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Introduction

Spintronics, also known as magneto-electronics, deals with the spin dependent transport
phenomena in solid state physics or in devices which utilize the electron’s spin properties.
After the discovery of the “Giant-Magnetoresistance” (GMR) effect, a well-known phe-
nomena in spintronics, in 1988 [4][15], the developments in GMR devices made it possible
to record smaller and smaller fields of smaller and smaller size data bits. This consider-
ably increased the data storage density. Albert Fert and Peter Griinberg, the inventors
of the GMR effect, were awarded the Nobel prize in physics in 2007.

Non-volatile information storage is mostly based on hard-disk drives in which each bit
is stored using the direction of magnetization of uniformly magnetized grains in a magnetic
thin film. To read/write the information, a reading/writing head moves over the magnetic
disk. A small electromagnet is used to write the information and reading is done using
giant magnetoresistive sensor. The main features of a magnetic memory are its storage
density and the time needed to access the information. For conventional hard disk drives,
the information access times are slow, of the order of milliseconds, due to large mass of
the hard-disk. The storage density of hard-disks has followed the Moore’s law, which
predicts that the storage density doubles every two years. To increase the storage density,
one needs to make data bits smaller and smaller. However, due to thermal stability, there
will be a limit for decreasing the bit size further.

In 1990’s, the concept of “Magnetoresistive Random-Access Memory” (MRAM) emerg-
ed, with fast information access time (~ nanoseconds) and non-volatility. Unlike for
conventional RAM, data in MRAM is not stored as electric charge but by magnetic
storage elements. Due to the extra circuitry required for reading and writing information,
MRAM has much lower storage density as compared to conventional hard-disk drives.
Work is in progress to increase the storage density of existing MRAMs.

Recently, a new type of a non-volatile memory device called “Racetrack Memory” [102]
has been proposed based on the “Spin Transfer Torque” (STT) effect [118]. When an
electric current passes through a magnetic material, due to the spin dependent scattering
of the electrons it becomes spin polarised and it is possible that spin angular momentum
of conduction electrons is transferred to localized magnetic moments, resulting in a spin-
torque acting on the magnetization, called STT effect. The STT can result in switching
of the magnetization or motion of a domain wall (DW).

In a racetrack memory, the magnetic information is stored in DWs in long nanostripes
created horizontally or vertically on a Si substrate. A series of head to head or tail to tail
DWs which corresponds to series of data bits can be moved along the electron flow direc-
tion in these nanostripes by spin polarized current. The information can be read/written
by individual spintronic reading and writing nanodevices below each nanostripe. Unlike
conventional hard-disk drives, no mechanical motion is involved. The information stor-
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age density can be further increased by growing the nanostripes vertically, 3D racetrack
memory, as the density of two dimensional devices are coming close to fundamental limits.
It would combine the high storage density and low cost of hard-disks with fast speed of
MRAM’s. The typical current densities required to move DWs are rather high ~ 10!-
10" A /m?. Low current densities to reduce power consumption and high DW velocities for
fast information access time are required for practical applications. Especially, to assure
reproducible and reliable DW motion, DW pinning in nanostripes has to be controlled.

Recent developments in lithographic techniques make it possible to study current-
induced DW motion in magnetic nanostructures or nanostripes by spin-polarized current.
In these nanostructures a single type of DW can be created as compared to complex
DWs in continuous thin films. A significant part of the theoretical and experimental
measurements with injected current were done on systems with an in-plane magnetization,
particularly, permalloy (Py-FegoNigy). Since permalloy is a soft magnetic material, DWs
move easily under applied magnetic field, and were also expected to move easily by electric
current. The advantage of these systems is that as the DWs are quite large (~ 100 nm),
they are less sensitive to pinning on structural defects and roughness. Unfortunately,
very high critical current densities ~ 102 A/m? are required for DW displacement. In
contrast, perpendicularly magnetized systems exhibit narrower DWs (~ 10nm), that are
more sensitive to pinning, however, numerical studies indicate that the current densities
needed to move the DWs are smaller than in the in-plane geometry. Moreover additional
effects such as Joule heating, Oersted field and interlayer coupling etc. in case of multilayer
systems, makes the precise understanding of the STT effect difficult.

From the point of view of fundamental physics, the study of model systems (single
crystalline, control of the magnetic anisotropy, etc.) should shed light on the remaining
open questions. For technological aspects, new architectures (smooth films with less
structural defects), possibly seeking new physical effects, may enhance the mobility of
domain walls. Metallic single crystals cannot be used for current induced DW motion if
the substrate is metallic, instead magnetic layers on insulating wafers like single crystalline
sapphire can be used.

During my thesis, I deposited epitaxial Py films on single crystal sapphire(0001) sub-
strates with and without Ir as a buffer layer. The Ir layer was used to study the effect
of current-induced Oersted fields on DW motion, due to current passing through the Ir
layer. The objective of my thesis was to investigate the effect of current induced Oersted
fields on DW stability, chirality and mobility in Py /Ir bilayer nanostripes and to compare
the results with Py single layers where the net Oersted field is zero. Moreover, I also
studied the current induced DW motion in sputter-deposited Py/Pt bilayer samples. I
will give a comparison of epitaxial and sputtered bilayer samples.

The composition of my thesis is as follows.

The first chapter deals with the basic concepts in the field of nanomagnetism. Then
the theoretical and experimental results reported in the literature regarding field and
current induced DW motion are described.

In the second chapter, I present my experimental results for the optimization of Py
single layer and Py/Ir bilayer epitaxial growth by pulsed laser deposition (PLD). The
magnetic characterization of Py films is also described in this chapter.

The third chapter is devoted to the description of the magnetic force microscopy
(MFM) technique, as it is a technique I widely used to study my samples during my
thesis. The MFM imaging of DW configurations in magnetic nanostripes prepared from
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optimized Py films will also be described in this chapter. The optimization of magnetic
tips by magnetic thin film coatings on non-magnetic Si tips for DW imaging without tip
induced perturbation is also discussed in this chapter.

The fourth chapter describes the imaging of DW configurations in spin-valve nanos-
tripes of different widths and thicknesses by MFM. Numerical simulations and analytical
modeling was also done in our group to study these DW configurations. A spin-valve
domain wall phase diagram is constructed on the the basis of the experimental results,
numerical simulations and analytical modeling.

In the fifth and last chapter, I will present and explain my experimental results corre-
sponding to the quasistatic field induced DW depinning and current-induced DW motion
in Py single and Py/Ir, Py/Pt bilayer nanostripes. The effect of current induced Oersted
fields on DW motion in bilayer nanostripes and other aspects i.e., Joule heating, DW pin-
ning, DW auto-motion, DW transformation etc., and their influence on current-induced
DW motion will also be discussed.

