(+2]
T

E-N
T

09n

Amplitude (a.u)
N

o

Y
SIS

o

0.5

1 1.5 2 2.5 3 3.5
Time (ns)

Current-Induced Magnetization Dynamics

in Ferromagnetic Nanowires

Muhammad Imtiaz Khan

Schlisseltechnologien/ Key Technologies
Band/Volume 166
ISBN 978-3-95806-308-2

Mitglied der Helmholtz-Gemeinschaft

IJ JULICH

Forschungszentrum



Schriften des Forschungszentrums Jilich
Reihe Schlisseltechnologien / Key Technologies Band/Volume 166







Forschungszentrum Jilich GmbH
Peter Griinberg Institut (PGI)
Elektronische Eigenschaften (PGI-6)

Current-Induced Magnetization Dynamics
in Ferromagnetic Nanowires

Muhammad Imtiaz Khan

Schriften des Forschungszentrums Jilich
Reihe Schlisseltechnologien / Key Technologies Band/Volume 166

ISSN 1866-1807 ISBN 978-3-95806-308-2



Bibliografische Information der Deutschen Nationalbibliothek.

Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der
Deutschen Nationalbibliografie; detaillierte Bibliografische Daten
sind im Internet Uber http:/dnb.d-nb.de abrufbar.

Herausgeber Forschungszentrum Jilich GmbH
und Vertrieb: Zentralbibliothek, Verlag
52425 Jilich

Tel.: +49 2461 61-5368

Fax: +49 2461 61-6103
zb-publikation@fz-juelich.de
www.fz-juelich.de/zb

Umschlaggestaltung: Grafische Medien, Forschungszentrum Jilich GmbH
Druck: Grafische Medien, Forschungszentrum Jilich GmbH
Copyright: Forschungszentrum Jilich 2018

Schriften des Forschungszentrums Jilich

Reihe Schlisseltechnologien/ Key Technologies, Band / Volume 166

D 464 (Diss., Duisburg, Univ., 2017)

ISSN 1866-1807
ISBN 978-3-95806-308-2

Vollsténdig frei verfligbar Giber das Publikationsportal des Forschungszentrums Jiilich (JUSER)
unter www.fz-juelich.de/zb/openaccess.

This is an Open Access publication distributed under the terms of the Creative Commons Attribution License 4.0,
B which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://creativecommons.org/licenses/by/4.0/

Abstract

This thesis deals with the magnetization dynamics in nanostructures of NiFe
alloys (NiggFeqo and NiygFesp) induced by an electric current via the spin trans-
fer torque effect (STT). Single-pulse and time-resolved experiments have been
carried out, imaging the magnetic domains in a photoemission electron micro-
scope (PEEM), using the circular polarized synchrotron radiation of BESSY-II.
In single-pulse experiments, the reaction of magnetic domains and domain walls
(DWs) upon individual current pulses in the nanostructures are studied and the
approximate threshold current density for the DW motion was determined to
about 7.5 x 10" A/m?. We designed three different types of nanostructures, fa-
vorable for different types of DWs: a V-shape, a half ring-shape and a notched
half ring- shape.

Besides the influence of the current pulses on domain textures, we observed
that high current pulses created new multiple domain configurations, like dia-
mond patterns and domain arrays. For those, rather than nucleation due to STT,
a temperature rise seems to be the dominant mechanism. We also observed the
conversion from a vortex-like flux closure domain into a transverse wall (TW).
In order to enable time-resolved studies of the DW motion in pump-probe ex-
periments with sufficient intensity, several modifications for a time-resolving
mode had to be integrated into our energy filtered aberration-corrected PEEM:
(1) A new modified sample holder for shorter current pulses ( ~ 1 ns). (2) A
negative deflection-gating concept to increase the intensity while discriminat-
ing the signal from all the multi-bunches (MBs) with no adjacent pump pulse.
Finally, we performed a pump-probe experiment and have observed the dy-
namics of small reversible DW boundary changes on a ns timescale for the first

time in a truly current-induced pump-probe experiment.
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Zusammenfassung

Die Bewegung von magnetischen Doménen unter dem Einfluf3 eines Stromes
und des dadurch verursachten “Spin Transfer Torque” (STT) wurde in Nano-
drahten aus NiggFeyy und NiyFegy untersucht. Sowohl die Verschiebung nach
einzelnen Strom-Pulsen als auch das dynamische Verhalten wihrend eines Pulses
und bis zu einigen ns danach (“pump probe”) wurden in einem Photoemissions-
mikroskop (PEEM) bei BESSY-II sichtbar gemacht. In den Einzelpuls-Experimen-
ten wurde die Reaktion der Doménen auf individuelle Strom-Pulse untersucht.
Der beobachtete Strom-Schwellwert, ab der eine Bewegung erfolgt, lag bei ~7.5x
10" A/m?. Nanodrihte in V-Form, Halb-Ring und Halb-Ring mit Kerbe wur-
den entwickelt, optimiert fiir verschiedene Arten von Doméinen. Neben der
Verschiebung der Doménen wurde zusétzlich bei sehr hoher Stromdichte die
Entstehung neuer Vielfach-Doménen beobachtet, z.B. als Diamant-Muster. Die
Hauptursache hierfiir scheint, eher als der STT, die erh6hte Temperatur zu sein.
Dem Temperatur-Anstieg, der mit Strom-Pulsen verbunden ist, wird hier im
Gegensatz zu fritheren Studien erhohte Bedeutung zugeordnet. Eine weitere
Beobachtung war die Umwandlung einer wirbelartigen ”flux-closure”-Doménen-
Struktur in eine transversale Domadnenwand. Fiir die zeitaufgelosten "pump
probe”-Messungen waren mehrere Modifikationen an dem PEEM notwendig;:
(1) Ein verdnderter Probenhalter, der das Einbringen von schnellen, kurzen
Strompulsen (1 ns und kiirzer) ermoglicht, obwohl die Probe auf HV liegt. (2)
Ein ”“Gating”, bei dem nur das Signal einzelner Roéntgen Pulse benutzt wird
und die fiir Zeit-Studien untauglichen Multi-Bunche unterdriickt werden. Die
so vorgenommenen “pump probe”-Experimente zeigten erste, zum ersten Mal
wirklich Strom-induzierte, wenn auch kleine, reversible Domidnenwand-Ver-

schiebungen auf einer Zeitskala von bis unter 1 ns.
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Chapter 1

Introduction

Spintronics refers to the scientific research field where the electron’s spin is en-
visaged to be manipulated for attaining nonvolatile memories, logic devices,
and sensors. In 1851, Lord Kelvin discovered the first interdependence of mag-
netic and electrical properties of a material by changing the electrical resistance
of Fe via a magnetic field, known as anisotropic magnetoresistance (AMR) [28].
In 1988, the discovery of giant magnetoresistance (GMR) was an important
breakthrough in this field [50]. The GMR is the substantial change of resis-
tance under a magnetic field in magnetic multilayers which are separated by
non-magnetic layers. The GMR effect has enabled an improvement in the data
storage capacity of hard disk drives (HDD) within the subsequent 10 years
[50, 100]. The GMR effect was separately and simultaneously discovered by
A. Fert [5] and P. Griinberg [11], for which they were awarded Nobel Prize in
2007. Already in 1975, the tunneling magnetoresistance (TMR) in Fe/GeO/Co
junctions had been discovered by M. Julliere [60], but it did not attract much
attention at that time due to only 14 % of relative change of resistance at cryo-
genic temperature. Very recently, Ikeda et al. [54] realized effects up to 604 % in
CoFeB/MgO/CoFeB pseudo-spin-valves at room temperature [50, 92].

The idea behind using the spin as a state variable in spintronic devices is
that the information storage can be made non-volatile [8] and hence does not
need energy to be pertained. The concept of non-volatile magnetoresistive ran-

dom access memory (MRAM) was proposed in 1990. Different from dynamic
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random access memory (DRAM) in which electrical charges are used for stor-
ing data bits, MRAM uses magnetic storage elements for this purpose. This
avoids the need of refreshing the charge in DRAM'’s every 20-50 ms, which de-
posits a lot of energy in the device and hence also limits the storage density. A
magnetic storage element typically is a pair of ferromagnetic metal layers sep-
arated by a thin insulating layer, known as magnetic tunnel junction (MT]J). In
an earlier MRAM generation, the electrical current was used to produce a mag-
netic field in the MT]J to read or write a memory cell [109]. For this approach,
a considerable power was needed to switch between the states. Also, down-
scaling the unit size of a memory cell is limited in this approach. Here the spin-
transfer torque based magnetic random access memory device (STT-MRAM)
can be a solution to these problems and can be used to store and read the infor-
mation electrically with low power in non-volatile memories [126, 141]. In the
STT technique, a current flows between two non-collinear magnetic textures to
transfer spin momentum from one texture to another. The physical principle
of the STT can be demonstrated in two ferromagnetic layers separated by an
insulator (magnetic tunnel junction) or a non-magnetic layer (spin valve) and
between non-collinear domains in a magnetic nanowire as well [34]. However,
even a STT-MRAM requires a high current density for fast switching, which

eventually decreases the life-time of the MT].

Very recently, a new spin-orbit torque (SOT) technique has been reported to
demonstrate the magnetization switching induced by in-plane current injection
in heavy metal/ferromagnetic heterostructures [32]. This torque is based on
orbital-to-spin momentum transfer [36], where the angular momentum is trans-
ferred to the magnetization from the orbital part of the carrier wave function
[19]. The spin-orbit torque was first detected in a single domain (Ga, Mn)As by
Chernyshov et al. [21]. Recently, the spin-orbit torque based magnetic random
access memory (SOT-MRAM) has drawn great attention as it eliminates some
flaws of STT-MRAM. For example, since the current is injected in the plane
of a layer rather than pass through the tunnel barrier, this technique does not
damage the MTJ even by injecting high current density [19]. Different from the
STT-MRAM, the read and write paths are decoupled in the SOT-MRAM, which



1: Introduction 3

improves the performance at high speeds [19, 98].

Besides magnetic memories, programmable spintronics logic devices have
attracted increasing interest as they show many potential advantages such as
high operation speed, non-volatility, low power consumption and logic-in-memory
structure [86]. MT]J-based circuits can be used as the main devices for logical
computations [127]. In many security applications like banking cards, biomet-
ric authentication chips and subscriber identity module cards, the user inputs
are usually stored in a recording device and injected into the logic circuit for

comparing with a reference code [83].

In this thesis, we concentrate on the study of current-induced domain wall
motion (CIDWM), where a current is passed through a nanostructure, contain-
ing domains and a domain wall in between and the latter is displaced by the
STT. This CIDWM seems the most promising effect for attaining the goal of
high-speed, high-density and low-power novel applications. The best exam-
ple is a racetrack memory the concept of which was presented by Stuart Parkin
in 2004 [101]. This system stores digital data using many magnetic domains
arranged consecutively in a nanowire. The NigyFey nanowires used in the
presently proposed racetrack memory, in which the STT exerted by the spin-
polarized current moves the domain pattern across a read head so that informa-
tion can be retrieved. This racetrack concept requires a relatively high current
density to displace the domain walls. But high current density also generates a
higher Oersted field in the structure, which affects the domain wall motion and
also changes the domains pattern within the structure, increases local heating
and overall causes higher power consumption [44, 55]. Hence, for successful
applications, further optimization of these data storage systems is needed. For
example, a small critical current density would be preferably needed to move
the domain patterns, in order to avoid generating thermal effects in a magnetic
system. Second, a reliable domain wall motion has to be assured. Next, it is im-
portant to control the pinning of domain walls in the system and one has to en-
sure the maximum domain wall speed in the system [138]. To further study and

optimize CIDWM devices, thin in-plane magnetized soft material nanostruc-
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tures can be fabricated as it can be expected from these thin systems that they
will reduce the effect of the Oersted field on the domain wall textures down to

a minimum.

Before the availability of magnetic circular dichroism-photoemission elec-
tron microscopy (XMCD-PEEM) as a magnetic imaging technique, besides elec-
trical transport measurements [71], magneto-optical Kerr effect (MOKE) mea-
surements [99] have been used to visualize the domain wall motion. However,
MOKE does not provide element specific contrast and has a lower spatial res-
olution (> 300 nm), due to the diffraction limit with visible light. Hence it is
very difficult to do magnetic imaging in the submicrometer regime [20]. In the
soft x-ray regime, transmission x-ray microscopy (TXM) can be utilized to get
element specific contrast and high sensitivity to the entire thickness of the sam-
ple. Moreover, it offers the spatial resolution with a current state of the art of
15 nm [61]. However, a big drawback of the TXM is that a sample needs to be
grown on special membranes, through which the soft x-ray beam easily passes.
These membranes are fragile and may hamper samples from different process-
ing like epitaxial growth and variable measurement temperature etc. Hence, in
this work, for the imaging of textures in single-pulse and time-resolved experi-
ments, an aberration-corrected photoemission electron microscope (PEEM) was
used, taking full advantage of the spatial resolution, the element specificity of

XMCD and its sensitivity to in-plane magnetization.

While performing the single-pulse experiments, the objective of this work
was to elucidate several basic aspects for understanding the CIDWM. First,
to study the reaction of magnetic domains and domain walls upon individual
current pulses in the nanostructures, we have designed three different types
of NiyFegy nanostructures, favorable for different types of domain walls: a V-
shape, a half ring-shape and a notched half ring- shape. We have chosen a
NiggFegy V-shape nanostructure for studying the transverse wall motion, half
ring-shape and geometrically notched half ring-shape nanostructures to study
flux closure domain patterns. Second, we determined the approximate thresh-

old current density for the domain wall motion of 7.5 x 10" A/m?. Next, we
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estimated the maximum domain wall velocity up to 33 m/s by injecting 100
ns short current pulses. In these experiments, we have observed that the spin
transfer torque-induced domain wall motion is significantly affected by a tem-

perature increase.

The most challenging task of this thesis was to image the time evolution of
the domain wall by the pump-probe technique. In such experiments, the syn-
chronization between the excitation pulse (pump) and the x-ray pulse (probe)
is used for imaging the time evolution of magnetization. By varying the time
delay between pump and probe and recording billions of XMCD images of this
cycle, the temporal evolution of the system after the excitation pulses can be
mapped [20]. The current pulse can either be injected directly into the mag-
netic textures to study CIDWM or the Oersted field is induced by current pulses
into a stripline, located below the magnetic textures. In the latter, an APD can
be integrated at the back part of the sample holder and a laser-diode triggers
the APD to generate short current pulses [96]. XMCD-PEEM combined with a
coplanar waveguide imaging technique for short magnetic field pulses can be
employed in a pump-probe mode for time-resolved measurement of domain

wall motion.

As the excitation with a magentic field pulse for applications has disadvan-
tages like limited down scaling, we study here the approach of current-induced
domain wall motion, where current pulses are injected directly into a nanos-
tructure. This experiment seems more challenging, as in previous studies, there
were no clear successes: Uhlir et al. [138] have employed the XMCD-PEEM
imaging technique to map the magnetization dynamics produced by nanosec-
ond current pulses in NiggFeqy/Cu/Co nanowires. They reported that the Oer-
sted field generated by the current pulses produces a tilt of the NigoFeyy mag-
netization. In their trilayer system, they have recognized serious pinning ori-
gins. One of the most expected pinning sources is the dipolar interaction of the
NigoFey layer with Co anisotropy inhomogeneities. To discover the full profi-
ciency of the system, this pinning source should be controlled [138]. Heyne et al.

[47] used the x-ray magnetic circular dichroism (XMCD) photo-emission elec-
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tron microscopy (PEEM) to demonstrate the pump-probe imaging technique.
They synchronized the gating of the channel plate to 25 usec long current pulses
and recorded XMCD images only when the current pulse is injected. They ex-
plored the reversible displacement of a vortex core in a 30 nm thick NigyFey disc
with a diameter of 6 ym. [47]. Recently, Falk-Ulrich Stein et al. [124] have uti-
lized time-resolved scanning transmission x-ray microscopy (STXM) to study
structural transformations of domain walls motion in 8 pm long, 200 nm wide
and 20 nm thick NigyFeyy nanowires with two perpendicular strip lines. Specif-
ically, they have imaged the oscillations of the width of a domain wall and the
wall transformation between vortex and transverse textures [124]. Despite their
attempts, the study of the current induced domain wall motion in a ferromag-
netic layer by utilizing the pump-probe mode still needs to be explored, as a
data storage device, such as a racetrack memory, needs a controllable domain
wall motion in both directions by inducing current pulses.

Concerning the pump-probe measurements, we developed a negative de-
flection gating, which suppresses the signal of all “unpumped” bunches in the
multi-bunch (MB) mode of the synchrotron and thus makes pump-probe stud-
ies possible during the whole year instead of 2 single bunch (SB) weeks. For
the first time, we succeeded in mapping the dynamic response of magnetic
domain wall in a notched NigyFey, half-ring shaped nanostructure by synchro-
nizing laser-diode generated current pulses with synchrotron radiation pulses,

though in these first experiments the observed movement was still small.
This Ph.D. thesis is organized as follows:

Chapter 2 starts with the basics of magnetism, theoretical and experimental
backgrounds of the CIDWM that are required to understand the experimental
results of this Ph.D. work.

Chapter 3 is devoted to the sample fabrication and the experimental meth-
ods used in this thesis. We present the XMCD-PEEM, the method of imag-

ing magnetic structures using circularly polarized synchrotron radiation that is
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used to study current induced domain wall motion via single current pulse and
pump-probe experiments.

The technical development for XMCD-PEEM including the home-made cur-
rent pulse-generator, modification of a sample-holder and layouts of the single-
pulse and pump-probe experiments are presented in chapter 4. Specifically, this
chapter presents the negative gating concept, employed in pump-probe studies
in the SPECS aberration-corrected FE-LEEM-P90 instrument.

Chapter 5 presents the experimental results of single pulse experiments.
Specifically, this chapter discusses the nucleation, propagation and splitting up

of magnetic textures in Niy Fegy nanostructures via single pulses.

Chapter 6 addresses the study of the magnetization dynamics in nanostruc-
tures via time-resolved magnetic imaging in an energy-filtered and aberration-
corrected PEEM.

Chapter 7 summarizes this Ph.D. work and presents an outlook on chal-
lenges and future experiments.



Chapter 2

Theoretical and Experimental
Background

In this chapter, first we discuss the Stoner model of ferromagnetism ( see sec-
tion 2.1). Next, an overview of basics and magnetic energy terms in micromag-
netism which are relevant for this work is presented in section 2.2. We focus
on the Landau-Lifshitz-Gilbert (LLG) equation of motion in section 2.3. A brief
description on different possible domain textures in ferromagnetic nanostruc-
tures is presented in section 2.4. We present the theoretical and experimental
background required for understanding the spin-transfer torque (STT) induced
changes in the ferromagnetic nanostructures in section 2.5, which is followed
by a discussion on significant temperature effects on the magnetic textures of
a nanostructure by high current pulse (see section 2.6). The final section is de-
voted to the theory of different possible pinning effects in nanostructures (see

section 2.7).

2.1 Stoner Model of Ferromagnetism

For the occurrence of ferromagnetic order in 3d transition metals like iron, nickel,
and cobalt, Stoner has developed a criterion which will be discussed in the fol-
lowing paragraphs.

Based on a collective order of magnetic spins, the ferromagnets can be di-

vided into two groups: localized and itinerant ferromagnets. The former is
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represented by rare earth elements in which the ferromagnetic order can be un-
derstood by a model of localized magnetic moments [41]. This model does not
work for calculating the magnetic moments and high Curie temperatures in
itinerant ferromagnets like iron, nickel, and cobalt, due to the delocalized struc-
ture of the 3d electrons [63]. For this, we need an itinerant model having a
magnetization due to spontaneously spin-split bands [12].

Ferromagnetism arises due to the exchange interaction that favors a parallel
alignment of magnetic moments in the ferromagnetic materials. Because of the
Pauli exclusion principle, two parallel electrons of same quantum numbers oc-
cupy different quantum states. Due to this parallel arrangement, the Coulomb
repulsion of electrons is decreased and kinetic energy of the system is effectively

increased [41].

In order to develop a model for band ferromagnetism, we take the density of
states (DOS) of the free electron system, i.e. D(E) = D'(E)+ D*(E) and assume
that some electrons from the spin-down side with energies from Er — AE to Ep
are redistributed into unoccupied spin-up states with energies from Ep up to
Er + AE [15] (see Fig. 2.1). In Fig. 2.1, D(EF) presents the density of states at
Fermi level and AFE shows the energy of the shifted electrons. The total number
of shifted spin-down electrons is D(Er)AE/2, and the kinetic energy in the

system is increased by:
ABxs = 3 D(Er) (ABY 21)

Owing to Pauli exclusion principle, when the kinetic energy of electrons in-
creases, the Coulomb energy is decreased in the ferromagnetic case. Hence, one
can write the change in potential energy AEpg by the following expression:

ABpy — —%ID(EF)Z(AE)Z 2.2)

where [ is the Stoner parameter describing effective exchange interactions be-
tween electrons. Now the total change in energy can be written as:

AE = AExp + ABpy — %D(EF)(AE)Z(l — ID(Ep)) 2.3)
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This equation shows occurrence of ferromagnetism if AE < 0 which implies
that /D(Ep) > 11i.e. the Stoner criterion. For all 3d metals, the Stoner exchange
integral is of the same order, i.e. I =1 eV. In such case, the density of states
around the Fermi level plays the most important rule for fulfilling the Stoner

criterion for ferromagnetism [116].

