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CHAPTER 1

Introduction

1.1 From “magnetic recording” to “spin storage”

“Magnetism is one of the oldest phenomena studied in the history of
natural science”,' while it remains closely tied to applications. Today,
the most advanced applications of magnetism are related to the
technology underlying magnetic information storage and magnetic
random access memory (magnetic RAM).”> As a leading technology
in the field of data storage,” magnetic recording has attracted great
interest of research over decades, where magnetic fields are used to
read and write the information stored on the magnetization of
artificially engineered thin film structures, or in short, recording
media.*

With the discovery of giant magnetoresistance (GMR) in all-
metallic magnetic/non-magnetic multilayers, a new field of
spintronics burst on the scene in 1988.° The physical origin of the
GMR effect can be qualitatively understood based on the two-current
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model, in which the conduction electrons in ferromagnetic metals are
divided into two spin subsystems: those whose spins are parallel to
the magnetization of a given ferromagnet and those whose spins are
antiparallel. Such a model holds, because spin flip scattering is rare
compared to spin conserving scattering events on the time scale
relevant for transport. Accordingly, when there are dissimilar
scattering rates in the spin subchannels, the total scattering rate or the
resistance of a given magnetic multilayer with non-magnetic metal
spacers depends on the relative orientation of the magnetization in the
ferromagnetic layers, which can be tuned by the external magnetic
field.

Most of the present memory devices under development are
based on conventional magnetic field data writing, which required
ultra-fine processes, large writing currents, and were not easily
scalable due to cross-talk between neighboring memory bits.” To
overcome these disadvantages of the magnetic field data writing, the
so-called spin transfer torque (STT) writing technology has attracted
great attention over the last few years.

STT is a magnetic phenomenon in which spin-polarized currents
can be used to alter the magnetic state of a ferromagnet. STT-RAM is
widely regarded as a major candidate among next-generation
principles for new memory devices. The STT effect utilizes the
transfer of angular momentum from a spin-polarized current to the
magnetization of a ferromagnetic lattice to invert this magnetization,
and writes data at very low power levels. As recently demonstrated,
the STT effect can also be used to “de-pin” and displace a magnetic
domain wall (DW) in a single layer nanostructure by injecting current
pulses. The effect has shown potential for achieving fast and
reproducible switching in nanoscale elements, in particular in the
context of new memory- and logic devices based on DW propagation.
In the near future, magnetic mass storage could rather depend on
DW-based devices, which are conceptually close to former bubble
magnetic memories.®

In short, the GMR effect opened a way to control charge
transport through magnetization, while the STT effect offers an
opportunity to control magnetization by spin transport, which closes
the loop for a data storage paradigm shift from “magnetic recording”

to “spin storage”.’
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1.2 Utilization of X-rays in magnetism research

The goal of developing, understanding, and controlling the magnetic
world, especially down to the nanoscale, is accompanied by the
development of new experimental techniques offering capabilities
that could not be afforded by conventional techniques. We can see
from the two examples below that polarized X-rays provide us with
unprecedented opportunities to get to the bottom of long-standing as
well as novel problems in magnetism.

1.2.1 XMCD study on the origin of magnetocrystalline
anisotropy

Giant perpendicular magnetization anisotropy mainly stems from
magnetocrystalline anisotropy, an atomic effect correlated to the
symmetry of the atomic environment.® Bruno has predicted a
proportional relationship between the magnetocrystalline anisotropy
energy and the anisotropic orbital moment (AOM),” the applicability
of which has been demonstrated experimentally by Weller ef al. in
Au/Co/Au sandwiches, where the perpendicular magnetization
anisotropy is a consequence of a large anisotropy of the Co orbital
moment. '
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FIG. 1.1: Orbital moments under different geometries, derived from
XMCD spectra by sum rules, as a function of Co thickness.'’

Angle-dependent XMCD combined with sum rules analysis'' is
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an effective tool'*'* to evaluate the spin- and orbital moments, and

therefore the AOM. In Weller’s work, the XMCD measurements
were carried out at room temperature as a function of Co thickness in
two different geometries: the spectra were recorded at the Co L,;
edges in a 1 T external magnetic field parallel to the X-ray
propagation direction, at angles y = 0° and 65° with respect to the
surface normal.

The orbital moments extracted from the XMCD spectra in two
directions are shown in Fig. 1.1. A clear anisotropy is found for the
orbital moment in the y = 0° relative to the y = 65° data at the thin
edge of the Co wedge,"” and this anisotropy decays rapidly as Co
thickness increases from 4AL to 7 AL, which is in accordance with
the decreased magnetic anisotropy.

1.2.2 XPEEM imaging of current-driven magnetic DW
motion

The application of different high resolution imaging techniques
allows one to determine the nanoscale DW spin structures.
Synchrotron radiation based magnetic imaging techniques, such as
XMCD in photoemission electron microscopy (XPEEM) and
transmission X-ray microscopy (TXM), have proven to be powerful
techniques'® for the investigation of geometrically confined magnetic
DWs and their dynamics due to the interaction with fields and spin-
polarized currents.

i —
) |

EITE

) - i o) -

FIG. 1.2: XPEEM images taken before and after a current pulse of
duration 25 ps and density j = 10'> A/m’. (a)-(b) For j < 1.05 x 10"
A/m’, the DW motion occurs without spin-structure transformations.
(¢)-(d) For j > 1.05 x 10'* A/m?, vortex-core nucleation and
annihilation, and propagation of multi-vortex walls occur.'’”



Introduction 5

Figures 1.2(a)-(d) show XPEEM images recorded before and
after a 25 ps current pulse with a current density j of up to 1.4 x 10"
A/m’, where they found that the current pulses displace the DWs in
the direction of the electron flow.'” One more message delivered from
Fig. 1.2 is the DW structural transformation above the so-called
Walker limit. Below this limit, the DW can propagate in the magnetic
strip without changing its structure, while above that the DW
structure collapses and undergoes a series of complex cyclic
transformations which results in a drastic reduction of the average
DW speed.'® When j is smaller than 1.05 x 10'* A/m®, the DW moves
from Fig. 1.2(a) to (b), with its spin structure remaining as the vortex
wall which is the lowest energy domain structure for this wire
geometry in a width on the order of a few hundred nm."” When j is
larger than 1.05 x 10'* A/m?, the DW propagates from Fig. 1.2(c) to
(d), accompanied by a structural transformation, as shown in Fig.
1.2(d).*' Therefore, j =~ 1.05 x 10'* A/m* corresponds to the onset of
structural DW transformations as well as a deviation from the linear
behavior of the DW motion velocity versus j, i.e., the Walker
threshold current density.

1.3 Objectives

This PhD thesis investigates both conventional and novel magnetic
materials that aim to meet the requirements needed for future data
storage or spintronic applications, using mainly synchrotron radiation
based techniques, namely, XMCD and XPEEM. The purpose is to
gain a better understanding of several basic but timely issues, as
detailed below, regarding conventional magnetic recording media as
well as advanced DW-based memory devices, utilizing the advantage
of synchrotron radiation techniques. The main objectives of this work
are to address the following questions:

(A) In order to meet the requirements for high-density recording,
different kinds of oxides have been incorporated into CoPt-based
recording media to obtain smaller grain sizes.””?' However, the
problem arises simultaneously with how to retain the Ilarge
magnetocrystalline anisotropy in order to resist thermally activated
magnetization reversal. Using angle-dependent XMCD, we aim to
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find out how the anisotropy of Co orbital moments is related to the
magnetocrystalline anisotropy from a microscopic point of view,
leading to a better understanding of the mechanism underlying the
large magnetocrystalline anisotropy. A range of suitable oxide
contents to realize an optimized combination of small grain size, high
signal/noise ratio, and high thermal stability will be given.

(B) There are two important issues that need to be addressed to make
a viable STT memory device based on DWs:

(i) High DW velocities. At this point, the detailed process
involved in DW motion is an important issue, i.e., the dynamics of
DW displacements where the wall propagates a distance much larger
than its lateral extent.”> XPEEM is a powerful tool to investigate the
spin structures of nanoscale magnetic DWs, as well as their position
and dynamics. In this work, XPEEM imaging is used to obtain a clear
picture of DW motion in magnetic nanowires excited by nanosecond
pulses, and a phenomenological model will be given for general
cases.

(if) Reduced threshold current. It has been theoretically
predicted that the threshold current of DW motion due to an intrinsic
pinning, jc, has the relation with the spin polarization P, as jc o« 1/P.
> Accordingly, a reduction in the threshold current may be realized
when the current is highly polarized by utilizing magnetic materials
with a high degree of spin polarization. Magnetite is one of such
materials, combining a high Curie temperature with a high spin
polarization of up to =~ 80% at room temperature.”* We have
succeeded in growing single-crystal magnetite thin films that exhibit
an in-plane uniaxial magnetic anisotropy.” Such thin films have been
tailored into nanoscale structures, where the magnetic domains are
formed wunder the joint effects of shape- and intrinsic
(magnetocrystalline) anisotropies of the films. With these
nanostructures made of magnetite, we expect to obtain a relatively
low threshold current density to drive the DW, which is crucial for
the operation of future DW devices.
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1.4 Thesis outline

Chapter 2: The experimental methods used in this thesis are
described, including the nanofabrication techniques and synchrotron
radiation techniques.

Chapter 3: Angle-dependent XMCD spectra and magnetic hysteresis
loops were taken at the Co L, ; edges of CogyPtyg:0xide perpendicular
magnetic recording thin films. The magnetic anisotropy energy of the
Co atoms, which is the main source of the magnetocrystalline
anisotropy of the CoPt magnetic grains, has been determined directly
from these element-specific hysteresis loops. While a larger oxide
percentage helps to achieve a smaller grain size, we found that it
reduces the magnetocrystalline anisotropy as demonstrated
unambiguously from direct measurements of the magnetic anisotropy
energy of the Co atoms. The microscopic origin of this phenomenon
in the studied films can be attributed to an increasingly isotropic
orbital moment with decreasing grain size, which arises from a more
pronounced effect of symmetry breaking at the grain-oxide interface
in smaller grains. Our results suggest that these Cog,Ptyy:0xide films,
with oxide volume fractions between 19.1% and 20.7%, are suitable
candidates for high-density magnetic recording.

Chapter 4: Direct observation by XPEEM of current-driven
oscillatory domain wall motion above the Walker breakdown is
reported in NigFe,o/Co nanowire, showing micrometer-scale
displacement at ~13 MHz. We identify two emerging key factors that
enhance the oscillatory motion: (7) increase of the hard-axis magnetic
anisotropy field value |H.|; and (ii) increase of the non-adiabatic spin-
transfer parameter to the Gilbert damping factor ratio, /o, which is
required to be larger than 1. These findings point to an important
route to tune the long-scale oscillatory domain wall motion using the
appropriate geometry and materials.

Chapter 5: The evolution of the in-plane magnetic anisotropies has
been studied and explained for the first time in Fe;0,/GaAs(100) and
Fe;04/MgO/GaAs(100) hybrid spintronic structures. The surface- and
volume contributions to the in-plane cubic- and uniaxial anisotropies
have been distinguished in Fe;O,/GaAs by fitting the anisotropy
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constants, measured by ferromagnetic resonance, as a function of
magnetic film thickness. It has been found that the interfacial
chemical bonding rather than strain relaxation plays the dominant
role in causing the unexpected uniaxial magnetic anisotropy in Fe;O,
films grown directly on GaAs surfaces. On the other hand, after
insertion of a MgO barrier, the uniaxial anisotropy is strongly
reduced. Strain relaxation in the magnetic layer is found to be the
main origin of the uniaxial magnetic anisotropy in the
Fe;04/MgO/GaAs structure.

Chapter 6: Recently, rare-earth dopants have also been used to alter
the spin-transfer velocity and the critical current in permalloy
nanowires, due to their effects on the material properties. It is
noteworthy that relatively soft magnetism is usually desirable in
domain-wall-based devices, to allow for tailoring via shape
anisotropy. We performed, in this chapter, a temperature-dependent
XMCD study on a series of FeGd thin films with in-plane easy
magnetization for a Gd doping concentration of no more than 20%. A
strong enhancement in the magnetic anisotropy of these films is
demonstrated at low temperature, and two possible origins have been
evidenced by transmission electron microscopy, i.e., the presence of
Fe clusters and Gd-Fe clusters. These findings demonstrate the
possibilities for engineering magnetic properties by dissolving rare-
earth atoms into transition-metal lattices even when the rare-earth
doping < 20%.
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CHAPTER 2

Experimental

2.1 Introduction

In this chapter, we give a description of major experimental
techniques that underpinned the work in this thesis. The chapter is
organized as two main sections: Section 2.2 is devoted to the
synchrotron radiation techniques applied in the following four
chapters, and Section 2.3 present the fabrication techniques used to
obtain the samples for Chapter 4.

2.2 Synchrotron radiation techniques

The development of synchrotron radiation sources through the second
half of the 20th century has introduced the possibility of utilizing
high-intensity, polarized photons with tunable energy typically from
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the UV- to hard X-ray regime in scientific experiments. Synchrotron
radiation is produced when electrons that have been accelerated to
ultrarelativistic speeds, i.e. close to the speed of light, are radially
accelerated in an electromagnetic field. In a so-called electron storage
ring, this radiation is emitted in a fan of photons as electrons travel
through bending magnets distributed around the ring. In addition,
radiation can be produced by periodic acceleration in special insertion
devices, such as undulators or wigglers. A bending magnet offers a
cheap and reliable radiation source, and is required to maintain the
circular path in modern synchrotrons. An undulator is made up of a
series of permanent magnets, which cause the electrons to move in a
sinusoidal type motion, ejecting photons perpendicular to the
direction of the applied field and parallel to the net particle direction.

For magnetic investigations, variable polarization, from right
circular to left circular, is required, as well as a precisely variable
energy range. Concerning transition metal ferromagnets, the L;- and
L, edges are often favored since these peaks correspond to 2p core
electrons, excited into the unoccupied 3d states, allowing direct
investigation of the magnetically polarized 3d band. The energies for
these peaks lie in the soft X-ray region between 500 and 1000 eV and
hence all beamlines and related experimental equipment operate at
ultra-high vacuum, or high vacuum.

2.2.1 XMCD

X-ray magnetic circular dichroism (XMCD) is an element-specific
probe for the spin- and orbital magnetic moments. It has the ideal
capabilities to study element-specific magnetism in a given material
ranging from simple element films to complex alloys and
compounds." For example, XMCD combined with sum rules
analysis” has been successfully used to study changes in the spin- and
orbital moments and the magnetic anisotropy of Co particles.>”

The working principle of XMCD is regarded as a magneto-
optical effect, similar to the Faraday and Kerr effects.® The latter are
usually performed in the regime of visible light and thus the probed
magnetic information is confined substantially within the valence-
and conduction bands, owing to the excited optical transitions of
samples by low energy photons of only a few eV. In contrast, XMCD
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has the advantage of tunable energy (and polarization) of X-rays,
which makes magneto-optical studies involving core-level states of a
given material possible. Since core levels of different elements are
energetically well separated, the technique can probe element-specific
magnetic properties. XMCD makes use of the absorption of circularly
polarized X-rays near the resonant absorption edges of magnetic
elements. The term dichroism refers to different absorption of right-
and left circularly polarized light of a material. For 3d transition
metals, which we are mostly interested in, the X-ray absorption
spectroscopy (XAS) is usually taken at the L,; edges, using soft X-
rays with an energy between 500 and 1000 eV.’