I will end my thesis with some final conclusions of my work.
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Chapter 1

Theoretical background and
literature overview

The purpose of this chapter is to give a brief introduction of basic concepts in nano-
magnetism and the mechanisms of field and current induced domain wall (DW) motion
in magnetic nanostripes. Later, these concepts will be used to explain our experimental
results. The overview of theoretical and experimental advancements on field and current
induced DW motion will also be given in this chapter. Finally I will end this chapter with
the motivation and goals of my Ph.D experimental work.

1.1 The magnetic energies

The competition between the different energy terms determines the magnetic domain wall
formation. The magnetic system tries to minimise the total energy. Here I will describe
briefly these energies.

Zeeman energy

The Zeeman energy is the potential energy of a magnetic system in the presence of an
external magnetic field. The magnetic moments in the magnetic material tend to align in
the direction of the applied magnetic field. It can be expressed as

Ey = —Mo/ M - HdV. (1.1)
14

where H.,; = External field, M = Magnetization and V = Volume.

Exchange energy

The phenomenon where individual spin magnetic moments tend to couple with neighbours
through electron orbitals within a material is known as the exchange interaction. This
interaction tends to align the adjacent spins along the same direction. Depending on the
nature of the material, if the magnetic moments tend to align parallel to each other, the
material is called ferromagnetic. If they tend to align antiparallel, the material is said
anti-ferromagnetic or ferrimagnet.

The exchange interaction is described by the Heisenberg hamiltonian:

11



12 CHAPTER 1. FIELD AND CURRENT INDUCED DOMAIN WALL MOTION

Hex = — Y _ JijSi- S (1.2)
i#]
where J; ; is the exchange constant having units of energy. It is positive for ferromag-
netic ordering and negative for antiferromagnetic ordering. The exchange interaction is
extremely short range and only considered between nearest neighbour spins.

Magnetocrystalline anisotropy energy

In a crystalline magnetic material, the magnetization aligns preferentially along certain
crystallographic directions. Therefore there are directions or planes in space along which
a magnetic material is more easy to magnetize than others. The density of magnetocrys-
talline energy is usually small compared to the exchange energy.

If the crystal system has a single axis of rotational symmetry, the anisotropy of such
crystals is called uniaxial anisotropy. The first term of the magnetocrystalline energy in
the case of uniaxial symmetry is given by the following relation

EK:/KlsinQ(H)dV (1.3)

where 6 is the angle between the magnetization and the easy axis and K; is the first
order anisotropy constant, also represented by K,. It’s unit is J/m?.

If the z axis is taken to be the main symmetry axis of the crystal, then

If Ki > 0, the £ 2 directions form the easy axis. If K; < 0, this corresponds to an
easy plane perpendicular to the symmetry axis.

Magnetic dipolar energy

Dipolar energy (often called magnetostatic or demagnetizing energy) is the energy result-
ing from the interaction of magnetic moments with each other in a given magnetic system.
It can be expressed as

Edz—@/ﬁd~MdV (1.4)
2 Jv

The demagnetizing field is globally opposed to the magnetization which creates it. In
bodies uniformly magnetized along the main axis of symmetry, this field can be calculated
using the following relation:

Hqy=—-NM (1.5)

where N is the demagnetizing tensor along the considered direction such that
N, +N,+ N, =1.

1.2 Domain walls in thin films and nanostripes

In magnetic materials, the minimization of free energy takes place by the formation of
magnetic domains. A magnetic domain represents a region of uniform magnetization
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along some easy direction. The existence of magnetic domains was proposed by Pierre
Weiss in 1907 [143]. He proposed that there are regions inside the magnetic material that
are magnetized in different directions so that the net magnetization is nearly zero. It was
experimentally confirmed in 1931 by directly visualizing the domains by Bitter technique.
The regions separating the magnetic domains are called domain walls (DWs). Felix Bloch
in 1932 analytically described these domain walls.

General picture of Bloch and Néel walls

The energies and the widths of DWs in thin films are very different from those in bulk
material. Bloch DWs appear in bulk materials where sizes of magnetic material are
considerably larger than the domain wall width. In bulk materials the north and south
poles are very far apart in comparison to the wall width, so that the stray field energy
is relatively small. In thin films, however, high magnetic stray fields exist, because the
poles are at a distance equal to the film thickness. The high stray field energy results in
a new type of wall, called Néel wall first predicted by L. Néel in 1955 [95].

Depending on the angle between two surrounding domains, there exist different types
of DWs. For example 90°, 180° and 360° DWs. A 90° DW, separates two domains with
mutually perpendicular magnetization, a 180° DW separates two antiparallel domains
and a 360° DW separates two parallel domains, which forms due to combination of two
180° DWs. The simplest of all DWs is the 180° wall while other have more complicated
structures.

The schematic representation of simple 180° Bloch and Néel walls is shown in Fig. 1.1.
In the Bloch wall the DW magnetization rotates in the plane parallel to the DW [Fig. 1.1
(a)]. If the wall plane contains the anisotropy axis, the domain magnetizations are parallel
to the wall. There are no magnetic charges inside the wall and the stray field energy is
negligible. In the Néel wall, the DW magnetization rotates in the plane perpendicular to
the DW [Fig. 1.1 (b)]. Contrary to the Bloch wall, here magnetic charges inside the wall
result in a high stray field energy.

Figure 1.1: Schematic representation of a 180° (a) Bloch wall (b) Néel wall in thin ferromagnetic
films with perpendicular magnetization.

The number and size of the domains depends on the relative size of relevant magnetic
energies. High magnetostatic energy and small exchange and anisotropy favor the exis-
tence of many small domains as the cost of DWs is relatively low and vice versa. The
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magnetization in the DWs rotates continuously due to the strong short range exchange
interaction.

In the absence of an applied field, the DW shape and width depend on the exchange
and the anisotropy energy including shape anisotropy. The magnetization profile of a 1D
Bloch wall is expressed as:

ely) = 0, (1.6)

0(y) = =2arctanexp <Ai>’ (1.7)
0

Ao = \/% (1.8)

is the domain wall width. The domain wall width Ay thus depends on the exchange and
anisotropy constants A and K of the material. Systems with out of plane magnetization
having strong uniaxial anisotropy usually contain narrow DWs, while systems with in-
plane magnetization having weak in-plane uniaxial anisotropy exhibit wider DWs.

where

Domain walls in nanostripes

Since in this thesis I will discuss materials with in-plane anisotropy (Permalloy), T will
explain here DWs in nanostripes with an in-plane anisotropy. Generally, two types of
DWs are found in nanostripes of rectangular cross-section and in-plane anisotropy, as a
result of the competition between exchange and demagnetizing energy. Depending on the
thickness and width of the nanostripe, we can obtain transverse walls (TWs) or vortex
walls (VWs). Fig. 1.2 shows the schematic representation of the transverse and vortex
walls in nanostripes.