Figure 2.1: Sketch of density of states of a 3d metal with AFE exchange splitting
[63].

2.2 Basics and Magnetic Energy Terms in Micromag-
netism

The magnetization M is a vector field that presents the total magnetic moments
per unit volume in a magnetic system and these magnetic moments define the
magnetic properties of a system. The magnetic moment relates to the spin and
orbital moment contributions of the valence electrons in the solid. Depending
on the collective interaction of magnetic moments, different materials can be
distinguished. For example, in materials known as paramagnetic and diamag-
netic, the interaction among magnetic moments is too weak. In materials such
as ferromagnets, a strong exchange interaction among magnetic moments exists
due to which there is a spontaneous long-range magnetic order below a critical

temperature, resulting in a remanent magnetization, even in the absence of an
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applied magnetic field [93]. The magnetic moments in ferromagnetic materials
align themselves into regions of microscopic magnetic order called domains.
The region between magnetic domains where the magnetization is not uniform
is the magnetic domain wall (DW) [12].

Micromagnetism describes the magnetic system in the framework of a con-
tinuum theory. In general, the formation of micromagnetic structures is deter-
mined by the interplay of interactions on different length scales. These interac-
tions make specific contributions to the total energy of the system. The forma-
tion of a particular micromagnetic structure is a result of the system trying to
achieve the lowest energy state. There are different energy terms contributing
to the formation of a magnetic structure. Those terms will be briefly explained

in the next subsection 2.2.1.

2.2.1 Energies in Micromagnetism

In 1935, Landau and Lifshitz laid the physical foundation of micromagnetics by
formulating the free energy equation [76, 142]. This equation contains different
energy terms contributing to the formation of magnetic domains and domain

walls. Here we briefly explain these energy terms:
Zeeman energy

This energy is due to the interaction between magnetic moments M of the
material and the applied external magnetic field Hey. It is given by:

Ez = _IUO/ MHexth (24)
|4

It is proportional to the cosine of the angle between the local M vector and the
applied external field H.y. This means that the Zeeman energy is reduced for
the case where M is parallel to the H.,; and increased for the anti-parallel case
[55, 78].
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Exchange energy

This energy is due to the exchange interaction between the spins of two
neighboring atoms, S; and S;. In the Heisenberg picture, this interaction for

a many particle system can be written as:

B ==Y _J;SiS; (2.5)
i#j
where J;; is the exchange integral, depending on the distance between the spin
neighbors S; and S;. Depending on the ordering of the spins, J is either positive
or negative. Positive J means that the spins are parallel, corresponding to ferro-
magnetic materials. A negative J shows that the spins are anti-parallel, favoring
anti-ferromagnetic materials [12].

Magneto-crystalline anisotropy energy

Crystalline materials, in general, contain magnetically easy and hard axes.
The magnetization is preferred to align along certain crystallographic direc-
tions. Magneto-crystalline energy arises from the orientation of magnetization
with respect to the crystallographic axes of the material. The energy will be
smaller when the magnetization is aligned to these crystal easy axes.

In the case of uni-axial anisotropy and a magnetization M which is at some
angle § away from the easy axis, the first term of the magneto-crystalline energy
is given as [138]:

Eanis = / Ksin?0dV (2.6)
v

where Kj is first-order anisotropy constant, depending on the crystal symmetry

and 6 is the angle between the magnetization orientation and the easy axis.
Magneto-static energy/demagnetization energy/dipolar energy

This is a long-range interaction, in contrast to the anisotropy and exchange

energy terms. This energy is resulting from the interaction between the mag-
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netic dipoles in the material and it favors a magnetic closed flux. Mathemati-

cally, it can be written as:
Ho
Eap = —— / HMdV (2.7)
2 Jy

where 1 is the permeability of vacuum. The Hy is the demagnetizing field and
is given by:
Hy = -NM (2.8)

where magnetization M is opposed by the demagnetizing field Hy. The N is a
demagnetizing tensor and it is shape-dependent. There is an additional energy
term rising from the demagnetizing energy related with the shape of the system,
called shape anisotropy. In the case of a thin film shape, an additional energy

term comes up with the equation:
1
Eghape = §M0M2COS29 (2.9)

where 0 is the angle between the magnetization and the thin film normal [12].
According to this expression, the in-plane magnetization direction is energeti-
cally favorable due to the lower stray field compared to the out-of-plane mag-
netization in a thin film [48].

In short, demagnetization forces play the main role in the domain formation.
The exchange and anisotropy are not enough to generate domain patterns. The
anisotropy prefers crystallographic directions and exchange favors the paral-
lel magnetization in any direction. These interactions alone would result in a
monodomain structure, but in a high energy state. This high energy state will
ultimately reduce by breaking up the magnetic monodomain structure into a

multi-domain structure to decrease stray fields [64].
2.3 Magnetization Dynamics and Landau-Lifshitz-
Gilbert Equation

The Landau-Lifshitz-Gilbert (LLG) equation describes the magnetization dy-

namics in a material. In 1935, Landau and Lifshitz proposed the basic equation
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of motion for magnetization where the precessional term physically derived
and the effect of relativistic interactions considered as a damping term [1]. In
1955, Gilbert modified their equation by reporting a damping term based on
Lagrangian methodology [1, 3, 75]. This LLG equation will be discussed here.

According to Newton’s law of motion, the rate of change of angular mo-
mentum L is equal to a torque T that is applied on a system. This can be written

mathematically as:

dL
BB ¢ 2.1
dt 210

This equation 2.10 helps to understand a free precession of the magnetization
around an effective magnetic field by considering that: T = M x Hcy, where
the torque T is due to an influence of the effective field on the magnetization.
Further, quantum theory shows that the magnetization M is proportional to the
angular momentum L of an atom by the following equation: M=—+L, where
the v is the gyromagnetic ratio. Now the above equation of motion in terms of

the magnetization M can be expressed as:

o MxH (2.11)

This is the Landau-Lifshitz equation of motion, showing that the torque T forces
the magnetization M to precess around the effective field Het for an unlimited
time with a constant angular velocity, w = |yHeg|. The gyromagnetic ratio y for
ferromagnetic materials is 17.6 MHz/Oe [64]. This equation is schematically
presented in Fig. 2.2a.

Landau and Lifshitz added an additional term to the equation, taking into
account a damping of the precession towards the effective magnetic field [76].
The new form of the equation is written as:

(%5/[ = —YM x Heg — \M x (M x Heg) (2.12)

where ) is the damping constant. The damping term on the most right side
indicates that the precession will stop eventually. In 1955, Gilbert reported that
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the Landau-Lifshitz damping term is only applicable in the case of small damp-
ing [38, 39]. Hence, he introduced a term for large damping cases [48, 65, 88]
and modified the equation 2.12 as:

dM «
S Hep 4+ —Mx 2 21
ar — M Hen o M 213

where « is the Gilbert constant and M, shows the saturation magnetization. The
damping effect is represented in Fig. 2.2b. The equation 2.12 and equation 2.13
conserve the norm of magnetization as both damping terms are perpendicular
to magnetization M [48, 78].

Figure 2.2: (a) Illustration of the Landau-Lifshitz equation without damping.
M is precessing at a constant angular velocity around H.s (dotted circle). (b) M
is gyrating with the Gilbert damping term around H.¢ on a spiral path [97].

24 Domains/Domain Wall Configurations

In the framework of this thesis, we study domain formation, propagation, and
modification via a spin-polarized current in NiFe nanostructures. We deal with
domains, having different spin patterns, like transverse walls, vortices, Landau
patterns. Therefore, we first explain the spin configuration of the most common

domains in nanostructures in the following paragraphs.
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The free energy associated with the ferromagnetic system is described as:
Efree = Ez + Eanis + Eex + Edip (214)

and with the energy terms explicitly written according to subsection 2.1:

Efreo = / Kisin?0dV — pg / MH_dV — > Jl.jsisjf% / HMdV  (2.15)
\%4 v oy \%
i#j
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Figure 2.3: (a) Sketch of the uniformly magnetized ferromagnetic structure and
the blue lines show the stray field. (b) Two anti-parallel aligned domains having
a domain wall. (c) A flux closure pattern while eliminating the stray field.

It is necessary for the stability of the magnetic system that the free energy
(2.15) is minimized. This equation favors a homogeneous alignment of mag-
netic moments in the system. The demagnetization energy has the main role
in the splitting up of the mono-domain into multi-domains. The exchange in-
teraction and the shape anisotropy favor the mono-domain structure but this
structure has a large magnetic stray field near its edges, which eventually is in-
creasing the demagnetization energy. Hence, the mono-domain structure will
split up into multi-domains to minimize its energy [64]. There is a separation

region between domains called domain wall, DW.

Fig. 2.3 presents three different domain patterns in the ferromagnetic struc-
ture. Fig. 2.3a shows a single homogeneous magnetized domain having a large
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demagnetization energy. This energy is high, because of the magnetic charges
on the edges of the structure. The structure needs to reduce this energy by sim-
ply distributing the single domain into two domains having different magneti-
zation orientation with respect to each other (Fig. 2.3b). Further, the structure
divides into multi-domains by minimizing its own energy. The whole structure

appears in a single flux closure pattern by introducing domain walls [12].

(a)

X —»

|

2~
TN

Figure 2.4: Schematic of Bloch wall (a) and Néel wall (b). Taken from [12]

We can define the domain walls based on the angle between the magnetiza-
tion in the two domains. If there is a perpendicular angle between them then
we call it 90° domain wall and the 180° domain wall separates the anti-parallel
aligned domains. The Bloch wall is the best example of a 180° domain wall, in
which the rotation direction of the magnetic moments lies in the plane of the
wall, as shown in the Fig. 2.4a. The rotation direction of the magnetic moments
for Néel wall lies perpendicular to the wall (Fig. 2.4).

The width of the domain wall A depends on the exchange stiffness A and
the effective anisotropy K. This leads to,

A
A = \/; (2.16)
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Both the anisotropic term and exchange stiffness define the width of the do-
main wall. In the case of bulk structures, the wall width A is dominated by the
magnetocrystalline anisotropy that favors the Bloch wall [12, 63].

However, in a thin film, the magnetization prefers to be in the plane of the
structure to minimize the dipolar energy at the film surfaces. This brings up the
Néel wall shape (see Fig.2.4a and b). Simply, in the case if the film thickness is
bigger than the wall width, the wall tends to be a Bloch wall, otherwise it is a
Néel wall [63].
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Figure 2.5: (a) Magnetic nanowire, having two opposite domains and a dotted
domain wall in the middle of both. The geometry of the nanowire is presented
with co-ordinated systems X, y, and z-axes. (b) and (c) present the spin configu-
ration of the head-to-head transverse wall and vortex wall. Taken from [68]

Magnetically soft materials for nanostructures were used in this thesis, in
which the anisotropy is dominantly caused by the shape. Consider a two do-
mains nanostructure, having a head to head domain wall at the center, as shown
by red and blue arrows in the Fig. 2.5a. The x-axis, y-axis, and z-axis show the
length, width, and thickness of the nanostructure respectively. We can get dif-
ferent domain walls in such a nanostructure by simply choosing a different ratio
between the thickness and the width. Fig. 2.5b and ¢ show the simulated trans-
verse wall and the vortex wall at the center of the nanostructure. The thin and

narrow geometry favors the transverse wall and a vortex wall can occur in the
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thick and wide nanostructure. The spins rotate in the plane of the nanostructure
in transverse wall case, and in the case of vortex wall, the spins curl around the
vortex core, pointing either upward or downward. Both have different energies
because of having different geometry [68]. The stray field energy is dominating
in the case of a transverse wall because it prefers thinner and narrower structure
where it forces the spins to reside parallel to the edges. The exchange energy
favors energetically the thick and wide nanostructure. Fig. 2.6 shows the phase
boundary between vortex wall and transverse wall depending on the geometry
of NigyFeyy nanostructures with widths ranging from 75 to 600 nm and thick-

nesses varying from 1 to 20 nm. [121, 144].
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Figure 2.6: Phase boundary between the vortex and transverse walls in nanos-
tructures of NiggFeyy with widths ranging from 75 to 600 nm and thicknesses
from 1 to 20 nm, solely depending on their geometry. Adapted from [144].

It is now possible both experimentally [53, 67] and numerically [74, 104] to
observe different magnetic ground states in a thin film. Each magnetic config-
uration depends on the geometry and the material used. The magnetic history
of the structure has also an important role on the domain pattern [45]. Fig. 2.7
shows some of the magnetic ground states in the rectangular Nig,Feyy nanostruc-

tures. These magnetic configurations in a soft material (like NigyFesy) nanostruc-
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ture appear when the stray field energy and exchange energy are competing to
each other. After applying an external field on the structure, it is difficult to
confirm the configuration and the route of the magnetization that it will take
from the saturated state to a demagnetized state. Nevertheless, it results in any
one type e.g. Landau, diamond, C- or S-state. The magnetizations in the C- and
S-state are parallel to the long edge and are high remanence states. The C-state
looks more like an inclined Landau-structure, while the S-state is more similar
to a diamond structure [45]. Both Landau and diamond states have singularity
regions where the magnetization is rotating around them. Those regions are
named vortices or anti vortices core, depending on the direction of magnetiza-
tions rotation [63].

Figure 2.7: The simulated different ground-state configurations of a NigyFey
rectangular structure. (a) Landau, (b) diamond state, (c) and (d) present the C-
and S-state, respectively. The arrows present the orientation of the magnetiza-
tion in each domain. Adapted from [45]

2.5 Spin-transfer Torque Basics

In the spin-transfer torque phenomenon, when a spin-polarized current enters
a small magnetic microstructure, the angular momentum of spin polarized cur-
rent transfers to the magnetization. This phenomenon was first proposed in
1996 by Slonczewski [122] and Berger [10]. For sufficiently large currents this
torque will cause a magnetization precession or reversal and also propagate a
domain wall in the direction of electron flow. This thesis is dedicated to the
study of current induced domain wall motion in ferromagnetic nanostructures,

which will be discussed here in detail.
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2,51 STT in a Tri-layer Structure

Fig. 2.8a shows a typical spin-torque system. It has a non-magnetic layer (NM)
sandwiched between two ferromagnetic layers, a thick F, layer and a thin F,
layer. Initially, F; and F, are magnetized in different directions as shown in Fig.
2.8a[17].

After injecting a current through the system, the conduction electrons be-
come spin-polarized while passing through the ferromagnetic layers. In the
beginning, the injected spins are not aligned with the magnetization of the
layer F,, as shown in Fig. 2.8a, because the magnetizations of I, and F, are
not collinear. Once they interact with the layer F, due to the spin-dependent
scattering, they are aligned with local magnetic moments of F. In this event,
the polarized spins lose their component transverse to the magnetization of the
layer F,. This transverse spin component is absorbed into the layer F, as a
torque, so-called the spin-transfer torque [17, 85].

Ferromagnertic layer /Non-magnetic /Ferromagnetic layer  F; thick layer NM  F, thin layer
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Figure 2.8: (a) Spin-torque system consists of a non-magnetic layer (NM) sand-
wiched between two ferromagnetic layers, F; and F,. The transverse spin com-
ponent of polarized spins (black) is absorbed into the thin layer F, in the form
of a torque. (b) Back and forth switching of a layer F, by opposite polarity
currents. Adapted from [17, 138]

Figs. 2.8b and c illustrate special switching cases into the spin-torque system
by applying a current of opposite polarity. In the case of switching from the
anti-parallel to parallel state as shown in Fig. 2.8b, a current is passed through
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the system from a pinned layer F; to a layer F,. The current is spin-polarized
after passing through the pinned layer I, and exerts the spin-transfer torque on
the F; layer’s magnetization. Due to this, the magnetization of the layer F, is

switched.

Now, in the case of switching from the parallel to anti-parallel state as shown
in Fig. 2.8¢, a current is passed through the system from a layer F; to a pinned
layer F;. Here, those electrons, having same spin direction as that of the pinned
layer, pass through the pinned layer and some electrons, having an opposite
spin direction, are reflected at the F; /NM boundary and injected into the layer
F, afterward. This reflected current exerts the effective torque on the magneti-
zation of the layer Fs, establishing the anti-parallel state, as shown in Fig. 2.8¢c
[95, 138].

Since having been observed on Co/Cu/Co trilayers [17], STT writing has
been accomplished on many different systems, for example, exchange bias pinned
layers, synthetic antiferromagnets (SAF) layers [103]. Also, it has been achieved
in magnetic tunnel junction (MTJ) [52], in particular with MgO tunnel barri-
ers [43]. Scientists have already exploited the STT-switching in many applica-
tions, including the spin-torque-transfer magnetoresistive random-access mem-
ory (STT-MRAM) [51] and racetrack memory [101].

In order to introduce a modified LLG equation with spin torque terms for
magnetization dynamics, we will discuss the influence of an injected current on
the local magnetization via the STT effect in a thin ferromagnetic nanostructure

in the following subsections.

2.5.2 STT in a Thin Ferromagnetic Nanostructure

Fig. 2.9 illustrates the case of a simple thin ferromagnetic nanostructure hav-
ing two non-collinear domains A and B. When a current is injected into it, the
magnetic moments of the conduction electrons align themselves with the local

magnetization of the domain A, as seen in Fig. 2.9. Once entering the region
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of domain B, they are forced to turn their directions with respect to the local-
ized moments of domain B. During this process, two events can happen. First,
the boundary region, a domain wall, between two domains moves towards the
right direction and secondly the angular momentum is transferred from the

conduction electrons to the moments within the domain wall.

2.5.3 The Adiabatic STT Term

The magnetization of the local domain has major effect on the spins of conduc-
tion electrons during motion. The electron spins adiabatically follow the direc-
tions of the local magnetization when the magnetization of the local domain is
small, so-called adiabatic STT effect. The action of the adiabatic torque on the
domain wall is shown by white arrows in Fig. 2.9. This effect can be expressed
as [7, 81, 82]:

Todia = (u- V)M (2.17)

where u is an effective spin current drift velocity, depending on current density
j and its spin polarization P. This can be written as [7, 81]:

JgmnsP
_ 2.1
U 01, (2.18)

Later, it was realized that besides the adiabatic term, a non-adiabatic term is
also contributing to the magnetization dynamics under certain conditions. This

non-adiabatic term will be discussed in the next subsection.

()
—/

Figure 2.9: Sketch of the spin-torque in a thin ferromagnetic nanostructure,
along with the schematic presentation of the action of adiabatic and nonadia-
batic torques on the magnetic moments of a domain wall.



2: Theoretical and Experimental Background 24

2.5.4 The Non-adiabatic STT Term

When the magnetization is large, a spatial mistracking arises between the con-
duction electron spins and the local magnetic moments. This happens because
the local magnetization changes so quickly that the conduction electron spins
cannot follow it. As a result, an additional torque, so-called the non-adiabatic
torque, acts on the magnetization, as it is presented by black crossed-circles in
Fig. 2.9. This non-adiabatic term acts on the local magnetic moments, like an
applied magnetic field, which tilts the magnetic moments out-of-plane and as a
result, the domain wall is moved forward by the torque of the demagnetizing
field [138]. This term, included into the LLG equation [129, 151], gives:
dM e

ke —YM X Hog + MSMde—l::I — (u.V)M+ M x (u.V)M (2.19)

where [ is a non-adiabatic parameter that shows the mistracking of the electron
spin. In the case of =0, only the adiabatic torque exists, which means that
there is no mistracking between the electron spin and the local magnetization.
Though the non-adiabatic term is much discussed in the literature, it is still
under debate [48].

Now, physicists passionately discuss the origin of non-adiabatic term $ and
further its relation with the damping factor,  [48]. Barnes and Maekawa [6] pre-
dicted that 2 and « are equal, but Kohno et al. [73] estimated the non-adiabatic
parameter and claimed that both are not equal. Xiao et al. even questioned
the existence of /3 by presenting the spin-flip scattering phenomenon. However,
they claimed an oscillating non-adiabatic term for high magnetization gradients
[145]. Garate et al. [35] have proposed the dependency of 5 and a on the tem-
perature and disorder. They also related both constants to the band structure
and intrinsic spin-orbit interaction [35]. Thiaville et al. simulated the domain
wall motions for perfect nano-stripes and concluded that § affects the domain
wall motion [87, 129].

Still, 5 and « are not easy to determine, but the recent study of M. Eltschka et
al. [30] and T. Taniguchi et al. [128] revealed that the magnetization gradient is
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strongly influenced by . A. Vanhaverbeke and M. Viret came to the conclusion
[140] that 5 depends on the domain wall width, too [28, 48, 87, 138].

2.6 Temperature Effects on the Nanostructure by Cur-
rent Densities

Experimentally, the current induced domain wall motion in nanostructure needs
a large current density up to 10'* A/m? [149]. However, such huge current den-
sity increases the temperature of the system and sometimes raises it near to or
above the Curie temperature of the material used. Due to this, the spin configu-
ration of the system can completely change or even the single domain structure
splits into multi-domains [148]. We will discuss the effect of temperature on the
domain patterns in this section and will present our results based on tempera-

ture effects on the spin structures in chapter 5 of this thesis.

