashed lines indicate discontinuities (magnetic
switching fields Hy,, ,) appearing in both ®yy(H) and Af(H).

®(H) at z =450 nm, as shown in Fig. 2(b). The torque
measured via Af is found to exhibit tiny jumps and large
abrupt changes at exactly the same switching fields H,, ,
as Oyn(H). We note that switching fields vary from sweep
to sweep [23] as was observed in the Ni nanowire of
Ref. [19]; such behavior is expected if nucleation is
involved, given its stochastic nature. Importantly, there is
always a one-to-one correspondence between switching
fields observed in Af and flux ®yy as highlighted by the
dashed lines in Fig. 2. This correlation confirms that the
changes in A f and ®yy have a single origin: the reversal of
magnetic moments within the Ni nanotube.

In order to analyze Af(H) in terms of M(H), it is
important to retract the Ni nanotube from the
nanoSQUID by several um. Therefore, we avoid magnetic
interactions with both the diamagnetic superconducting
leads and the modulation current of the nanoSQUID.
These interactions lead to an enhanced Af and a branch
crossing [indicated by an arrow in Fig. 2(b)] occurring at
finite H rather than at H = 0 as was reported in Ref. [24].
After retracting the nanotube from the nanoSQUID, we
measure Af(H) = f.(H) — f, as shown in Fig. 3. We start
the acquisition at a large positive field (uoH = 2.8 T),
where the nanotube is magnetized to saturation, and then
reduce H to zero as shown in Fig. 3(a). In large fields, the
nanotube behaves as a single-domain magnetic particle;
i.e., it is magnetized uniformly and M rotates in unison as
the cantilever oscillates in the magnetic field. Based on this
assumption, we fit the results with an analytical model for
Af(H) [25]. The volume of the Ni nanotube Vy;, @, and
kg are set to their measured values, while the saturation
magnetization Mg = 300 * 200 kA/m and the anisotropy
parameter K = 40 *+ 20 kJ/m? are extracted as fit parame-
ters. The error in these parameters is dominated by the
error associated with the measurement of the nanotube’s
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FIG. 3 (color). (a) Cantilever magnetometry (points) and fit
(solid line) in large magnetic fields. (b) Cantilever magnetometry
at small fields. (c) Volume magnetization M extracted from
(b) according to (1). Solid lines guide the eye. Red (blue) points
represent data taken while sweeping H in the positive (negative)
direction. Dashed lines highlight switching fields Hg,,. The
error in M scales with 1/|H|, explaining the scatter near H = 0.

exact geometry and therefore of Vy; [23]. M is consistent
with the findings of Ref. [25] on similar nanotubes and
with 406 kA /m, known as the saturation magnetization for
bulk crystalline Ni at low temperature [29].

Figure 3(b) shows A f(H) taken in the low-field regime.
In an opposing field, we observe discrete steps in Af(H)
indicating abrupt changes in the volume magnetization M.
As expected, the branch crossing (arrow) occurs at H = 0
and the overall behavior is consistent with measurements
of similar nanotubes [25]. To analyze the low field data,
we adapt the analytical model to extract the dependence of
the volume magnetization M on H, i.e., the field depen-
dence of magnetization averaged over the entire volume of
the nanotube. Solving the equations of Ref. [25] describing
the frequency shift for M, we find

2kol2KAf
A&V — AT 0
H(KVyifo = koleAf)
where [, = 85 um is the effective cantilever length for
the fundamental mode. M(H) extracted from Fig. 3(b) is
plotted in Fig. 3(c). In both field sweep directions, the
magnetization is seen to first undergo a gradual decrease
as |H| decreases. Starting from ~300 kA/m at +40 mT,
M reduces to ~200kA/m at O mT. We find My = 0.65 Mg,
in contrast with the SQUID data suggesting My =~ Mg.
However, this gradual change of M at small |H| in the
initial stage of the reversal is consistent with the gradually
changing anisotropic magnetoresistance observed in a
similar nanotube of larger diameter in nearly the same field
regime [24]. At —15 mT, just before the first of three
discontinuous jumps, M is only ~100 kA/m. Note that
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jumps are seen after the magnetization has decreased to
a value of about 0.3Ms. Two further jumps occur at
moHgy, . = —28 and —33 mT. For uoH < —40 mT, the
nanotube magnetization is completely reversed. We
observe a somewhat asymmetric behavior at positive and
negative fields. This asymmetry may be due to an antifer-
romagnetic NiO surface layer providing exchange interac-
tion with the Ni nanotube [32,33]. Irreversible jumps in M
are observed for 15 mT < py|Hy,, | <35 mT in Fig. 3, in
perfect agreement with the range over which jumps occur in
@y with the nanotube close to the nanoSQUID in Fig. 2.