> —p = —> —> > N NN

> —> = = —p —> J N € —— <«

> = = —p ~—p —> ¥ T € €« — «— «— «

> = = =P —p —> —P e — €

P = = =P —p —P —> P — e —— €
(a)

- N N ——

\ &~ — «— «—

— —> —> —> >
—_ > ——
— -

— = > S NN NS S . — — —

(b)

Figure 1.2: Schematic representation of head to head (a) Transverse and (b) Vortexr walls in
nanostripes in systems with an in-plane anisotropy [109].

The domains are pointing along the nanostripe axis, due to the shape anisotropy,
in opposite directions and are separated by a DW. The magnetization in the DW has
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a non-zero component transverse to the nanostripe. Due to the low magnetocrystalline
anisotropy, the DW width is larger (~ 100nm) in systems with an in-plane anisotropy as
compared to systems with out of plane anisotropy (~ 10nm).

Competing energies: Exchange vs dipolar energy

In VWs, the magnetization rotates in the form of concentric circles around the vortex
core, where it points out of the nanostripe plane. Most of the energy is concentrated near
the vortex core in the form of an exchange energy due to the large change of magneti-
zation angle over a small distance. It also costs dipolar energy due to the out of plane
magnetization at the vortex core. Due to the magnetization gradient the total energy of
the VW slightly varies along the width of the stripe.

On the other hand in TWs, the cost in energy is proportional to the length of the wall
along the nanostripe width because in contrast to a VW the magnetization gradient is
almost constant in this direction. Therefore there is a critical width for which the TW
energy is larger than that of the vortex wall as shown in Fig. 1.3 (a). It is also clear
from this figure that the TW energy can also be higher for lower widths if the nanostripe
thickness is higher. This can be related to the demagnetizing energy.

The DW width parameter A for both transverse and vortex walls increases with an
increase in stripe width but it weakly depends on the stripe thickness. The transverse
and vortex walls widths are very different from each other. For TW A = w/m and for
VW A = 3w/4. For asymmetric TWs, the DW width parameter increases with increasing
stripe width and thickness [93].

Nakatani et al. [93] and R. D. McMichael et al [80] obtained the DW structure phase
diagram as a function of the width and the thickness of nanostripes, for zero anisotropy
soft magnetic nanostripes, using micromagnetic simulations. By comparing the energies
of DWs in the nanostripes Nakatani et al. identify three different types of DWs, transverse
walls, asymmetric transverse walls and vortex walls. The thickness and width range of
nanostripes in which these DWs are more stable is shown in Fig. 1.3 (b).
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Figure 1.3: Phase diagram of DW structures in nanostripes with low in-plane anisotropy (re-
produced from [93] and [80] respectively).
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1.3 Field induced domain wall motion

1.3.1 Landau-Lifshitz and Landau-Lifshitz-Gilbert equation

Landau and Lifshitz in 1935, first described analytically the effect of a magnetic field
on magnetization in bulk ferromagnetic systems under low applied fields [65]. They de-
scribed the magnetization dynamics by the following relation called Landau-Lifshitz (LL)
equation:

aa—‘z\f — M X pigHog — 1\2 [M X (M X MOHBH)} , (1.9)

The first term in the above equation represents the precessional term and the second
corresponds to damping, allowing relaxation to the field direction. H.g is the effective
local magnetic field resulting from external (applied magnetic field) and internal fields
(representing the exchange, magnetocrystalline and magnetostatic energy). 7 is the gyro-
magnetic ratio and A represents the speed of the magnetization relaxation. The effective
field provides the torque and the magnetization then precesses around the effective field
with the Larmor angular frequency w = yuoHeg. Due to the energy dissipation the magne-
tization spirals towards the equilibrium position and finally aligns parallel to the effective

field [Fig. 1.4 (a)].
? ?

(a) (b)

Figure 1.4: Schematic representation of damped precessional motion of a magnetic moment in
an effective magnetic field for (a) LL (b) LLG equation (Reproduced from [82]).

In 1955 Gilbert introduced another type of damping which is similar to a viscous force
[37]. In 1974 Walker and Schryer derived a general 1D analytical solution for the motion
of a 180 ° Bloch wall in an infinite anisotropic medium under uniform DC magnetic field.
They considered the type of damping proposed by Gilbert using the Landau-Lifshitz-
Gilbert (LLG) formalism [114]. The LLG equation is given by:

OM - . a (- OM
— =M H M x — 1.1
where
" 1 FE
Hpg=— L (1.11)

Ho s(SM



1.3. FIELD INDUCED DOMAIN WALL MOTION 17

M, is the saturation magnetization, « is the Gilbert damping parameter, proportional
to the time variation of the magnetization, and is perpendicular to the magnetization
trajectory.

The main difference between the Landau and Lifshitz (LL) and LLG formalism is
the different way of considering damping. According to the LL form, the damping is
perpendicular to the magnetization, while the LLG form considers that damping is not
perpendicular to the effective torque but to the magnetization trajectory as shown in
Fig. 1.4 (b).

Figure 1.5: The schematic representation of the effect of an applied magnetic field (H,) on a
TW along the nanostripe (Reproduced from [9]).

The schematic representation of the effect of an applied magnetic field (H,) on a TW
along the nanostripe is shown in Fig. 1.5. The applied field exerts a torque H, x M on
the TW magnetization which cants the magnetic moments out of the plane [Fig. 1.5 (a)].
The resulting demagnetizing field exerts an additional torque Hy x M that moves the
DW in the direction of the applied field [Fig. 1.5 (b)].

Domain wall mobility and Walker breakdown

Theoretical models using the LLG equation predicted two regimes of DW motion under
magnetic field [114] [117]: a steady state regime with high DW mobility at low fields, in
which the DW velocity increases linearly with increasing field. In this regime the DW
velocity is expressed as V' = pH where p is the DW mobility and is given by u = 7A/«
where 7 is gyromagnetic ratio, A is the DW width parameter and « is the Gilbert damping
parameter.

The second, precessional, regime corresponds to a lower DW mobility at high fields. In
this regime the DW motion is governed by periodic DW transformations which results in
the reduction of DW velocity. The critical field separating these two regimes was named
“Walker breakdown field”, Hy. Walker also predicted that by further increasing the field
above the Walker breakdown a second linear regime of lower mobility u = yA(a + a™1)
for H > Hw should be obtained.