In 2005, Yamaguchi et al. observed that the temperature of the Nig,Fe;g
nanostructure (on thermally oxidized Si substrate, having a 10 nm thickness and
240 nm width),when the current-driven domain wall motion occurred, raised
up to the Curie temperature of the material Nig,Fe,9 used (830 K), while ap-
plying a current density of 7.5 x 10'' A/m?. By further increasing the current
density, they found multi-domains in the sample via magnetic force microscopy
after cooling down. They also measured the standard temperature dependence
of the sample resistance during the pulse injection and found that the sample
resistance increased with the current density, suggesting Joule heating of the
sample. Hence, they suggested to take into account thermal effects like decrease
in magnetic moment, spin wave excitation, and the depinning of a domain wall

while studying the current-induced domain wall motion [146].

Chun-Yeol You et al. [149] presented an analytical expression to approxi-
mate the increase in temperature of the heated nanostructure as a function of
current density [33] (Eq. 2.20), which is important in the study of current in-
duced domain wall motion. They have made the following main assumptions

for the model. (i) the substrate thickness is larger than the nanostructure length,
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(if) the whole nanostructure is at same temperature, (iii) the temperature of both
the nanostructure and the interface are same, (iv) the heat source is at the inter-
face from the substrate point of view, (iv) because of the small surface area of
the nanostructure, the effect of convection is ignored for the model, (v) the heat
capacity of the nanostructure is neglected, (vi) assume heat dissipation into the
substrate only. With the above assumptions, they derived the following analyt-
ical expression [33, 147, 148, 149]:

2 24/t
AT = %arc sinh (W> (2.20)
ko 0.5w

where w, h and o are width, height and conductivity of a structure respectively.
J is the current density applied to the structure. k, p, and C are the thermal
conductivity, mass density, and specific heat capacity of the substrate used [33].

J. Yoon et al. [147] performed experiments in 2008 on two different nanowire
types, 600 nm wide L- and 300 nm wide C- shaped. They observed a significant
Joule heating effect on the samples when the applied current density exceeded
the critical current density of 5.5x 10" A/m?. After heating and cooling, they
detected multi-domain structures in the sample. The splitting up of a single
domain into multi-domains was considered a signature of the Joule heating in
the sample. The energy barrier decreases due to temperature increase and the
single domain transforms into multiple domains. Also, the system needs to re-
duce the magnetostatic energy, therefore the multi domain state occurs. This
shows that the temperature increase is strongly depending on the current den-
sity. They estimated an increase in the temperature of the sample up to Curie
temperature of NigoFey [147] by following the equation 2.20. Their results show
that the temperature effect is very important to discuss while driving the do-

main wall via current pulses.

H. Fungohr et al. theoretically discussed the Joule heating effect on the fer-
romagnetic nanowires via electric currents [33]. In one of their proposed cases,
they estimated the temperature increase in a nanowire without a substrate.
Having an uniform current density J through a nanowire, they proposed the
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equation for the time evolution of T
ar J?
at pCao
where o is the uniform conductivity, C' is the specific heat capacity and p is the

(2.21)

density of the material used. The change in temperature will be at constant rate
as all the parameters on the right hand side are constant. They estimated the
temperature increase for the case of NigyFeyy, having C= 430 ]/ (kg K), p = 8700
kg/m?, 0= 4 x 10° (m)~" and a current density of /=10'?> A/m?. The equation
2.21 leads to [33]:

dar

I 66.83 K/ns (2.22)

This is the amount of temperature increase for the uniform current density and
for the chosen material parameters. This will change if one changes the current
density. In our case, we have a maximum current density of J=8.7 x 10" A/m?
and the pulse width is of 100 ns (for some cases) while applying it through the
nanostructure in single pulse experiments (detailed in the final chapter). This
means that the temperature increase of our structure goes up to 6000 K if we

exclude the heat dissipation into the substrate.

In conclusion, a higher current density for current induced domain wall mo-
tion rises the temperature of the sample up to Curie temperature. One can de-
crease the effect of temperature, which can be done by choosing a substrate

having good electrical insulation and the improved heat dissipation [78, 138].

2.7 Possible Pinning Effects in Nanostructures

There are different types of defects that affect the domain wall motion like edge
roughness, material defects, and structure imperfections. These defects can be
reduced by the latest lithography facilities up to some extent but still, the con-
trolled motion of a domain wall is a challenging task. On the other hand, re-
liable pinning sites can be important features for attaining high data stability
[37]. The domain wall motion depends on the local energy landscape of the
place where it is residing. It is possible to generate artificial pinning sites to

have a desirable energy landscape for the domain wall motion [37].
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If there is a variation of the width of a nanostructure, in the first approxi-
mation it can be predicted that the energy is minimized when the domain wall
settles at a place with a narrow width. This offers the possibility to force a do-
main wall to a certain place by preparing a geometrical constriction, like a notch
in the nanowire [68]. In our case, we mostly used a triangular-shaped notch of
a length of 200 nm within a nanostructure of width 1000 nm (see scanning elec-
tron microscope (SEM) image in Fig.2.10c).

»
Position

Figure 2.10: (a) Transverse wall inside the constriction along with the schematic
of the potential landscape. (b) Vortex wall accompanied by the potential land-
scape. The vortex wall is pinned next to the constriction and the potential land-
scape has a double well. The black arrows are showing the positions where the
stray field enters and leaves. (c) Scanning electron microscopy image of our
own sample. (a) and (b) are adapted from [68]

Fig.2.10a depicts a transverse wall around the constriction along with the
schematic of the relevant potential landscape and 2.10(b) shows a vortex wall
accompanied by its equivalent potential landscape. The vortex wall is pinned
next to the constriction and the potential landscape has a double well. The wall
initial position and its spin configuration vary with the changing geometry or
applying external sources like current pulses or external field. This automat-
ically modifies the potential landscape. Both transverse wall and vortex wall
have a very different response to the constriction. The transverse wall seems to
be attracted towards the constriction, but the vortex wall appears either on the
left or on the right side of constriction, like a repulsive force from the constric-
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tion. By decreasing the width of the constriction, we can increase the depth of
the potential well. This means that walls will be strongly pinned in the narrower
constriction [68, 69, 71, 72].

Kl&ui et al. applied an external magnetic field to probe the pinning strength
of the wall from the constriction. They found that the magnetic field needed
for depinning the wall from the geometrically induced pinning constriction is
six times (335 Oe) larger than the field needed to move a wall in a ring with-
out a constriction (60 Oe) [68, 69]. Of course, the magnitude of magnetic field
needed for depinning the domain wall in different geometrical samples would
be different.



Chapter 3

Sample Fabrication and Magnetic
Imaging with XMCD-PEEM

This chapter covers two major aspects, the first concerning the fabricated fer-
romagnetic nanostructures and the second belongs to the measurement imag-
ing techniques. In the first part of this chapter, we present the procedure of
the sample fabrication (see section 3.1). This was the most challenging task to-
wards successful experiments. The second part covers the magnetic circular
dichroism-photoemission electron microscopy (XMCD-PEEM) based magnetic
imaging technique (see section 3.3), that is used to visualize current induced do-
main wall motion (CIDWM) with single current pulses and in pump-probe ex-
periments. At the end of the chapter, we discuss the principle of the aberration
corrected LEEM/PEEM microscope (see subsection 3.3.2), which is installed at
the Jiilich beamline BESSY II Berlin.

3.1 Sample Fabrication

The requirements for the samples for CIDWM studies in our PEEM are quite
special and we had to adapt our fabrication method to meet them. The spin-
transfer torque (STT) induced magnetization dynamics can only be studied in
soft magnetic materials, such as NiggFey alloy, having low anisotropy, low co-
ercivity, high magnetic permeability, and small saturation magnetization (see

details on used soft materials in this work in section 3.2).

30
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3.1.1 Sample Design and Fabrication Process

Well-known lithographic techniques that are capable of patterning nanoscale
features are electron beam lithography and photolithography. In the electron
beam lithography, a focused beam of electrons is scanned across the surface of
sample having a resist on top of it. In the photolithography, UV light is used to
expose a layer of photoresist through a glass mask. The electron beam lithog-
raphy is good for making very refined nanostructure and photolithography is
used for patterning bulk structures. For obtaining our nanostructures, we used
both electron beam lithography for writing the nanostructure and photolithog-
raphy for making the contact pads along with the ground fields. The complete
process of fabricating a sample will be explained in the next paragraphs.

5 mm

Figure 3.1: A photograph of a glass mask having nine different sample designs

First of all, we produced a glass mask having layouts of our desired sam-
ple. It consists of a transparent plate covered with a patterned film of opaque
material. This plate is made of fused Quartz which is transparent to deep Ultra
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Violet light. In our case, the layouts consist of contact pads along with ground
fields around the nanostructure region like a co-planar wave guide, as shown
in Fig. 3.1. As the contact pads are far away from the nanostructure and broad

in size, the current density is low at a contact point.

Fig. 3.2 shows all steps of the process which are followed during the sample
growth. First, we clean the substrate (GaAs) in acetone, isopropanol (IPA) and
blow with a Nitrogen gun (see Fig. 3.2a). After that, we dehydrate the substrate

on a hot plate or cabinet dryer at 180 °C for 5 minutes.

To introduce so-called undercut for getting good adhesion of metals, high-
contrast development and improved lift off processes, a bilayer polymer poly-
methylmethacrylate (PMMA) can be used where a PMMA with lower molecu-
lar weight is more sensitive to electron beam exposure than the PMMA of heavy
molecular weight. In this work, the substrate is covered by high electron sen-
sitive resist PMMA/MA 33 % (copolymer e-beam resist AR-P 617.08 diluted
with AR 600-07, 1: 1)) by a spin-coating method. This PMMA layer generates
a thin film of 150 nm on the top. Then, the second layer of thickness 270 nm of
PMMA 950 K (e-beam resist AR-P 679.04) is spin-coated on top of the first layer.
Fig. 3.2b displays the bilayer of PMMA spin-coated on the substrate surface (at
4000 rpm). When the bilayer PMMA is exposed to the electron beam as seen
in Fig. 3.2c, the primary electrons penetrated in the bilayer and inner struc-
ture of PMMA becomes a trapezoid shape (so-called undercut) due to scattered
electrons. Next, it is developed in a solution of e-beam developer AR 600-55 in
order to remove the exposed resist (see Fig. 3.2d). After that, the substrate is
placed in a molecular beam epitaxy (MBE) or sputter deposition system where
Cr/NiyFe;_./Au is evaporated or sputtered (see Fig. 3.2e). Cr is used as a
sticking layer for the Ni Fe;_, and Ta or Au is employed as a capping layer to
prevent NiFe;_, from the oxidation. At the end, a "lift off” is done by heating
the substrate in acetone at 55 degrees for one hour to remove the unexposed

resist (see Fig. 3.2f).

Next, a thin layer of the negative photo resist is spin coated on the substrate
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at4000 rpm ( Fig. 3.2g) and then the glass mask, having a pattern of contact pads
along with ground fields, is exposed by photo-lithography ( see Fig. 3.2h). After
developing in chemical-726 solution (see Fig. 3.2i), we have done the reactive
ion beam etching to remove dust material from the surface of a substrate (see
Fig. 3.2j) before the final sputtering of Cr/Gold (see Fig. 3.2k). At the end, the
final lift off is done (see Fig. 3.21).

W

(a) (b) ()

Substrate Positive spin coating resist E-beam writing

(d) (e) (f)

Developing Material sputtering First lift-off

Wl

(g) (h) (i)

Negative spin coating resist Photo lithography and a mask Developing

(i (k) M

Reactive ion beam etching Gold sputtering Second lift-off

Figure 3.2: Schematic overview of a sample growth using lift-off processes along
with electron beam exposure and photo-lithography.

Fig. 3.3 shows the different looks of the sample structure at the end of the
fabrication process. Fig. 3.3a represents the camera image of the 5 mmx5 mm
GaAs substrate with a written structure. Fig. 3.3b shows the optical microscope
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view of a complete sample with contacted pads surrounded by grounded fields
and Fig. 3.3c shows also the optical microscope image of a centered V-type
nanostructure within a gap of 20 ym. Fig. 3.3d and e display the PEEM and
XMCD images of a V-type nanostructure.

Figure 3.3: Different views of the sample structure at the end of the fabrication
process. (a) The 5 mm x5 mm Si substrate with a written structure. A (b) and (c)
show optical microscope images of the sample with a centered V-type region of
a gap 20 ym. (d) PEEM image of a V-type nanostructure. (e) XMCD image of a
V-type nanostructure, showing the magnetization pattern.

3.2 Properties of Different NiFe Alloys

Soft magnetic materials are widely used for a variety of low and high frequency
applications, such as transformer cores, flux-guidance at permanent-magnets,
microwave applications and storage devices [120]. These materials can be easily
magnetized and demagnetized. The main parameter, used as a feature of merit
for soft materials, is the intrinsic low coercivity. In soft materials, this is several
orders of magnitude smaller than in hard materials. Another property of soft
materials is their initial permeability p, = (dM/dH )y, which may exceed 1000
[120]. In the case of high-frequency applications, small coercivities are more
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important than a high permeability because these applications require small
hysteresis losses [120]. The parameters like electrical resistivity and saturation

magnetization are also important features for soft materials.

Soft magnetic materials include a wide variety of NiFe alloys. These al-
loys are used over a wide range of compositions, from 20% Ni to 80% Ni. The
properties vary extremely over this composition range and hence the optimum
stoichiometry needs to be selected for a particular application [106]. In this
work, we have used NiFe alloys with two different stoichiometries, NigyFey
and NiygFegy for studying the current induced domain wall motion. We used
NigFeg for the static (single pulse) experiments, first because of the availabil-
ity, later the large magnetic moment (see table 3.1) made it easier to visualize the
magnetic texture as the XMCD effect is proportional to the moment. The dis-
advantage was the largest magnetostriction, which can lead to destruction of
the samples. For the dynamics experiment, due to the lower available current

density, we used the material with the lowest coercivity, Nig,Fes.

Table 3.1 shows the comparison of different properties of the NigyFeyy and
NiggFeg alloys. The NiggFey, alloy has low saturation flux density, coercivity,
Curie point, lower resistivity, magnetostriction and magnetic moment per unit

formula than the other NiFe alloys, as shown in table 3.1.

Table 3.1: Typical properties for soft magnetic NiFe alloys

Properties NiggFeog | NiggFegg | References
Saturation flux density B, (T) 1.0 2.2 [23], [23]
Easy-axis Coercivity H, (Oe) 0.2 2.5 [23], [23]
Magnetic moment per formula unit () | 0.59 2.07 [42], [102]
Resistivity p (162 — cm) 20 35 [23], [23]
Magnetostriction A (ppm) ~0 +25 [66], [23]
Curie Temperature T, (K) 750 860 [87],[102]
Crystal structure fcc bcc [16], [23]
Lattice parameter (nm) 0.356 0.359 [16], [89]
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NiggFeg) stoichiometry could be used in devices operating at higher temper-
atures and NigyFeyy stoichiometry commercially can be used in many applica-
tions like sensitive relays, current transformers and magnetic recording heads
etc [79]. The references [23, 77] are highly recommended to the interested read-
ers to elucidate the difference between both NiFe alloys.

3.3 XMCD-PEEM as an Imaging Technique

Numerous magnetic imaging techniques are used to investigate and map the
elemental, chemical and magnetic properties of complex nanostructures. Each
one has its own range of spatial and time resolution. The strength of XMCD-
PEEM is its element specificity and its magnetic contrast. We will discuss this

mechanism along with some other important features in next subsections.

3.3.1 Storage Rings and Synchrotron Radiation

When oscillating electric charges, for example, electrons, are moving with rela-
tivistic speeds are forced by magnetic fields to follow curved paths, as a result,
these electrons are emitting light in their motion direction, called synchrotron
radiation [91].

Nowadays in radiation sources, like storage rings, this radiation is used in
different research fields like physics, chemistry, nanotechnology and material
sciences etc [91]. In a storage ring, the electrons are forced to move in a circular
trajectory by bending magnets. The Lorenz equation describes the acceleration
of those electrons:

dp v x B
T =e(E+ c ) (3.1)

where p, e and v are the electron momentum, charge and velocity respectively.
E and B are the electric and magnetic fields. The radiated power of the rela-
tivistic electron (f = v/c = 1) while moving in a circular path, with a radius of

curvature, R, can be approximated as [57]:

P=ZS ) (62)
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where E, ¢ and mc?

are the electron energy, velocity, and the rest mass en-
ergy respectively. The radiated power from the electron strongly depends on
its energy. For relativistic electrons, the distribution of emitted radiation trans-
forms to a narrow cone (5 = 1) . The emission angle of synchrotron radiation is
© = &, where y = /1/(1 = ¥%). For BESSY, v is 3320, and ©= 0.15 mrad (0.01°)
[26].

Today, insertion devices, like undulators, are implemented in the storage
ring to get high photon brightness and also to modulate the electron trajectories
for getting specific polarization selection of the synchrotron radiation. An un-
dulator consists of periodic permanent magnets (see Fig. 3.4). Due to the static
magnetic field lines between the opposite magnets, the electrons are forced to
follow oscillating paths and as a result, emit radiation. The interference of the
radiation of different magnets results in a spectrum with quasi-monochromatic

peaks [115]:
Ay

KZ
= 30y [1+ = +~%67 (3.3)

2

where 7 is the Lorentz factor depending on electron velocity, Ay is the periodic

n

wavelength of the alternating magnet pairs and 6 presents the observation angle
with respect to the undulator axis. K is the deflection parameter, given by:

GB)\U
2mme

K= (3.4)

where K depends on the magnetic field. The magnetic field can be modified by
changing the phase shift between opposite arrays of magnets. By this method,
the polarization of synchrotron radiation and the wavelengths )\, of the undu-
lator harmonics can be tuned [41].

Fig. 3.4 shows different possible polarization cases. Fig. 3.4a presents the
linear horizontal case where both upper and lower magnet arrays have a zero
shift with respect to each other. We can get vertically polarized x-rays by simply
shifting the upper right and lower left magnets by a length of Ay /2 and right
circularly polarized x-rays by a shift of Ay/4. Similarly, the left circularly po-
larized x-rays can be tuned by a shift of —\y /4. For details, see [113, 115] and
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[26].
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Figure 3.4: Schematic overview of an undulator with three possible cases. (a)
Shows horizontally polarized case. (b) Presents right circularly polarized. (c)
Displays vertically polarized case. A fourth possible case of left circularly po-
larized x-ray is not shown here. Taken from [115].

Fig. 3.5 shows the schematic view of a beamline where radiation from the
undulator is guided to the sample by the arrangement of different horizontal
and vertical mirrors along with the spherical grating unit. Light needs to be
monochromatic and well-focused while being used in an experiment. For this,
the selection of a single photon energy of incoming beam in the soft x-rays range
can be tuned by a grating unit via Bragg’s law [41]:

Ap = d(cosb; — cosb;) (3.5)

where d presents the line spacing of the grating, §; and 6; are the entrance and
exit angles of the beam. Spherical gratings are employed to focus one wave-
length from the entrance slit onto exit slit. This setup is used in the FZ Jiilich soft



3: Sample Fabrication and Magnetic Imaging with XMCD-PEEM 39

X-ray beamline UE56/1-SGM at BESSY-II, Germany. Finally, the refocussing
mirrors are used to focus the divergent beam onto the sample [26, 41].
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Figure 3.5: Schematic view of an undulator beamline. Taken from [4].

3.3.2 Photoemission Electron Microscopy

Photoemission Electron Microscopy is an imaging technique that is to excite the
electrons from the sample surface by incident photons and to create a real-time
magnified image of the emitted (secondary-) electrons on the phosphor screen.
In 1930, Ernst Briiche and Johannson have tested the PEEM principle first with
UV light [13]. After access to a tunable synchrotron radiation, Tonner and Harp
successfully had taken PEEM images in 1987 [63, 132]. A few years later (1993)
the XMCD effect was introduced in the PEEM technique for exploiting the mag-

netic contrast of materials [125].

Fig. 3.6 shows the schematic view of the combined LEEM-PEEM (FE-LEEM
P90 AC) microscope, fabricated by SPECS, installed in the FZ Jiilich beamline
UES56/1-SGM at BESSY-II, Germany. The PEEM mode of the microscope is uti-
lized in this thesis to perform the XMCD-PEEM measurements. In its PEEM
mode, the incident photons illuminated the sample with an angle of 20° and an
image is formed on the phosphor screen by the emitted secondary electrons. In
LEEM mode, the electrons are emitted by a cold field emission gun with 15 keV
energy. Then the electrons are focused on the entrance plane of first Magnetic
Prism Array (MPA1) by the combination of the gun lens (GL) and a Condensor
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lens (CL). After that, the beam is deflected with a 90° angle towards the ob-
jective lens system in MPA1. The objective lens system consists of a magnetic
transfer lens (M1) and the objective lens (OL). The first prism MPA1 works as a
separator in LEEM mode, i.e. separating the incoming electron beam from the
imaged electrons of the sample. There is 1.5 mm distance between the objective
lens and the sample. The diffraction image forms in the back focal plane of the
objective lens, which is further transferred to the entrance plane of MPA1 by
a lens M1. Finally, the virtual image forms in the center of MPA1 and the real
image creates at the diagonal of MPA1 where it is at a distance of 60 mm from
the sample [135].