The observed magnetization steps suggest the presence
of 2 to 4 intermediate magnetic states or 2 to 4 segments in
the nanotube that switch at different H. Calculations for
ideal nanotubes [10] suggest that the intermediate states
should be multidomain, consisting of uniform axially
saturated domains separated by azimuthal or vortexlike
domain walls. The preferred sites for domain nucleation
are expected to be the two ends of the nanotube [9,10]. As
the field is reduced after saturation, magnetic moments
should gradually curl or tilt away from the field direction.
The torque magnetometry measurements, which show both
gradual and abrupt changes in M(H), are consistent with
such gradual tilting; the SQUID data, showing only abrupt
changes in @\ (H), are not. In the following, we present
micromagnetic simulations performed on Ni nanotubes of
different lengths / to further analyze our data.

In Fig. 4(a), we show simulated hysteresis loops M(H)
with H applied along the long axis of nanotubes with /
between 250 nm and 2 pum. For [ =2 um the M(H)
loop is almost square, but the switching field is ~8 mT.
This value is much smaller than the regime of H,,
observed experimentally. Nanotubes with 250 nm <[/ <
1 um are consistent with 15 mT < uolHg, | <35 mT.
For [ = 500 nm the simulation provides a switching field
moHg, = 28 mT. At the same time, M is almost zero for
|H| just below |H,|. Such behavior is consistent with the
overall shape of the measured M(H) loop in Fig. 3(c),
where the largest jumps in M take place at about
+30 mT. Comparing Figs. 4(a) and 3(c), we conclude
that the superposition of a few segments with 250 nm <
[ <1 um could account for the measured M(H). For such
segments, Figs. 4(b) and 4(c) (right panels) show character-
istic spin configurations (cones) well above and near H,,
respectively. We observe the gradual tilting of spins at both
ends in Fig. 4(b) and two tubularlike vortex domains with
opposite circulation direction in Fig. 4(c) [34]. Between
the domains, a Néel-type wall exists. For each [ and M(H),
we simulate the relevant stray field at the position of
the nanoSQUID [red squares in the left panels of
Figs. 4(b) and 4(c)] providing the predicted Pyn(H)
[23]. The shapes of the simulated ®yy(H) are nearly
proportional to, and thus closely follow, the shape of
M(H) shown in Fig. 4(a). Thus, the simulations allow us
to explain the measured torque magnetometry data,
although they are inconsistent with the nanoSQUID data.

— R
5 T

-e-250nm
: -o- 500 nm
- 1pum

o 2 um

Msim/Msat
o
(=]

s I

- 1.0 e e Frr s

ANX Kt/ ==\ /S

0.1mT 1mT 10mT 100 mT

FIG. 4 (color). (a) Simulated hysteresis loops M(H) for nano-
tubes of four different [. H, increases with decreasing I.
Magnetic configurations (right) and stray-field distribution
(left) for / = 500 nm at (b) 40 mT and (c) —27 mT as indicated
by the labels in (a). Cones (arrows) indicate the local direction
of the magnetic moments (stray field). The stray fields Hy, are
color coded as depicted. The red squares indicate the position of
the center of the nanoSQUID loop.

The contrast between hysteresis traces obtained by the
nanoSQUID and torque magnetometry shows that ®(H) is
not the projection of M along the nanotube axis. This
finding contradicts the assumption of Ref. [19]; we attrib-
ute this discrepancy to the fact that while cantilever mag-
netometry measures the entire volume magnetization, the
nanoSQUID is most sensitive to the magnetization at the
bottom end of the nanotube, as shown in calculations
of the coupling factor ¢, = ®/u (flux P coupled to
nanoSQUID by a pointlike particle with magnetic moment
m) [20]. Still, we find a one-to-one correspondence
between switching fields Hg,, detected by either the
nanoSQUID or cantilever magnetometry. This experimen-
tally verified consistency substantiates the reversal field
analysis performed in Ref. [19]. In Fig. 2(a), we find no
clear evidence for curling or gradual tilting at small H.
Thus, the reversal process does not seem to start from the
end closest to the nanoSQUID, but rather from a remote
segment. This is an important difference compared to the
ideal nanotubes considered thus far in the literature, in
which both ends share the same fate in initiating magneti-
zation reversal. The unintentional roughness of real nano-
tubes might be relevant here. In an experiment performed
on a large ensemble of nanotubes, one would not have been
able to judge whether a gradual decrease in M(H) [17]
originated from a very broad switching field distribution
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or from the gradual tilting of magnetic moments in the
individual nanotubes. Thus, our combination of nanomag-
netometry techniques represents a powerful method for
unraveling hidden aspects of nanoscale reversal processes.
In order to optimize nanotubes for sensing and memory
applications, such understanding is critical.

In summary, we have presented a technique for measur-
ing magnetic hysteresis curves of nanometer-scale struc-
tures using a piezoelectrically positioned nanoSQUID and
a cantilever operated as a torque magnetometer. This dual
functionality provides two independent and complemen-
tary measurements: one of local stray magnetic flux and
the other of volume magnetization. Using this method we
gain microscopic insight into the reversal mechanism of
an individual Ni nanotube, suggesting the formation of
vortexlike tubular domains with Néel-type walls.
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