Fig. 1.6 shows the field dependence of the DW velocity. The domain wall velocity
increases linearly with field up to the Walker breakdown. After the Walker breakdown
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the velocity decreases due to the domain wall transformations. By further increasing the
field above the Walker breakdown a second linear regime of lower mobility is obtained.

A
> 1 Walker breakdown
>
-
U .
< | steady precessional
» | motion / . propagation
' .
z L
>
Hy H

Figure 1.6: Field dependence of domain wall velocity, steady and precessional regimes [91].

1.3.2 One-dimensional model

The 1D model is applicable to narrow and thin nanostripes with a transverse size compa-
rable to the exchange length. Mougin et al. studied analytically the Bloch wall dynamics
under field [91]. They calculated the velocity of a single 180° Bloch wall in magnetic
structure with reduced thickness and lateral dimension. They considered an out of plane
magnetized track, supposed to be infinite and directed along the y direction as shown in

the Fig. 1.7.

(a) (b)

Figure 1.7: (a) Polar 6 and azimuthal ¢ angles and the associated spherical coordinate system
defining the orientation of the magnetisation M relative to a Cartesian awis system. (b) Sketch
of a 180° domain wall in a track of width w and thickness t showing a perpendicular magnetic
anisotropy(Reproduced from [91]).

The magnetization profile of the 1D Bloch wall along the y axis can be described as
91] :
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0(y) = 2 arctan exp (y _Ayo) (1.12)

where yo represents the DW center at 6 = 7/2.
The characteristic DW width A is given by

A A
-~ Ki + 2 M2(N, cos? o + Ny cos® ¢ — N.,)

(1.13)

where Ny, Ny and N, are the DW demagnetizing factors, Mg the saturation magneti-
zation, A and K; are the exchange and intrinsic anisotropy constants.

The magnetization dynamics are described by the LLG equation (1.10). The dif-
ferent torques under an applied field acting on the magnetization, in spherical or polar
coordinates, and the corresponding azimuthal DW velocities § and ¢ are related as [91] :

; g
0=——T 1.14
]\4S 05 ( )

f)/
T (1.15)

where I'y and I'y, are the azimuthal components of the total torque r given by

[=Ty+Tp+T, (1.16)
The [y is the torque due to the external field, I'p due to demagnetizing field and T,
is the damping torque. The total polar and azimuthal torques are then calculated as [91]
M,
[y = Mf(Ny—Nw)sinﬁsingocosgp+a—gbsin0, (1.17)
/‘)/

M. .
0~ M,Hsing.  (1.18)
-

Let us first consider the steady state motion in which the azimuthal angle ¢ does not
change (¢ = 0), so the corresponding torque I', will also be zero. So putting I', = 0 and
6 = /2 at the DW center (where the torque I', has an extremum) 1.18 gives :

I, = —M?sinf cos 0 [Nx cos® ¢ + Ny sin? p — NZ} —

2H
in2p = 1.19
SHE T GML(N, — N,) (1.19)
This equation is valid only if [91]
M;
H< =52 [N, = N, | (1.20)

The maximum field for which the DW has a steady state motion is called the Walker
field, which is given by:

oM,
2
At the wall center where § = 7/2, the steady DW velocity is given by [91]

Hy = N, — N, |. (1.21)
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A

W= 1—H. 1.22
Vst o ( )
where
A
ey (1.23)
8}

is called the DW mobility. The eq. 1.22 shows that the DW velocity is directly
proportional to the applied field in the steady state regime.

Above the Walker field the domain wall is not stable and ¢ # 0. This limiting case is
called the “Walker breakdown”.

Above the Walker field, where H > Hyy, the azimuthal angle ¢ is no more constant
and the domain wall oscillates and transforms periodically from one form to an other
around the stripe axis. This is called the precessional regime. So, we can define the
average DW velocity [91]

vA«

Uy = —H. 1.24

Up 1 +Oé2 ( )
The mobility in this regime is then defined as
vyA«

= 1.25

MP 1 +a2 ( )

The eq. 1.24 shows that the DW velocity is again proportional to the applied field
like in the steady state regime but with a lower DW mobility.

1.3.3 Micromagnetic simulations

Thiaville et al. computed the transverse and vortex wall velocity under field using mi-
cromagnetic simulations and a 1D model in a 300 nm wide and 5nm thick Py nanostripe
[123]. They considered both perfect and rough stripes with an edge roughness of 10 and
20 nm.

Fig. 1.8 (a) shows the computed transverse and vortex wall velocities both in linear and
precessional regimes for perfect nanostripes. At low applied fields, both transverse and
vortex walls move in steady-state conditions. The DW velocity increases with field. This is
called a linear or steady state regime. The deformation of the DW structure describes the
magnetization precession under the applied field (m, and m, components for transverse
and vortex walls appears respectively). In case of asymmetric TW, magnetization rotation
at the edge of the DW as well as at the half hedgehog vortex and half antivortex on the
sample edges, increases with DW velocity. For the VW, the main deformation during
motion is the progressive shift of the vortex core in the transverse y direction, that causes
the change of the y moment of the VW. This displacement increases with field and hence
DW velocity until the vortex core is expelled from the sample resulting in a transformation
from VW into a TW. Fig. 1.8 (a) shows that in the first steady-state regime the VW moves
more slowly than the TW, at the same field. The second steady-state regime of a VW is
similar to that of a TW, because the end of the first steady state regime results into a
TW structure, that can move in steady state conditions up to higher fields.

At the end of steady-state regime, at higher fields, the DW velocity drops abruptly
called “Walker breakdown”. The DW magnetization components oscillate as well as DW
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Figure 1.8: Computed velocity of transverse and vortexr walls in a 300nm wide and 5nm thick
nanostripe under the field applied along the nanostripe axis. The damping constant is o =
0.02. A transverse wall (TW, in fact an asymmetric transverse wall, triangular symbols) and
a vortex wall (VW, circles) are compared. (a) perfect nanostripes, the VW wvelocity exist only
upto 60 m/s, in the steady state regime (up to the dashed line), the Thiele domain wall width Ap
is also plotted. (b) nanostripes with rough edges, two values of the average size of grains that
are used to define the nanostripe edges are shown, < D > = 10 (smaller symbols) and 20 nm
(larger symbols). For each case, the velocity in linear motion and the final velocity are indicated
(calculations last 50ns), showing the field window in which the DW motion is stochastic. The
straight line shows the linear mobility of the TW extracted for a perfect nanostripe. Lines link
the data points with the lower velocities (Reproduced from [123]).

width and velocity. This results into continuous DW structural transformations, by the
injection, expulsion, and displacement across the nanostripe width of single antivortices
and vortices. The appearence of these structures during Walker breakdown is rather dif-
ferent from the predictions of the 1D model, where a precession of the DW magnetization
is expected.