A

3d band
Er

T

Right Photoelectron

hi®

+h _ﬂ'ﬂ' 2p;; Lj
—ﬁ——l—me L,

FIG. 2.1: Schematic diagram illustrating the principle of XMCD. The 3d
valence band of the transition metal is assumed to be Stoner parabolic-
like, and the two subbands are split by the exchange interaction.

As shown in Fig. 2.1, a right circularly polarized photon
carrying an angular momentum of 7% excites a photoelectron, and
transfers its momentum to the photoelectron. If the photoelectron
originates from a spin-orbit split band such as the 2p;, (L,) or the
2ps3;» (L3) edge of a 3d transition metal, the angular momentum of the
photon can be transferred partly to the spin of the electron via the
spin-orbit coupling. Left circular photons transfer the opposite
angular momentum to the electrons as right circular photons do,
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resulting in photoelectrons with opposite spins. Due to the opposite
spin-orbit coupling in 2ps3, (L3) and 2p;, (L,) levels, the spin
polarization of the excited electrons will be opposite at the two edges,
which allows for separating the spin- and orbital moments. Since the
d-band of transition metals is also spin polarized, it acts as a spin
detector. The difference in detected absorption between left and right
circularly polarized light gives the XMCD signal.

As one of the commonly adopted detection modes for XMCD?,
the total electron yield (TEY) mode measures the number of electrons
escaping from the surface as a result of X-ray absorption processes.
Besides Auger electrons produced via relaxation of core holes, the
TEY signal contains secondary electrons as well, which are created
by inelastic scattering of Auger electrons. When these secondary
electrons are created deeper in the sample than the escape depth, they
cannot be detected, making the TEY detection mode surface
sensitive. The emitted electrons are lost from the sample and are
drained away through a grounded vacuum chamber. A drain current
from the ground to the sample plate replaces these electrons and this
current is directly measured with a high-sensitivity pico-ammeter.

2.2.2 Sum Rules analysis

The method of Sum Rules analysis used in this thesis was developed
from the theoretical approach of a group of researchers including
Thole, Carra, Sette, Van der Laan, Wang and Altarelli in the early
1990s.”' A practical method of applying the Sum Rules to
experimental data was then developed in 1995 by Chen et al.'' The
process of calculating the orbital- and spin moments using the XMCD
sum rules involves finding the solutions to Eq. (2.1a) and Eq. (2.1b),
where mg and m; define the values for the spin- and orbital moments,
respectively:

mg = M (213_)
rP
4qn
=_1" 2.1b
L 3rP ( )

The parameters p and ¢, are derived from the integrals of the



Experimental 15

dichroic signal; and 7 is derived from the sum of the two XAS signals
recorded for opposite alignment between the photon helicity and
magnetization of the sample, after removal of a fitted, stepped
background. To be more precise: p is the integral of the dichroic
signal of the L; peak alone, g is the integrated dichroism over both the
L;- and L, edges, and r represents the total area under the XAS L; and
L, edges, as illustrated in Fig. 2.2. The other two parameters used in
the sum rules equations, n and P, correspond to the number of holes
and the beam polarization. The number of holes used for the
transition metals Fe and Co in this thesis is based on the calculations
made for ultrathin Fe and Co films by Christian Teodorescu, formerly
of Daresbury’s magnetic spectroscopy group.

2.2.3 XPEEM

The photoemission electron microscope (PEEM) has been developed
to study the surface and thin-film properties of various materials.
Combining the power of synchrotron radiation spectroscopy with the
imaging capabilities of PEEM, XPEEM' offers a variety of
possibilities such as topographic, elemental, chemical and magnetic
measurements.

XPEEM is a surface-sensitive technique, based on the principle
of X-ray-in/electrons-out"”, where secondary electrons are used to
image a sample. Most of the signal is generated in the top 2-5
nanometers. The working principle is similar to electron microscopy
and the schematics are shown in Fig. 2.3.

In an XPEEM system, a monochromatic X-ray beam is
moderately focused, typically to tens of micrometers. When
monochromatic X-rays are impinging on the sample, all points on the
sample surface will absorb the X-rays and create excited electrons.

The electrons are accelerated by a strong electric field between
the sample and the outer electrode of the objective lens, to typically
10-30 keV. Then, a series of projection lenses is often used to
magnify the intermediate image further and form a final image on a
CCD camera.
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FIG. 2.2: Graphs illustrating the practical application of the Sum Rules
constants p, ¢ and r. (a) Left- and right circularly polarized XAS spectra;
(b) XMCD and (c¢) summed XAS spectra and their integrals. The dotted
line shown in (c) is the two-step-like function for edge-jump removal
before the integration. The p, ¢ and » correspond to the integral of the
dichroism spectra for the L; edge, the integral of the dichroism spectra
over both the L; and L, edges shown in (b) and the area of the summed
XAS signal after removal of a stepped background shown in (c),
respectively.
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FIG. 2.3: Schematics of XPEEM. An area of the sample is illuminated
with polarized X-rays. These X-rays excite photoelectrons and Auger
electrons, which in turn produce secondary electrons in the sample.
Electron optics is then used to gather the electrons that escape the sample
and to reconstruct an image of where the electrons originated. Depending
on the mode used for the measurement, an elemental, chemical, or
magnetic image of the sample can be constructed.®

Most XPEEM microscopes do not incorporate an energy
analyzer or filter. Therefore, all photoelectrons are detected in
principle. In practice, the electron intensity is dominated by the
secondary electron tail in the 0-20 eV kinetic energy range, where
zero kinetic energy corresponds to the work function of the sample.
The secondary electron intensity determines the XPEEM intensity,
and the large yield of secondary electrons upon exposure to X-rays
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provides a suitably large signal.

The excitation energy resolution is determined by the X-ray
monochromator in the beamline and the spatial resolution is
determined by the electron optics. An aperture in the back focal plane
is used to select the low-energy secondary electrons within the
electron path. The spatial resolution of XPEEM can be adjusted by
the size of the aperture. Our XPEEM measurements were carried out
at Beamline 7.3.1 and 11.0.1 of the Advanced Light Source in the
Lawrence Berkeley National Laboratory, Berkeley, CA. Using the
smallest available aperture, a resolution of the PEEM-2 station
(7.3.1)"* of 60 nm was achieved at best without aberration correction,
and that for the PEEM-3 station (11.0.1) was about 20 nm.

2.3 Sample fabrication
2.3.1 E-beam lithography

Due to the required feature size (zigzag nanowires of 500 nm width),
e-beam lithography has to be used. The basic setup is similar to that
of a conventional scanning electron microscope (SEM), as shown in
Fig. 2.4.

A conventional SEM consists of an electron optical column and
a sample chamber under vacuum. The electron gun consists of an
electron source, usually a tungsten filament or a lanthanum
hexaboride crystal (LaBg), and an anode to accelerate the electrons,
which generates an electron beam of controlled energy ranging from
2 keV to 40 keV. The electron beam is focused by one or two
condenser lenses to a spot of about 2 nm to 10 nm in diameter, and
then scanned in a raster over a region of the specimen by the scan
coils. The most important SEM signals are those produced by
secondary electrons and backscattered electrons.

In e-beam lithography, a focused beam of electrons is used to
write a pattern into a resist layer. The e-beam lithography system
used in this thesis work is a RAITH 50 e-beam writer, which is based
on a SEM system with additional hardware and pattern generating
software. The RAITH 50 system can produce structures with a
minimum feature size smaller than 100 nm, in a writing field of up to
400 x 400 um>.
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FIG. 2.4: Schematic diagram containing the principal components and the
mode of operation of a conventional SEM. The components and their
function are discussed in the text.

The e-beam resist used in our experiment is poly-methyl
methacrylate, abbreviated as 950PMMA. The substrate is coated by
covering it with a 4% solution of 950PMMA in anisole and spinning
at 5000 rpm for 40 s for obtaining the desired nanostructures. The
pattern is then written into the resist by exposure to the e-beam as
described previously. The exposed resist is developed for 29 s in a
solution of methylisobutyl ketone (MIBK) 1:3 isopropanol (IPA), and

for 30 s in [PA.
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2.3.2 Photolithography

In this thesis work, photolithography is used to fabricate bond pads
for electrical contacting of the nano-objects. First, the whole sample
is covered with S1813 photoresist. The resist is usually spun onto the
samples using a spin coater with a speed of 3500 rpm for 40 s. The
spinning operation provides a uniform coating of the resist and also
pre-dries the resist solution, so that it no longer flows after spinning
ceases.

Then the sample is baked at 105 °C for 1 min, which removes
the moisture and solvents that remained in the film after spinning.
This also hardens the resist and improves adhesion to the substrate.

After soaking in chlorobenzene for 1 min to harden the resist,
the sample is put on a mask aligner with a photomask on the top. The
mask aligner serves for two main purposes:

(1) It provides a means to align a pattern on a sample to the
pattern on a mask.

(1) It exposes the sample to UV-light through the pattern on the
photomask. The mask thus contains a real-size image of the pattern to
be transferred to the resist, consisting of transparent and opaque
portions, thus allowing the light to pass only through the transparent
portions. After exposure to ultraviolet light, the resist is developed in
MF319 for 1 min.

This is followed by thermal evaporation of metals, and lift-off in
acetone. The device thus obtained after deposition of electrical
measurement pads is then scribed and placed on a chip. The electrical
measurement pads are connected to the pins of the chip by use of a
bonding machine to allow for electrical measurements.

2.3.3 Lift-off technique

The nanostructures discussed in Chapter 4 were fabricated using a
lift-off process, which is shown schematically in Fig. 2.6.

A thin layer of electron-beam (e-beam) resist or photoresist is
coated onto the surface of the substrate and forms a positive mask, as
shown in Fig. 2.6(a). The desired pattern is written using lithographic
techniques and the resist is partially etched away as a result. Figure
2.6(b) shows the substrate exposed at the desired positions.
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FIG. 2.6: Schematic of the lift-off process.

The metallization is then done by e-beam/thermal evaporation.
As shown in black in Fig. 2.6(c), the metal is deposited over the

whole sample.

Finally, the sample is dipped into acetone, which dissolves the
resist but does not affect the desired structures. The resist, with the
undesired material on top, is lifted off the substrate and the desired
structures are retained [Fig. 2.6(d)].
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CHAPTER 3

The relation between the Co
orbital moment and
magnetocrystalline anisotropy in
CogoPtyo:0xide thin films®

3.1 Introduction

In order to increase areal storage densities in hard disk drives, and to
achieve narrower bit boundaries, it is essential to reduce the magnetic
grain size as well as the exchange and/or magnetostatic interaction
between the magnetic grains."” Oxide based grain boundaries, formed

- A part of this chapter appeared in Journal of Applied Physics 109, 113920 (2011), and
the other part is under review.
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by adding oxides (such as SiO,)’ that easily precipitate at the grain
boundary, are effective for this purpose. A well-known predicament
in these composite oxide-doped CoPt-based thin films is that, while
the desirable intergrain magnetic decoupling is improved with
increasing oxide volume fraction (OVF) or decreasing grain size (D),
the magnetic anisotropy (K,) is adversely reduced.”” Revealing the
underlying physical mechanism of this quandary is not only of great
scientific importance, but could also provide technological benefits,
in deciding the optimum OVF (or D) in the manufacturing process.*”

Girt et al." succeeded in isolating the magnetic grains by co-
sputtering Co and Pt with nonmagnetic oxide material, which serves
as a barrier to decouple neighboring grains. With increasing OVF, the
magnetic grain size becomes smaller, while at the same time the
magnetocrystalline anisotropy of the grains, K;,, was found to be
significantly reduced.'® This result is critical, as it suggests that there
is a limit for increasing the areal storage density by this method,
caused by the dilemma between the simultaneous requirements for
small grain size and large K,,. The value of K, is usually calculated
from the magnetocrystalline anisotropy of the media, K;, by taking
account of the OVF.'™'! However, a direct observation and accurate
experimental determination of the magnetic properties and
anisotropies of the magnetic grains is presently lacking, but
necessary.

On the other hand, several mechanisms have been proposed to
explain the drop in K, including the possible impact of intergrain
exchange coupling, surface anisotropy arising from the grain-oxide
interface, and stacking faults within the magnetic grains.'*"*
However, the microscopic origin of the K; drop is still ambiguous.
Several phenomenological studies of experimental nature have been
carried out, showing that the magnetic anisotropy of the core grains
(K,,) itself also drops when the grain size is decreased”'’, causing
the reduction in K. Therefore, it is essential to determine the cause of
this unexpected K, drop, which appears to be contradictory to the
effect of shape anisotropy, where smaller grains, with a reduced
width/height aspect ratio, should be easier to magnetize normal to the
surface plane (see Fig. 3.3).



The relation between the Co orbital moment and magnetocrystalline anisotropy in
CogyPty:oxide thin films 25

In general, spin-orbit coupling is thought to play a dominant role
in magnetic anisotropy. When magnetic grains become smaller, the
orbital contribution to the total magnetic moment becomes more
important and can no longer be neglected, which in turn has an
impact on the magnetocrystalline anisotropy.'®* It is therefore
imminent to study the grain size dependence of the spin-orbit
interaction and the orbital moment, which might be responsible for
the observed changes in K, and thus K;. X-ray magnetic circular
dichroism (XMCD), combined with sum rule analysis,”’ has been
shown to be a powerful tool to study subtle changes in spin and
orbital moments and magnetic anisotropy of Co particles,”>* so that
this technique has unique capabilities to tackle the problem at hand.

In this chapter, we use angle-dependent XMCD to record
element-specific hysteresis loops at the Co L,;edges for a series of
CogoPtyy:0xide thin films with variable OVF between ~16.6% and
~20.7%, and quantify the spin- and orbital moments of Co, which
represent the main source of magnetization in CoPt:oxide thin films.”

3.2 Sample Preparation

A series of samples, glass/Ta (5 nm)/Ru (13 nm)/CogyPt;y + WO;3
(total of 13 nm)/C (7 nm), were prepared in Seagate, USA. We
succeeded in isolating the magnetic grains by co-sputtering CoPt with
nonmagnetic oxide material serving as the barrier to decouple
neighboring grains. The samples were deposited at room temperature
using DC and RF magnetron sputtering in a Unaxis M12 sputter tool
with base vacuum below 1x10™® mbar. The CoPt grains were grown
on top of Ru grains, with oxide material segregation to the grain
boundaries. The oxide co-sputtering power was varied from 5 W to
30 W, which controls the OVF and the grain size, as described below.
The carbon overcoat protects the magnetic layer from corrosion and
oxidation', and furthermore reduces frictional forces between disc
and read/write head.
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3.3 Results and discussion
3.3.1 TEM measurement of OVF and grain size

Plane-view transmission electron microscopy (TEM) was performed
to investigate the OVF in the films and corresponding grain sizes. As
shown in Fig. 3.1, recorded for a film with a nominal OVF of ~20.4%
the magnetic grains are well isolated by oxide material segregated
into the grain boundary. The grain size distribution of this granular
layer has been fitted with a log-normal distribution and is shown in
the inset, and the mean grain size D is estimated to be 7.8 nm with a
standard deviation of £1.6 nm.
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FIG. 3.1: Plane-view TEM image of the granular layer with an OVF of

20.4%. Inset: From the grain size distribution of the granular layer the
mean grain size D is estimated to be 7.8 nm.

From the TEM analysis, we found that the OVF and grain size
dependences are almost linear with the oxide power. As the power
increases from 5 W to 30 W, the OVF in the magnetic layer increases
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from 16.6% to 20.7%, and the grain size reduces from 10.0 nm to 7.7
nm.