In the next stage, the beam is deflected again by a 90° angle but this time
towards the second Magnetic Prism Array (MPA2). The second prism also acts
like a separator, deflecting the entering electrons to the aberration correction
mirror from the reflected one. There is an electrostatic transfer lens (EL), lo-
cated between MPA1 and MPA2. This lens transfers the diffraction image from
the center of MPA1 to the center of MPA2. MPA2 deflects the electrons over a
90° towards the mirror and transfers the diffraction pattern at the center of a
magnetic lens M2. M2 further transfers it to the center of M3, where the mag-
nification factor at the M3 is 8.5%. Next, the M3 transfers the diffraction pattern
to the reflection plane of the electron mirror. The virtual image is aberration-
corrected by the electron mirror and it then sends the real space image back to
the M3. The image goes back to M2 from M3 and M2 transfers it to the center of
MPA2 with a magnification factor of 38. Afterward, MPA2 deflects the pattern
over a 90° angle towards the projector column and places it at the center of P1.
The P1 plane has also a contrast aperture, normally used to select a certain an-
gular range of the electron distribution. The combined setting of lenses, P1 up
to P4, displays the aberration corrected image on a phosphor screen. Finally, a
CCD camera digitizes the image [135].
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Figure 3.6: Schematic presentation of the aberration corrected PEEM/LEEM
microscope. Taken from [136]
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Fig. 3.7 shows the energy filter setup, used to obtain images formed only
by electrons of a narrow energy band from within the spectrum. The dual-lens
objective system contains an objective lens and a transfer lens, for simplicity,
is shown by a single objective lens in the given figure [134]. Emitted electrons
from the sample pass through the objective lens and generate concentric Ewald
spheres for different electron energies in the entrance plane to the prism. A
narrow slice out of the 2D angular distribution can be chosen by introducing
the entrance slit. Finally, a (k,, E) spectrum emerges in the exit plane of the
prism array. A contrast aperture can be inserted at the desired electron energy

for the energy-filtered image [134].
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prism array

backfocal plane

objective lens
energy
spectrum
in conjugate

backfocal plane

sample

Figure 3.7: A three-dimensional schematic view of the energy filter setup.
Taken from [134]

We employ a few PEEM imaging modes at the FZ Jiilich LEEM/PEEM mi-
croscope. All of these modes can be realized through the same optical setup,
but they have different contrast mechanism.

3.3.3 Threshold PEEM

Threshold PEEM operates with a low photon energy source like a mercury (Hg)-
discharge lamp that gives just enough energy to the electrons to escape from the
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sample. The maximum kinetic energy of the escaping electrons can be written
by Einstein’s equation [29]:

where hv is the photon energy and ¢ is the work function of the material.
Due to such a low photon energy excitation, the escaping electrons have a small
energy width, as it is shown by the green color area in Fig. 3.8. An image
contrast originates from variations of the work function or structural changes
on the surface of the sample.
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Figure 3.8: A sketch of the photoelectron distributions in three different imag-
ing modes. The dotted lines indicate the photon energies of the incident light
and the colored areas present the measured intensities in a PEEM experiment.
The blue line denotes the Hg lamp photon energy and the green area is the dis-
tribution of kinetic energies from the Hg lamp. The yellow window describes
the total electron yield (TEY) area that is detected by soft X-ray PEEM. The red
peak is the photoemission line of a core level which can be recorded in an energy
filtered experiment. Taken from [63]

3.3.4 X-PEEM and Magnetic Circular Dichroism

In 1895, X-rays are discovered by Rontgen [108]. After that, X-rays were seri-
ously used to explore the magnetic features of the materials by X-ray absorption
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techniques [31]. A half century after Rontgen discovery, X-rays based linear
dichroism in rare-earths were found by Thole et al. [130]. A year later, Schiitz
et al. observed the XMCD with circularly polarized light in iron for the first
time [119]. XMCD can be used as a contrast mechanism and it is specifically
used along with the X-PEEM for this thesis. We will discuss it further in the
following paragraphs.

The soft X-ray based PEEM, with selected photon energies and tunable po-
larizations, can choose the core level resonances to get the elemental contrast,
chemical and magnetic features of the materials. The electron kinetic energy
distribution range contains primary photon with Ej;, = hv — ¢ — Ep (where Ep
is the binding energy of core electron), plus lower energetic secondary electrons

along with Auger electrons [63, 118].

A core-level electron absorbs a photon of the energy hv and if the photon
energy is close to Ep, it is excited to an empty state near the Fermi level. Ac-
cording to Fermi’s Golden rule, the transition probability from an initial state i

to the final state f is given by:
2 .
Pip == (FI19) 0 (Ey — Ei — hv) p(Ey) 3.7)

where p (Ey) is the density of the final states and I presents the interaction op-
erator between electron and photon, i.e. I = 2pA and A is an electromagnetic
potential. Here, (f|I|7) is the transition matrix between initial and final states.
This matrix is helpful to describe the transition process. So, the following dipole
selection rules are applicable between states under Fermi’s Golden rule:

Al ==1

Am; =0,=£1

where [ is the orbital angular momentum quantum number and m is the orbital

magnetic quantum number.

In the case of 3d metals, the dipole selection rules apply to the possible tran-
sitions of electrons from the occupied 2p core levels to the available 3d empty
levels, as shown in Fig. 3.9.
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Figure 3.9: Possible transitions of 2p core level electron into free 3d levels ac-
cording to selection rules for Al = +1, Am; = £1. Taken from [41, 96]

In 3d metals, the scheme of transition from 2p to 3d levels can be illustrated,
as shown in Fig. 3.10. When the photon energy is close to £ of the core levels
of the transition metal L-edge, the electrons are excited to empty states above
the Fermi level. This process generates a core hole. The core hole decays and in
this energy range mainly Auger electrons are emitted. Auger electrons further
scatter and produce secondary electrons. So, most of the de-excitation events
occur in the form of emitted electrons. This makes it a favorable process to get
absorption data. The 2p level splits into two 2ps/, and 2p, /5 core levels due to
spin-orbit coupling that result into two primary resonances, L3 and L, respec-
tively. There are spin dependent density of states in the final unfilled bands of
ferromagnetic materials. Therefore, the absorption coefficients are different at
L3 and L, peaks for right circularly polarized ot and left circularly polarized
o~ helicities of the X-rays. The difference in the absorption coefficients is the
XMCD effect [20].

The transition probabilities for Ls and L, peaks of 3d metal can be calculated
by Clebsch-Gordon Coefficients. The circularly left polarized light excites 25%
spin 1 electrons from the 2p; /, level and 62.5% spin | electrons from the 2ps/,
levels to the 3d empty band and the circularly right polarized light stimulates
75% spin 71 electrons from the 2p,/, level and 37.5% spin | electrons from the
2p3,2 level to the 3d empty band [48, 110] (see Fig. 3.10a).

Fig. 3.10b shows the X-ray absorption intensities along with a XMCD image,
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measured at left and right circularly polarized light for a permalloy nanostruc-
ture at the Fe-edge (709.6 eV). First, the data are recorded for each polarization
at the Fe-edge. After that, the difference of both polarizations is divided by the
sum of both to separate the magnetic signal, as shown by the equation for the
asymmetry Ay yep:

Axyep = % (3.8
where I,+ and I,- present the intensity distribution for right and left polarized
light. This magnetic signal is proportional to the projection of the polarization

vector p’on the magnetization vector M [63, 118]:
AXMCD X ﬁ ]\/? X COb(Z(ﬁ ]\Z[)) (39)

By rotating the sample in a microscope around the surface normal, we can
differentiate between in-plane and out-of-plane magnetized regions on the sam-
ple by using the Eq. 3.9. In the case of out-of-plane magnetization, the angle be-
tween magnetization vector and the photon vector remains constant and hence
the XMCD is constant. In the case of in-plane magnetization, the angle between
magnetization vector and the photon vector varies and hence the XMCD varies
[41]. Fig. 3.10c shows the XMCD asymmetry image of a permalloy structure at
the Fe-edge. It has a flux closure Landau-pattern, where the brighter domain is
magnetized parallel to the photon polarization vector and the anti-parallel do-
main is darker. Both gray domains are magnetized perpendicular to the photon

polarization vector, contributing nothing to the XMCD signal.

In this thesis, we have used mainly the XMCD-PEEM imaging technique as
it is the only suitable and required for our single-pulse and also pump-probe
measurements. We performed our experiments with SPECS P90 LEEM AC mi-
croscope, installed at Jiilich beamline in BESSY II Berlin. The discussion on its
LEEM mode is beyond the scope of this thesis. Therefore, we forward the inter-
ested readers to find all information on the LEEM measurements in the frame-
work of Spin-reorientation transition in epitaxial Ni, Pd;_, films on Cu(001): a
microscopic analysis by D. Gottlob [41].
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Figure 3.10: (a) Schematic diagram of XMCD effect in a single electron case that
shows the transition between 2p and 3d levels. (b) Shows the X-ray absorption
intensities along with XMCD effect. (c) Presents the flux-closure pattern, having
bright dark and gray domains.



Chapter 4

Technical Developments for the
XMCD-PEEM

In this chapter, we first present the design of the modified sample holder (see
subsection 4.1.1), which has been used for executing the single-pulse and pump-
probe measurements. The subsection 4.1.2 is devoted to the home-made pulse
generator which has been used to study the single pulse induced magnetization
changes in the NiyFegy nanostructures. In section 4.2, we present the in-vacuum
core-less coil technique, which has been used for magnetizing or demagnetiz-
ing the sample. The schematics for the single pulse and the pump-probe se-
tups are presented in the section 4.3. Section 4.4 addresses a new negative
gating concept, which was developed for the pump-probe setup in the SPECS
aberration-corrected FE-LEEM-P90 instrument. E. Nickel et al. [96] had success-
fully demonstrated the positive deflection gating technique during the BESSY
multi-bunch (MB) operation. The disadvantage of this operation was that ap-
proximately 80% of the usable electrons were lost at the contrast aperture while
operating the positive gating technique. We replaced their concept with a neg-
ative gating technique and find only a loss of intensity up to 20%. We dedicate
the section 4.4 to negative gating along with the first result of magnetization
imaging. At the end, we discuss the challenges that we were confronted with
during the project (section 4.5).

48
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4.1 Current Injection System for XMCD-PEEM

In order to study the effect of spin-torque on domain patterns in ferromagnetic
nanostructures, we had to integrate an appropriate current pulse injection sys-
tem into the SPECS PEEM instrument. For this, we modified the SPECS sample
holder [40] to make it compatible with the requirements. For the single-pulse
experiments, we could switch off the high voltage (HV) of the PEEM each time
and connect an external pulse-generator. For the pump probe, we had to inte-
grate the in-situ current injection pulse setup, floating permanently at -6 kV in
the XPEEM instrument. In the next subsections, we will discuss all our modifi-
cations to the XMCD-PEEM imaging setup.

Figure 4.1: Design of the SPECS sample holder along with the mounted cap.
Adapted from [40].

4.1.1 Design of the Modified Sample Holder

Fig. 4.1 shows the design of the SPECS sample holder [40] along with the
mounted cap. This sample holder is originally designed with two thermocou-
ple pins for measuring the temperature and two filament pins for heating the
sample and one is used for keeping the sample on HV up to -15 kV. Because
we need no heating, our modified sample holder needs only two pins in the
case of single pulse experiments, one is for keeping the sample on HV and the
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second is for applying the pulses to the magnetic nanostructure. In the case of
the pump-probe setup, a laser illuminating an avalanche photo-diode (APD) is
used for injecting ns current pulses in to the nanostructure (see details in section
4.3.2).

Our modified sample holder along with the new sample chip-carrier is shown
in Fig. 4.2. The sample is mounted in a small sample cap on the sample holder.
The cap has a planar surface with a 3 mm hole at the center. As shown in Fig.
4.2b, a newly developed chip-carrier has three contact legs, two are made of

thin needle pins and the third one is a tiny co-axial cable.

e
/

Chip-carrier

~ ™ Photo-diode
Figure 4.2: Modified sample holder along with new chip-carrier.

We connect the nanostructure in parallel to a SMD resistor (150 (2), as seen in
the electrical design of the modified sample holder in Fig. 4.3. The SMD resistor
is used to sure damping of the reflected pulse. A thin Kapton foil is used to
insulate between the sample and the cap. An APD (type S103510) is integrated
at the back part of the holder. A pulsed laser-diode (635 nm, 100 mW) triggers
the APD to generate short (~ 1 ns) current pulses. There is a buffer capacitor of
47 pF for the bias voltage noise reduction and peak current supply.
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APD bias
0..250 V
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|
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Figure 4.3: Electrical design of the sample holder, having an APD in series with
the paralleled arrangement of a nanostructure (200 2) and the SMD resistor
(150 €2). A buffer capacitor of 47 pF is parallel to the APD for bias voltage noise
reduction and peak current supply.

We glue the sample of size 5 mm x 5 mm with Carbon tape on top of the
chip-carrier and use soldering to make a contact by Gold wire between the con-
tacted pads of the nanostructure and the pins on the chip-carrier. These pins
are further connected to the sample-holder pins by chip-carrier contact legs (see
Fig.4.2b). The cap mounted on the chip-carrier should shield the wires from the
field of the objective lens to avoid discharge inside the microscope. We intro-
duced a screw-lever at the center of the sample holder. With the help of that,
we press the chip-carrier with the nanostructure gently against the cap leaving

almost no distance between the sample and the cap.

There are few drawbacks with handling and mounting of the sample on the
sample-holder. We can mount only one nanostructure at one time because there
is only one nanostructure on the sample substrate. Second, the nanostructure
can easily break when we press it strongly against the cap via the screw-lever. A
small electrostatic discharge can break the sample; therefore, one needs to wear
a grounded ribbon while mounting the sample on the sample holder. Even
frequent checking of a nanostructure by multimeter can destroy the nanostruc-
ture, therefore we restricted ourselves to check the resistance at the start and
then after mounting the nanostructure on the sample holder. Moreover, despite
all precautions, destruction of a sample frequently happened, so it was neces-
sary to have more than one sample holder during the measurement. If unlucky

one sample breaks during imaging then the second mounted sample would be
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ready without wasting beam-time. Hence, we always tried to have two sample

holders in the vacuum.

4.1.2 Schematic of the Home-made Pulse-generator

A new home-made pulse-generator for single-pulse experiment

For performing single-pulse experiments, H. Pfeifer (Senior Technician, PGI-6
FZ]) build a new pulse generator that allows generating voltage pulses up to
a maximum amplitude of 22 V. Fig.4.4 depicts a schematic of the home-made
pulse generator. It is triggered with 3 V by an Agilent 33250A pulse genera-
tor. This input voltage passes through the pulse forming-network with a 10 €2
resistor and a 850 pF capacitor. This pulse forming-network is used for driv-
ing an HF-preamplifier including a high-frequency transistor. This transistor
switches a MOSFET-power amplifier. The MOSFET amplifies the output up to
22 V. The output of the MOSFET passes through a 50 (2 resistor in order to have
an impedance matching to the outside coaxial cables towards the sample.

24V IN

Powersupply
max. 30V

Single pulse

from Agilent

33250A
— =

HE - Preamplifier
MOSFET Power Amplifier | e

Figure 4.4: Schematic of the home-made pulse generator that gives output up
to 22 V. (H. Pfeifer Courtesy)

We have two voltage controllers in the scheme. A fixed voltage-controller
is used for the HF-preamplifier. The variable voltage controller is used for con-

trolling the output pulse amplitude of the MOSFET-power amplifier. Further,
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an inverter can be put just after the output of MOSFET-Power amplifier to get a
negative pulse .i.e. -22V.

The shape of pulses of the home-made pulse generator
As we could not connect the oscilloscope probe inside the vacuum, we sim-
ulated the connection by similar wires and connectors outside and recorded
pulses on an oscilloscope as shown in Fig. 4.5. For this measurement we had to
reduce the amplitude to 40% and set to 9 ns width, resulting in at voltage pulse
of 8 V at the output of the amplifier and of 5.15 V at the simulated ”"sample”.
Setting the amplifier to 100% we can obtain pulses of 22 V at the output and of
16 V at the sample (These pulses are not shown here). The pulse width can be

varied from 9 ns up to 100 ns.

—Simulated sample ( 300 Q)
6- . |=Output at the amplifier

Voltage [V]

0 20 40 60 80 100
Time [ns]

Figure 4.5: Shape of pulses obtained from home-made pulse generator set to
40 % of the maximum amplitude and 9 ns width at the sample, simulating the
PEEM sample holder with similar wires/connectors.

4.2 In-Situ Magnetization / Demagnetization Coils
Setup
To get a defined domain state, for example, a transverse wall (TW) or vortex

wall (VW), we magnetize or demagnetize the sample in non-commercial in-

vacuum core-less coils. In the case of demagnetization, a sample is placed inside
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the core-less coils and then by decreasing an alternating current, the magnetic
field is decreased from 26 mT to zero. As a result, we initialized a transverse
wall at the bend of the V-shaped nanostructure and created a vortex wall at the
right side of a half ring-shaped nanostructure, as shown in Fig.4.6a and 4.6b
respectively.

Figure 4.6: The domain images in (a) and (b) present the initialization of a vor-
tex wall in a half-ring shaped and a transverse wall in a V-shaped nanostruc-
ture via an alternating magnetic field of 26 mT. (c) Notched half ring-shaped
nanostructure which is magnetized by a 20 A DC current (~ 40 mT) along the
longitudinal axis of the sample and initialized two Landau flux closure domain
patterns at the left contacted pad of the sample.

In the case of magnetizing the sample, we apply 20 A DC current to the
in-vacuum coils resulting in a quasi-static magnetic field up to 40 mT. Fig.4.6¢
depicts a notched half ring-shaped sample which is magnetized along the lon-
gitudinal axis of the sample and additionally formed two Landau flux closure
domain patterns at the left contacted pad of the sample.
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By comparing the XMCD images after rotating the sample around the sur-
face normal, we can confirm an in-plane magnetization. For these structures,
the images of the magnetization pattern change upon exposure to an external
magnetic field, demonstrating that the domains in our prepared samples are
fixed at the desired places, but are not too stable, so that external stimuli can
alter them.

4.3 Setup for Single-pulse and Pump-probe Experi-
ments

4.3.1 Setup for a Single-pulse Experiment

As we do not need to image during the pulse injection in single pulse exper-
iment, we switched off the HV of PEEM each time and connect an external
home-made pulse-generator to apply a single pulse to the sample (see Fig. 4.7).

Pulse-
generator

Figure 4.7: Schematic for a single pulse experiment
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We were confronted with sparking effects while operating the PEEM at high
voltage (HV > -6 kV) which destroys the sample. Hence, we operated the mi-
croscope at -6 kV for all measurements.

After each subsequent pulse, we switched on the HV of the microscope
and XMCD images were taken to observe magnetization changes. Differently
from the pump-probe experiments, here we are only able to observe remanent
changes of the magnetization. We present our single-pulse based experimental

results in chapter 5.

4.3.2 Setup for a Pump-probe Experiment

The motive of pump-probe experiments is that the time in which a domain wall
can be moved in a controlled way by spin transfer torque (STT) and the time in
which it falls back (to a pinned state) will be determined presumably on a ns

time scale.

In the pump-probe setup, a laser beam hitting the APD from outside the
vacuum through a glass window generates ns current pulses up to ~ 1 ns (see
Fig. 4.8). An APD is connected to the backside of the sample-holder inside the
vacuum chamber. The diode-laser pulse is synchronized with the BESSY bunch
clock. The XMCD signal is then probed at different time delays before, during
and after the current pulse in a stroboscopic mode with circularly polarized
synchrotron radiation in the energy range of the Fe Ls-edge (707 eV).