For rough nanostripes, the edge roughness corresponds to a mean grain diameter
< D >. The calculated DW dynamics in the presence of such type of roughness are
shown in Fig. 1.8 (b). The propagation fields from 1 to 3mT can be simulated by their
technique, limited by the grain and hence mesh size. To simulate smaller propagation
field, smaller < D > and hence smaller mesh sizes are required. So small velocities are
not observed in their simulations. Fig. 1.8 (b) shows that a VW is more pinned than a
TW but they observed the reverse for other sizes. The DW pinning is sensitive to the type
of defects. Above the propagation field, the DW moves with an average velocity like in
a perfect sample. The Walker breakdown in rough stripes is pushed to higher fields, not
even visible in the simulations. This results from the energy dissipation at the nanostripe
edge, preventing the appearance of vortex and antivortex structures at the stripe edges
which were observed in perfect stripes.

The direct observation of DW transformations due to precessional motion beyond the
Walker threshold was given by Hayashi et al [45][46]. They studied field induced DW
motion in 200 and 300 nm wide and 10nm thick FeNi nanostripes. FeNi show a large
anisotropic magnetoresistance (AMR) and transverse and vortex DWs can be easily de-
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tected and identified by resistance measurements. The periodic changes in DW structure
were identified by corresponding discrete resistance levels using AMR. The nature of the
DW structures corresponding to these discrete resistance levels was identified by Magnetic
force microscopy. They also performed micromagnetic simulations to identify the origin
of oscillations of DW resistance and confirmed that these oscillations are related to DW
transformations.

1.3.4 Experiments

Most of the experimental studies regarding field induced DW motion were performed on
Permalloy (Py - FeyoNigg). A very small DW mobility ~ 26 x 103m/sT (2.6 m/sOe) was
reported in 500 nm wide FeNi/Cu/FeNi trilayers nanostripes [100]. Ono et al. concluded
that the low DW mobility in their nanostripes is due to an enhanced relative contribution
of edge roughness to Gilbert damping. They calculated the damping parameter o = 0.63
from the theoretical equation for DW mobility © = yA/«, assuming A = 100nm. Such
large values of alpha have also been reported in ultrathin Co films due to the presence
of defects at the surface and interface [26]. Furthermore they suggest that edge effects in
case of nanostripes should also be taken into account.

On the contrary, a high DW mobility under field was found by Atkinson et al.
in 200nm wide single layer FeNi nanostripes [3]. The DW mobility they found, of
30 x 10*m/sT (30m/sOe), was about 10 times larger than the one found by Ono et
al. Using the same expression as used by Ono et al. u = yA/«, they obtained a value
of a an order of magnitude lower, & = 0.053. They suggested that confinement effects in
the case of nanostripes do not significantly effect the Gilbert spin damping.

Beach et al. resolved the conflict between the contradictory results reported above [8].
They studied field induced DW motion in 600 nm wide and 20 nm thick NiFe nanostripes.
They managed to experimentally observe both steady-state and precessional regimes of
DW motion. At low fields H < 0.4mT, the DW velocity increases linearly with field with
a mobility of 25 x 10> m/sT (2.5m/sOe) and at a critical field (the Walker field) of 0.4 mT
it begins to decrease. Then for H > 2mT the velocity increases again linearly with field
but with a 10 times smaller mobility. So they suggested that the previous studies by Ono
and Atkinson et al. were not necessarily contradictory, as they studied different regimes
of DW motion. The low mobility observed by Ono et al. was found close to their high
field value above Walker breakdown field. The high mobility observed by Atkinson et al.
was comparable to their low field results.

Weerts et al. demonstrated that along with geometrical parameters of nanostripes and
pulse amplitude the effect of the field pulse shape on field induced DW motion should
also be taken into account [142]. They studied the effect of field pulse rise times on DW
motion in 12nm thick and 750 nm wide FegyNigy nanostripes. They showed that for fast
pulse rise time ~ 2ns, the average DW velocity approaches the very high value of 500 m/s
and decreases to 375m/s for large pulse rise times of ~ 25ns. The decrease of the average
DW velocity may be due to the low effective field acting on the DW during the onset of
pulse.

The influence of a transverse magnetic field on field induced DW dynamics was studied
by S. Glathe et al. in 20 nm thick and 160 nm wide FeggNigy nanostripes [111]. They found
that a transverse field (Hy,) can influence the DW dynamics both below and above the
Walker breakdown (WBD). They found that, for a certain value of (Hy,.) where it increases
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the DW width, it suppresses the WBD and therefore increases the average DW velocity
and the high mobility regime continues up to higher fields. An increase in DW velocity
of about three times (~ 4500 m/s) was observed. This large value of the velocity could
not be explained by the 1D model.

1.4 Current induced domain wall motion

The interaction of electric current with magnetization is well known from the 1950’s and
fully described by classical Maxwell equations. If we consider the solid state with many
body quantum mechanical systems, many interesting new phenomenon can be found.
Particularly in the last decade rapid progress has been made in the field of nanomagnetism
and spin dependent transport.

1.4.1 Spin transfer torque

When an electric current passes through a ferromagnet it becomes spin polarised due to
the spin dependent band structure. When these spin polarised electrons cross a magnetic
domain wall in a ferromagnet, depending on the circumstances reflection, scattering and
transfer of angular momentum to the lattice are the possible effects. This can result into
different physical effects like a change of electrical resistance of the magnetic material or
the motion of a DW.

(a)

electron flow electron flow

e A

domain moving direction current flow

Figure 1.9: Schematic representation of the spin torque effect resulting in motion of (a) a single
head to head transverse wall (b) multiple head to head and tail to tail domain walls along the
electron flow direction.

L.Berger [10] [11] made the first studies of the interaction between current and a DW.
Depending on the thickness of films, two different mechanisms were proposed to explain
the interaction between current and DW. For thick films (> 100nm), he proposed that
due to an electric current DWs experience a dragging force called “Hydromagnetic DW
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drag” due to the existence of the Hall effect [11]. The DW moves along the direction of
charge carriers when the current density exceeds a certain value. Large Hall angle, small
coercive field and large uniaxial anisotropy field enhance the DW drag effects.

For films with thickness < 100nm, the hydromagnetic drag force becomes negligible
and “s-d exchange interaction” becomes dominant [12] [29]. This model takes into ac-
count the interaction of conduction electron spins and local magnetic moments. The s-d
exchange field having non zero field gradient exerts a force on the magnetic moments of
conduction electrons.