3.3.2 VSM results as a function of OVF

Figure 3.2(a) shows a typical hysteresis loop of the sample with OVF
~ 16.6% measured by VSM, with the magnetic field applied along the
film normal. The coercivity H, nucleation field Hy and remanence
magnetization M, are marked on the loop. Hy is conventionally
defined as the field of the intercept between the saturation
magnetization level and the tangent at H,>® which is widely accepted
and the mostly used (although there are some other definitions such
as the onset of reverse nucleation, e.g., 95% of the M Value27). One
more important parameter, the remanence squareness S, is defined as
the ratio of the remanence magnetization M, against the saturation
magnetization Mg, i.e., S = M,/Mg. >
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FIG. 3.2: (a) Hysteresis loop measured by VSM for a film with OVF ~
16.6%, and definition of coercivity H¢, nucleation field Hy and remanence
magnetization M,; (b) H¢e, Hy, and remanence squareness S = M, /Ms,
along the normal direction as a function of OVF.

The trends of H., Hy, and § are shown in Fig. 3.2(b) as a
function of OVF. For increasing OVF, the coercivity H: decreases
and the absolute value of nucleation field Hy decreases, which
suggests that the recording-layer grains are magnetically exchange
decoupled due to enhanced segregation between the media grains.” It
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is commonly acknowledged that a large negative Hy (using the
definition of Hy shown in Fig. 3.2) is essential for the stability of the
recorded bit.'” As one can see in Fig. 3.2(b), here Hy is far below zero
when the OVF is lower than 20.7%, reaching -0.29 T when OVF ~
19.1%. The value of S reaches almost 1.0, indicating a high potential
of thermal stability of the read-back signal even at low recording
density.”® The lower S for higher OVF indicates a less intergranular
exchange coupling between smaller grains, and in this case the
magnetic grains may be reversed individually.’'

3.3.3 XMCD results as a function of magnetic grain size

XMCD measurements were carried out in total-electron-yield mode
on bending magnet beamline 6.3.1 at the Advanced Light Source,
Berkeley, using circularly polarized X-rays with a ~60% degree of
circular polarization. XMCD spectra, as well as XMCD hysteresis
loops, were recorded at the Co L,; edge for samples with the OVF
ranging from 16.6% to 20.7%, corresponding to the CoPt grain sizes
D=10.0,9.5,9.1, 8.6, 8.2, and 7.7 nm.
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FIG. 3.3: Illustration of experimental geometry (left) and schematic
diagram showing the grain, oxide boundary and the overall easy axis
(E.A.) of the magnetic anisotropy (right). y is the X-ray incidence angle
with respect to the surface normal of the sample.

Two different experimental geometries were used, i.e., at normal
incidence (y = 0°) and at grazing incidence (y = 60°) of the X-ray
beam, which allows for extracting the anisotropic behavior of the
magnetic moments, as shown in the left panel of Fig. 3.3.
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3.3.3.1 MAE as a function of OVF

Figure 3.4 displays the hysteresis loops of samples with D = 8.6 and
10.0 nm, obtained by recording the peak height of the Co L; signal at
~778 eV divided by the Co L, signal at ~793 eV as a function of the
applied magnetic field, for y = 0° and 60°. The curves show a
pronounced hysteresis, indicating that the CoPt grains retain their
grain-grain ferromagnetic alignment at room temperature, and the
difference between the 0° and 60° loops shows that the films have an
out-of-plane easy axis, as indicated by the dashed lines in the right
panel of Fig. 3.3.

Figure 3.5 shows the coercivity of the samples determined from
the XMCD hysteresis loops, Hcxmcp, at Y = 0° (red closed circles)
and 60° (black closed squares). The theoretical values of Hc xmcp for
y = 60° using the domain wall motion (DWM) model
(HC,XMCD,6OO/HC,XMCD,0° = 1/COS600) and the Stoner-Wohlfarth (S-W)
rotation model (HC,XMCD,6OO/HC,XMCD,0° = COS6OOSin6OO) are plOtted for
comparison.”> We see that the experimental data of H¢ xycp at v = 60°
almost fully agrees with the calculation using the S-W rotation
model. This suggests that the intergrain coupling can be eliminated as
the main reason for the K; drop, and the reversal mechanism of these
samples tends to comply with the SW model wherein coherent
rotation dominates. Note that when the OVF is lower than 19.1%, the
magnetization reversal process is slightly towards DWM due to
insufficient isolation of the CoPt grains. When the amount of oxide is
insufficient to surround the CoPt grains, the oxide may exist as
discontinuous sheets or clusters, which behaves as pinning sites and
leads to a large coercivity during DWM.*

As expected, the reversal process of these samples tends to obey
the SW model where the coherent rotation dominates, and the
mechanism is the magnetization rotation of each grain.’* In this case
the coercivity may be used to monitor relative changes in the
magnetocrystalline anisotropy energy (MAE), and therefore one can
derive the MAE from the angular dependence of the magnetization
curves M(H) using >
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In Eq. (3.1), H is the applied magnetic field, y; = 0° and y, = 60°, and
Mg 1s the total magnetic moment estimated at the saturation field
using
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Mg = my ¢y + mg co, (3.2)

where m; c,and mgc, are the orbital and spin magnetic moments of
Co, respectively, and can be evaluated from the Co XMCD spectra
using the sum rules analysis, which will be presented in Section 3.3.2.
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FIG. 3.6: Co MAE (black squares) vs. OVF determined from Eqgs. (3.1)
and (3.2). The dashed line is a linear fit to the MAE data.

A strong dependence of the MAE on OVF is observed in Fig.
3.6 with a trend similar to that of the /- measured by VSM as well as
the Co L edges XMCD. The Co MAE, which is the main source of
the Klg,37 decreases from 0.117 meV/atom to 0.076 meV/atom as the
OVF increases from 16.6% to 20.7%, which is consistent with the
decreasing trend of K, with increasing OVF observed in Ref. 10.

3.3.3.2 Co orbital anisotropy as a function of grain size

The Co 3d effective spin moment, mg, and orbital moment, m;,
evaluated using the sum rules® derived from the XMCD spectra, are
plotted in Figs. 3.7(a) and 3.7(b), respectively, as a function of grain
size. Note that the values at y = 60°, mggq° and my °, have been
corrected for incomplete magnetic saturation, i.e., by multiplying a
factor of Myt °/Myr60°, Where M, e (= saturation magnetization) and
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M1 60 represent the 0° and 60° magnetization obtained at a 2T field
by VSM. As seen in Fig. 3.7(a), mg is isotropic, and shows a slightly
decreasing trend as D decreases due to the increasing oxide
percentage. It also means that the magnetic dipole term in the sum
rules, which causes an anisotropy in the spin distribution, can be
neglected.***

As seen in Fig. 3.7(b), mg > > my_g° over the whole measured D
range, consistent with the hysteresis loops in Fig. 3.4(a), where the
overall easy axis of K, is perpendicular to the film plane. As a
consequence, the orbital anisotropy, defined as Amy = mggp° - my 60°,
has a positive sign. As the grain size decreases, the orbital anisotropy
strongly decreases from ~0.09 ug (D = 10 nm) to ~0.02 ug (D = 7.7
nm), which is consistent with the decreasing trend in K.
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FIG. 3.7: (a) Spin moment, ms, (b) orbital moment, my, and (c) orbital-to-
spin moment ratio, my/ms, as a function of CoPt grain size, extracted from
the Co L,3 XMCD spectra at incident X-ray angles y = 0° (red, filled
symbols) and y = 60° (blue, open symbols). The grey solid lines are guides
to the eye.
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The change in orbital anisotropy with grain size is mainly due to

my g0°. In contrast to a slight decrease in my o> of only ~0.01 ppg/atom,
my g° strongly increases with decreasing D, reaching for D = 7.7 nm
a high value of ~0.19-0.20 pg/atom, which is ~1.33x larger than for
pure Co.*" The incident X-ray angle of y = 60° is close to the magic
angle (57.4°), where the influence of the magnetocrystalline
anisotropy on the orbital moment vanishes, so that mj g° can
approximately be taken as the isotropic value of the orbital
moment.*** Therefore, the enhancement of my g° With decreasing
grain size can be attributed to an increasingly isotropic orbital
moment.

The orbital-to-spin moment ratio, m/ms, as a function of D is
also shown in Fig. 3.7(c) for both X-ray angles. The my y°/mg ratio
appears to be nearly independent of grain size, with its value of ~
(0.16-0.17) significantly larger than for pure Co,* and comparable to
values reported for various CoPt thin films.** This behavior
suggests that the effect of stacking faults would be negligible here,
since it has been reported that a considerable decrease in spin-orbit
coupling is expected due to stacking faults in magnetic grains.*® On
the other hand, my ¢°/ms shows a relatively large increasing trend
from 0.09 to 0.15 as D decreases, which is primarily due to the
increasing my ° or isotropic orbital moment. This increasing trend
suggests an enhanced spin-orbit interaction, leading to a decrease in
the overall magnetic anisotropy energy. Therefore, the microscopic
origin of the reduction of K; in the films can be primarily interpreted
as aﬁr&) 5ioncrease in isotropic orbital moment with decreasing grain
size.””

This behavior can be understood as follows. When the grains
become smaller, the influence of symmetry breaking at the grain-
oxide interface becomes more significant due to the increased
surface-to-volume ratio. Hence, the enhanced isotropic orbital
moment for small grain size is probably due to the reduced symmetry
at the interface, as was also demonstrated for Co nanoparticles
showing a giant magnetic anisotropy.”’ These effects lead to an
enhanced spin-orbit interaction arising from the grain-oxide interface,
which partly counteracts the overall perpendicular magnetic
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anisotropy. With an increasing contribution of the orbital moment in
smaller grains, the asymmetric grain-oxide interface will cause a
further reduction in Kj,. This seems to be in line with Zhu’s
experimental investigation on various oxide/Co bilayers yielding
significant interfacial anisotropy with its easy axis orthogonal to the
interface,”> and their theoretical prediction that the enhanced
interfacial anisotropy in smaller grains would lead to a sizeable
reduction in perpendicular magnetic anisotropy.”

3.4 Conclusions

We have measured for the first time the element-specific hysteresis
loops for CogoPtyg:0xide thin films with perpendicular magnetization
using angle-dependent XMCD at the Co L,; edges. The
magnetization-reversal mechanism of these samples demonstrated to
be dominated by the magnetization rotation of isolated grains. The
magnetic anisotropy energy, evaluated from the angular dependence
of M(H) in the Co XMCD hysteresis loops accordingly, decreases
from 0.117 meV/atom to 0.076 meV/atom when the oxide volume
fraction increases from 16.6% to 20.7%.

The XMCD sum-rules analysis showed that the isotropic orbital
moment increases with increasing oxide volume fraction (decreasing
grain size) due to the increasing surface-to-volume ratio of the
magnetic grains, resulting in a reduced orbital anisotropy and thus the
magnetic anisotropy energy, which is the main cause of the drop in
the magnetocrystalline anisotropy. The present work clarifies the
microscopic origin of the K; drop in CogyPtyg:0xide thin films, which
is instructive for optimizing the magnetic grain size involving the
important factor of the surface-to-volume ratio of the magnetic grain.
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CHAPTER 4

Observation of current-driven
oscillatory domain wall motion in
NigoFez/Co bilayer nanowire”

4.1 Motivation

The possibility to manipulate magnetic domain walls (DWs) via spin-
transfer torque opens up the possibility to develop conceptually novel
DW-based devices' ™, such as racetrack memories.® A spin-polarized
current transfers spin-angular momentum to the DW via spin-
dependent scattering of the electrons, which results in DW motion.’
For technological purposes, which aim to achieve high DW

- A large part of this chapter is under review.
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velocities, a major hurdle is the so called “Walker breakdown”, which
occurs when DWs are driven strongly enough to reach a critical
velocity of typically around a few 100 m/s.*'' Above the Walker
breakdown, the DW’s average velocity drops abruptly,'>'® which is
caused by a series of cyclic structural transformations of the DW'*'®
and consequent oscillations of its instantaneous (as opposed to
average) velocity.”'*'°

Experimentally, this kind of oscillatory DW motion has been
reported under the driving force of a magnetic field'*'"> where the
oscillation period is on the order of nanoseconds and the oscillation
amplitude ranges from nano- to micro-meters, depending on the field
strength.''® However, a direct observation of current-driven
oscillatory DW motion above the Walker breakdown, without the
application of any additional magnetic field, is still lacking. Important
details, such as the oscillation period and amplitude, thus remain
unclear, and in particular quantitative information is unavailable.

In order to establish the underlying mechanism of DW motion,
we apply a one-dimensional(1D)-model, with the inclusion of both
adiabatic and non-adiabatic spin torque terms. The dynamics of the
local magnetization can be described by the Landau-Lifshitz-Gilbert
equation:'’

om

om ~ om Z am
—=—ymxH , +amx——u(— - mx—), (4.1

where m(sin 6 cos¢,sinfsin¢g,cosf,?) is the magnetization vector with

polar angle 0 and azimuthal angle o,

J°m

2

H

1

= Km_z-K m_Xx)+
o MoMs( 2= K m.x) M. o
gyromagnetic ratio, a the Gilbert damping factor, § the non-adiabatic
spin-transfer parameter, u = Pj.gug/(2le|]Ms), K is the magnetic
anisotropy along the easy z-axis, K, the magnetic anisotropy along the
hard x-axis [cf., inset to Fig. 4.5(b)], J the exchange coefficient, Mg
the saturation magnetization, j, the current density, P the spin-
polarization of the current, g the electron g-factor, ug the Bohr
magneton, and e the electron charge. Assuming all local spins lie in a
fixed plane and ¢ = ¢(¢), and using the Walker ansatz, In[tan(6/2)] =

the effective field, y the
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(z-vf)/A, with an effective DW width A = [J(K+K.cos’p)]"?, we
obtain the solution above the Walker breakdown, and find the
condition for the DW moving back and forth by current as:

YK,

“P_pu
2. (a 1)A. (4.2)

u
1+ O{ﬁ)z <

Correspondingly, the instantaneous velocity of the DW is found as:

1+a/5u_ A YK |
l+a> 1+a® 2uM,

v(t) =

sin2¢(1). (4.3)

The left-hand inequality in Eq. (4.2) implies that a small
damping coefficient o is beneficial for attaining oscillatory DW
motion. This can be understood from the principle that for smaller
damping coefficients the energy dissipation is reduced, thereby
easing a change in magnetization direction.'® Based on this, the
widely used ferromagnet Py (permalloy = NigoFe,y), with its small
damping coefficient (o = 0.008), is regarded as a favorite material to
undertake studies on DW motion."

The right-hand inequality in Eq. (4.2) further implies that the
oscillatory motion only occurs when f/a > 1. The value of f/a can be
extracted from a theoretical simulation of the experimental data, as
described in later paragraphs, which is an important result to clarify
the ongoing debate about whether the f/a ratio is either below, equal,
or above 1.**' We will also show that, unlike the field-driven case,
the f/a ratio offers tunability for the current-driven oscillatory DW
motion, depending on the geometry and materials.

The key result in the above model, i.e., the expression of the
DW’s instantaneous velocity above the Walker breakdown, is given
by Eq. (4.3). From the second term on the right-hand side, we see that
|K./Ms|, or the absolute value of magnetic anisotropy field along the
hard axis, |H.| « |K./Ms|, is the most important parameter determining
the oscillation amplitude of the DW velocity. In other words, in a
system with higher |H| a stronger oscillation is expected to be
observed.