Depending on the operation mode provided by BESSY II, the measurement
is carried out by gating to the camshaft bunch (CB) in hybrid bunch mode or by
synchronizing to the single bunch (SB) sequence (both at 1.25 MHz repetition

frequency).
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Figure 4.8: Schematic for a pump-probe experiment

4.4 Negative Deflection Gating Concept for a Time-
resolving X-PEEM

A pump-probe approach is needed for the study of magnetization dynamics in
time-resolved measurements. A single photon pulse emits a small number of
photoelectrons which is not enough to visualize an image. Therefore, it is im-
portant to integrate the electrons over several seconds for taking a single image
[63]. As the magnetic system is frequently excited during that time, it is nec-
essary that the system has sufficient time to relax to the ground state between
two subsequent images. The required relaxation time for the magnetic system
is usually up to 20 ns which is much larger than the delay between two sub-
sequent photon pulses i.e. 2 ns. Therefore, besides the 500 MHz multi-bunch
(MB) mode, synchrotrons worldwide offer a few bunches mode, a single bunch
(SB) mode or a camshaft bunch (CB) in the middle of multi-bunch gap as in
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the available multi-bunch mode at BESSY II Berlin [62, 63]. Fig.4.9 shows a
part of the timing bunch pattern by displaying bunch-current vs time. The to-
tal repetition period of the bunch pattern is 800 ns, of which the multi-bunches
are repeated during 600 ns with a 2 ns temporal separation, and the camshaft
bunch is placed in the middle of a 200 ns gap. The multi-bunches have an in-
tegrated current of 250 mA and the current of the available camshaft bunch is
4.5 mA. The single bunch (1 bunch /800 ns) weeks are much more favorable for
pump-probe experiments as the single bunch current is 15 mA and there is no
need of suppressing the signal of multi-bunches. Because single bunch weeks
are rarely available and to make time-resolved experiments possible during a
whole year, the deflection gating is introduced by us into the PEEM. Then, the
camshaft bunch can be chosen for the pump-probe experiment while the signal
of multi-bunches will be suppressed [96].
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Figure 4.9: The graph shows a part of timing scheme of the bunch pattern by
displaying bunch-current vs time. The total repetition period of bunch pattern
is 800 ns, of which multi-bunch is repeated during 600 ns with 2 ns distance and
there is a camshaft bunch in the middle.

In the previous experiments of our group, F. Nickel et al. had demonstrated
the positive deflection gating technique during the MB operation. In that case,
the electrons pass through the hole of a contrast aperture in the ON state and are
lost at the plate in the OFF state. Please find a detailed study of this approach
in the Ph.D. thesis of F. Nickel [97]. The disadvantage of their technique is that
approximately 80% of electrons are lost during ON state. To avoid the loss due
to the small size of the hole, we introduced the negative deflection gating pulse

in a way that the maximum possible flux bypasses the front-edge of the contrast
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aperture, losing only up to 20% of it (see Fig.4.10 for the schematic of the nega-
tive deflection gating). A contrast aperture is normally used to select a certain
energy range of the electron distribution, but here we use it to suppress all elec-
trons for a certain time, when the gating electrode is on a potential (-40 V) (see
in Fig.4.10).

We are synchronizing our deflection pulse (see. Fig.4.11) by means of a
Highland P400 digital delay generator and the bunch clock (see Fig.4.9) in such
a way that the gating is in ON state during the hybrid bunch, i.e. X-rays are
arriving at the sample. The correct adjustment of the deflection gating pulse
is when it is coinciding with the camshaft bunch. In this case, only camshaft
bunch electrons are bypassing the front-edge of the contrast aperture. When
the deflection gating delay is largely increased or decreased, the image intensity
increases very much due to the multi-bunches. This is how the correct timing
can be found.

Detector
Aperture I

Hole

ON Deflection Unit

OFF
40 v

Mirror

Prism

e~ from the sample

Figure 4.10: Schematic of the negative deflection gating setup, having electron
trajectories at a contrast aperture both in the case of ON state (blue arrow) and
OFF state (brown arrow). In case of the ON state only photoelectrons are by-
passing the front-edge of a contrast aperture.

As shown in Fig.4.10, the gating electrode is placed diagonally into the prism,
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without the need of any extra electron optics in the instrument or disturbing the
energy filtered and aberration-corrected images [96]. The prism is used as a sep-
arator for the in and outgoing electron beams from the mirror for the PEEM. It
has four sectors and each sector turns the electron beam path by an angle of 90
degrees. There is a real image in the center and a diffraction plane in the front
and after each sector.
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Figure 4.11: The graph of the negative gating pulse applied to the deflection
electrode. It has a temporal width of 40-80 ns.

Here, we use a pulse amplitude of V,=-40 V to achieve spatially separated
electron trajectories in the OFF and ON state. This pulse is repeated after every
800 ns. We are observing the deflection of electrons in the diffraction plane at
different voltages. In the beginning, we adjust the contrast aperture in such a
way that the front edge is close to the e-beam without deflection voltage. When
we apply the deflection voltage of 1,=-40 V, the electrons are moved behind
the contrast aperture and no electron is available for the imaging. When we
switch off the gating pulse, the electrons come back and start contributing to
the imaging. In the time of deflection gating process, the deflection angle of
electrons can be approximated as [96]:

_BL?

Aa =~
o W

(4.1)



4: Technical Developments for the XMCD-PEEM 61

where a shows the displacement angle of the electrons. £ and L present the
strength and length of the electrostatic field. As Vj, being the drift energy of elec-
trons in the microscope, is fixed, one can maximize the electron displacement

either by enhancing the field strength £ or by expanding its length L [27, 96].

Fig.4.12 illustrates the synchrotron bunch scheme along with the pump and
gating pulses. The pump laser pulse arrives at the sample with a variable delay
At with respect to the single-bunch. The multi-bunches (light blue) are sup-
pressed by the gating setup, while only the camshaft bunch is used for the
imaging (dark blue).

At

Pump laser pulse —

Probe X-rays l l l

Gating pulse

-40V

Figure 4.12: Synchrotron bunch scheme along with pump and gating pulses.
The pump laser pulse arrives at the sample with a variable delay At with respect
to the single bunch. The multi-bunches (light blue) were suppressed by the
gating setup, while only the camshaft bunch is used for the imaging (dark blue).
Adapted from [63]

First result with the negative gating setup
Adjusting the gating time window to the camshaft bunch of the hybrid bunch

pattern, pump-probe measurements can be performed in a similar way as op-
erating during the single-bunch mode.
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A NigoFeyy sample of a 1 um wide, 40 nm thick and 10 ym long half-ring
shaped nanostructure was used. First, the magnetization of the nanostructure
is initialized by an in-situ in-plane magnetic field. The direction of the applied
field is marked by the white arrow in Fig.4.13a. The resulting magnetic structure
has a flux-closure pattern, as illustrated by the red arrows in Fig.4.13a.

Figure 4.13: XMCD images of the NigyFes) nanostructure collected at the Fe L;-
edge using the multi-bunch (acquisition time of 30 minutes) (a), and measuring
it at the camshaft bunch of the hybrid bunch pattern with the new gating setup
(acquisition time of 90 minutes)(b).

Fig.4.13 depicts the XMCD asymmetry images of the nanostructure. Fig.4.13a
shows the XMCD image of the nanostructure while collecting it during the
multi-bunch mode. The acquisition time was 30 minutes for this image. Next,
the XMCD image is recorded again by gating to the camshaft bunch in the
hybrid-bunch mode at 1.25 MHz repetition frequency. This image is collected
with the acquisition time of 90 minutes. Both images contain similar informa-
tion about the magnetic domain patterns even though multi-bunches have an
integrated current of 250 mA and the current of camshaft bunch is 4.5 mA. This
indicates that our new gating concept works successfully with reasonable in-
tensity.

In summary, we have tested a new negative gating concept for pump-probe
setup in the SPECS aberration-corrected FE-LEEM-P90 instrument. We got the
larger intensity compared to the previous positive gating setup and fast switch-
ing by using the front-edge of the contrast aperture along with the negative
pulse to the gating electrode. Because, the available camshaft bunch in the
multi-bunch mode at the BESSY II synchrotron is only 4.5 mA, one needs to
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measure up to eight hours to get a statistically good XMCD image and compa-
rable with the image taken with multi-bunch in 30 minutes. On the other side,
the available bunch current in the single bunch mode at BESSY II synchrotron is
15 mA, which is three times bigger than the camshaft bunch in the multi-bunch
mode that makes it even more favorable for performing pump-probe measure-

ment on our nanostructures.

4.5 Challenges During Project

Investigating of current induced domain wall motion into nanostructures is al-
ways very challenging. Here, we discuss a few challenges that we were con-
fronted with during this work.

4.5.1 Preparation of the Sample

e Because transport measurements will be performed on the sample, one
needs to have a nonconductive substrate. The best selection would be a
non-doped GaAs substrate or a Si substrate having an extra SiO, layer

deposited on top of it.

e Because the increase in temperature of the nanostructure happens while
applying current pulses to it, one needs to have a substrate with good ther-
mal conduction and GaAs substrate is a good candidate for this purpose.

e Next, one needs to do lift off twice during the fabrication of samples, one
lift off is needed after Niy Feg, deposition and the second one is required
after Gold sputtering. Each time, one makes sure that there are no residues
of the resist on the sample. Such residues can cause charging in the PEEM

while performing measurements. one.

4.5.2 Technical Problems

e Whenever we don’t have a favorable domain structure in the sample, we
magnetize the sample in the in-situ vacuum coils for getting favorable

domain patterns in the nanostructure. During this process, we produce a
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quasi-static magnetic field. Sometimes, this field unexpectedly breaks the
sample. A few broken nanostructures due to the static magnetic field are
shown in Figs.4.14a and b, where the red dotted lines show the original

footprint of the nanostructure along with the contact pads.

e As mentioned earlier, the nanostructure heats up after applying a few
pulses. The nanostructure already starts to lift off from the surface of
the substrate and eventually breaks. As shown in Figs.4.14c and d, the
remainders of the nanostructures left behind after lifting off from the sub-
strates. The red dotted lines show the footprint of the V-type and half ring
shaped nanostructures.

e We synchronize the pump with a probe signal in pump-probe mode. For
this, the available camshaft bunch in the multi bunch mode at BESSY
II synchrotron is much weaker (4.5 mA) so that one needs to measure
up to eight hours to get a statistically good image on the samples. As
longer measurement time induces higher probabilities of an event like a
discharge, this mode seems less favorable than the single bunch mode at
BESSY II synchrotron with 15 mA.

4.5.3 Handling of the Sample

¢ Nanostructures are very sensitive to electrical discharge. To counter this
problem, one ought to wear an electrical discharge ribbon while cutting
the sample, doing lift off process, mounting the sample on the chip carrier
and also it is important during the transfer of the sample from load lock
up to the main chamber of the microscope to keep all parts connected to

ground and clear from electrostatic charge.

e Next, the sample can easily be damaged by electrostatic discharge that
can happen anytime. One reason may be a bad pressure in the chamber in
combination with the high voltage (HV) of a microscope. Second, spark-
ing can happen if any dust particles or residuals of the resist on the surface
of the sample come in front of the objective lens. Therefore, it is necessary

to blow the surface of the sample with a Nitrogen gun after mounting
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it on the chip carrier. Note that the contacted wires and silver paste on
the mounted nanostructure should not be visible to the high voltage of
a microscope, as this can easily lead to a spark while placing the sample
in front of the objective lens. In addition, the nanostructure can be dam-
aged due to the stray field of the objective lens if it is at a smaller distance
from it. The top of the cap also needs proper cleaning and a flat surface to
avoid any discharging (sparking) effect. Figs.4.14e and f depict the sam-
ples which are completely blown off by the sparking effect.

e One needs to be very gentle while pushing the cap on the mounted sam-
ple. Any irregular force can destroy the nanostructure.
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Figure 4.14: Images of broken nanostructures with reasons of the failure. (a)-
(b) Samples which were damaged by the static magnetic field. The red dotted
lines show the footprint of the nanostructures, the half circle itself is not present
any more in b) and d). (c)-(d) Damaged samples due to the current pulse where
the remainders of the nanostructures are represented by the red dotted lines.
(e)-(f) Broken samples due to the spark discharges between the sample and the
objective lens. Like in f), in many cases the spark was so strong that one cannot
see where the structure was.



Chapter 5

Single Pulse Induced Magnetization
Changes in NiygFegy Nanostructures

In this chapter, we present our experimental results on the reaction of magnetic
domains and domain walls upon a single current pulse. As it turned out to
be difficult to manipulate the magnetic textures at all by a pulse of high cur-
rent density without thermally destroying the sample, we approached working
experimental conditions with three different types of samples: A simple ring-
shaped nanostructure of 1 ym width (see section 5.2), a V-shaped structure of
700 nm width containing a transverse wall (TW) at the bend (see section 5.3),
and a 1pm half ring-shaped nanostructure with a notch in the middle, possibly
acting as a pinning center (see section 5.4). In this chapter, we have used the
NigoFegy alloy, different in stoichiometry from NigyFey ( so-called Permalloy),
for studying the domain wall motion (see section 3.2 for comparison between

the properties of both NiFe alloys).

In order to obtain a defined initial state with well visible domains and do-
main walls (DW) to be manipulated by our current pulses, an in-situ static
magnetic field was applied perpendicular to the ring-shaped or V-shaped nano-
structures. In optimal cases, this resulted in opposite magnetization on the left
part and the right part, respectively, and a domain wall in between. Besides the
influence of the current pulses on these existing domains, it turned out in all
samples that the high current pulses created new multiple domains, like dia-
mond patterns in the half ring-shaped nanostructure and an array of domains

67
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in the V-shaped structure (see subsection5.3.2). This phenomenon we will try to
explain as an effect of temperature increase during the applied pulse in combi-
nation with the spin transfer torque (STT).

5.1 Determination of Domain Magnetization from
XMCD Images Demonstrated at a Simple Flux-
Closure Landau-Pattern

In the discussion of the XMCD asymmetry as a contrast mechanism in section
3.3.4, we showed that the asymmetry Axnicp depends on the angle between the
light polarization vector p’and the magnetization vector M [63, 118]:

Axmep o 7 M o< cos(Z(7, M)) (5.1)

This equation predicts that a maximum dark (bright) XMCD asymmetry will
appear in a XMCD image when the magnetization M is anti-parallel (parallel)
to the polarization direction p.

@ (b

Figure 5.1: (a) XMCD image of a Landau flux-closure pattern, having bright,
dark and gray domains. It was measured when the photon vector pointed
along one of its sides. (b) XMCD image collected with the photon incidence
angle, different by 45° from the angle of (a). The red arrows depict the magneti-
zation direction in the flux closure domain patterns. Both XMCD images were
collected at the Fe-edge with a photon energy of 707 eV (the maximum XMCD

energy).

As it will be difficult for complex domain patterns to understand the exact
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magnetization structure from the XMCD images, we first demonstrate here our
method at the well established example of a Landau pattern in a 10 x 10 ym?
square-shaped NiyFegy structure. Images were taken at two different photon
incidence angles, as seen in Fig. 5.1. The XMCD image in Fig. 5.1a was taken
when the photon incidence is directed along one of its sides. Here, we define
this photon incidence vector as a 0°.

In this configuration, the bright domain is magnetized parallel to the photon
polarization vector and the anti-parallel domain is dark. Both gray domains are
magnetized perpendicular to the photon polarization vector. The magnetiza-
tion directions of the latter two domains, being up or down, cannot be unam-
biguously determined by only this image, without additional information. With
our knowledge that the flux closure domain patterns are energetically favor-
able, we can determine the magnetization direction of the gray domains with
only one angle of the XMCD image, but in general, a second image at different
photon incidence angle needs to be recorded for understanding a more compli-
cated structure. In this example, we recorded another XMCD image with the
photon incidence angle, different by 45° from the angle of Fig.5.1a, as seen in
Fig.5.1b. In Fig.5.1b, both left-gray and up-brighter domains of Fig. 5.1a appear
as one brighter diagonal stripe at this angle. Similarly, the right-gray and dark
domains, in Fig. 5.1a, appear as one darker diagonal stripe. Here, the flux clo-
sure domain pattern appears in diagonal stripes of only two colors, although
there are 4 domains with different magnetization directions. This, we should
remember when interpreting more complicated spin configurations in section
5.2.

5.2 Nucleation, Elongation, Propagation and Trans-
formation of Diamond Patterns in NiyFegy Nano-
structure by a High Current Pulse

In this single-pulse experiment, we report the interaction of current pulses with
the magnetization textures inside a 40 nm thick, 1 um wide and 12 ym long
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NiggFegy half-ring shaped nanostructure. It has an Ohmic resistance of 230 €.
The nanostructure pattern was defined on a GaAs substrate by electron-beam
lithography. We introduced Gold contact pads at both ends of the nanostructure

via photo-lithography (see section 3.1 for sample design and fabrication steps).

5.2.1 Nucleation of Diamond Pattern by a High Current Pulse

Fig.5.2 depicts initial steps involved in the nucleation of multiple domains in the
nanostructure. All injected pulses were of width 100 ns (see subsection 4.1.2).
Fig.5.2a shows an XPEEM image of the ground state of a nanostructure, having
a long domain texture. This texture is more gray on the left side and less gray
on the right side of a half-ring due to the varying angle between magnetiza-
tion and photon incidence angle. In such a soft material based nanostructure,
the shape anisotropy prefers a magnetization along the nanostructure and the
exchange energy prefers parallel magnetization in the structure. The magneti-
zation state resulting from both interactions is a mono-domain along the nanos-
tructure. However, this is a high-energy state which can reduce its energy by

splitting up the single domain into multiple domains upon external stimuli [64].

Starting from the state shown in Fig.5.2a, the applied high single pulse of
9.7 x 10" A/m? inverted the magnetization in the direction of electron flow,
as seen in Fig.5.2b. Next, we injected a single pulse of magnitude 8.7 x 10!
A/m? which acts on a single domain of the nanostructure and collapsing it into
multiple domains as seen in Fig.5.2c. Splitting up of the single domain into
multiple domains occurs when the applied pulse is greater than the threshold
current density. The creation of multiple domains due to a high pulse will be
explained in detail in subsection 5.2.5.
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(d) )

Figure 5.2: (a) Ground state of the nanostructure. (b) XMCD image after single
100 ns long current pulse with a current density of 9.7 x 10" A/m?; M inverted
to the right. (c) Shows diagonal stripes from left-top to the bottom right after
second applied pulse with a current density of 8.7 x 10! A/m?. The (d) and (e)
depict XMCD images, different from Fig.5.2c by 45° and 90°, respectively. The
diagonal stripes in Fig.5.2d appear from left-bottom to right-top and more radial
to the half-ring shaped nanostructure in Fig.5.2e. (f) Zoom-in of flux closure
domain patterns of (e), showing that the two outer flux closure domain patterns
have the same sense of clockwise rotation and the middle flux closure pattern
has an anti-clockwise. The red arrows indicate the magnetization direction.

In Fig.5.2¢, the multiple domains in the nanostructure appear as diagonal
stripes from left-top to bottom right. The magnetization direction of the stripe
domains cannot be unambiguously interpreted by only one angle of the XMCD
image. Therefore, we recorded XMCD images, different by 45° and 90° from
Fig.5.2¢, as seen in Figs.5.2d and 5.2e respectively. We found that the stripes in
Fig.5.2d appear as a diagonal from left-bottom to right-top and seem radial to
the half-ring shaped nanostructure in Fig.5.2e.

Here we tentatively interpret that the stripe domains in Figs. 5.2d and 5.2e
are Landau-like flux-closure domain patterns, appearing differently in both fig-
ures. To determine if the character of these flux-closure patterns are more Landau-
like or more vortex-like, we will carry out circle and curved-line scan profiles
on them in subsection 5.2.3. In a Landau-like configuration, the magnetization
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lies in the plane of a square and rotates out of the plane in the center to generate
the vortex core, as shown in Fig.5.1. In a vortex-like state, the magnetization
is oriented circumferentially in-plane along with an out-of-plane vortex core at
the center [58].

For now, let us assume that the flux-closure domain patterns are Landau-
like and each has 4 triangular shaped domains. The flux-closure domain pat-
terns are well-defined on the left-hand side of the nanostructure, but on the
right-hand side the distance between the stripes becomes smaller. Differently
from the domains on the left side, which look like flux-closure patterns in their
ground state, in these right-hand side flux closure domains, the right and left
triangular shaped domains become smaller in size than the up and down do-
mains. Moreover, these flux closure domain patterns seem to have a lower con-
trast, which will be attributed in subsection 5.2.3 to their smaller size, compared

to the image resolution.

Zooming into one of the flux-closure domain patterns at the left-hand side
of the half ring in Fig.5.2e shows that the right and the left flux closure domain
patterns have clockwise sense of rotation and the middle flux closure domain
pattern has an anti-clockwise (see Fig.5.2f). Such combination of flux-closure

domain patterns defines so-called double diamond states [84].

Our physical interpretation of what happened in Figs. 5.2a-e is as follows.
After injecting the first high pulse of magnitude 9.7 x 10" A/m?, M inverted
to the right in the direction of the electron flow, as seen in Fig.5.2b. This is at-
tributed to the effect of the STT on the magnetization. Here, we have to take
into account that in all our samples, we observe large stable domains on the
contact pads, as seen in Fig. 4.6c. In this case, there seems to be a bright domain
i.e. magnetized from left to right (only visible as a brighter gray on the left
side of Fig.5.2a). The applied current becomes spin-polarized due to the spin
dependent band structure while passing through this stable domain and makes
changes in the magnetization of the nanostructure region. When we applied the

second pulse of magnitude 8.7 x 10™ A/m? (see Fig.5.2c), the magnetic texture
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is divided into multiple domains even though the excitation is smaller than the
first pulse. It seems that in this step, besides the STT, temperature could play
a larger role for the higher pulse. On the other hand, L. Heyne et al. [46] re-
ported that a single vortex wall split into two parts in NigyFey half ring-shaped
structure when the STT acted on it and M. Kldui et al. observed the nucle-
ation and annihilation of magnetic vortices in NigyFeyy wires due to STT [70],
neglecting temperature effects. In contrast, Yamaguchi et al. [146] observed
an increase in sample temperature up to the Curie temperature of NigyFeyy due
to a high current pulse into the nanostripes and claimed that a single domain
structure splits into multiple domain structures due to temperature increase. In
our case, we observe so many domains in the NiyFeg, (different in composi-
tion from NigyFey) half-ring shaped nanostructure after the second pulse, that
rather than nucleation due to STT, a temperature rise near to or above the Curie
temperature (~ 860 K) seems to be at least the dominant process. There could
be several reasons responsible for this unexpected magnetic domain patterns.
First, thermal stress on the sample that may result from magnetostriction af-
ter temperature rise. This effect would considerably occur for samples made
from NiyoFegy, having a larger magnetostriction (see table 3.1). The second rea-
son could be an interfacial strain due to material-substrate mismatch of thermal
expansion coefficients and the temperature difference between material and a
substrate used [18].