In 1996 Slonczewski [118] introduced for the first time the phenomenon of “spin trans-
fer torque” (STT) in multilayers where two magnetic layers are separated by a non mag-
netic metallic spacer layer. He proposed that for magnetic materials in which the electric
current is spin polarised it is possible that spin angular momentum of conduction elec-
trons is transferred to localized magnetic moments, resulting in a spin torque acting on
the magnetization, called ST'T. The schematic representation of the STT effect on a single
head-to-head (HH) TW and multiple HH and tail-to-tail (TT) DWs in a nanostripe is
shown in Fig. 1.9. Unlike field induced DW motion, both HH and TT DWs move in the
same direction along the electron flow.

Modified LLG equation under adiabatic and non adiabatic spin torques

In 1998, Bazaliy et al. [6] derived analytically the equation of DW motion in the presence
of a spin polarized current for continuously varying magnetization. They modified the
LLG equation by adding an additional term for spin polarized current. Later in 2004 Li
and Zhang [73] [74] also studied the DW dynamics analytically and numerically, under
adiabatic spin torque conditions, assuming that the spin-polarization axis adiabatically
follows the local magnetization direction. The modified LLG equation under adiabatic
spin torque becomes:

OM

ot

B A A
__’YMXMOHGH—FMS(MXW)_('UV)M (126)

where u represents vector oriented along direction of electron motion and can be inter-
preted as an effective spin drift velocity given by:

Pgug -
2e M, J:

U= (1.27)
where j’is the current density and P is the spin polarization.

They concluded that spin torque based on the adiabatic propagation of spin current
can move the DW over a limited distance but is unable to move DW over large distance.
They suggested to also consider the contribution from non-adiabatic spin torque.

Thiaville et al. in [126] studied the DW motion under the combined action of adiabatic
and non-adiabatic spin torques by using micromagnetic simulations. They added a non
adiabatic term represented by parameter § in the LLG equation. The new form of the
LLG equation becomes:

s
M

;z—vauoHeﬁ+%s (Mx W) - (ﬁﬁ)]\%r M x [(ﬁﬁ) J\ﬂ (1.28)
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This equation explains reasonably well the DW velocities under spin polarized current
as well as the variation of the DW propagation field under current. The non adiabatic
torque has the same effect on the DW like an applied magnetic field. It cants the DW
magnetization out of plane and the torque resulting from the demagnetizing field moves
the DW forward.

1.4.2 1D model and micromagnetic modeling

The 1D model, normally adopted for a 1D Bloch wall, can be used to describe the trans-
verse wall (TW) dynamics because it gives the good qualitative behaviour of TW dy-
namics. Using 1D model DW motion can be simply described by two parameters: its
position y along the nanostripe and the DW magnetization angle ¢. A third parameter
can be the DW width A but it indirectly depends on the angle ¢ as shown in Fig. 1.7.
The adiabatic and non-adiabatic spin torques F and Fg respectively acting on a DW are
given by solving the eq. (1.28) using the 1D model [91]:

- M sin 6
r,= ——— €, 1.29
A (1.29)
- Musin _

The total polar and azimuthal torques I'y and I', under field and current can be
expressed as [91]:

Mgusin 6
Ty = 47 M2(N, — N,)si “Slz (1.31)
My . M, 0
T, = Oéfy 4 Slz + 4w M sinf cosd [N, — N, sin® ¢ — N, cos” ¢

(1.32)

Let us first consider the steady state motion in which the azimuthal angle ¢ does not

change (¢ = 0), so the corresponding torque I'y, will also be zero. So putting I', = 0 and
0 = /2 at the DW center, eq. (1.32) gives [91] :

H+(6—a)%

in2p = . 1.33
S T AN, — N, (1.33)
This equation is valid only if
u

H —a)—| < H 1.34
[H 4 (3= 0)5] < Hy (134)

where the Walker field is defined as
Hw = 2raM N, — N,| (1.35)

For a zero applied field, putting H = 0 in eq. (1.33) gives the Walker breakdown
current density Jw, given by
aeM?  ~A

Jw = N, — N, 1.36
W gusP |8 - || | (1.36)
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The DW velocity in the steady state below the Walker breakdown is given by [91] :

Usteady — gu (137)

Above the Walker breakdown, when J > Jy, the time average velocity over the period
of precession of ¢ is expressed as [91]

1+ ap
1+a? “

The equations (1.37 and 1.38) are qualitatively similar to the DW motion under low
and high fields for a 180° Bloch wall [78][114], i.e., at low field the DW velocity is linearly
proportional to the field and at the Walker breakdown its velocity decreases and at high
field above the Walker breakdown the DW velocity again becomes linear with field. The
only contribution to the domain wall velocity under current is the non-adiabatic part of
the spin transfer torque. The effect of the non-adiabatic torque on the DW is similar to
an applied field. It cants the DW magnetization out of the plane and the torque resulting
from the demagnetizing field moves the DW forward. At low current densities, the spin
transfer torque is balanced by an internal restoring torque. The DW magnetization tilts
out of the easy magnetization plane but the DW does not move steadily under current.
Above threshold, the internal torque is not sufficient and DW motion takes place, with a
continuous precession of the DW magnetization.

Thiaville et al. computed the TW velocity using micromagnetic simulations in a
120nm wide and 5nm thick Py nanostripe as a function of current density, both for
perfect and rough stripes [125]. They found finite propagation field and threshold current
for DW motion in rough wires but not in perfect stripes. This indicates that threshold
currents are extrinsic. They also studied the effect of the § parameter on the DW motion.
Their results from micromagnetic simulations for TW dynamics for perfect nanostripes
show a good agreement with analytical calculations using the 1D model. Their results for
perfect nanostripes (Fig. 1.10) can be summarized as follows:

For f = 0, a high critical current density is required for DW motion and no motion is
observed for v < u, = 600m/s.

For g < «, the DW motion starts for any finite value of u and the DW velocity
increases linearly with current until a threshold and then again converges to u, the spin
drift velocity.

For 8 > a, the DW motion is characterized by two regimes: a steady state or stationary
regime and a precessional regime.

In the steady state regime the DW velocity increases linearly with increase in current
density until the Walker threshold current density. The velocity in this regime is de-
scribed by the following relation v = Su/«. In the precessional regime, the DW moves by
continuous transformations between vortex and transverse walls resulting in a reduction
of the DW velocity.