In this chapter, we present a simple but effective method to
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increase |H| effectively by capping Py’”?' with an ultrathin layer of

Co,”>* without altering the soft magnetic character of the Py nanowire
which remains in-plane magnetized along the easy axis.** Direct
imaging of the DW motion upon injection of nanosecond current
pulses in the nanowires patterned from Py and Py/Co thin films is
performed, by using the element-specific technique of X-ray magnetic
circular dichroism in photoemission electron microscopy (XPEEM).
While the effect remained undetected in the Py single-layer nanowire,
direct evidence of current-driven oscillatory DW motion above the
Walker breakdown is obtained in the Py/Co bilayer nanowire, which
can be attributed to the enhancement of the oscillation amplitude due
to the increased |H.|. Subsequently, we use the favorable conditions of
this bilayer system for detailed investigations of the oscillatory
motion. Supported by theoretical simulation of the response of the
DW position to the current pulse, we are able to present a clear picture
of the oscillatory behavior and demonstrated two key factors for the
oscillation enhancement.

4.2 Experimental
4.2.1 Sample preparation

The experiments were performed on magnetic nanowires with zigzag
geometry of 500-nm-width to allow control over the magnetic
domain formation by changing the orientation of the external
magnetic field relative to the zigzag axis.””*® The bilayer wire was
defined on an undoped Si(100) substrate by electron-beam
lithography and a lift-off process. Layers of 8§ nm Py and 2 nm Co
were grown by electron-beam evaporation, followed by a 2 nm Au
protecting layer to prevent oxidation. For comparison, a single-layer
Py(8 nm)/Au(2 nm) zigzag nanowire was prepared by the same
method. Each wire was contacted with separate Au electrodes at both
ends.
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4.2.2 How to avoid electrical discharge?

During the XPEEM experiments, a voltage of between 15 kV and 20
kV is used to accelerate the photoemitted electrons from the sample
for imaging. Such a high voltage will probably cause an electrical
discharge if the sample is not well grounded. As shown in Fig. 4.1,
the ninth pin from the left in the top row of the chip is connected to
ground (corresponding to the right pad of wire 1), and so does that in
the bottom row (corresponding to the right pad of wire 3). Note that
the right pad of wire 2 is connected to the bottom of the chip, which
is grounded too. Therefore, it means that all the magnetic nanowires
are grounded through the electrical pads.
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FIG. 4.1: Sample bonded in the chip. Three wires are located at the top,
marked as “wire 17, “wire 2”, and “wire 3”, and are attached to the center
of the chip. The red solid lines indicate the bonding wires. For static
measurements, we should choose a pin as common “ground” and all the
wires should be grounded. The bottom of the chip is grounded too.

As shown in Fig. 4.1, the red lines indicate where the bonding
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wires are. They are necessary to connect the Au pads on the sample
to the separate pins on the chip. These bonding wires with their
diameters of only 25 um each, if visible to the X-ray beam, would
possibly cause the discharge as well due to the effect of point
discharge. The solution is to make a cover with an aperture over the
sample. Anything outside the aperture will be invisible to the beam,
as shown in Fig. 4.2.

hole for imaging
\

\ bonds
sample \
\ - cover
I 1 I «
- \1 r

Chip carrier

FIG. 4.2: Diagram of chip carrier which will be mounted into the
XPEEM sample holder. Top: Sectional view. Bottom: Top view.

4.2.3 Magnetic contrast in XPEEM images

Images of magnetic domain structures were captured by XPEEM**°
in zero field and at room temperature utilizing the PEEM-3 end-
station on beamline 11.0.1.1 at the Advanced Light Source, Berkeley.
In contrast to other imaging techniques, such as magnetic force
microscopy, which can influence and even switch the magnetic
configurations® by the stray field from the detector, XPEEM is a
nonintrusive technique, which even allows for imaging of magnetic
objects that do not exhibit stray fields.”> The ratio of the X-ray
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absorption signals at the Ni (Co) L; and L, edges measured with
right-circularly polarized X-rays is used to obtain the XPEEM
images.’” The magnetic contrast in these images is proportional to the
projection of the magnetization along the X-ray helicity vector, so
that domains aligned parallel and antiparallel to the right-circular
polarization vector (p) show up in light and dark shade,
respectively.”

y

L. ’

FIG. 4.3: Magnetic contrast in XPEEM images taken at Ni L,3 edges:
(a) Head-to-head (HH) DW and (b) Tail-to-tail (TT) DW in a 500-nm-
wide Py nanowire with a 120-nm-wide contact located at the center. The
x axis is along both the X-ray polarization and the wire axis. p
indicates the right-circular polarization direction of the incident X-rays.
Light contrast corresponds to a domain aligned parallel to p, and dark
contrast to domain aligned antiparallel to p. Black and white arrows
represent the magnetization direction parallel and antiparallel to p,
respectively.

As an example, Fig. 4.3 shows an XPEEM image with
magnetic contrast for a Py nanowire with the wire axis along the
polarization direction of the X-ray beam. DWs are located at the
central constriction of the wire with opposite types due to different
magnetization processes: (a) head-to-head DW, and (b) tail-to-tail
DW.

4.3. Oscillatory DW motion above the Walker limit

Figure 4.4(a) shows XPEEM images of a 500-nm-wide Py(8
nm)/Co(2 nm) bilayer wire, where the DW is trapped near the kink in
the wire. The image recorded at the Co L, 5 edges, taken immediately
after recording the Ni L, ; edges image, shows that both have exactly
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the same domain structure. This means that, from a static viewpoint,
the rotation of the magnetization in Co follows that of the Py, which
is due to the ferromagnetic coupling between both layers. This was
persistently observed during the whole measurement process, and
hereafter we will mainly present images of the Ni edges.

Y4

FIG. 4.4: (a) XPEEM images of a 500-nm-wide Py(8 nm)/Co(2 nm)
bilayer wire, recorded at the Ni and Co L, 3 edges, respectively, showing
the same domain structure. (b) Ni-edge images showing the DW
propagation upon current injection in the direction of electron flow. (c¢) Ni-
edge images showing the DW propagation against the direction of electron
flow. The electron flow direction is marked by the blue arrows, and the
DW position is indicated by the yellow arrow heads. (d) False-color
images of the in-plane magnetization, constructed from the images in (c).

Figure 4.4(b) and (c) show two separate sets of XPEEM images
for the DW motion in the bilayer nanowire before (left panel) and
after (right panel) the injection of a current pulse, and without any
assistance of an additional magnetic field. The current pulse length is
30 ns, which is comparable to the oscillation period for domain wall
motion under application of an external magnetic field."”” Applying
these nanosecond pulses rather than microsecond pulses'® enables us
to obtain the current-driven oscillation period. The injected current
density in Fig. 4.4(b) and (c) is ~1.4 x 10'> A/m?, which is above the
Walker threshold current density.'**

The normal DW motion is illustrated in Fig. 4.4(b), where the
DW propagates in the direction of the electron flow (we call it
forward motion of the DW), in accordance with the spin transfer
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torque effect. However, this is not always observed in the Py/Co
nanowire, and a distinct phenomenon which is seemingly anomalous
is revealed in Fig. 4.4(c). Here the DW moves against the direction of
the electron flow (we will call this backward motion of the DW),
which is not observed in the Py nanowire. This unprecedented
backward motion occurred in Py/Co with a statistical probability of
27% (14 out of 52 pulses), suggesting a possibility of the observation
of the oscillatory DW motion. It was found that although the DW
structure [encircled in Fig. 4.4(d)] transforms after the pulse injection,
its backward motion is still much larger than its lateral extent. This
provides an unambiguous evidence that the observed DW backward
motion is a true displacement instead of a structural distortion.*

®)  S5F
El
3
£
.‘é
= 2r
Z
Lr H ® Experimental data
Analytical fitting
0t A \ .
0 50 100 150
Time (ns)

FIG. 4.5: (a) Continuous series of XPEEM images of the DW motion in
Py/Co bilayer nanowire taken at the Ni L3 edge, after consecutive
injection of 30 ns current pulses of ~1.6 x 10'> A/m”. The yellow arrow
heads are a guide to the eye marking the displacement of the DW. The
oscillatory behavior is clearly visible. (b) 1D-model simulation for the
oscillatory DW motion displayed in (a). The length of the vertical bar
gives the lateral extent of the DW in each image. Inset: Schematic diagram
of DW in a magnetic nanowire.
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It is worth pointing out that, although the inertial effect of
current-driven DWs has been predicted theoretically’®®, the XPEEM
images still reliably give the real position of the DW after the pulse
injection. Because the DW motion deceleration after the pulse exactly
offsets the acceleration at the beginning of the pulse, the net
displacement of the DW is exactly proportional to the current pulse
length independent of its inertia.”® Therefore, we conclude that the
observation of the DW oscillatory motion here is a real effect instead
of being due to any relaxation behavior after the pulse.

By repetitively injecting pulses, we obtain snapshots of the DW
position that allows us to observe its forward and backward motions.
A series of XPEEM images reflecting the oscillatory DW motion is
displayed in Fig. 4.5(a), using consecutive pulses with the current
density of ~1.6 x 10'> A/m* which is slightly higher than that used in
Fig. 4.4. Applying the 1D-model as described above, we calculated
the oscillating curve (red curve) to fit the measured data of the DW
position (black dots) after each consecutive pulse, as shown in Fig.
4.5(b). The calculation reproduces the oscillatory motion rather well
for the relevant parameters a = 0.0085, p = 0.24, A=39 nm, u =7
m/s, and yK/ueMs = 3 x 10° s”'. An oscillation period of ~76 ns,
corresponding to a frequency of ~13 MHz, was then identified from
the best fit. In addition, the backward motion of the DW is found to
be up to 1 um [see Fig. 4.5(b)], indicating a large amplitude of the
oscillatory motion, exceeding the reported oscillation amplitude
around an artificial pinning site.*”*' It is noteworthy that the
oscillation also shows a dependence on the current density, which is
reflected in the longer-scale backward motion observed in Fig. 4.4(c)
under smaller current density than that from point 2 to point 3 as
shown in Fig. 4.5(a). Quantitatively, with present parameters used for
simulation, the oscillation frequency is safely assumed to be
proportional to the current density, while the amplitude shows an
inversely proportionality. Accordingly, by decreasing the current
density from 1.6 x 10'> A/m” to 1.4 x 10'* A/m?, oscillation period of
around 86 ns was obtained in Fig. 4.4(c), which is nearly 3 (integer)
times the pulse length of the injecting current. This enables us to
observe the largest backward motion, which is even more than 1 wm
due to slight increase of the oscillation amplitude. On the other hand,
the relatively large current density of 1.6 x 10'> A/m® in Fig. 4.5(a)
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favors us to observe more than one oscillation period within the
limited field of view of the microscope.

The value of o is obtained from a numerical fit to a separate
spin dynamics measurement of a Py(8 nm)/Co(2 nm) thin film, using
time-resolved magneto-optical Kerr effect measurements.
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FIG. 4.6: Time-resolved MOKE responses of the Py/Co thin film with
magnetic field of 150 Oe applied along the easy magnetic axis.

Figure 4.6 shows the spin dynamics responses of the Py(8 nm)/Co(2
nm) thin film with a magnetic field of 150 Oe applied in the sample
plane. Through a simple fitting by an exponentially damped sinusoid

O(f) = Asin(wt + @)e™, (4.4)

where ®(¢) is the in-plane magnetization angle and ® = 0 is the
equilibrium position, 4 and ¢ are the amplitude and phase of the
oscillation,”* and ¢ is the time, we got the value of the effective
damping constant a = 0.0085, which varies only slightly from the
value for Py."

We now elaborate on the reason why the current-driven
oscillatory DW motion is not observed in a Py single-layer nanowire,
which arises from the role of |H.|. For in-plane magnetized nanowires,
H, amounts to the difference between the out-of-plane (growth
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direction, x) and transverse (width direction, y) demagnetizing
fields.** Here the widths for both the Py/Co and Py wires are almost
the same of around 500 nm, which are far larger than the thickness
dimension of 8-10 nm, resulting in a very big width/thickness aspect
ratio and therefore the value of H. is mainly determined by the
demagnetizing field in the thickness direction, approaching the value
of uMs.*** Due to its saturation magnetization M of 33%-40%
larger than that of single layer Py, the Py/Co bilayer is therefore
believed to show a larger H.. In order to further prove this, we
carried out ferromagnetic resonance measurements on Py(8 nm)/Co(2
nm) and Py(8 nm) thin films. From a numerical fit of the dependence
of the resonance field on the magnetic field direction, the value of the
out-of-plane effective demagnetizaing field in the Py/Co bilayer is
found to increase by 34%-37% compared to that in the Py single
layer. This enhancement is expected to remain after patterning of the
bilayer thin film into a nanowire, leading to a much larger difference
between the out-of-plane and the transverse demagnetizing fields than
in the Py nanowire. Through the 1D-model calculation, we found that
with decreasing H, by 37%, the magnitude of the backward motion
has already decreased as one-sixth that of the current simulation
result shown in Fig. 4.5(b). Therefore, the absence of any observable
current-driven oscillatory DW motion in the Py nanowire can be
mainly explained by its relatively low |H|, while an enhanced
oscillation amplitude is observed in the presence of the Co cap due to
the increased |H.|.

We will finally discuss the f/a ratio. From the fit of the time
dependence of the DW motion in Fig. 4.5(b), we obtain a ratio of f/a
~ 28, which is well above 1. This large magnitude of § found here
may be ascribed to the high magnetization gradient across relatively
narrow DW* in bilayer nanowire (comparing to the DW width in
single-layer Py nanowire) caused by relatively large anisotropy
constant in Co, and possible spin-flip scattering® from the Co/Py
interface, which appears to shed light on the origin of the non-
adiabatic spin-transfer term. Figure 4.7 shows the calculated DW
position versus time as a function of the f/a ratio, while keeping the
other parameters the same as those used for the best fit in Fig. 4.5(b).
The oscillation frequency shows a strong dependence on the f/o ratio,
1.e., it increases with increasing f/o ratio. As a result, the f/o ratio is
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identified as another important parameter in addition to |H.|, which
has a significant effect on the frequency of the oscillatory DW
motion. Moreover, the f/a dependence of the oscillation frequency
opens up interesting possibilities to measure the non-adiabatic spin-
transfer parameter, which is usually difficult to determine.'*">*
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FIG. 4.7: Time dependence of the DW motion for varying /o ratio,
calculated using the 1D-model.

4.4 Conclusions

In summary, we provide direct experimental evidence of current-
driven oscillatory DW motion above the Walker breakdown, without
the application of any external magnetic fields, in a Py/Co nanowire
by imaging the magnetic domain structure using XPEEM. New
insights into the underlying mechanism were obtained from the
observed oscillatory motion. It is found that the DW motion can be
enhanced in amplitude and frequency by increasing the following two
parameters, respectively, the magnetic anisotropy field along the hard
axis of the wire |H| and the f/a ratio. By observing an oscillation
period of several tens of nanoseconds and an amplitude of no less
than 1 um, the present study conveys a perspective of paramount
importance for developing new functional DW-based operational
devices, where the high-frequency and long-scale DW oscillation in
this regime can be tuned by engineering the nanowire geometry and
the magnetic properties of the materials involved.
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CHAPTER 5

In-plane uniaxial magnetic
anisotropy in epitaxial Fe;04-
based hybrid structures on
GaAs(100)

5.1 Introduction

The combination of strongly spin-polarized materials with
semiconductors to form hybrid magnetic/semiconductor structures is
an important theme in spintronics, which is aimed at straightforward
integration with current magnetic technologies in microelectronics.'
A strong advantage of linking ferromagnetic materials with III-V

"A large part of this chapter appeared in Physical Review B 84, 104451 (2011).
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semiconductors” is the benefit of utilizing materials widely employed
in the microelectronics industry, i.e., such systems are well
understood and enable the integration with existing technologies.’
One particularly interesting candidate for room-temperature
spintronic applications that is readily available nowadays is half-
metallic Fe;O4 (magnetite), which is a ferrimagnet with a high Curie
temperature, 7 = 858 K.* The strong spin polarization (80% at room
temperature) near the Fermi level’ in magnetite is expected to benefit
the injection and electrical detection of carrier spins in a given
semiconductor.’ For instance, magnetic tunnel transistors based on a
Fe;0,4 emitter have demonstrated a high efficiency of spin-dependent
hot electron transport by utilizing the high degree of spin polarization
in the oxide material.”