After the absence of any magnetic order in the hot state of a nanostructure,
during the cool-down, a reordering occurs like it is in ferromagnets. In this case
the magnetization orders into flux closure patterns, on the left side with pretty
regular shapes. The fact that the domains on the right side are narrower and
look like being compressed, is probably due to the STT being present during
this process.

Why didn’t the temperature increase in the same way already at the first
pulse (see Fig. 5.2b)? The most plausible explanation is that upon the first high
pulse, the nanostructure got some structural changes and hence enhanced re-

sistance R and also reduced thermal contact to the substrate could be the result.
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This is something observed on all samples after injecting each subsequent pulse.
Due to these reasons, the second pulse may increase the temperature more than
the first pulse (P  R).

Our interpretation is in agreement with the previous theoretical literature
[148, 149] and experimental findings of references [146, 147] where it turned
out that such a high current density pulse increases the temperature of the
nano-structure up to the Curie temperature of the soft material used and con-
sequently, a single domain splits into multiple domains. We will try to estimate
the increase in temperature of a nanostructure due to a high pulse in detail in

subsection 5.2.5.

5.2.2 Propagation and Transformation of Flux-closure Domain
(Double Diamond) Patterns

After we observed flux closure domain patterns in the half-ring, several consec-
utive current pulses were injected (see Fig.5.3). XMCD images that have been
taken after each current pulse were compiled in two separate columns, as seen
in Fig.5.3. The column of images (a-d) was taken, with photon incidence angle,
different by 45° from the column of images (e-h).

After the first pulse of current density 7.6 x 10" A/m?, the flux closure
domain patterns, on the left-hand side of the half ring, slightly moved in the
direction of electron flow, but the flux closure domain patterns on the right-
hand side remained unchanged as seen in Figs.5.3b and f. Blue line on Fig.5.3a-d
marks the trajectory of the core in flux closure domain patterns. The red arrows
depict the magnetization direction in each flux closure domain pattern. They
were deduced from the comparison of the two illumination angles, following

the scheme explained in section 5.1.
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Figure 5.3: XMCD images of the half-ring shaped nanostructure. The column
of XMCD images (a-d) collected, with a photon incidence angle, different by
45° from the column of XMCD images (e-h). Blue line on Fig.5.3a-d marks the
trajectory of the core in flux closure domain patterns. The green circle in XMCD
image (c) marks the central flux closure domain pattern and the green ellipse in
(d) depicts the splitting up of this pattern into two parts. The red arrows point
the magnetization direction in the flux closure domain pattern.

After the second single pulse of the same magnitude 7.6 x 10" A/m?, we
again notice a small movement of the flux closure domain patterns in the elec-
tron flow direction (see Fig.5.3c and g). After that, we applied two more con-
secutive pulses of the same magnitude (7.6 x 10'' A/m?), but the flux closure
domain patterns stayed unaltered. This might be due to a pinning effect.

Because of no further movement, we injected a pulse of high current density
9.0 x 10" A/m?. The flux closure domain patterns moved and also elongated
significantly in the direction of electron flow. We noticed that the first and third
flux closure domain patterns moved up to 150 nm and 475 nm, respectively. We
will present a schematic plot on this motion of the flux closure domain patterns
in subsection 5.2.3.

A closer inspection of one of the flux closure domain patterns in Fig.5.3e
(see red arrows on the flux closure pattern) and following the same flux closure

domain pattern in 5.3a-d, revealed that the flux closure domain pattern had the
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same magnetic contrast, but appearing differently at different angles.

While there is a clear indication of temperature effects on the magnetization
texture of the nanostructure at the first pulses in section 5.2.1, here it is impor-
tant to note that the flux closure domain patterns move due to the STT as the
motion happens in the direction of electron flow (see section 2.5), possibly as-
sisted by the increase in temperature.

5.2.3 Information on the Structure of the Flux-closure Patterns

To further study the flux closure domain patterns on the left-hand side of the
nanostructure, we carried out a circular path intensity scan around one of them.
We executed the circular path intensity scan in Fig.5.4a in such a way that the
circular scanning started from the gray domain which was labeled by 1 in the
zoom-in Fig.5.4b. The numbers from 1 to 4, if it is a Landau flux closure pat-
tern, would indicate four triangular domains in the flux closure domain pattern.
Fig.5.4c depicts the profile of the circular scan where the labels 1 to 4 present
the footprint of each domain. The scanned profile appears as trapezoid shaped
steps, best seen at labels 2 and 4 in Fig.5.4c. The maximum value at label 2
and a minimum value at label 4 stand for XMCD-intensity of a domain with
local magnetization parallel and antiparallel to the photon polarization vector,

respectively.

We have made a fit of the scanned intensity profile with a sine function,
which would be obtained for vortex structure, as shown in Fig.5.4c. A Landau
pattern on the other hand would result in perfect square type profile [94, 117].
Both function do not reproduce our experimental curve. Instead, the positive
and negative peak at 90 and 270 degrees respectively, are narrower compared
to the sinusoidal function, probably due to the confined boundary conditions in
our one-micrometer wide nanostructure. We have constructed a cartoon of the
magnetization profile from Fig.5.4c and depicted in Fig.5.4d. This shows that
the shape of the closure domain pattern appeared distorted at the labels 1 and

3 domains.
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Figure 5.4: (a) XMCD image of the nanostructure where the pink circle shows
the circular intensity scan path. (b) Zoom in the circular-scanned flux closure
domain pattern with sectors 1-4. (c) Intensity profile of the circular scan. The
red curve is a sinusoidal fit to the intensity profile. (d) Magnetization profile
constructed from (c).

Next, we are interested to compare the character of the right-hand side flux
closure domain patterns with the expanded flux closure domain patterns on
the left-hand side of the half ring by executing the circular-line intensity scans
through the whole half-ring. The scans revealed information on the motion of
left-hand side expanded flux closure domain patterns along with the right-hand
side flux closure patterns, as explained in the next paragraphs.

To analyze flux closure domain patterns on the half ring, circular-line scans
were carried out on the XMCD images of Figs.5.5a and 5.5c. We marked three
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particular flux closure domain patterns in Fig.5.5a by labels A4, B, and C. The
XMCD image of Fig.5.5c was obtained after passing a few more current pulses
through the half ring as discussed in subsection 5.2.2.

Fig.5.5b and Fig.5.5d depict the resulting scan profiles of Figs.5.5a and 5.5¢,
respectively. A closer inspection of both circular-line scans reveal that the left-
hand side flux closure domain patterns had a larger XMCD amplitude than
the right-hand side flux closure domain patterns. This difference can be un-
derstood because the distance between the flux-closure domain patterns on the
right hand-side are smaller and they could not follow the STT as much as the
left side flux closure domain patterns, due to a big stable domain acting as a
barrier at the right-hand side contact pad of the sample. The limited resolution
of the PEEM cannot be the reason of the lower amplitude as it is 120 nm and
thus small compared to the size of even the right-hand side domain stripes ( see
Figs.5.5b and 5.5d).

Second, a significant motion of the right-hand side flux closure domain pat-
terns in the direction of conduction electrons was observed. As an example, the
A and B flux closure domain patterns moved up to 150 nm and 475 nm, respec-
tively. The green lines in Figs. 5.5c and 5.5d indicate the motion of flux-closure

domain patterns.

Here, we found that a big change in the configuration of a half-ring, namely
the splitting of the C' flux closure domain pattern into two, appeared. First, the
flux closure domain pattern C' moved up to 630 nm and divided into two after-
wards. This is probably due to pinning site near the flux closure domain pattern
C. In the first place, the flux closure domain pattern stretched, which conse-
quently imports an extra domain wall energy into the system. When this in-
creased energy exceeds the energy needed for the core nucleation, the stretched
flux closure domain pattern is favorably transformed into two flux closure do-
main patterns [46]. In addition, we observed that the first part of the split flux
closure domain pattern is not fully resolved with the PEEM, probably due to the

confined boundary conditions in the nanostructure (see Fig. 5.5¢c). A splitting
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of flux closure domain pattern into two parts was also reported by L. Heyne et
al. [46].

Normalized asymmetry (a.u)

6
Distance (um)

Figure 5.5: (a) XMCD image of the nanostructure having flux-closure patterns
on the left-hand side and flux closure patterns on the right-hand side, where
the distance between the stripes becomes smaller (from Fig.5.3a). The labels A,
B, and C indicate particular flux closure domain patterns on the nanostructure.
The pink curved-line along the half ring presents the scanning path. (b) Curved-
line scan profile of (a), visualizing the initial positions of the flux closure domain
patterns. The downwards trend of the whole curve is an artifact due to a beam-
shift. (c) XMCD image of the same nanostructure after a few applied pulses.
The pink curved-line along the nanostructure displays the scanning path (from
Fig.5.3d). (d) Curved-line scanning profile of (c), visualizing the displacement
and the transformation of the flux closure domain patterns. The green lines
describe the motion of flux closure domain patterns. The variation from left to
right, of the angle between M and the photon incidence, was taken into account
in the normalization.

5.2.4 The Pulse Profile

At this point, as we saw that both STT and Joule heating affect the magnetic
structure, we should try to have a closer look on shape and amplitude of our
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electric pulse. First, we have to know the magnitude of a voltage for required
current density. Second, this is useful to be able to estimate the energy deposited
in the nanostructure by one pulse, and third, because not only the flux density
but also the rise time can be important according to the reference [46]. Even the
fall time could be important, if the current amplitude falls later then the sample
cools down below Curie temperature, so that reordering can still be influenced
by the STT.

As mentioned in 4.1.2 we used an in-house built pulse generator with a max-
imum pulse height of 22 V and an adjustable pulse length of 9 - 100 ns. In the
previously shown experiments we used always 100 ns, but here we show the
pulse shape with the time set to 9 ns, as we saw that rise time and fall time re-
main almost unchanged, only the time the potential remains on the peak value
changes.

6 T T .

B
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Figure 5.6: Pulse shape of a home-made pulse generator set to 9 ns width, and
Vmax= 5.15V, recorded on an oscilloscope.

On the way from the pulse generator to the sample, the pulse has to pass a
high voltage vacuum feed-through, non-coaxial wires in the vacuum and leads
in the ceramic which are also not HF-optimized. Hence we expect damping,
reflection and “ringing”. Of relevance is of course not what comes out from
the pulse generator, but in which shape the pulse arrives at the sample. As we

could not connect the oscilloscope probe inside the vacuum, we simulated the
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connection by similar wires and connectors outside and the result is shown in

Fig.5.6, for a pulse height of 5.15 V adjusted at the pulse generator.

Left and right from the peak value we see rise and fall times of less than 10
ns. Thus, during this peak the deposited power and Joule heat is rather low.
But the longer in time the peak value is sustained, the more heating becomes
relevant and thus it can happen at specific pulse lengths that the tailing edge
falls into the cool down.

5.2.5 Temperature Effect via a High Current Density

Breaking up of the single domain into multiple domains happens when the ap-
plied current density becomes greater than the critical current density (in our
case; J=8.7 x 10" A/m? > J*=7.6 x 10" A/m?)[146, 147, 148, 149]. This high
pulse increases the temperature of the nanostructure. This temperature assists
the STT by decreasing the energy barrier for the domain wall nucleation and
consequently splitting the single domain into multiple domains afterwards. In
a nanostructure, the magnetization is constantly along the long axis in a single
domain case, to decrease the demagnetization field and lower the total energy
of a system. However, in the case of a multiple domain, the magnetization at
the edges has a tendency to be parallel to the edge to avoid free magnetic poles

for minimizing the magnetostatic energy [22].

When the current pulse flows into a structure its temperature increases due
to the Joule heating effect. It is important to know how much the temperature
of the structure increases. For this, we have followed the analytic model of You
et al. [148, 149] which they have provided to approximate the increase in tem-
perature of the heated nanostructure as a function of current density and time
t [33]. They made the following assumptions for the model. (i) the substrate
thickness is larger than the nanostructure length, (ii) whole nanostructure is at
same temperature, (iii) the temperature of both nanostructure and interface are
the same, (iv) For the substrate, the heat source is at the interface, (iv) because
of the small surface area of the nanostructure, the effect of convection is ignored
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in the model, (v) the heat capacity of the nanostructure is neglected because
it overestimates the increase in the temperature, (vi) we assume heat dissipa-
tion into the substrate only. With above assumptions, they have provided the
following equation [33, 80, 148]:

hJ? 2./tk
AT = ﬂaurc sinh (/,00) (5.2)
ko 0.5w

where w, h and ¢ are width, height and conductivity of a structure respectively.
The | is the current density applied to the structure. The quantities k, p, and
C are the thermal conductivity, mass density, and specific heat capacity of the
substrate used [33]. By using the analytical expression of equation 5.2, our es-
timated AT is 548 K for a pulse length of 100 ns. For this, we used w = 10 °m,
h =40 x 107°m and o= 2.9 x 105(Qm)~! of our NiyFeg, structure. Furthermore,
we put ] = 9.7 x 10" A/m? and t = 100 ns used. The values of k =45 W/mK, p =
5317 kg/m?, and C = 350 J/kgK of the GaAs substrate are used. This shows that
the actual temperature of a structure may increase up to the Curie temperature
of the NigoFegy (~ 860 K). The value of the increase in temperature in this work
is comparatively close to the reference [147]. In that reference, Yoon et al. esti-
mated the increase in temperature of 500 K for a current density of 5.5 x 10"

A/m? while flowing it through a 600 nm wide NigyFey structure.

5.3 Current Interaction with Transverse Wall in V-
shaped NiyFegy Nanostructure

Here, we present the interaction of a current pulse with a transverse wall (TW)
motion which we obtained in Niyy Fegy V-shaped nanostructure being 25 ym
long, 700 nm wide and 40 nm thick. Sample fabrication and the experimental
setup is the same like that of the sample in section 5.2. The XMCD images
have been recorded before and after each injected 100 ns long single pulse for
studying the motion of the transverse wall or any other change in magnetization
textures of the nanostructure. Here, the photon incidence angle is tangential to
the bend of the V-shaped nanostructure, as seen in Fig.5.7a.
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The resistance of the nanostructure was 600 2 and it was mounted in a par-
allel arrangement with a SMD resistor of 330 €2 on the chip-carrier (see details
on the parallel arrangement of the sample with a SMD resistor in subsection
4.1.1).

5.3.1 Propagation of a Transverse Wall

Because a well-defined magnetic ground state was needed to do the current
induced domain wall motion measurement, the magnetization of the nanos-
tructure was initialized by an in-situ in-plane static magnetic field (40 mT). The
white arrow in Fig.5.7a shows the direction of applied field. As a consequence,
we obtained a transverse wall at the bend of the nanostructure, as seen at site
A in Fig.5.7a. Here, a transverse wall separates two domain regions where the
spins in each domain, as shown in the zoom-in by the red arrows, are pointing

in opposite directions [68].
Results

Starting from the initial state shown in Fig.5.7a, first we injected low am-
plitude current pulses and then slowly increased the current density. By this
approach, we acquired the critical current density of 6.4 x 10" A/m? at which

the transverse wall started to move.

By applying a 100 ns pulse with current density of 6.4 x 10''A /m?, the trans-
verse wall moved from the bend to the right-hand side arm up to 2 ym in the
electron-flow direction, as shown at the site A in Fig.5.7b. In addition, a small

domain also appeared at the site 5.
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Figure 5.7: (a) Ground state in 700 nm wide and 40 nm thick Niy Fegy nanos-
tructure. The transverse wall at the bend (site A) was produced by in-situ static
magnetic field (40 mT). White arrow shows the direction of applied magnetic
field. (b) The transverse wall moved up to site A and another small domain
at site B is appeared due to the first pulse of magnitude (6.4 x 10'*A/m?). (c)
The second pulse (6.4 x 10''A/m?) generated domain patterns at site C' and F,
respectively. (d) Due to the third pulse (7.1 x 10" A/m?), domain at the site F
disappeared and the site B domain accumulated with site A domain. (e) The
site B domain appeared again after the fourth pulse (7.8 x 10'* A /m?). (f) Whole
magnetic texture destroyed after the fifth pulse of magnitude (8.5 x 10'*A/m?).

Fig.5.7c depicts the result of the second pulse having the same magnitude
like the first pulse. This pulse created two additional domains at sites C' and F'
respectively, however, the site A transverse wall remained unchanged. There is
probably a local pinning center, which traps the domain at the site A .

Because the site A domain didn’t change with the current density of 6.4 x
10 A/m?, we decided to increase the current density up to 7.1 x 10" A /m?. After
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injecting this pulse, we observed that site B domain joined with site A domain
and the site F' domain disappeared, as seen in Fig.5.7d.

Next, we injected a pulse of the same magnitude like the third one, but the
domain patterns remained unaltered (not shown here). Therefore, we decided
to inject the fourth pulse of a current density up to 7.8 x 10" A/m?. Due to this
pulse, the site B domain appeared again as seen in Fig.5.7e.

Because we didn't find any change after applying the fifth pulse of 7.8 x
10" A /m?, therefore we injected the sixth pulse of a current density 8.5x 10! A /m?.
This pulse destroyed whole magnetic textures and we have lost the previous

history of magnetization in the nanostructure, as seen in Fig.5.7f.
Discussion

In the literature [68, 69, 72, 137], a critical current density in the range of
10'-10"2A /m? is reported for a domain wall motion in ferromagnetic structures.
Here, we acquired a critical current density of 6.4 x 10" A /m? for the transverse
wall motion which is in that range.

The traveling of the domain wall scales with respect to the width of a pulse.
An approximate speed can be obtained by dividing the total distance the do-
main wall covered during the applied pulse length. Here it is assumed that the
domain wall moves during the whole time the STT acts, i.e. the pulse length,
and afterwards does not move very long in a ballistic manner. A similar cal-
culation was done in references [133, 138]. We observed different transverse
wall displacements in the right arm of a V-shaped nanostructure at different
places under different current densities. This observation strongly indicates the
existence of pinning sites, as by increasing the current density, the movement
of the transverse wall doesn’t happen or occurs for a small distance. We ob-
tain an approximate maximum transverse wall speed of 33 m/s for a current
density of 6.4 x 10''A/m? and smaller speed of 1 m/s at a high current density
of 7.8 x 10" A/m?, obviously after reaching a pinning site. Fig.5.8a shows the
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average velocity versus the current density for a transverse wall in our nanos-
tructure. Our obtained speed values are in the range of known domain wall
velocities in the literature [46, 55, 68, 71, 72, 138].
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Figure 5.8: (a) Average velocity of three subsequent 100 ns current pulses with
increasing current density. (b) Oersted field as a function of current density.

An Oersted field could change the magnetization textures inside the struc-

ture. It can be calculated according to Ampere’s law:

B(z) “20%1 (53)

where J is the current density and z is the distance measured from the center
of the nanostructure. For different current densities, we have estimated the
Oersted field, as shown in Fig.5.8b. The maximum estimated Oersted field is
3.4 mT for the current density of 8.5 x 10''A/m?. The transverse wall moved in
the direction of electron flow is in agreement with the theory of L. Berger [9] and
this motion is attributed to the STT like in references [46, 55], while it would not
be in the direction of electron flow due to an Oersted field, as the Oersted field
does not favor the domain wall motion along the nanostructure. As in [55, 139],
where the Oersted field was even up to 7.4 mT and 941 mT respectively, our 3.4
mT is too small to affect the magnetic texture.

As discussed in subsection 5.2.5, when a current pulse flows into a nanos-
tructure, its temperature increases due to Joule heating effect [33, 146, 147, 149].



5: Single Pulse Induced Magnetization Changes in Niy Fegy Nanostructures 87

This effect can decrease the magnetic moment or spin torque needed to move
the domain wall inside the structure [152]. From another point of view, this ef-
fect could reduce the energy barrier for a pinned domain wall and promote the
depinning [55, 105]. But in this measurement, the observed domains seem to be
often pinned strictly at their positions and in some cases, after moving a larger
step with the first pulses, they proceed only by small distances upon further

pulses with increased current density.

Because the new magnetic state after the fifth pulse, as shown in Fig.5.7f,
was not useful to continue the measurement, we applied an in-situ in-plane
static magnetic field again to repeat the experiment on this nanostructure. We

will discuss its detail in next subsection 5.3.2.