For 8 = a, DW moves like a rigid body without transformation.

v =

(1.38)

1.4.3 2D model and Vortex wall dynamics

The motion of a VW under current cannot be simply described by the 1D model. To
describe the VW state we need an additional coordinate which represents the position of



1.4. CURRENT INDUCED DOMAIN WALL MOTION 27

1200 T v T v T y T

1000

e 8

800

600

v (m/s)

~ ’
ST

|
L e 002

Al

400

200

0

0 200 400 600 800 1000
u (m/s)

Figure 1.10: Transverse DW welocity computed from micromagnetic simulations in a 120 nm
wide and 5 nm thick Py nanostripe as a function of velocity u representing the current density for
different values of the nonadiabatic parameter $ and damping parameter o = 0.02. The shaded
area corresponds to the value of u used in experiments and open symbols shows nucleation of
vortices (Reproduced from [125]).

the vortex core. So we need at least a 2D model to describe a VW structure. Several
models were proposed to describe the vortex wall internal structure and its dynamics. J.
He et al. [47] introduced a 2D model for VW and analytically calculated its dynamical
behaviour in terms of material parameters both under field and current.

Thiaville and Nakatani [124] performed detailed micromagnetic simulations by con-
sidering all the degrees of freedom of DWs for transverse and vortex wall motion under
field and current. Here I will describe their results of DW motion under current for only
VWs.

First, they considered only adiabatic spin torque and a perfect nanostripe. At very
low current densities the VWs move and get deformed and finally stop like TWs. However
VWs move a larger distance than TWs under the same current due to a larger structural
characteristic time of a VW. The deformation of a VW occurs by displacement of the
vortex core in the y direction towards the nanostripe edge.

The VW structure is stable only for low current densities v < u. = 60m/s. For inter-
mediate current densities u.,yw < u < u.,rw, the VW transforms to a TW by expelling
the vortex core, resulting in displacement of the DW position and finally the DW stops
after transformation. The total DW displacement due to current is the sum of the DW
displacement due to the transformation plus the TW displacement due to the current.

By considering perfect nanostripes and also a non-adiabatic torque in their simulations,
they found identical velocities for vortex and transverse wall in the stationary regime.
Above this regime, VW into TW transformation occurs due to the vortex core expulsion.

Fig. 1.11 shows the time evolution of a VW as a function of current density (u) for
different values of $. The value of u = 50m/s corresponds to the linear regime of VW
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Figure 1.11: Time evolution of a VW in a 5nm thick and 300 nm wide perfect nanostripe under
current, represented by equivalent current density u as a function of non adiabatic parameter 3 (
a=0.02). (a-c) corresponds to the VW linear regime for current densities uw = 50m/s and (d-f)
represents the VW above the Walker threshold for some values of § (Reproduced from [124]).

without any transformation as shown in Fig. 1.11 (a-c). For v = 100 m/s, the VW motion
corresponds to the linear regime only for = 0.01 and 0.02. It is clear from Fig. 1.11 (b,
e and c) that the VW y moment and the vortex core y position gradually change even in
the linear regime of VW motion like for the TW. Only for # = «, there is no change like
for TW and it is almost double for g = 0 than that of 8 = 0.01. For 8 = 0 the change
in VW y moment or core y position is opposite to that for 5 = 0.04. Fig. 1.11 (b) shows
that the VW structural deformation has not reached the steady state value even after
50 ns so the corresponding VW velocities are far away from the linear regime. Since the
DW initial velocity is u, the velocities obtained from Fig. 1.11 (a-d) then lie between the
initial velocity v = u and v = fu/a.

After the end of the linear regime, the vortex is expelled and transforms to a TW. As
the characteristic time of TW is shorter than VW, the velocities in the linear regime are
different fort short times. However, the velocities obtained in the linear regime at long
times for VWs are identical to the ones for TWs [Fig. 1.10].
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1.4.4 Origin of the nonadiabatic parameter [

Several theoretical and experimental studies have been performed to find the origin and
magnitude of the non-adiabatic parameter § resulting in partially contradictory results,
but no final conclusion has been drawn yet. The presence of a non-adiabatic term is
important in the sense that in its presence DW motion is possible for any finite current in a
perfect system without any magnetic field. The difficulty in calculating £ experimentally
is to distinguish between intrinsic pinning and the extrinsic sources of pinning due to
structural defects.

The non-adiabatic term has been proposed to be more dominant in narrow DWs where
a high magnetization gradient occurs while a purely adiabatic contribution is expected in
wide DW spin structures. Below I will summarize a few results regarding theoretical and
experimental determination of the § parameter for both type of systems with in-plane
and out of plane anisotropy, containing wider and narrower DWs respectively.

S. Zhang and Li predicted that a non-equilibrium conduction electron spin density
connected to the mistracking of the conduction electron spins and the local magnetization
direction after entering the DW, generates an additional torque [74]. This results into
a non-equilibrium spin accumulation in the DW which is relaxed mainly by spin flip
scattering. The non-equilibrium spin density induces a non-adiabatic torque which acts
as an effective force on the DW. This torque is described by a coefficient 8 = 7., /75,
where 7., is the Larmor precession period around the s-d exchange field and 7 is the
spin relaxation time. The non-equilibrium current density also modifies the precession
(gyromagnetic ratio ) and damping parameter « in the LLG equation, so these terms
should also be renormalized.

Tatara and Kohno [121][122] show that a non-adiabatic torque remains present for
wider DWs and decreases strongly with DW width. They have shown that both o and
arise from spin relaxation processes and generally [ is not equal to a. Garate et al [34]
derived the § parameter directly from the band structure of real materials. They found
that both a and  have the same qualitative dependence on disorder although their ratio
depends on details of the band structure.

M. Eltschka et al. [22] experimentally derived /3 by investigating thermally activated
vortex and transverse DW motion in FeygNigy nanostripes. They showed that this purely
thermal motion can be well described by the Arrhenius law by considering the DW as a
quasi-particle in a 1D landscape. The values of § calculated for transverse and vortex
walls are 8, = 0.01 £ 0.004 and £, = 0.02 £ 0.073 respectively. The larger value for a
VW as compared to a TW is related to the high magnetization gradient at the vortex
core. The larger value of g for a VW indicates that higher velocities should be possible
for VWs.

Much higher values of 8 were observed for systems with out of plane anisotropy and
inversion asymmetry [85]. I. M. Miron et al., measured experimentally the non-adiabatic
component of the spin torque in a AlOx/Co/Pt system with inversion asymmetry. They
reported that the value of the § parameter can be as high as 1 in this system, approaching
the maximum value predicted by the existing theories [85].
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1.4.5 Experiments

After the prediction of current induced DW motion by the STT effect, it has attracted
considerable attention during the last decade and a large number of experimental studies
have been performed to confirm and better understand this effect. Here I will give brief
description of some of the experimental results in this field. During my thesis I worked
on systems with an in-plane anisotropy, I will discuss in details such type of systems.

Systems with in-plane anisotropy

FeyoNigyg (Permalloy - Py) is a very soft magnetic material having small coercive field.
The DWs in Py can be moved with a very small magnetic field. Due to this low DW
propagation field, it is expected that DWs in Py can be moved with low current densities.
For this reason, most of the studies were focused on Py. Experimental results indicate a
large spread in DW velocities observed for the same type of materials. Here I will describe
some of these experiments indicating diverse results and the origin of these discrepancies.