We previously realized the growth of epitaxial Fe;O, films on
GaAs(100) by combining the techniques of molecular beam epitaxy
(MBE) and post-growth annealing of Fe thin films under an oxygen
atmosphere.”'’ These films show an in-plane uniaxial magnetic
anisotropy (UMA) with easy axis along the [0-11] direction of the
GaAs(100) substrate, which is unexpected from a bulk crystal
symmetry perspective.

In general, two distinctly different yet widely accepted
mechanisms, viz., unidirectional interface bonding and anisotropic
lattice relaxation, have been proposed to explain the presence of the
UMA in hybrid ferromagnet/GaAs structures such as Fe/InAs'' and
Fe/GaAs.'>" The former effect is believed to be the source of the
UMA in Fe/GaAs heterostructures, given the close connection
between magnetism and  structural/electronic  properties.'*
Considering that Fe and GaAs have different electronic structures and
bonding geometries, the Fe atoms have to adapt to a different bonding
partner and also a different bonding geometry at the interface. The
dangling Ga- and As bonds at GaAs(100) surfaces are oriented along
orthogonal axes. The unidirectional interface bonding is thus thought
to occur due to the uniaxial nature of Fe/Ga and/or Fe/As bonds at the
interface between the two materials, where the detailed mechanism
depends on the GaAs surface termination and reconstruction.'
Magnetic anisotropy caused by “unidirectional interface bonding” is
strictly a surface term. In contrast, the effect of “anisotropic lattice
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relaxation” caused by initial anisotropic lattice mismatch is thickness
dependent. The lattice constants of the ultrathin films deviate from
that of the bulk due to the mismatch, and the strain is partially relaxed
over a certain thickness range before reaching the bulk lattice
constant. Uniaxial strain relaxation, occurring at different rates along
two orthogonal directions, is thus thought to be another source for the
UMA," and persists to the relaxation length of the lattice constant.
Therefore, it should be possible to identify which of the two effects is
dominant by measuring the strength of the anisotropies as a function
of film thickness. "’

In this chapter, we aim to correlate the observation of the
UMA in the Fe;04-based structures on GaAs to these two possible
mechanisms by studying the anisotropy constants obtained using
ferromagnetic resonance (FMR) measurements compared with
detailed numerical simulations. Two specific systems are studied,
namely Fe;O0,/GaAs and Fe;0,/MgO/GaAs. The MgO tunneling
barriers were already used'’ to overcome the well-known
conductivity mismatch between ferromagnetic metals and
semiconductors in the diffusive regime.'® Half-metallic Fe;0, with a
MgO tunneling barrier'’?' is therefore an intriguing hybrid structure
for a highly efficient spin injector in semiconductors at room
temperature.”>* The quality of the magnetite films fabricated by our
approach was confirmed previously by a wide range of experimental
techniques including x-ray photoelectron spectroscopy (XPS), X-ray
magnetic circular dichroism (XMCD), reflection high energy electron
diffraction (RHEED), magneto-optical Kerr effect (MOKE), and
superconducting  quantum  interference  device = (SQUID)
magnetrometry, as can be found elsewhere.*** In the following, we
will show that in Fe;0,/GaAs, the interfacial chemical bonding rather
than strain relaxation is responsible for the presence of UMA. On the
contrary, the UMA has a distinctly different origin in
Fe;04/MgO/GaAs, where strain relaxation in the Fe;O4 film
dominates.
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5.2 Experimental details

Fe epitaxial films with a thickness spanning from 3 to 8 nm were
deposited in a vacuum MBE system with a base pressure of 6x10”
mbar on GaAs(100) substrates at room temperature at a rate of 2
A/min using electron-beam evaporation. The Fe films were then
oxidized at 5x10™ mbar O, pressure for 180 s at 500 K to form the
Fe;0, films (a higher oxygen pressure of 8x10* mbar was used for
the 8-nm films), as has been described in our previous work.*” The
GaAs surface was flat and well crystallized as evidenced by the
RHEED pattern in Fig. 5.1(a). The thickness of the Fe layer before
oxidation was monitored by an in situ microbalance. After oxidation,
the thickness of the Fe;O4 film becomes twice the original Fe
thickness, 1.e., fre304 = 6-16 nm, as confirmed by atomic force
microscopy and magnetization measurements.*®

GaAs(100) [0-11] MgO(100) [0-11] Fe(100) [001] Fe,0,(100) [0-11]

FIG. 5.1: RHEED patterns of (a) GaAs(100) with the electron beam along
GaAs[0-11], (b) MgO/GaAs along MgO[0-11], (c) Fe/MgO/GaAs along
Fe[001], and (d) Fe;04/MgO/GaAs along Fe;O4 [0-11].

Thin films of Fe;O4 on top of MgO/GaAs(100) were grown
using the same procedures as described above. Figure 1(b) shows the
RHEED pattern of a 2.0 nm MgO layer epitaxially grown on a
GaAs(100) surface by electron-beam evaporation of single crystal
MgO at around 500 K. The pattern is streaky with several elongated
spots, indicating the presence of some small crystalline islands on the
smooth surface of the MgO film. This is attributed to the relatively
large lattice mismatch (25.5%) between GaAs and MgO with an
epitaxial relationship MgO(100)[001]//GaAs(100)[001].7 A 45°
rotation of the Fe unit cell with respect to the MgO lattice is seen in
Fig. 5.1(c), which results in a small lattice mismatch of 3.8% and an
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epitaxial  relationship ~ Fe(100)[011]/MgO(100)[001].**  After
annealing the Fe film in the oxygen environment, the typical RHEED
pattern of Fe;O,4 is obtained, which is illustrated in Fig. 1(d). It is
noteworthy that the magnetite cell is rotated back by 45° relative to
the MgO lattice because such a configuration gives a nearly perfect
lattice mismatch of ~0.33%>"" with the MgO layer and the overall
epitaxial relationship 1s thus given as
Fe;04(100)[001]/MgO(100)[001]//GaAs(100)[001].
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FIG. 5.2: MOKE loops of Fe;04/GaAs(100) [upper panels: (a)-(p)] and
Fe;04/MgO/GaAs(100) [lower panels: (q)-(x)]. The external magnetic
field direction is labeled above each column with respect to the GaAs(100)
substrate. The horizontal axis gives the magnetic field ranging from —0.5
to +0.5 kOe, and the vertical axis gives the MOKE signal.

Magnetic hysteresis loops of the resulting Fe oxide films on
GaAs(100) and MgO/GaAs(100) were measured by MOKE. The
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magnetic field was applied along the four major axes of the
GaAs(100) substrate, i.e., [011], [001], [0-11], and [010]. As is
evident from Fig. 5.2, the MOKE results show a clear magnetic
anisotropy in both film stacks.

A UMA with an easy axis along the [0-11] direction was found
in Fe;0,/GaAs, while the magnetic hard axis was along the [011]
direction of the GaAs, as is seen from Fig. 5.2(a)-5.2(p). For the
thicker films the UMA becomes weaker, while the cubic anisotropy
becomes stronger with easy axes along <011> directions (see also
Fig. 5.3). In contrast with Fe;O0,/GaAs, the UMA easy axis in
Fe;04/MgO/GaAs was found to be along the [011] direction and the
hard axis along [0-11]. Furthermore, from Fig. 5.2(q)-5.2(x) we can
see that the UMA is drastically reduced after insertion of the MgO
barrier, in addition to an increase of the cubic anisotropy.

So far, such a UMA has only been observed in our epitaxial
Fe;04/GaAs and Fe;0,/MgO/GaAs — not in similar structures grown
by other techniques.’'?* To further investigate the origin of the UMA,
we have extracted quantitative values for the anisotropy constants
from FMR measurements and compared the magnitude of the surface
and volume contributions to the anisotropy terms. The FMR
measurements were performed at room temperature with a
microwave frequency of 9.78 GHz, using a Bruker electron spin
resonance setup (model ER-200D-SRC). The Landau-Lifshitz
equation without damping for the magnetization dynamics is used to
describe the precession of magnetization:**

M - - G (- dM
T -yM x H +W(MX?) , (5.1

where G is the Gilbert damping constant, and H,; 1s the effective
magnetic field H,; = —dF /dM . Here F is the total free energy for the

single-crystal ultrathin film system, including the Zeeman energy, the
demagnetizing energy, the perpendicular anisotropy energy, the in-
plane UMA energy and the cubic magnetocrystalline anisotropy
energy.

The in-plane resonance fields H,,, can be calculated by using the
following equation derived from the Landau-Lifshitz equation:®
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2

(%) =[H cos(¢ — ¢y ) +4aM ; + H; cos2¢ + H, cos4g] . (52)

x[H cos(¢p — ¢y )+ 2H, cos2¢ + 4H, cos4¢]

where the effective magnetization and the anisotropy fields are

defined here as 4aM,, = 4aM _3K +4K, , and Hy = 2Ky/M, H, =

Ki/(2M). ¢ and ¢y are the angles for the magnetization and applied
field vector, respectively, in spherical coordinates. ¢ represents the in-
plane orientation with respect to the [0-11] direction of the GaAs
substrate. K, is the perpendicular anisotropy constant, Ky is the in-
plane UMA constant, and K; is the cubic magnetic anisotropy
constant. By fitting the experimental data with the calculated angle
dependence of H,, the values of the above anisotropy constants were
obtained.

5.3. Anisotropy constants as a function of Fe;O, thickness in
Fe;04,/GaAs

The initial Fe expitaxial film thicknesses were chosen to be in the
range of 3-8 nm for investigating the magnetic anisotropies of our
Fe; 0, films, based on our previous analysis: When the Fe thickness is
close to 1.6 nm, an S-shaped MOKE loop with zero hysteresis was
observed, suggesting that the Fe;O, film after oxidation is
superparamagnetic.® A good starting point is a Fe film thickness of 3
nm, in which case the Fe is just fully oxidized and the Fe;O,
(thickness 6 nm) shows ferrimagnetic behavior after oxidation.”
When the Fe thickness becomes > 8 nm, the film will not be fully
oxidized resulting in a FeO or even Fe layer underneath the Fe;04
near the interface.'"**

FMR measurements provide the magnetic-field direction
dependence of the resonance field for varying Fe;O, thickness (fre304
= 6-16 nm), as depicted in Fig. 5.3. It is evident that the Fe;O4(6
nm)/GaAs film shows a dominant uniaxial symmetry, ~ sin’*(¢y), with
an easy axis along [0-11] (¢y = 0°) and hard axis along [011] (¢y=
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90°), which are in good agreement with our previous work.” For fre304
> 8 nm, fourfold cubic magnetocrystalline anisotropy starts to set in
with the global hard axis still along the [011] direction of the GaAs;
the [010] and [001] become equivalent magnetic easy directions,
which is much more pronounced in the thicker films.

The values of the cubic anisotropy constant K; and the UMA
constant Ky, were extracted from a theoretical fit of the resonance
field data. The saturation magnetization used for data fitting is 480
emu/cm’, which is based on previous work on the magnetic moment
of ultrathin Fe;0, films.*® The moments of the Fe;0, films in the
thickness range of 8-12 nm were found to be close to the bulk value
of single-crystalline magnetite. For the film thickness of 16 nm, we
adopted a higher oxygen partial pressure during the growth, in order
to prevent the presence of residual Fe which has been found in Ref.
29. Figure 5.4 shows the values of K; and Ky obtained for
Fe;04/GaAs as a function of the inverse Fe;O, thickness 1/z.304. The
absolute value of the cubic anisotropy |K;| dominates at higher
coverage but is strongly reduced for thinner films. In contrast, the
uniaxial term, Ky, is the largest for the thinnest film (¢ge304 = 6 nm)
and decreases with increasing fg.304. The strong 1/tre304 dependences
of Ky and K, in Fig. 5.4 demonstrate that the change in the surface
term with Fe;O,4 thickness is not significant. This implies that the
surface contribution is constant (independent of the thickness), and
therefore that the oxidation is almost uniform at the interface for
various thicknesses.

Here, we treat Kyand K as effective anisotropy constants; each
is a combination of a volume- and surface (or interface) term, as
suggested by Néel.’’”* The latter contains contributions from both the
top surface as well as the bottom interface, but will be modeled in a
single parameter because experimentally these two contributions
cannot be easily separated. Following Néel’s phenomenological
theory, the effective in-plane uniaxial and fourfold cubic anisotropy
constants K; and K, can be written as:

K
Ky=Ky,+ :’S , (5.3a)

K =K, + % (5.3b)
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where Kyy and Ky are the volume and surface terms for Ky, K, v
and K, g are those for K, and 7 is here equal to the Fe;O,4 thickness
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FIG. 5.3: Angular dependence of the FMR resonance field H.s for
Fe304(6-16 nm)/GaAs, where ¢y = 0°, 45 °, 90°, and 135° correspond
respectively to the magnetic field applied along [0-11], [001], [011], and
[010] of the GaAs(100). The circles represent the experimental data and
the solid lines are theoretical fitted curves using the Landau-Lifshitz
equation.
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FIG. 5.4: Thickness dependence of the cubic (K;) and uniaxial (Ky)
magnetic anisotropies of Fe;04/GaAs(100). The straight lines are linear
fits to the data points.
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Linear fits performed on the two data sets in Fig. 5.4 for K; and
Ky as a function of 1/fze304, give important values of the volume and
surface contributions to K; and Ky, as listed in Table 5.1. For
comparison, also included in the table are anisotropy constants for
Fe/GaAs taken from the literature.

TABLE 5.1. Values of the surface and volume terms of the magnetic
anisotropy constants K; and Ky for epitaxial Fe;04/GaAs(100) obtained
from a linear fit of the experimental data as a function of 1/fge304. The
lower entrees in the table give magnetic anisotropy constants taken from
the literature. For bulk Fe;O4, K1y = K; = -11.8x10" erg/cm’.

Kiv Kis Kuy Kys
(105 erg/cmB) (10'2 erg/cmz) (105 erg/cm3) (10'2 erg/cmz)
Fe;04/GaAs -1.33+0.06 8.04+0.52 0.04x0.02 3.03+0.19
Cu/Fe/GaAs" 3.4x0.3 -1.20.4 -0.05+0.1 2.2+0.1
Cu/Fe/GaAs® 4.6+0.3 5.120.5 - 3.2+1.2
Au/Fe/GaAs'® 3.7+0.3 -3.2+0.5 - 10.0£1.0

From the results in Table 5.1, we see that the UMA has a
distinct interface origin, while the cubic anisotropy contains both the
expected volume term K,y and a positive surface term K;g."> The
thickest film (fre304 = 16 nm) is predominantly fourfold, whereas the
thinner films are mainly uniaxial.

In Fe;04,/GaAs, K s has a sign opposite to the one in Fe/GaAs.
This is caused by the negative sign of K; in the former, and implies
that the easy axes of K; are rotated by 45° compared to those of
Fe/GaAs. The value of Ky is slightly lower than expected for the
bulk (See Table 5.1), indicating that even the thickest film studied
here (fre304 = 16 nm) is not thick enough to recuperate entirely the
bulk-like magnetic anisotropy that, as we found from the fits, should
occur at fg.304 <~ 54 nm.