5.3.2 Propagation of a Transverse Wall and Creation of Multi-
ple Domains in a Niy Fegy V-shaped Nanostructure

To repeat the experiment, the magnetic textures in the nanostructure are ini-
tialized by the in-situ in-plane static magnetic field (40 mT). As a result, the
transverse wall is again initialized at the bend of the V-shaped nanostructure,
as seen at the site A in Fig.5.9a. This is nucleated at the same location as in
the previous subsection 5.3.1. The direction of the applied field is shown by the
white arrow in Fig.5.9a. The zoom-in of the bend region shows a transverse wall
along with the red arrows to help visualization of the magnetization direction
of the domains.

This time, we have positioned the photon incidence angle parallel to the left
arm of the nanostructure to be more sensitive to the magnetization in the left
and the right arm.

Results and Discussion

We injected the first single pulse of same current density 6.4 x 10'' A/m? at
which we have observed the motion of the transverse wall in the last subsec-
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tion. Here, we again noticed that the transverse wall moved up to 500 nm in the
direction of the electron flow, as shown at the site A in Fig.5.9b. In the zoom-in
of the transverse wall at the site A, the red arrows help to visualize the mag-
netization direction of the domains. The central red arrow depicts the brighter
region which is the transverse wall boundary between the upper gray and the
lower dark domains.

(ii)

(d) (e) (f)

Figure 5.9: (a) Again, the transverse wall was produced at the bend (site A)
by applying the in-situ static magnetic field (40 mT) in the same location as
in the previous subsection 5.3.1. (b) The transverse wall motion at the site A
via first pulse (6.4 x 10" A/m?). (c) Multiple domains on the right arm of the
nanostructure after applying an additional high pulse of current density 9.1 x
10" A/m?. (d) Multiple domains on both arms after applying a high pulse 9.3
x 10" A/m? and recording the XMCD image with an incidence angle different
by 45° from the XMCD image of (c). The (e) and (f) show the sketches of the
spin arrangements in textures.

Next, we injected the second pulse of same current density 6.4 x 10! A/m?,
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but the transverse wall didn’t move (not shown here). After that, we consec-
utively applied the current density of 7.5 x 10'* A/m? and 8.5 x 10" A/m?
respectively, however, the transverse wall stayed unaltered (Images are not
shown here). This is probably due to a pinning center at the site of A (see details

on different pinning potentials in section 2.7).

Because even after applying the high current pulse of 8.5 x 10'' A/m?, the
transverse wall didn’t move, therefore we speculated that there was probably
an increased pinning potential at the used sample which did not allow the trans-

verse wall motion (not shown here).

So we applied a larger current density of 9.1 x 10" A/m?. This pulse split
only the single dark-gray domain pattern on the right arm into multiple do-
mains, but we haven’t seen multiple domains on the left arm (see in Fig.5.9¢).
Let’s assume that the left arm has domains. What can be their spin structure
as they are invisible? Further, assume that they are stripe-like domains, anti-
parallel to each other and lie either along the width direction of the nanos-
tructure or lie along the length direction of its arms, as seen in sketches of
Fig.5.9e(i) and e(ii). Are these probable arrangements of spin configurations
in such nanostructure? The answer is definitely no because nature wants them
to be arranged in flux closure patterns. When the incidence photon angle is
parallel to the left arm, at least both parallel and anti-parallel domains to the
incidence photon angle must be visible, but we even didn’t observe them. This
means that there is still a single domain on the left arm after applying the larger
current density of 9.1 x 10'' A/m?, as seen in Fig.5.9c. By the same reason,
domains on the right arm must be flux-closure patterns, as sketched in Fig.5.9f.
Here, each flux-closure domain pattern appeared in stripes of only two colors,
although there are probably 4 domains with the magnetization in 4 directions.

Next, we applied a higher pulse of 9.3 x 10'' A/m? and then recorded the
XMCD image with an incidence angle different by 45° from the angle of XMCD
image of Fig.5.9c. As a consequence, multiple domains appeared on both arms

of the nanostructure, as seen in Fig.5.9d. On the basis of above paragraph dis-
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cussion, we conclude that both arms contain flux closure domain patterns but

appearing in stripes of only two colors.

We have observed some different results in this subsection while measuring
the same V-shaped nanostructure which was measured in the previous subsec-
tion 5.3.1. For example, multiple domains were generated after applying a high
current pulse. Second, the pinning effect is larger than the previous subsec-
tion 5.3.1. This time, the large pinning effect could be an indication that the re-
peated applied pulses had deteriorated the sites or surface of the nanostructure
and generated a strong pinning potential for the transverse wall motion. Using
the analytical equation 5.2 of references[33, 148, 149] as described in subsection
5.2.5, we get AT up to 500 K for this NiyFegy nanostructure.

Conclusion

Here, we have experienced a different strength of pinning effects for the
transverse wall while applying the same current density to the same sample
as in the subsection 5.3.1. Second, we have observed an increased temperature
effect on the spin textures due to which the single domain split into multiple
domains. Third, the approximate speed of a transverse wall, in this case, is 7.5
m/s. This speed value is smaller than the known domain wall speed from the
literature [46, 55, 68, 71, 72, 138], possibly due to the fact that we integrate over
the time when the transverse wall really moves and the time when it already

stuck at the pinning center.

5.4 Current Induced DW Motion in NiyyFegy Notched
Half-ring Shaped Nanostructure

In the section 5.2, we presented experimental results on 12 ym long, 40 nm
thick and 1ym wide Niyy Fegy half-ring shaped sample. We used a pulse of
100 ns for that sample. Here, we present a 20 um long, 40 nm thick and 1ym
wide Niyy Fegy geometrically notched half-ring-shaped nanostructure, having
an Ohmic resistance of 560 Q. In the previous experiment of section 5.2, we
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found the temperature influence on the magnetization textures by using 100
ns wide pulse. This is because a long pulse delivers a considerable energy to
the nanostructure which affects the magnetization inside. Therefore, here we
decided to use 20 ns wide pulses. Another improvement here is to introduce
the notch in the nanostructure in order to see the motion of magnetic texture at

a defined pinning center.

The sample fabrication and the experimental setup was the same like for the

samples in the previous sections.

5.4.1 Propagation and Transformation from Vortex-like Flux Clo-
sure Domain Pattern to Transverse Wall

First, we need a favorable domain pattern in the structure for doing current in-
duced domain wall motion measurements. For this, the magnetization of the
nanostructure is initialized by an in-situ in-plane magnetic field. We chose the
direction of applied field with the intention that the domain wall was generated
at the middle of the notched half-ring nanostructure. The direction of the ap-
plied field is marked by the white arrow in the Fig.5.10a. The resulting magnetic
domain pattern along with the domain wall is shown in Fig.5.10a.

Results and discussion

A closer inspection of the domain wall at site X in Fig.5.10a reveals that there
is a vortex-like flux closure domain pattern situated near to the left side of the
notch, which is identifiable by bright-dark contrast: in this configuration, the
brighter domain must be magnetized parallel to the photon polarization vector
and the darker region must be anti-parallel and the magnetization is curling
around its own center, so-called vortex core, where the magnetization points
out-of-plane [48]. The vortex-like flux closure is indicated by a red rectangle
in Fig.5.10a which is further zoomed-in and shown by red arrows in Fig.5.10p.
The XMCD image in Fig.5.10a was recorded with the photon incidence angle
nearly along its arms (see black arrow). We define this angle as a 0°. Here
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the magnetic texture can not be unambiguously determined by an XMCD im-
age at only one photon incidence angle, therefore we illuminated the sample at
two other angles different by 22° and 45° from the photon incidence angle in
Fig.5.10a, respectively, as shown in Figs.5.10f and k. In Fig.5.10k, the contrast of
the vortex-like flux closure domain pattern appears slightly more bright on the

left side after 45° angle of rotation.

Figure 5.10: XMCD-PEEM images, at three different photon incidence angles, of
a Niy Feg half-ring-shaped, 20 ym long, 40 nm thick and 1pm wide nanostruc-
ture. The (a-e) Images are collected with photon incidence angle along the arm
of half ring. This angle is defined as a 0° . The (f-j) images and (k-0) images were
taken at the photon incidence angles of 22° and 45°, respectively. The column
of images (p-r) depicts the zoom-in of the magnetic textures of the left columns.
Subsequent pulses with a current density of 8.7 x 10* A /m? were injected from
b) toe).

After observing a vortex-like flux closure domain pattern, we injected con-
secutive current pulses of same magnitude 8.7 x 10'* A /m? into it. XMCD images
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that have been recorded after each current pulse were compiled in three sepa-
rate columns in Fig.5.10. The column of images (a-e) was recorded with the
photon incidence angle at 0°. The columns of XMCD images (f-j) and XMCD
images (k-o) were recorded with different angles 22° and 45°, respectively. The
fourth column of images (p-r) depicts the zoom-in of magnetic textures which
were found in the columns to the left.

In the beginning of the measurement, we slowly increased the current den-
sity and achieved the critical current density of magnitude 8.7x 10'* A /m? where

the magnetic textures start varying.

After applying the first pulse of magnitude 8.7 x 10! A /m?, we observed that
the vortex-like flux closure domain pattern moved by 230 nm in the direction
of electron flow with a speed of 11.5 m/s, and a second vortex-like flux closure
domain pattern, with anti-clockwise sense of rotation, appeared at the right side
of the notch as sited by Y (see zoom-in in Fig.5.10q).

Applying the pulse of the same magnitude 8.7 x 10''A/m?

again, we ob-
served that both vortex-like flux closures at the site X and Y disappeared and
a new bright spot at the site Z appeared as seen in Fig.5.10c. The reason for
this new magnetic texture could be a temperature rise: after the absence of any
magnetic order in the hot state of a nanostructure, during the cool-down, a re-

ordering occurs.

After applying the third current pulse of the same magnitude 8.7x 10" A /m?,
we unexpectedly observed that the boundary of magnetic textures has changed
from right- to the left-hand side of the notch, as sited by X" in Figs.5.10d, i and

n.

Here, we have some observations which are different from our previous cur-
rent induced domain wall motion measurements. In the literature it was never
reported that a domain wall by STT moved opposite to the electron flow direc-

tion. If it is then this could be due to some other effects like Joule heating or
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Oersted field [49, 55, 150]. We have estimated the maximum Oersted field to 3
mT by using the equation 5.3, which is smaller than the reported Oersted field
in the literature [55, 124]. Hence, this magnitude is probably too small to affect
the magnetic texture. Here it is important to mention that the temperature is
proportional to a current density, as it is expressed by mathematical equation
5.2 of AT in subsection 5.2.5. By following the analytical expression from the
references [33, 148, 149], we estimate a AT of 523 K for a 20 ns single pulse. This
means that our nanostructure temperature may reach up to the Curie tempera-
ture of a NiyFegy material used (~ 860 K). Hence, in this structure, changes in

the magnetic texture is attributed to the STT assisted by a temperature rise.

When we injected the fourth pulse of same current density 8.7 x 10''A/m?,
the magnetic texture has moved back again from left- to the right-hand side in
the direction of electron flow, as marked the new position of the texture by X" in
Fig.5.10e. By combining this with the information from the angles 22° and 45°,
we observed the triangular shape of a transverse wall in the vicinity of the notch
(see in Figs.5.10e, j and o). It is indicated by the red triangle along with the red
arrows on the opposite domains, as shown in the zoom-in image in Fig.5.10r.
Different from the vortex-like flux closure domain pattern, the transverse wall
occurs in a thin and narrow geometry. Hence, the narrow region, below the

notch, favors the transverse wall.

After applying the fifth pulse the nanostructure was disrupted and not con-
ducting any more. Again here we conclude that the (thermal) contact to the
substrate and may be also the crystalline structure was altered by each subse-
quent pulse so that in the end a pulse of the same current heated the sample

more than the previous ones.
Conclusion
The magnetic texture of this notched, 1 ym wide structure responded in

different ways on the subsequent 8.7 x 10''A/m? pulses: Although the notch

could act as a pinning center, it was possible to move the domain wall with this
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relatively low first pulse. Later on, at the 3rd pulse of the same current, new
magnetic structures appeared in the opposite arm, originally mono-domained.
Here, the Joule heating could lead to a local destruction of the ferromagnetic
order and as a result, the magnetic texture is destructed and then re-nucleated
again in a different magnetic configuration. Thus, as in the previous samples,
we are in the current regime where both STT and heat-up towards vicinity of the
Curie temperature are coexisting. Different from the other samples here we ob-
served the conversion from a vortex-like flux closure domain into a transverse

wall.

5.5 Conclusion

In this chapter, the reaction of magnetic domains and domain walls upon indi-
vidual current pulses in the NiyFeg, (different in composition from the permal-

loy, NigoFey) nanostructures were studied.

We performed single pulse experiments in NiyFegy for the first time and it
was found that this alloy is an interesting candidate for studying the funda-
mental understanding of the spin transfer torque phenomenon in single layer
systems. Its larger magnetic moment compared to NigoFeyy made it easier to
visualize the magnetic texture, as the XMCD effect is proportional to the mag-
netic moment. Secondly, measurements carried out indicate that different from
NiggFeq, this alloy is favorable for the occurrence of multi-magnetic domain pat-
terns in the nanostructure. This could be due to a thermal-stress on the sample
that may result from a larger magnetostriction after temperature rise. However,
the disadvantage of the larger magnetostriction could be the destruction of the

samples.

In NiyFegy nanostructure, both vortex-like closure patterns and transverse
walls are found. They were either moved or transformed to another shape by
a high current density. Such a high current density causes a temperature rise
up to Curie temperature in the nanostructure. The measurements carried out

suggest that this temperature rise prevents the observation of STT at room tem-
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perature. Rather than creation of domains in the nanostructure by the STT, Joule
heating was found to be strong. To the best of our knowledge, in our measure-
ments, for the first time, multiple flux closure domain patterns (i.e. Diamond
patterns) were observed. We observed the small motion of these patterns which
indicates that the speed could be strongly influenced by a number of magnetic
patterns. Moreover, we observed the splitting of a flux closure domain pattern
into two, however splitting of a vortex wall into two was already observed in
[46]. In addition, the set of measurements, domain wall motion in a notched
half ring-shaped nanostructure, allowed us to observe the vortex-like flux clo-
sure conversion into a transverse wall during the application of 20 ns current
pulses. We found this conversion in a 1 ym notched half-ring shaped, where the
vortex-like flux closure was created next to the notch and it transformed into a
transverse wall below the notch where the width of a nanostructure is smaller.
This result indicates that the wall creation in a magnetic texture depends on the
nanostructure geometry. This conversion in the magnetic contrast is attributed
to the STT assisted by a temperature rise. We could not ignore the temperature
rise here as it is directly proportional to the applied current density (see equa-
tion 5.2). As a consequence, as the goal in future current induced domain wall
motion experiments as well in memory devices, in order to have a controlled
motion of domain walls by STT, must be to avoid Joule heating and hence to
use a short current pulse up to ~1 ns, as longer current pulses add more energy
to a domain texture.

We have witnessed natural pinning sites in NiyFegy nanostructures, which
strongly affected the velocity of a domain wall motion. When injecting 100 ns
long pulses, a maximum domain wall velocity up to 33 m/s and a minimum
of 7 m/s observed and for a 20 ns pulse, a velocity of ~11 m/s was estimated.
Though our velocities are in a range of the literature, but we found inconsis-
tency in a data relevant to the speed. For example, you can find a maximum
speed of 700 m/s and a smaller down to 1 m/s. This inconsistency can be at-
tributed to the material imperfections, for example, edge roughness, surface
damages etc. Now the question is: how do these structural damages happen

? The answer could be a high current density due to which structural changes
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already started after the first pulse. In our case, in spite of the fact that we could
not estimate the strength of pinning locations, our experiments highlight the
importance and effects of these sites on a domain wall motion.



Chapter 6

Time Evolution of Magnetization in
NiggFeop Nanostructure

In chapter 5, we have studied the magnetization changes in NiyFegy nanostruc-
tures after several subsequent pulses of 20 ns or 100 ns length in the single pulse
experiments. The magnetization dynamics was not and cannot be addressed in
these experiments, e.g. the question if these changes happened during the rise
of the pulse or during the whole time duration. The sum of X-ray magnetic
circular dichroism (XMCD) images of many billions of X-ray flashes are needed
to visualize domains or domain walls (DW), but in a ns, there would be only 1
X-ray pulse available from the synchrotron. The study of dynamics requires a
setup with following elements:

(1) A reversible process in the sample, returning always back to the initial state
so that the next X-ray flash probes the same (time dependent) state.

(2) Synchronization between the excitation (pump) and the X-ray pulse (probe)
used for imaging, so that billions (~10%) XMCD images can be recorded and
added, showing the same time status of the excitation.

(3) Tunable time delay between pump and probe to study the evolution of mag-
netization at different times after the excitation.

As explained in chapter 4, the repetition time of 2 ns during the multibunch
(MB) operation is incompatible with the ns-time resolution needed here, so that
for pump-probe experiments either at best single bunch (SB) operation is used
or as second best option is the negative deflection gating (see section 4.4) dur-
ing MB operation. The time-resolved XMCD images shown in this chapter were

98
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recorded during SB time with repetition rate of 1.25 MHz.

As a first step, we have to characterize the exciting current pulse itself. This
is done first with an oscilloscope (see subsection 6.1.1) and then realized on the
sample by means of the photoemission electron microscope (PEEM) with X-rays
(see subsection 6.1.2). The dynamical effect of the current pulse on domains in
a NiggFey half-ring shaped nanostructure is presented in section6.2. Note that
the NiFe alloy, NigoFey, used here is different from NiyFegy, used in chapter 5

(see section 3.2 for comparison between the properties of both NiFe alloys).

6.1 Characterization of the Applied Voltage Pulse at
the Sample

Because we want to study the magnetization dynamics in a nanostructure at
nanosecond scale, the required current pulse needs to be short enough (~ 1 ns)
with sufficiently high amplitude. Both properties were monitored first by an
oscilloscope (see subsection 6.1.1) and then by the effect of the electric potential
changes on the PEEM images (see subsection 6.1.2). The latter gives the most
realistic pulse shape at each individual sample, including the damping and dis-
tortion effect of cables of non-matched impedance.

The fabrication process for our sample is the same as described in section
3.1.

6.1.1 Ex-situ Test of the Pulse Shape

In Fig.6.1, we show a PEEM image of 180 €2, 10 ym long, 1000 nm wide and
40 nm thick notched NigyFey half-ring shaped sample along with the wiring
scheme. The sample floats on the potential of -6 kV throughout the measure-
ment. An avalanche photo-diode (APD) is triggered by a diode-laser from out-
side the vacuum through a window. The APD bias is controlled by the HV-
floating supply of the microscope (ADAM).
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Figure 6.1: PEEM image of the sample along with schematic on the setup. Sam-
ple floats on the potential of -6 kV. Avalanche photo-diode (APD) is triggered
by laser. The APD bias voltage is controlled by a HV-floating power supply
(ADAM).

Because it is difficult to measure the current pulse on the sample by oscillo-
scope due to technical limitation once it is inside the X-PEEM microscope, we
recorded it outside the X-PEEM instrument on an oscilloscope while the photo-
switch is triggered by a diode-laser (635 nm, 100 mW). A 1000 €2 resistor as a
dummy sample was mounted in parallel to the SMD resistor of 330 {2 on the
sample holder. The recorded pulse, as shown in Fig. 6.2, has a width of ~ 1 ns
at an amplitude of 5.2 V. Besides the regular pulse, there is also a negative re-
flected peak due to imperfect impedance adaption with the 1000 (2 resistor. The
photodiode is operating in the visible red regime. For this test, the diode-laser
had 5 MHz repetition rate and was triggered from a delay generator.
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Figure 6.2: Pulse of ~ 1 ns wide with 5.2 V amplitude recorded on an oscil-
loscope after the laser pulse hitting an avalanche photodiode integrated at the
end of sample holder. The resistance of the dummy sample was 1000 {2 and it
was mounted in parallel to the SMD resistor of 330 {2 on the sample holder.

6.1.2 Measurement of the Voltage Pulse at the Sample Inside
the X-PEEM Instrument

We applied a method to measure the voltage pulse on the sample while op-
erating the setup in the single-bunch mode. We employed the time-resolved
secondary electron spectroscopy to get precise information about the voltage
pulse on the sample.

Start energy variation technique

By varying the start energy, a displacement of the electrons is visible in the
diffraction plane and that movement can be calibrated. For this, we took two
reference images in the diffraction plane with a start voltage at 0 V and 4 V re-
spectively. The parabolic shape of the spot, seen in Fig. 6.3, represents the (6,
E) distribution of the electrons, where 6, is their (horizontal) momentum com-
ponent perpendicular to the dispersion plane. Both images are depicted in Fig.
6.3. The displacement for 4 V is marked by an arrow between the parabolic dis-
tribution of electrons in both images. This difference will be taken as a reference
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for the voltage pulse calibration at the sample.

Figure 6.3: (a) Parabolic distribution of electrons in the diffraction plane taken
at two different start voltages, having a start energy difference of 4 V.