The results discussed above, and in particular the linear
dependence of the uniaxial- and cubic anisotropy constants on
1/tre304, confirm that interface bonding rather than strain relaxation
plays a dominant role in causing the UMA in the Fe;0,/GaAs, which
is the same as in the Fe/GaAs. Compared to the Ky ~ 10° erg/cm’ for
Fe/GaAs,*'** the Ky =~ 10* erg/cm3 for the Fe;O,/GaAs structure is
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almost an order of magnitude smaller, implying that the uniaxial
nature of the Fe/Ga interface bonding is greatly reduced after the
oxidation.

5.4. Anisotropy constants as a function of MgO thickness in
Fe;04(6 nm)/MgO/GaAs

We performed FMR measurements on Fe;O4(6 nm)/MgO/GaAs with
varying MgO thickness to determine the magnetic anisotropy in such
structures. Figure 5.5 illustrates the variation of the FMR field as a
function of the in-plane orientation for Fe;O, films (fpe304 = 6 nm)
with varying MgO thickness (fv,o = 0, 2.0, and 2.5 nm). The
Fe;04/GaAs film in Fig. 5.5(a) shows a dominant uniaxial anisotropy,
as already pointed out in Sec. 5.3. In contrast, Fig. 5.5(b) and 5.5(c)
both show a global hard axis along [0-11] of the GaAs(100),
indicating a 90° rotation of the UMA axes in Fe;0,/MgO/GaAs with
respect to Fe;0,/GaAs. Figure 5.5(b) shows that for the Fe;O,4 film
with 0 = 2.0 nm, the angular dependence of the resonance field
contains a small component of fourfold symmetry, ~sin*(2¢y),
superimposed on the UMA, indicating an in-plane cubic
magnetocrystalline anisotropy coexisting with the UMA. Figure 5.5(c)
shows a similar trend for the Fe;O, film with #\;,0 = 2.5 nm as in Fig.
5.5(b), but with increased fourfold symmetry contribution due to
stronger cubic anisotropy. These results have been quantified by
theoretical fitting, resulting in the Ky and K values that are listed in
Table 5.2.

TABLE 5.2. Anisotropy constants for Fe;O4(6 nm)/MgO/GaAs(100) with
varying MgO thickness #ygo obtained from FMR.

tmeo (Nm) K (10% erg/em’) Ky (10" erg/em’)
0 -0.49 4.05
2.0 -1.42 -1.32

2.5 -2.75 -0.86
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FIG. 5.5: Angular dependence of the FMR resonance field H. for
Fe3;04/MgO/GaAs, where ¢y = 0° 45 °, 90°, and 135° correspond
respectively to the magnetic field applied along [0-11], [001], [011], and
[010] of the GaAs(100). (a) Fe304(6 nm)/GaAs, (b) Fe;04(6 nm)/MgO(2.0
nm)/GaAs, and (c) Fe;04(6 nm)/MgO(2.5 nm)/GaAs. The dots represent
the experimental data and the solid lines are theoretical fitted curves.

There are two important observations that transpire from Table
5.2: (i) the opposite signs of Ky for Fe;0,/GaAs(100) and
Fe;04/Mg0O/GaAs(100), indicating a 90° rotation of the magnetic
axes of the UMA between both structures, and (i1) the large decrease
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in magnitude of Ky in the Fe;0,/MgO/GaAs system with increasing
MgO thickness. By comparing the 6-nm-thick Fe;O,4 film on GaAs
with those of the same thickness on MgO/GaAs, where the former
has negligible cubic anisotropy but a strong in-plane UMA while the
latter exhibits dominant cubic anisotropy and a weak UMA, we can
already see the following: (i) the interfacial contact between the GaAs
substrate and the Fe;O, layer plays an important and direct role in
causing the observed UMA in Fe;0,/GaAs, which is consistent with
the conclusion drawn in Sec. 5.3, and (ii) the GaAs substrate
underneath the MgO interlayer plays a crucial role in inducing the
weak UMA in the case of Fe;0,/MgO/GaAs, which we explain next.

The presence of UMA in Fe;O,/MgO/GaAs(100) seems
surprising, since any mechanism related to interfacial uniaxial
bonding can readily be ruled out, because no in-plane UMA is
observed for Fe;0, films grown on MgO substrates.*** Therefore,
it is plausible that the GaAs substrate underneath the MgO plays a
crucial role in inducing this unexpected anisotropy. Given the
relatively large lattice mismatch between GaAs and MgO (25.5%)%,
it is expected that the MgO interlayer is highly strained after
deposition on the GaAs substrate, which has a direct consequence on
the strain in the Fe;O, layer due to the extremely small lattice
mismatch between Fe;0, and MgO (0.33%)*". When the MgO is
thicker, the magnitude of Ky becomes smaller, which confirms that a
strain or strain-induced disorder mechanism originating from the
MgO/GaAs interface is therefore one possible source responsible for
the UMA observed in the Fe;0,/MgO/GaAs.

5.5 Conclusion

The magnetic anisotropy constants of Fe;O,/GaAs and
Fe;0,/MgO/GaAs(100) epitaxial  spintronic  structures  were
quantitatively determined using FMR measurements. From a linear fit
of the anisotropy constants as a function of the inverse thickness of
the magnetic film, the surface and volume contributions to both the
cubic and uniaxial anisotropies were distinguished. It was found that
the unidirectional interface bonding rather than the strain effect is the
main origin of the observed UMA in Fe;0,/GaAs. In contrast, in the



68 Chapter 5

Fe;04/MgO/GaAs system the magnetic easy axes of the UMA are
rotated by 90° compared to Fe;04/GaAs, along with a decrease in the
magnitude of the UMA. The residual strain in the Fe;O, films is
responsible for the unexpected UMA in Fe;0,/MgO/GaAs, which is
distinctively different from that in Fe;04,/GaAs.

Keeping in mind that strain relaxation may occur gradually as
the film thickness is increased, leading to a UMA that is thickness
dependent, those two preceding mechanisms are not necessarily easy
to separate and are likely to contribute simultaneously. Although the
experimental results of this work are in good agreement with our
proposed mechanisms, detailed structural information, which can be
provided by x-ray diffraction and transmission electron microscopy,
would be needed to provide further insight into the atomic scale
origin of the UMA in such epitaxial Fe;O4-based hybrid structures on
GaAs(100).

5.6. Outlook

Combining the advantage of high Curie temperature 7 = 851 K with
that of high spin polarization of up to 80% at room temperature,*
magnetite is a promising material for current-driven domain wall
(DW) displacement via the spin transfer torque effect, where the
performance of these DW-based devices depends on the spin
polarization of the current. In practice, however, a disadvantage
might be the more complicated magnetic anisotropies present in
crystalline magnetite thin films, which will lead to more complex
domain structures than in the commonly used polycrystalline 3d
metals such as permalloy.

Kldui et al. have studied the domain structure in a Fe;O, ring
with a diameter of 10 um and nominal width of 1135 nm using
XPEEM imaging, as shown in Fig. 5.6.” The magnetization is
divided into four domains, which is a consequence of the strong cubic
in-plane magnetocrystalline anisotropy of Fe;O4 films. The
appearance of the zigzag DW structure (marked with B) results from
the energetic balance between the cubic magnetocrystalline
anisotropy, the exchange, and dipolar coupling. This illustrates that
the anisotropies in magnetite nano-scale objects are not as simple as
those in soft magnetic permalloy nano-objects. In particular, the
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intrinsic cubic magnetocrystalline anisotropy*® should also be taken
into account in magnetite structures besides shape anisotropy.

FIG. 5.6: (a) High-resolution XPEEM image of a Fe;O4 ring at
remanence. A 90° DW (marked with A) and a tail-to-tail zigzag DW
(marked with B) are visible. At the opposite side of the ring one more 90°
DW and a head-to-head zigzag DW are also present. The black (white)
contrast in the XPEEM image indicates the horizontal component of the
in-plane magnetization direction pointing to the left (right). (b)
Micromagnetic simulation for the Fe;O4 ring in the remanent state after
saturation. **

From the above study on the Fe;0,/GaAs(100) and
Fe;04/MgO/GaAs(100) thin films grown by us, we found that for a
certain thickness of magnetite, namely, in Fe;04(6 nm)/GaAs(100),
the cubic anisotropy is very small. As a result, the complex DW
structure arising from the cubic anisotropy could be avoided in
nanowires patterned from our Fe;O4(6 nm)/GaAs(100) thin films,
which exhibit UMA only. One may even be able to control the
domain structure in DW-based devices by taking advantage of this in-
plane UMA, provided that the magnetic field is applied in a proper
direction with respect to its easy or hard axis.

Based on the above, an XPEEM study of current-driven DW
motion in nanowires patterned from single-crystalline 6-nm-thick
Fe;04 thin films on GaAs(100) is proposed as future work. Unlike
techniques such as magnetic force microscopy, it is possible to
observe magnetic states without any magnetic field produced from
the detector by taking advantage of the nonintrusive XPEEM imaging
technique.”’” As shown in the scanning electron microscopy (SEM)
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picture in Fig. 5.7, we have succeeded in patterning several sets of
such wires by focused ion beam (FIB) lithography after the growth of
the 6-nm-thick film on GaAs substrate. They are 1-um-wide wires
with a range of nanocontacts from 100 nm to 600 nm wide, located at
the wire center. The long axes of the wires are either parallel or
perpendicular to the easy axis of the UMA in the film, so that we can
investigate the domain structures in different directions. The elliptical
pads and the sharp tips in the top wires could be used to control the
nucleation and annihilation of DWs, respectively.*®

50kV  X2,000 10pm WD 24.0mm

FIG. 5.7: SEM picture of patterned Fe;O4 nanowires with artificial
notches.

As has been mentioned in Chapter 1, it is expected that the high
degree of spin polarization in magnetite could help reduce the
threshold current density of DW motion in these kinds of nanowires
and improve the performance of devices based on current-induced
DW dynamics.
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CHAPTER 6

Enhanced magnetic anisotropy
of FeGd thin films at low
temperature

6.1. Introduction

Rare earth (RE) and transition metal (TM) compounds are
technologically important materials which, for over two decades,
have been widely used in applications such as high-performance
permanent magnets and magneto-optic recording media.'"® Such
intermetallic compounds present complex and also interesting
macroscopic and microscopic magnetic properties due to the interplay
between the strong coupling from itinerant magnetism of the TM and
the anisotropic and localized magnetic properties of the RE.’

More recently, these intermetallic compounds have attracted a
vast amount of renewed experimental and theoretical interests owing

*
Some part of this chapter, combined with further measurement results and

calculations, is in preparation for submission to a journal.
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to their potential applications in spintronics, which is a rapidly
emerging field of research with particular emphasis on controlling the
spin degree of freedom as well as the charge.®” The most widely used
ferromagnetic materials for room-temperature (RT) spintronic
applications are Fe or Fe-based alloys, such as Fe, FeCo and FeNi,
due to their advantages of relatively strong spin polarization and high
Curie temperature.'”'! It is thus intriguing to tailor the magnetic
properties of this kind of TM or its alloys by doping with RE atoms in
order to facilitate the design of next generation solid-state devices.

Usually high RE content in RE-TM alloys has been found to
effectively enhance the magnetization damping because of the large
RE spin-orbit interaction'"” and to produce strong perpendicular
magnetic anisotropy' "', However, this strong perpendicular
anisotropy is not always desirable in some areas of spintronic
applications, e.g., domain-wall-based devices, which relatively soft
magnetism, to allow for tailoring via shape anisotropy. In this regard,
the study of appropriate RE dosages that preserve the soft magnetic
properties of transition metals deserves to be paid attention to.

For this purpose, we studied the magnetic anisotropy and
magnetic moments of a series of binary Fe-Gd thin films with Gd
impurities of no more than 20%, which exhibit an in-plane uniaxial
magnetic anisotropy, via element-specific X-ray magnetic circular
dichroism (XMCD), which is an ideal technique to characterize the
magnetic properties of different elements in a multicomponent
material.'” Gadolinium has been chosen due to its high Curie
temperature approaching RT and the collinear alignment of its
moments at RT."® Most recently, Gd doped permalloy has also been
used to advantageously alter the spin-transfer velocity in magnetic
nanostrips,'?' which are the base for future racetrack memory
technology.*” In this chapter, by exploiting the advantages of XMCD,
we aim to investigate the role of the Gd doping < 20% on the
magnetic anisotropy of the Fe-Gd thin films. In addition, outstanding
questions regarding amorphous RE-TM alloys, such as the
relationship between magnetization and local structure, where the
latter is described by the TM-TM, TM-RE and RE-RE pairs,23 1s also
addressed.
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6.2. Sample growth and structural characterization

A series of 30-nm-thick Fe; ,Gd, thin films with buffer layer of 5-nm-
thick Ta were deposited on Si substrates at RT by magnetron
sputtering with a base pressure of 1.0 x 10~ Pa, argon pressure of 0.3
Pa, and an incident DC power of 30 W in Southeast University,
China. A thin layer of 1-nm-thick Ta was deposited afterwards as a
cap in order to prevent oxidization, and simultaneously allow for the
XMCD measurement for the FeGd thin films underneath. A magnetic
field of 50 Oe was applied during film growth to induce a small in-
plane uniaxial anisotropy. The Gd content was adjusted by the
number of Gd chips, which were located symmetrically on the
surface of a Fe target’* The composition of the films was
characterized by energy dispersive x-ray fluorescence spectrometry
(EDS), and their structures were investigated by x-ray diffraction
(XRD).

Intensity (arb. units)

I ' 13% Gd

16% Gd
|.|.E.|.|.|

35 40 45 50 55 60
20 (degree)

FIG. 6.1: XRD 0-20 curves for FeGd thin films with different Gd
contents.
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Figure 6.1 shows the XRD 6-20 curves of the Fe, Gd, films
with a Gd concentration x of 0-16%. At x = 0, we see that the pure Fe
film exhibits a crystalline (110) orientation at 260 = 45°. The intensity
of the Fe (110) peak drops clearly when x increases to 13%, and then
disappears completely at x = 16%, showing a gradual structural
transformation from a polycrystalline to an amorphous state with
increasing Gd concentration.

Two more parameters can be obtained from the XRD patterns,
i.e., the lattice constant a and the grain size D. First, the Fe (110)
peak shifts to a smaller angle when x is higher, suggesting an
increasing lattice constant a with increasing Gd concentration, the
values of which calculated by Bragg’s law are shown in Table 6.1.
Second, the grain size D can also be evaluated according to the
Scherrer’s formula®, i.e., D = 0.89\/((FWHM)cos0), where the x-ray
wavelength A = 0.1541 nm and the FWHM is the full width half
maximum of the XRD peak. As shown in Table 6.1, D decreases with
increasing Gd concentration, the trend of which is similar to the
previous work by Mimura, et al.*®

TABLE 6.1. Lattice constant and grain size vs. Gd contents.

x (at.%) 0 7 13
a(A) 2.86 2.87 2.88
D (nm) 9 8 7

Based on the above analysis of XRD, we propose a picture of
structural transition from low- to high Gd concentration as below:
When x < 7%, some Gd atoms have entered the Fe grains while most
of them stay at the grain boundaries of Fe, so that the value of a
remains similar to that for pure Fe and the grain size D does not
change much; When x reaches 13%, the value of a increases, which
may be ascribed to the lattice expansion caused by the large
difference between the radius of the Gd and Fe atoms. This suggests a
possibility of the incorporation of Gd atoms into Fe lattices by
replacing the Fe atoms, therefore resulting in the breaking of grains,
and the film becomes amorphous.
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6.3. Magnetic characterization

Temperature-dependent magnetic hysteresis loops were measured by
Superconducting Quantum Interference Device (SQUID) in Nanjing
University, China, for the samples with a Gd concentration ranging
from 0 to 20%. The areas of the samples under measurement are kept
almost the same, for the ease of comparison between their
magnetization. Figure 6.2 shows the results for three samples
displaying  different degrees of polycrystallinity  versus
amorphousness, i.e., x = 8%, x = 14% and x = 20%. The coercivity Hc
is found to increase with decreasing temperature, and this increase
becomes more pronounced with higher Gd concentration; while the
net magnetic moment shows relatively small variation with the
temperature, as shown in Fig. 6.3.