Placement of the field aperture at the pulsed region of the sample for the

pulse determination

In the second step, our motive is to see electrons of only the pulsed region
of the sample in the diffraction plane. Because the pulse is fed into the lower
pad, this pad experiences a change of its potential, but the remaining regions,
for example substrate or surrounding grounded fields, stay almost unchanged
at the onset of the pulse. Hence, the energy spectrum of the emitted photoelec-
trons is shifted in the diffraction plane by the local time-dependent start energy.
This effect cannot be readily seen in the diffraction plane images, even when the
pulse is synchronized to a particular X-ray flash, because the electrons from all
sample areas are mixed in the diffraction plane, most of them not undergoing
a varied start potential. Therefore, we placed the field aperture in such a way
that emitted photo-electrons only from the lower pad arrive at the detector. The
dotted red circle in the Fig. 6.4b presents the position of the field aperture on
the sample.
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(b)

Figure 6.4: PEEM images showing the use of the field aperture for the determi-
nation of the pulse voltage arriving at the sample: a) without aperture, b) the
field aperture positioned such that only the contact pad, into which the electric
pulse is injected, is visible. The red dotted line depicts the boundary of the field
aperture.

A time series of the (0, E) spectrum

In the third step, first we synchronized the pump (current) pulse with the
probe (x-ray) single-bunch. After that, we recorded the shift of the (¢, E) parabola
in the dispersion plane upon changing the delay from 0 ns up to 4 ns in steps of
100 ps. This time series of the spectrum as seen in Fig. 6.5a shows the shape of
the pump pulse that arrived at the sample. Fig. 6.5b shows a spline fitting on
the time behavior of the pump pulse.

For measuring the peak value of the arriving pulse at the sample, we com-
pared the two images corresponding to the emitted photoelectron distributions
which were recorded in the dispersion plane at 0 ns and 0.9 ns delays between
the pump and probe, as seen in Fig. 6.5¢c. The zero of the time scale was defined
as the moment just before the first displacement and the 0.9 ns image displays
a maximum amplitude of the pump pulse arrived. By using the start energy
variation technique as a reference, we estimated a difference of 6.4 V between
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the 0 ns delay image and a maximum amplitude image (recorded at the delay
of 0.9 ns) of the parabolic distribution.
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Figure 6.5: (a) Shift of electron distribution in the diffraction plane as a function
of time delay between current pulse and X-ray probe. (b) A spline fitting on the
spectrum illustrating the oscillatory shape of a pump pulse. This pulse has no
negative journey as it has strong damping and the reflection is much control-
lable. (c) Difference between the parabolic distribution of emitted electrons of
two images which were recorded at 0 ns and 0.9 ns delay between the pump
and a probe.

Similarly, we have placed the field aperture on the grounded pad of the sam-
ple (a time series is not shown here) and found a maximal potential change of
only 0.5 V on it. This method characterized that the magnitude of the arriving
voltage pulse at the sample is 5.9 V. As this pulse was measured on the sample
(see Fig. 6.5b), it has strong damping and the reflection is much better under
control than the dummy sample pulse of Fig. 6.2. Here, we have never ob-
served a negative amplitude of the pulse. This might be due to the damping.
With Rgampie=180 © and width x thickness= 1000 nm x40 nm, we obtain a peak
current density of 4.9 x 10" A/m?, that acts on the nanostructure.

With these pulses, we performed a dynamic mapping of the magnetization
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in the sample by synchronizing current pulses with the BESSY bunch clock
while operating the system in the single-bunch mode. The results are shown
in the section 6.2.

6.2 Magnetization Dynamics in a Notched NigjFey
Nanostructure via Pump-Probe Technique

Here, we present a dynamic mapping of a domain wall in a notched NigoFeso
half-ring shaped nanostructure by synchronizing the current pulses to the bunches
in single-bunch mode of synchrotron radiation. The reversible motion of a do-
main wall in a controlled way was determined on a nanosecond time scale, us-
ing the APD pulses characterized above. We used the same sample as already

described in the section 6.1.

Because the stroboscopic measurement requires a stable and well-defined
magnetic ground state, the magnetization of the nanostructure is initialized by
an in-situ in-plane magnetic field. To create a domain wall (DW) in the middle
of a notched half-ring nanostructure, we applied an in-plane magnetic field per-
pendicular to the nanostructure. A white arrow in Fig. 6.6a shows the direction
of the applied field. As a result, we generated a triangular-shaped domain and
the domain wall between two domain textures was not pinned to the notch, as
seen in Fig. 6.6a. Obviously, there was a natural pinning center on the right side
from the notch. The maximum current density of 4.9 x 10" A/m? is applied
during the pump-probe measurement.

After establishing the zero time of the pump-probe delay as described in Fig.
6.5, we recorded the XMCD images at different delays and observed the time
evolution of the magnetization. We display all XMCD images (a-e) in a column
in Fig. 6.6. A guide to the eye for the triangular-shaped domain pattern along
with the domain wall in each XMCD image is given by the dashed yellow lines.

The inset shows the oscillatory shape of the pump (current) pulse.
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Results

In the first step, we measured the XMCD at a delay of 1.5 ns i.e. a time
between first peak and first valley and observed changes in the domain wall.
Besides the peak current, the integral of the current and hence of the deposited
energy might be relevant, which is largest at ~1.5 ns. Therefore, this delay
has been selected. As a result, the domain wall changed its shape from a so-
called straight line to a shape like the inverted letter ”S” and the triangular-
shaped domain next to the notch remains unchanged, as seen in Fig. 6.6b. This

is probably due to the notch acting as pinning location there.

Next, the XMCD image was recorded at the first peak of the pulse (0.9 ns).
As a result, the domain wall changed its inverted S-shape to a S-shape under
the action of the current, as seen in Fig. 6.6c. The triangular-shaped domain is
not even changed by the influence of the first peak.

In the third step, we have measured the XMCD image at 3.3 ns .i.e. a time
between second peak and second valley. Under the influence of this delay, the
S-shape of the domain wall changed back to the inverted S-shape (Fig. 6.6d),

though much less pronounced.

Because the domain wall has changed its shape back to the inverted S-shape,
we measured again at the first peak to reconfirm the reversible changes in the
domain wall. As a consequence, the domain wall fell back to S-shape from the
inverted S-shape, as seen in Fig. 6.6e. This sequence of events confirms that
the changes in the domain wall are reversible. It is worthy to note that the
triangular-shaped domain remains unchanged at each and every delay mea-

surement.
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Delays: \
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Figure 6.6: (a) Ground state XMCD image of the nanostructure, having a
triangular-shaped domain next to the notch and a domain wall right of that.
(b) XMCD image at the delay of 1.5 ns (a time between first peak and first val-
ley). (c) XMCD image at the first peak, showing the domain wall in S-shape.
(d) XMCD image at the delay of 3.3 ns (a time between second peak and second
valley).(e) XMCD image of the nanostructure at the first peak again. The inset
shows the oscillatory behavior of the pump (current) pulse. A guide to the eye
for the triangular-shaped domain pattern along with the domain wall in each
XMCD image is given by the dashed yellow lines. The green square frames in
(@), (b), and (c) are referred to in Fig.6.7, Fig.6.8. A maximum current density of
4.9 x 10" A/m? was used in the measurements.
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Discussion:

Fig.6.7 shows the unpumped ground state of a nanostructure, where a triangular-
shaped domain is fixed next to the notch and the domain wall between two do-
main textures appeared right of the triangular-shaped domain.

A guide to the eye for the triangular-shaped domain
pattern is given by the dashed yellow lines and the
red arrows show the direction of the magnetization
in the domain wall. Here this wall separates two do-
main regions where spins in each domain, as shown

by red arrows, are pointing in opposite directions, a

so-called transverse wall. As mentioned in the re-
sult segment, the bright/dark border of the transverse
wall deformed towards an “S”-shape (at 0.9 ns de- Figure 6.7: The un-
lay) or inverted ”S”-shape (at 1.5 ns). This means ei- pumped ground state
ther that the transverse wall is really deformed to a of the nanostructure.
S-/inverted S-shape or that the transverse wall is con-

verted into a more complicated structure which makes only the bright/dark
border appearing in a S-like shape. For example, the conversion of a transverse
wall into a vortex wall could be also lead to such a shape. Such a conversion
was described in micromagnetic simulations by many researchers and can be
found in literature [14]. This was also experimentally reported by L. Heyne in

his PhD thesis [48].

Because of the limited available data, namely the poor statistics of images
and especially the missing possibility in the pump-probe experiment to vary
the azimuthal angle for the unique determination of the magnetization direc-
tion at all sites, it is impossible to unambiguously confirm the exact magnetiza-
tion structure. Nevertheless, in the following subsection, we compare our ex-
perimental findings with the model of a string like oscillation of the transverse
wall to examine if it is compatible with the experimental results and allow to
deduce the approximate physical properties from the temporal behavior of the

magnetization.
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A string like oscillation of the transverse wall:

One possible interpretation could be the oscillation of the transverse wall

like a string under the action of current pulses at different delays.

//
/-—/

( (b (c)

Figure 6.8: First harmonic (a), and the second harmonic (b) oscillations of the
transverse wall (dark yellow). (c) An oscillation of transverse wall observed
experimentally at the delay of 0.9 ns. A guide to the eye for the triangular-
shaped domain pattern and the S-shape are given by the dashed yellow lines.

As the black/white border never moves at the boundaries of the nanostruc-
ture, the transverse wall seems to be pinned at the top and bottom. In between,
after the excitation it looks like an oscillation of a string in second harmonics
(see Fig.6.8). Now the question is: Can a transverse wall be described as os-
cillating like a string? To answer this question, we look at the formula for the

oscillation frequency of a string:

L /T 6.1)

F=50\ 4

where L indicates the length of a string, 7" presents the tension and /. shows
the mass per unit length (linear mass density) [56]. Similarly, a tension 1" can be
associated to a transverse wall, being the energy needed for its elongation 7" =
22 and an effective mass was commonly proposed to be inversely proportional

to the square of the domain wall width ¢, i.e. m o« % [25, 107].

In this picture, the elongation of a transverse wall results in a change of
its internal energy, AFE, comparable with the string case where the amount of
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elastic potential energy AE,, stored in a string is proportional to the elongation

of its length:
AEy QA—Z2 (6.2)
2L
where Al is the extension of the length due to excitation of a string, L is the
natural length of the string and () is the young’s modulus [2].

In our case, when the spin-polarized current reaches the pinned dark tri-
angle domain, the spin-transfer torque is partially blocked and hence is larger
below the pinned dark triangle. After passing by it, the spin polarized current
is creating an excentric excitation to the transverse wall. Such an excentric ex-
citation for a string is known to excite more higher harmonics rather than the

fundamental.

The strength of the current excitation depends on the selection of the delay.
For example, the current excitation is higher at the delay of 0.9 ns which cor-
responds to the first peak of the pump pulse. Consequently this excitation of
the transverse wall is strong. The current excitation is lower at the delay of 1.5
ns which could let the transverse wall flip back from the 0.9 ns state, into the

opposite, inverted S-shape.

To obtain an approximation for the domain wall’s oscillation frequency f,
one can derive the frequency from the expression of the domain wall energy

per area E,, [15]:

B, = m/AK, (6.3)

where A=2J/a is the so-called exchange stiffness, where J presents the ex-
change integral and « is the lattice constant. The above equation 6.3 is valid for
domain walls in the bulk of a crystal. K is the magnetocrystalline anisotropy
constant, which is zero in polycrystalline NigyFey. For a thin film, &; must be
rewritten with an additional term of M/?2/2 for the shape anisotropy energy per

unit area (see section 2.2.1). Hence the domain wall energy per area E,, can be



6: Time Evolution of Magnetization in Nig,Fey Nanostructure 111

expressed as[15]:
E, =7mVA(K, + M2/2) (6.4)

where M; is a saturation magnetization. Now the energy F of our domain wall
can be written as:
E=FE,xtxl (6.5)

where t and [ are the thickness and length of the domain wall respectively. Now

the domain wall energy per length is:

% =t x m/A(K, + M2/2) (6.6)

Here, with the domain wall thickness t= 40 nm and the length I= 1075 m, we

derive % =2.75 x107"* J/m with the NigFey, saturation magnetization M, =

800 kA /m, an exchange stiffness A= 13 x107'2 J/m [114].

Next, we use the equation 6.1 for deriving the frequency of the domain wall.
For this, we have checked several references for the effective domain wall mass.
We found different values for the effective mass, for example in reference [112],
the authors estimated the mass of (6.55+0.06) x10~2* kg for a domain wall of
cross sectional area 45 nm x 70 nm in a Nig; Fe;g semicircle nanowire. Neverthe-
less, we have taken the effective mass per unit length from the reference [107]
where a mass of 1.3 x1072* kg for the domain wall of cross sectional area 20 nm
x 2pum in a Nig; Fey9 half-ring nanowire was obtained, which has the same area
as in our case. With a length of 1ym of our domain wall, we get the effective
mass per unit length of 1.3 x10~?* kg/m. By using this effective mass per unit
length and 47 =2.75 x10~'* J/m into the equation 6.1, we obtain the frequency
of f1=0.23 GHz for the fundamental excitation. The second harmonic is f,=0.46
GHz.

Our second harmonic frequency has the same order of magnitude as in other
publications [25, 59, 107, 112], for example, J. Rhensius et al. [107] estimated the
oscillation frequency to (1.3 +0.6) GHz for the domain wall of equal area as in
our case. Eiji Saitoh et al. [112] have determined the frequency to even 25 MHz,
but their domain wall had the diameter of 50pum. Hence, it seems that the string
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model can approximately describe the oscillations of the domain wall. Our ob-
tained frequency ~ 0.46 GHz corresponds to a period of 2.17 ns. As seen in the
inset of Fig. 6.6, 0.9 ns is the moment of our excitation pulse peak, where we get
an ”S”-Shape of the transverse wall. We assign this time of the strongest dis-
placement to the first maximum of the sinusoidal oscillation. Accordingly, we
adjusted the time in a generated sinusoidal function as shown in Fig. 6.9. Here,
the 1.5 ns state falls into the negative half period of the sinus, though close to
zero, compatible with the inverted displacement, i.e. a flip from ”S”-Shape to
the inverted ”S”-Shape. For the 3.3 ns state, we also get the inverted ”S”-Shape.
This is not expected if we attribute the shape transitions to a sinusoidal oscilla-
tion, as at 3.3 ns it has a positive amplitude. We do not judge this contradiction
with the oscillation model to be a major one, because i) the inverted ”S”-Shape
here is much less clear compared to 1.5 ns, ii) we are already in the second oscil-
lation period, have neglected damping and moreover we have to consider the
uncertainty of our frequency estimate: with only a 20% higher frequency the 3.3
ns point would fall already into the negative amplitude range.

Overall, the oscillating model with the estimated frequency can approxi-
mately describe the mechanism behind our experimental data, although it can-
not be exactly confirmed due to both, the limited number of experimental time

stamps, and uncertainties of parameters put into the model:

e Additional pinning, for example, at the surface or interface could imme-
diately increase the frequency.

e The effective mass was transformed from another sample of reference
[107].

e We assumed a harmonic, but the domain wall deformation oscillation may

be an aperiodic case and to which no distinct frequency can be assigned.

The fact that the current pulse’s temporal width, due to technical reasons,
accidentally is similar to the expected oscillation half period, has an interesting
aspect for future experiments: By exciting with currents of variable frequency,

the resonance frequency of a domain wall could be probed and hence properties
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like the effective mass m and energy of wall £ may be determined via imaging

of the resonating domain wall in a PEEM.

Amplitude (a.u)

Time (ns)

Figure 6.9: Plot of a sinusoidal function (red) simulating the oscillation of the
domain wall with a frequency of 0.46 GHz. The time-scale was adjusted so
that the first maximum is at 0.9 ns, the time of the strongest excitation in the
experimental data. Insets: XMCD-images of the domain wall at three pump-
probe delays. Blue curve: measured current pulse.



Chapter 7

Summary and Outlook

Summary

In this thesis, we studied the interaction of a spin-polarized current with do-
main walls (DWs) in NiFe nanostructures. The single-pulse and time-resolved
experiments were performed by using the UE56/1 Juelich time-resolved XMCD-
PEEM microscope at BESSY II Berlin, Germany.

In the single-pulse experiments, we observed that the current induced do-
main wall motion (CIDWM) in the Niy Fegy nanostructure needed a relatively
high current density (~ 10'?). It was concluded that the huge current density
increased the temperature of the system above the Curie temperature of the ma-
terial used. As a result, the spin configuration of the system completely changed
or even the single domain structure split into multiple domains. Splitting of sin-
gle domain into multiple domains via high current density was also observed
by Yamaguchi et. al. [146]. The increase in temperature of the system reduced
the STT effect. Our observation on the temperature increase due to the applied
current density testified the theoretical reports of Chun-Yeol You et al. [149],
Chun-Yeol You and Seung-Seok Ha [148] and Hans Fangohr et al. [33] and ex-
perimental findings of J. Yoon et al. [147].

We succeeded in performing the pump-probe experiments on NiggFezy nanos-

tructures. The short (~ 1.5 ns) current pulses were generated by a laser pulse

114
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hitting an avalanche photo-diode. The laser pulses were synchronized to the
BESSY bunch clock via a delay generator. The time resolved experiments were
carried out by gating the imaging column to the camshaft bunch in the hy-
brid multi-bunch mode and also simply by synchronizing to the single-bunch
in single-bunch mode (both at 1.25 MHz repetition frequency).

Specifically, we used half-ring shaped, notched half-ring-shaped or V-type
nanostructures. The optimization of the sample layout makes it compatible
with the PEEM and is a big achievement of this project. Different from other re-
searchers [46, 68, 71, 72], we introduced the contacted pads to the nanostructure
along with ground fields by following the definition of co-planar wave-guide.

Outlook

However, we optimized the procedure of sample preparation but we still
have to pay the closer attention to the preparation procedure of the sample in
the future. For this, we envision to improve the transparency of the contacted
pads and ground fields from the residual resists around the nanostructure via

introducing standardized etching techniques.

The present racetrack memory consists of a permalloy nanowire which is
used to store digital data. It needs a high current density (10'? A/m?) to move
the domain walls via spin-transfer torque technique. The issue of using high
current is that it generates higher Oersted field that affects the domain patterns,
increasing the local heating and consuming a high power [44, 131]. Therefore,
one needs to determine the lower current density for the domain wall motion.
In this work, we reached a threshold current density of as low as to 7.5 x10"!
A/m?. By further optimization of the material, its quality, the geometric lay-
out and the lithographic techniques, the current density should be drastically
reduced in order to ensure STT as the dominant process compared to tempera-
ture and Oersted field effects.
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Though Permalloy single-layer nanowire is a useful system to study the STT
mechanism for future applications, it is recommended to use other geometries,
for example pillar geometry containing ferromagnetic/insulator/ferromagnetic
layers. This geometry has rapidly attracted a tremendous interest of experimen-
talists, as it is not only favorable for the STT mechanism even at low current
densities [24, 90] but also such geometry controls the current direction [19]. In
addition, it can also be recommended to use other materials, like half-metallic
materials, having higher spin polarization and lower saturation magnetization.
Furthermore, recently a new writing method was suggested which could be
based on spin transfer torque (STT) with spin reorientation, for low current
writing perpendicular magnetic random memory with high thermal stability
[123]. For this, stacks with Co/Ni and with Co/Pt multilayers were proposed.

As an alternative to the STT, recently a new torque mechanism, spin-orbit
torque, has been recognized in structures such as heavy metal/ferromagnetic
layer/insulating layer. This mechanism is based on angular momentum trans-
fer from the crystal lattice to the magnetization via in-plane current injection,
leading to a wide range of changes in a magnetic configuration. The spin-orbit
torque based magnetic random access memory (SOT-MRAM) has drawn great
attention as it eliminates some flaws of STT-MRAM. For example, since the cur-
rent is injected in the plane of a layer rather than passing through the tunnel
barrier, this technique does not damage the MT] even by injecting high current
density [19]. This torque could originate from the bulk of a heavy metal via
spin Hall effect or from the interface of heavy metal and ferromagnetic lay-
ers by Rashba effect. So far, many efforts have been done by the spintron-
ics community for the improvement of this mechanism. Recently, S. Woo et
al. [143] demonstrated this mechanism in Pt/Co/Ta heterostructures and con-
cluded that the interface between ferromagnet and heavy metals may improve
spin transport by partial alloying [143]. C. K. Safeer et al. [111] successfully used
Pt/Co/AlQO, trilayers system in which authors reported a generic approach to

control magnetization reversal via SOT mechanism.

Concerning the pump probe setup, we developed the negative deflection



7: Summary and Outlook 117

gating, which suppresses the signal of all “unpumped” bunches in the multi-
bunch mode of the synchrotron and thus makes pump-probe studies possible
during the whole year instead of 2 single bunch weeks. Different from the pre-
viously used positive gating deflection, here the usable electrons are by-passing
the V-shaped front edge of the contrast aperture with almost no losses. This
advantage was demonstrated but should be fully exploited in the future.

The amplitude of the available current pulse is presently limited up to 8 V.
We have a solution to increase the pulse amplitude up to 18 V by introducing an
avalanche transistor to the avalanche photo-diode. This will double the avail-
able current density and will keep the same time structure for the pump-probe

experiments.
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