(a) 8% Gd

30F 110k "’\ - 130k [} 60k [ RT ‘:‘"
|
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-500 0 500 -500 0 500 -500 0 500 -500 0 500
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FIG. 6.2: Temperature-dependent magnetic hysteresis loops measured by
SQUID. The applied maximum field is £650 Oe.

This kind of coercivity enhancement above the compensation
temperature (which represents the point where the magnetizations of
the antiferromagnetically coupled TM and RE sublattices are equal
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and cancel each other)®, T, comp> Nas been explained due to the reduced
net magnetization with decreasing temperature, where the Zeeman
energy is reduced and thus the anisotropy energy wins out.”
However, this might not be the case in our samples, since we have
shown in Fig. 6.3(b) that the net magnetic moment is not simply
reduced upon including more Gd, while it varies little with decreasing
temperature. In order to investigate this, we performed temperature-
dependent XMCD measurements, which is ideal to obtain
microscopic magnetic moments for Fe and Gd and to separate their
spin and orbital moments contribution, as discussed in the following
sections.
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FIG. 6.3: Temperature-dependence of coercivity and saturation
magnetization obtained from the SQUID hysteresis loops.

6.4. XMCD results

X-ray absorption spectroscopy (XAS) and XMCD spectra were taken
at various temperatures in the total electron yield (TEY) mode at
beam line [1011 of the MAX-Laboratory in Lund, Sweden. The angle
of incidence of the X-ray beam, y, was set to 60° relative to the
sample surface normal. XMCD spectra were recorded by reversing
the helicity of the circularly polarized X-rays. Element-specific
magnetic hysteresis loops were also taken by recording the XMCD
signal at Fe L,5 and Gd M,s absorption edges, respectively, as a
function of the applied magnetic field, which is parallel to the X-ray
beam direction.
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6.4.1 Element-specific XMCD hysteresis loops

(a) 8% Gd (b) 14% Gd (c) 20% Gd
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FIG. 6.4: Normalized XMCD hysteresis loops (major loops) taken at RT
(top) and 110 K (bottom), respectively. The applied maximum field is
+650 Oe. The red and blue lines represent the Fe and Gd loops,
respectively.
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FIG. 6.5: Normalized XMCD hysteresis loops (minor loops) of (a)
FegsGdy4 and (b) FegoGdyo, taken in the field range of (-250 Oe, +250 Oe)
at 110 K. The red and blue lines represent the Fe and Gd loops,
respectively.
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Figure 6.4 shows the Fe and Gd hysteresis loops taken in RT, 160 K
and 110 K, respectively, where an antiferromagnetic coupling of the
Fe 3d (red) and Gd 4f (blue) magnetic moments is demonstrated.***
This is in line with the fact that the 4/ magnetic moments of the heavy
RE atoms are coupled to the 3d moments of TM via the intra-atomic
5d orbitals, and the resulting effective 4/-3d exchange coupling is
antiferromagnetic leading to an antiparallel alignment of RE 4f
moments and the TM 3d moments. Consistent with the results shown
in Fig. 6.2, the coercivity of both the Fe and Gd loops in Fig. 6.4 are
greatly enlarged when the temperature is decreased to 110 K. This
enhancement is particularly significant for x = 14% and x = 20%.

An interesting phenomenon is that a double-switching behavior
appears in the Fe minor loops of the samples with relatively high Gd
concentration, i.e., FegsGd;4 and FegyGd,g, as shown in Fig. 6.5, which
has not been found in their major loops or at RT. It seems that in the
minor loops, with small field sweep range, the Fe-system splits into
two phases, which rotate with the field quasi-independently, leading to
a double-switching behavior as reported on hard/soft magnet
exchange-spring systems.’® Accordingly, in addition to the presence of
Fe and Gd subnetworks, which have been widely accepted in
amorphous FeGd samples, the XMCD Fe-loops suggest that a
secondary phase containing Fe arises in these two samples, which
becomes more apparent with higher Gd concentration. Moreover, the
magnetic behavior of this secondary phase appears to be temperature
dependent, namely, being absent at the RT while active at low
temperature.

6.4.2 Temperature-dependent Fe- and Gd orbital-to-spin
moment ratios

Figure 6.6 shows temperature-dependent XMCD spectra taken at the
Fe L,; edges (a) and Gd M, s edges (b), respectively, for the sample
FegoGd,g, where the most significant H- enhancement takes place at
low temperature. The Fe L; peak is clearly enhanced at 110 K while
the L, peak remains almost the same, suggesting an enhanced orbital-
to-spin moment ratio, m; r/msg. at low temperature. In addition, by



Enhanced magnetic anisotropy of FeGd thin films at low temperature 83

comparing the M,s peaks of the Gd spectra, the Gd orbital-to-spin
moment ratio, my gq/ms gy, also shows a modification in 110 K. The
quantitative analysis for the Fe and Gd spectra will be shown in the
following subsections.

0.5 0.9
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'\ (a)Fe
/ K (b) Gd
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FIG. 6.6: XMCD spectra of FeggGdy taken at (a) Fe L, 3 edges and (b) Gd
M, s, respectively. The applied maximum field is £650 Oe.

Table 6.2 lists the orbital and spin moments of Fe and their
ratios, extracted from the temperature-dependent Fe XMCD spectra
by sum rules when a magnetic field of 650 Oe was applied. The
orbital- and spin moments for pure Fe obtained by others are also
shown for comparison. From Table 6.2 we see that when the
temperature decreases from RT to 160 K, the value of myp.
experiences a drastic increase by ~7 times, resulting in a strongly
enhanced m g/mgr. ratio. This suggests a greatly increased spin-orbit
coupling and thus magnetic anisotropy, which explains the substantial
enhancement in coercivity for FegyGd,, observed at 160 K in Fig. 6.2.
In addition to the enhancement in the orbital moment and the
my re/mspe ratio, the Fe spin moment mgg. shows a pronounced
increase by ~58% at 160 K as well. Together with the increased m; g,
an increased total moment mg, = mgp. + my g results, which may be
related to the arising of the secondary phase proposed in Sec. 6.4.1
and will be further discussed in Sec. 6.4.3.
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TABLE 6.2. Fe orbital and spin moments and their ratios in FegyGd,g thin films

Temperature My Fe ms re my pe/Ms e
(up/atom) (up/atom)

FegoGdag 110K 0.181 1.337 0.135
160 K 0.114 1.366 0.083

RT 0.014 0.865 0.016

pure Fe ' RT 0.086 1.98 0.043

TEY XMCD has been used previously to confirm the nominal
orbital-to-spin moment ratios of Tb and Gd dopants using sum
rules.*? The corrected sum rules for the RE M, s edges can be written

33
as,

6(T.
Myre _ 2C 1+ <>), (6.1)
Mspe 5P _3 g

q

where p represents the integral over the M5 edge and ¢ the integral
over both edges. ¢ is directly proportional to my; g, Whereas the
branching ratio p/q can be used to determine mL,RE/mS,RE.34 C is the
correction factor due to j-j mixing, caused by the 3d-4f Coulomb
interaction in the RE which is relatively large compared to the 3d
core-level spin-orbit interaction™, and T}, is the magnetic dipole term.
Figure 6.7 shows the calculation for the XMCD spectrum of Gd
f7 with C=0.949 and T, = 0 (in reality, however, the contribution of
T, in RE to the sum rule can be substantial) at absolute zero. The
orange line is the integral of the spectrum, where p and ¢g are marked.
Assuming that the temperature dependence of the m, gg/mgs g ratio is
much stronger than that of C and <7,>/mgzr which is confirmed by
theoretical calculations®®, we simply compare the values of 2C/(5p/q -
3) as the my gq/msq ratio at different temperatures, by assuming C =
0.949, as shown in Fig. 6.8. The value obtained from the calculated
Gd spectrum in Fig. 6.7 is also shown for comparison. The analysis in
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Fig. 6.8 suggests that the value of the m; g4/mscq ratio is different at
different temperatures. Further investigation is required to map out
the evolution of the Gd moments with temperature in more detail.
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FIG. 6.7: Calculated Gd dichroism at absolute zero using C = 0.949 and
T, =0, and its integral.
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FIG. 6.8: m; Ga/msgq ratio as a function of temperature for FeggGdyg, by
assuming C = 0.949 and 7, = 0. The applied maximum field is £650 Oe.
The dashed line represent the value of my ga/msq ratio obtained from the
Gd spectrum in Fig. 6.7.

6.43. Fe- and Gd contribution to the macroscopic
magnetization

From the XMCD spectra we can also obtain the microscopic total
moment of Fe, which is the sum of the orbital- and spin moments,
1.e., mg, = mLg. + msp.. Comparing them with the macroscopic
magnetization obtained from SQUID measurement, we are able to
evaluate the Gd magnetization Mg4 by
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MGd = [(1 - X) MFe — Mot]/x, (62)

where the magnetization contribution Mk, is calculated from the value
of myg, by assuming that the atomic volume of Fe is 7.1 cm’/mol. The
microscopic Gd magnetic moment mgyq was then evaluated from Mgy
by assuming that the atomic volume of Gd is 19.9 cm’/mol.

As shown in Fig. 6.9, we found that the Gd contribution to the
macroscopic  magnetization 1is increasing with decreasing
temperature, the trend of which is similar to that of the Fe moment.
At 110 K, the Gd moment even reaches the value for single-ion,
which is around 7.6 up.*® (Note that there would be some error
induced from comparing the macroscopic magnetization and the
microscopic magnetic moments, which were obtained by two
distinctly different methods.)
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FIG. 6.9: Temperature dependence of microscopic magnetic moment for
Fe and the evaluated Gd magnetic moment from Eq. (6.1), for (a) FegsGd4
and (b) FegoGdzo.

Comparing the Fe total moment my, at RT and 110 K, we found
that mg, 1s enhanced by 1.23 pg/atom for FegsGd4 and 0.71 pp/atom
for FegoGd,, respectively, which may originate from the secondary
phase suggested in Sec. 6.4.1. Considering that the net Fe moment
and the magnetic behavior of the secondary phase are strongly
temperature dependent, we propose two possibilities, namely, the
appearance of (1) Fe and (2) Gd-Fe clusters (or both), which are
expected to be superparamagnetic at the RT due to their small sizes.
While when the temperature decreases to a certain value (let us call it
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the “frozen temperature”, Tr), these clusters are activated which
results in a large increase in both the Fe and the Gd moments, despite
that the Gd moment has already been expected to be enhanced at low
temperature.

(a) 8% Gd (b) 14% Gd (c) 20% Gd
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i E—hi Fig. 6.10: High-resolution cross-sectional

——20% Gd TEM images of Fe-Gd thin films with (a)
8%, (b) 14%, and (c) 20% Gd
concentrations. The insets on the top left
corners show the FFT patterns from the
selected areas by the red boxes. (d)
Corresponding FFT peaks to (a)-(c) versus
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The possible appearance of these two kinds of clusters could be
rationalized as follows: When x increases, a large amount of Gd
atoms is dissolved into the Fe lattice and replaces the Fe atoms,
forming Gd-Fe clusters. The big difference in the Gd and Fe atomic
radius leads to a lattice expansion, subsequently causing a reduction
of the pure Fe grain size. Direct evidence for such a lattice expansion
is provided by our transmission electron microscopy (TEM)
measurements.

High-resolution TEM images are shown in Fig. 6.10(a)-(c),
where we see that the long-range ordering in Feyp,Gdg becomes less
when x increases. This is in line with the XRD results, i.e., the film
becomes amorphous with increasing Gd concentration. We performed
a fast Fourier transformation (FFT) for several randomly selected
area indicated by red boxes, as shown in insets at the top left corners
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of Fig. 6.10(a)-(c). The diffraction peaks are shown in Fig. 6.10(d),
and correspond to (110) spots of a-Fe. It is clear that the diffraction
peak is well resolved when x = 8%, and its FWHM increases with
increasing x, indicating a deterioration of the crystallinity of the thin
film. Moreover, the spacing of the (110) plane increases from 0.198
nm to 0.201 nm when x increases from 8% to 20%, demonstrating a
lattice expansion after dissolving Gd atoms into the Fe lattice.’

It is noteworthy that at 160 K, the Fe moment shows a great
enhancement for both samples, while the Gd moment shows a much
smaller increase for Fegs(Gd;4 than for FegyGd,y. This is consistent
with the drastic enhancement of the macroscopic magnetic moment at
160 K observed in Fig. 6.2(b), while the observation that the
coercivity still remains low suggests that this enhancement is due to
the activation of Fe clusters. The reason why this phenomenon
appears in FegsGd,4 instead of FegyGd,, may be that the Fe clusters
have a larger size in FegsGd,4 than in the FegyGd,g, which is expected
to result in a higher 7. This evidence gives some support for our
proposition about the possibility of the two clusters.

6.5. Conclusion

In summary, a secondary phase which is Fe-rich is suggested from
our XMCD study combined with SQUID magnetometry
measurements, which results in an enhancement in the magnetic
anisotropy of the FeGd thin films with in-plane easy magnetization at
low temperature for a Gd doping concentration of no more than 20%.
Further supported by the TEM analysis, we have ascribed this
strongly temperature-dependent secondary phase - namely, absent at
RT while activated at low temperature - to two possible sources: (1)
Fe clusters embedded in a Fe-Gd matrix, where the coercivity of the
Fe-Gd matrix is enhanced due to its decreased net magnetization
while the appearance of superparamagnetic Fe clusters increases the
Fe moment and thus the total magnetization at low temperature; (2)

T Note that the (110) spacing of a-Fe is usually 0.203 nm’’, and the error here is no
more than 2.5%, which is acceptable.
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Gd-Fe clusters embedded in the Fe matrix, where the coercivity is
enhanced at low temperature due to the highly anisotropic Gd-Fe
clusters with the antiferromagnetic coupling between Fe and Gd, and
also a larger magnetization than that at RT.
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Summary

This thesis aims to provide insights into a few challenging problems
related to both conventional magnetic materials and new-generation
magnetoelectronic devices intended for data storage and processing.
The approach taken is mainly experimental, by utilizing the
advantages of synchrotron radiation based techniques, which are
extremely powerful tools for studying magnetism at the nanoscale. It
is expected that these studies, performed predominantly in the area of
X-ray magnetic circular dichroism (XMCD) and XMCD in
photoemission electron microscopy (XPEEM), will help the further
development of materials and devices for data storage and advanced
spintronic technologies.

A well-known dilemma in composite CoPt:oxide perpendicular
magnetic recording thin films is that, while the desirable inter-grain
magnetic decoupling is improved with increasing oxide volume
fraction (or decreasing grain size), the magnetic anisotropy 1is
adversely reduced. Revealing the underlying physical mechanism of
this quandary is not only of great scientific importance, but could also
provide technological benefits, in deciding the optimum oxide
percentage (or grain size) in the manufacturing process. In Chapter 3,
we use angle-dependent XMCD to quantify the spin- and orbital
moments of Co, which represent the main source of magnetization in
CogoPty0: WO; perpendicular magnetic recording thin films, where the
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magnetocrystalline anisotropy significantly drops as the magnetic
grain size decreases. The XMCD analysis shows that the isotropic
orbital moment increases with decreasing grain size. This is due to
the increasing surface-to-volume ratio of the magnetic grains,
resulting in a reduced orbital anisotropy. It is concluded that this is
the main cause of the reduced magnetocrystalline anisotropy. This
chapter therefore clarifies the microscopic origin of the magnetic
anisotropy drop in CogoPtyy:0xide thin films, which is instructive for
optimizing the size and, more importantly, the surface-to-volume
ratio of the magnetic grains.

Since the emergence of spintronics in 1988, novel device
functionalities, which were impossible in the past, have become
reality. Representative examples are magnetic nano-devices based on
the control and manipulation of domain walls (DWs), both
magnetically and electrically, utilizing the spin torque effect.

The performance of such DW-based devices depends on a high
velocity of the wall motion. However, most observations show that
the DW velocity is far below the values predicted by theory. This has
been explained by the so-called “Walker breakdown”, above which a
drastic reduction in the average DW velocity occurs. The underlying
cause is a series of cyclic structural transformations of the DW, and
consequent oscillations of its instantaneous velocity. In Chapter 4, we
report a direct observation by XPEEM of the current-driven
oscillatory DW motion above the Walker breakdown in NigyFe,o/Co
nanowires. Such studies have been lacking so far, and important
characteristics, such as the oscillation period and amplitude, have
remained unclear. Two key factors have been identified that enhance
the oscillatory motion: (i) an increase of the hard-axis magnetic
anisotropy field value |[H|; and (ii) an increase of the non-adiabatic
spin-transfer parameter S. The latter is included in the Gilbert
damping factor ratio, f/a, which is required to be larger than 1. By
observing an oscillation period of several tens of nanoseconds and an
amplitude of no less than 1 pum, the present study conveys a
perspective of paramount importance for developing new functional
DW-based operational devices.

The realization of high performance DW-based devices relies on
a small critical current to drive the DW motion. To accomplish this, a
material with high spin-polarization at the Fermi energy is preferred.
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Fe;04 is one of such promising materials due to its high Curie
temperature, strong spin polarization, film stability at ambient
conditions, and growth compatibility with semiconductors. In
Chapter 5, we have studied single crystal Fe;O, thin films grown on
GaAs(100) and MgO/GaAs, where an intrinsic uniaxial magnetic
anisotropy is demonstrated in the film plane, which was not reported
by others. By means of ferromagnetic resonance, we have studied
quantitatively the evolution of the in-plane magnetic anisotropies in
these two kinds of thin films. We found that interfacial chemical
bonding plays a dominant role in causing the in-plane uniaxial
anisotropy in the Fe;O,/GaAs system, while strain relaxation is most
probably the main origin of uniaxial anisotropy in Fe;0,/MgO/GaAs
stacks. A thin film (6 nm) of Fe;O, grown on GaAs, which exhibits
only an intrinsic uniaxial magnetic anisotropy, has been patterned
into nanowires by focused ion beam milling. In contrast to existing
DW-based devices, which employ polycrystalline tracks, our single
crystal Fe;O4 nanowires may supply an additional degree of freedom.
The DWs play the role of information bits, while the magnetic
domains are formed under the joint effects of shape- and intrinsic
magnetocrystalline uniaxial anisotropy of the film. At the same time,
a lower critical current density is achievable, due to the high degree
of spin polarization in the magnetite-based nanostructures.

The interaction between spin-polarized current and DWs is
strongly dependent on material properties such as the damping
parameter a, the non-adiabatic parameter S, and current polarization
P. Rare-earth (RE) doping in transition-metal (TM) ferromagnets is
an effective way to enhance a. Recently, RE dopants have also been
used to alter the spin-transfer velocity and the critical current in
permalloy nanowires, due to their effects on P and . However, it is
noteworthy that a high RE content in RE-TM alloys usually produces
strong perpendicular magnetic anisotropy, or makes the alloys
magnetically hard with high anisotropy. This is not desirable in DW-
based devices, which require in-plane easy magnetization and
relatively soft magnetism, to allow for tailoring via shape anisotropy.
As a result, the study of appropriate RE dosages that preserve the soft
magnetic properties of TMs deserves to be paid attention to. In
Chapter 6, we describe a study of the magnetic anisotropy and
magnetic moments of a series of binary Fe-Gd thin films with Gd
concentrations of no more than 20%. These films exhibit an in-plane
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uniaxial magnetic anisotropy. Using element-specific XMCD
combined with superconducting quantum interference magnetometry
measurements, we found that the magnetic anisotropy of these films
is strongly enhanced at low temperature. This may have two possible
origins as evidenced by transmission electron microscopy. The first is
the presence of Fe clusters embedded in a Fe-Gd matrix. The
enhanced coercivity may then be explained by the decreased net
magnetization of the Fe-Gd matrix, while the appearance of
superparamagnetic Fe clusters increases the Fe moment and thus the
total magnetization at low temperature. The second possible origin is
Gd-Fe clusters embedded in a Fe matrix, where the coercivity is
enhanced at low temperature due to the highly anisotropic Gd-Fe
clusters featuring antiferromagnetic coupling between Fe and Gd.
These findings demonstrate the possibilities for engineering magnetic
properties by dissolving RE atoms into TM lattices even when the RE
doping < 20%. Reports on films with such low RE concentrations are
rare, in particular for RE-TM thin films with in-plane anisotropy.



Samenvatting

Dit proefschrift heeft tot doel inzicht te geven in een aantal
uitdagende problemen gerelateerd aan zowel conventionele
magnetische materialen als nieuwe generatie magnetoelektronische
devices bedoeld voor dataopslag en -verwerking. Er wordt gebruik
gemaakt van een voornamelijk experimentele benadering, waarbij de
voordelen van op synchrotronstraling gebaseerde technieken worden
benut, die buitengewoon geschikt zijn voor het bestuderen van
magnetisme op nanoschaal. Verwacht wordt dat deze studies, met
name verricht door middel van X-ray magnetic circular dichroism
(XMCD) en photoemission electron microscopy (XPEEM), de
verdere ontwikkeling zullen ondersteunen van materialen en devices
voor dataopslag en geavanceerde spintronica technologieén.

Een bekend dilemma met betrekking tot dunne film
CoPt:oxide composieten voor loodrechte magnetische dataopslag is
dat, terwijl de magnetische ontkoppeling tussen korrels wordt
verbeterd door toevoeging van een grotere hoeveelheid oxide (wat de
korrels kleiner maakt), de magnetische anisotropie hierdoor nadelig
wordt beinvloed. Het onthullen van het fysische mechanisme dat ten
grondslag licht aan dit probleem is niet alleen van groot
wetenschappelijk belang, maar kan ook technologische voordelen
opleveren, door bepaling van het optimale percentage oxide (of
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grootte van de korrels) in het fabricageproces. In Hoofdstuk 3,
gebruiken we XMCD om de magnetische spin- en baanmomenten
van Co te kwantificeren, die de voornaamste bron van de
magnetisatie vormen in CogPty)o:WO;3 dunne films voor loodrechte
magnetische dataopslag. De magnetokristallijne anisotropie daalt
significant wanneer de magnetische korrels kleiner worden. De
XMCD analyse laat zien dat het isotrope karakter van het
magnetische baanmoment toeneemt met afnemende korrelgrootte. Dit
wordt veroorzaakt door de toegenomen oppervlakte tot volume
verhouding van de magnetische korrels, hetgeen resulteert in een
afname van de anisotropie van het baanmoment. Het kan worden
geconcludeerd dat dit de belangrijkste oorzaak is van de afname van
de magnetokristallijne anisotropie. Dit hoofdstuk verduidelijkt dus de
microscopische oorsprong van de afname van de magnetische
anisotropie in CoPt:oxide dunne films, hetgeen nuttig is voor het
optimaliseren van de korrelgroote en, belangrijker nog, de
oppervlakte tot volume verhouding van de magnetische korrels

Sinds de opkomst van spintronica in 1988 zijn nieuwe
functionaliteiten in devices gerealiseerd die voorheen onmogelijk
waren. Representatieve voorbeelden zijn magnetische nano-devices
gebaseerd op het zowel magnetisch als elektrisch controleren en
manipuleren van domeinwanden (DWs), gebruikmakend van het spin
torque effect. De prestaties van dergelijfke op DWs gebaseerde
devices hangen af van een hoge snelheid van de DW beweging.
Echter, de meeste observaties laten zien dat de DW snelheid ver
beneden de theoretisch voorspelde waarden ligt. Dit kan worden
verklaard door de zogenaamde “Walker breakdown”, waarboven een
drastische afname van de DW snelheid optreedt. De onderliggende
oorzaak is een serie van cyclische structurele transformaties van de
DW, met oscillaties van de instantane DW snelheid tot gevolg. In
Hoofdstuk 4 presenteren we een directe observatie door middel van
XPEEM van stroomgedreven oscillerende DW beweging boven de
Walker breakdown in NigoFe,,/Co nanodraden. Zulke studies waren
tot dusver niet verricht en belangrijke kenmerken als de
oscillatieperiode en —amplitude zijn onderbelicht gebleven. Twee
belangrijke factoren zijn geidentificeerd die de oscillerende beweging
versterken: (i) een grotere waarde van het hard-axis magnetische
anisotropieveld |H|; en (if) een toename van de niet-adiabatische
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spin-transfer parameter f. Deze laatste verschijnt in de Gilbert
dempingsfactor f/a, die groter moet zijn dan 1. Door middel van de
observaties van een oscillatieperiode van enkele tientallen
nanoseconden en een amplitude van niet minder dan 1 pm laat de
huidige studie een zeer belangrijk perspectief zien voor de
ontwikkeling van op DWs gebaseerde devices.

De realisatie van DW devices met hoge prestaties hangt af van
het kunnen aandrijven van DW beweging met een lage kritische
stroom. Om dit te bewerkstelligen, zijn materialen gewenst met een
hoge spin polarisatie aan het Fermi niveau. Fe;O, is een dergelijk
veelbelovend materiaal vanwege de hoge Curie temperatuur, hoge
spin polarisatie, stabiliteit van dunne films onder atmosferische
omstandigheden en compatibiliteit met halfgeleiders. In Hoofdstuk 5,
beschrijven we een studie aan monokristallijne Fe;O, dunne films
gegroeid op GaAs(100) en MgO/GaAs. We demonstreren een nog
niet eerder gerapporteerde intrinsieke uniaxiale magnetische
anisotropie. De ontwikkeling van de anisotropie in het vlak van deze
twee soorten films is kwantitatief bestudeerd door middel van
ferromagnetische resonantie. We vonden dat chemische bindingen
aan het grensvlak in het Fe;O04,/GaAs systeem een dominante rol
spelen in de ontwikkeling van uniaxiale anisotropie, terwijl
spanningsrelaxatie de meest waarschijnlijke oorzaak is van de
uniaxilae anisotropie in Fe;0,4/MgO/GaAs structuren. Uit een dunne
film (6 nm) van Fe;0, gegroeid op GaAs, met alleen intrinsieke
uniaxiale anisotropie, zijn nanodraden gefabriceerd met behulp van
focussed ion beam milling. In tegenstelling tot bestaande op DWs
gebaseerde devices, die gebruik maken van polykristallijne sporen,
kunnen onze monokristalliine Fe;O,; nanodraden een extra
vrijheidsgraad bieden. De DWs spelen de rol van informatie bits,
terwijl de magnetische domeinen gevormd worden onder invloed van
de gezamenlijke effecten van vorm- en intrinsieke magnetokristallijne
uniaxiale anisotropie van de film. Tegelijkertijd kan een lagere
kritische stroom worden bereikt, vanwege de hoge spin polarisatie in
de op magnetiet gebaseerde nanostructuren.

De interactie tussen een spin-gepolariseerde stroom en DWs
hangt sterk af van  materiaaleigenschappen  zoals de
dempingsparameter a, de niet-adiabatische parameter f, en de
polarisatie van de stroom P. Het toevoegen van zeldzame
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aardmetalen (rare earth, RE) aan ferromagnetische transitiemetalen
(TM) is een effectieve manier om a te vergroten. RE dotering is
recentelijk ook gebruikt om de spin transfer snelheid en de kritische
stroom in permalloy nanodraden te beinvloeden, door middel van het
effect van REs op P en f. Echter, het moet worden benadrukt dat een
hoge RE concentratie in RE-TM legeringen meestal leidt tot een
sterke loodrechte magnetische anisotropie, of de legering magnetisch
hard maakt met een hoge anisotropie. Dit is niet wenselijk in op DWs
gebaseerde devices, waarvoor anisotropie in het vlak van de film en
relatief zacht magnetisch gedrag vereist is om de magnetische
eigenschappen te kunnen bepalen via vorm anisotropie. Studies naar
geschikte RE concentraties waarvoor de zachtmagnetische
eigenschappen behouden blijven verdienen dus aandacht. In
Hoofdstuk 6 wordt een studie beschreven naar de magnetische
anisotropie en magnetische momenten van een serie binaire Fe-Gd
dunne films met Gd concentraties niet hoger dan 20%. Deze films
worden gekenmerkt door uniaxiale anisotropie in het vlak van de
film. Door middel van XMCD in combinatie met superconducting
quantum interference magnetometry metingen is aangetoond dat de
magnetische anisotropie sterk toeneemt bij lage temperatuur.
Ondersteund door transmisison electron microscopy metingen wijzen
we hiervoor twee mogelijke oorzaken aan. De eerste is de
aanwezigheid van Fe clusters in een Fe-Gd matrix. De verhoogde
coérciviteit kan dan worden verklaard door de verlaagde netto
magnetisatie van de Fe-Gd matrix, terwijl de superparamagnetische
Fe clusters bij lage temperatuur bijdragen aan het Fe-moment en dus
de totale magnetisatie. De tweede mogelijke oorzaak is Gd-Fe
clusters in een Fe matrix, waarbij de coérciviteit bij lage temperatuur
wordt verhoogt door de sterk anisotrope Gd-Fe clusters waarin Fe en
Gd antiferromagnetische gekoppeld zijn. Deze bevindingen
demonstreren de mogelijkheden voor het beinvloeden van
magnetische eigenschappen door het oplossen van RE atomen in TM
roosters zelfs bij RE concentraties < 20%. Rapportages omtrent films
met dergelijk lage RE concentraties zijn zeldzaam, in het bijzonder
voor RE-TM dunne films met anisotropie in het vlak van de film.



Appendix

Some detailed sample fabrication recipes
1. Wafer Cleaning

(1) Scribe the substrate into the desired size, e.g. 1.0 cm x 1.0
cm.

(2) Clean in Acetone for 15 min combined with an ultrasonic
buzz.

(3) Rinse in Isopropyl Propan-2-ol (IPA) for 15 min with
ultrasonic agitation, and blow dry with N,.

(4) Check the sample surface by optical microscope.

(5) Repeat Step 2-3 if necessary. Note that sometimes cotton tip
wiping rinsed by solvents on top of samples can remove large
blocks of organic materials (e.g. photoresist) efficiently.

* Solvent treatment with ultrasonic buzz only applies for
samples with good layer adhesion or blank wafers. Otherwise
films on top of the substrate tend to peel off.

2. Optical Lithography

(1) Spin photoresist (S1813) on the sample at 3500 rpm for 40 s.
(2) Bake for 1 min at 105 °C.

(3) Expose the sample under UV light for 7 s.

(4) Develop in optical developer (MF319) for 1 min.

(5) Rinse in DI water and blow dry with N,.

(6) Optical microscopy to confirm the proper pattern transfer.
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