Initially the current induced DW motion was studied in continuous magnetic thin films.
Hung and Berger studied DW motion in FejgNig; thin films of thickness between 14 and
86nm [54]. They observed a DW displacement by current both under magnetic field
and without field. They found that for films of thickness < 35nm containing Néel walls
and for thickness 35 to 86 nm containing cross-tie walls, the DWs move along the charge
carriers (electrons). They explained the observed DW displacements by s-d exchange
forces induced by conduction electrons. The low values of current density of 5 x 10! A /m?
required to move DWs agree with theoretical predictions based on s-d exchange [12][29].

E. Salhi and L. Berger observed Bloch wall displacements in Fe;9Nig; films of thickness
= 263nm [112]. They observed DW displacements for very low critical current density of
=~ 1.3 x 10'% A/m?, about 20 to 200 times lower than for Néel or cross-tie walls predicted
earlier by Hung and Berger [54]. They suggested that the observed Bloch wall motion was
caused by precession of wall spins under “s-d exchange torque”, applied by conduction
electrons passing through the wall.

The study of current induced DW motion in magnetic nanostructures or nanostripes
became only possible after the developments in lithography techniques to make nanos-
tructures. J.Grollier et al. [39] have shown for the first time that DC current can switch
the magnetic configuration of a 5nm thick Py layer in a Py/Cu/Co spin valve structure
by moving a DW pinned by a 500 nm wide constriction in a 1 pm wide nanostripe. The
direction of DW displacement was reversed by reversing the direction of the DC current.

Large spread in domain wall velocities observed for Py

A large spread in DW velocities was observed for Py in experiments. DW velocities that
were one or two orders of magnitude lower than predicted by theory, as well as velocities
higher than the spin angular momentum transfer rate, have been reported. I will describe
here some of these experiments revealing this discrepancy. Later, I will also list some
experiments resolving this discrepancy.

The DW motion was studied quantitatively by Yamaguchi et al. in 10 nm thick and
240nm wide L-shaped FejgNig; nanostripes [145]. They investigated the DW displace-
ment as a function of intensity and duration of the current pulses. They observed DW
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displacements proportional to the pulse duration, which supports that the DW displace-
ment was due to the spin transfer torque. They observed a very low DW velocity ~
3m/s under current pulses of duration 500 ns and current density 1.2 x 10'? A/m?. They
suggested that detailed experiments with different thickness and width of nanostripes are
required to know the origin of the low DW velocity.

Very high DW velocity exceeding the spin angular momentum transfer rate under zero
magnetic field was reported by M. Hayashi et al. [45] in similar 10 nm thick and 300 nm
wide FejgNig; nanostripes. This shows that the DW is moving faster than the rate of spin
angular momentum transfer, i.e. vip = (6/a)u with 8 > a. A DW velocity of 110m/s
was obtained for a current density of 1.5 x 10 A/m?. They suggested that some other
mechanism such as linear momentum transfer effect should also be considered to explain
the velocities larger than the momentum transfer rate. The maximum DW velocities
reported in previous measurements were 10 to 100 times lower than the one allowed by
the spin angular momentum transfer rate.

The origin of the large spread in domain wall velocities

Different origins of this discrepancy were reported by different groups i.e., M. Klaui et
al. have also observed very low DW velocities of ~ 0.3m/s for 1pus long current pulses of
current density of 2.2 x 10" A/m? [60]. They observed that both head to head and tail
to tail DWs move along the direction of the electron flow in 500 nm wide and 10 nm thick
Py nanostripes. The velocity decreased with subsequent current pulses and finally the
DW stopped moving after injection of a few pulses. They observed the DW deformation
from vortex to transverse spin structure after injection of a few current pulses by high
resolution spin polarized electron microscopy. That was the first experimental evidence of
DW transformations due to the current. They related the reduction of the DW velocity
to DW deformation.

The periodic DW transformations from vortex to transverse walls and vice versa by
injection of current pulses were also observed by Heyne et al. [48] in 1500 nm wide and
8nm thick Py nanostripes. After each transformation, the vortex core showed the same
chirality and direction of core displacement which is the evidence of the spin torque effect.

A DW that changes its structure is predicted to undergo a displacement by itself,
the so called “automotion”. J. Y. Chauleau et al. [19] demonstrated the phenomenon
of automotion experimentally in Py nanostripes with in-plane magnetization by trans-
forming an asymmetic metastable transverse DW into a vortex DW under spin transfer
torque. They observed DW displacements more than three times larger than under spin
transfer torque only for 1ns current pulses. They suggested that to calculate the real
DW velocities, the DW displacement due to automotion should be excluded. They also
studied field induced DW transformation and automotion and concluded that automotion
is independent of the type of excitation used for DW transformation. Their results agree
well with micromagnetic simulations. The phenomenon of automotion also applies well
to systems with perpendicular magnetization. However, due to the small size of DWs
in these materials due to the strong anisotropy, the observation of the wall structure is
more difficult. Therefore, to investigate the real effect of spin transfer torque on DW
displacement, DW structure transformations should be checked by imaging.

In addition to DW transformations due to spin torque, M. Klaui et al. [61] also
observed continuous transformations of VWs to double and triple vortices and vice versa
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due to DW pinning and joule heating in 28 nm thick and 1pm wide nanostripes. They
found that the velocity is related to these transformations and decreases with increasing
number of vortices.

Most of the experiments focussed on the current induced depinning of DW from ma-
terial defects and artificially created pinning sites and find velocities one or two orders
of magnitude lower than predicted in theory. This suggests that most of the transferred
angular momentum is dissipated by local excitations instead of driving DW. G. S. D.
Beach et al. [7] used an external magnetic field to cancel pinning and identified the con-
tribution of spin torque to the velocity of freely propagating DWs. They found that the
DW velocity increases in proportion with current by an amount predicted by theories.
They observed a DW velocity of ~ 35m/s at a current density of 6 x 10' A /m? in 20 nm
thick 600 nm wide Py nanostripes. This velocity is about 10 times larger than reported
in pinning dominating experiments. These values of DW velocity agree well with theo-
retically predicted values of DW motion due to spin torque effects. So it means that DW
pinning does not allow to extract quantitative information on the spin torque effect on
DWs, as most of the energy is dissipated in depinning of DWs.

An influence of the current pulse rise time on DW velocity was also reported by L.
Heyne et al. [49] in Py nanostripes. They observed high DW velocities of 130 m/s, of the
order of the spin angular momentum transfer rate u = 120m/s, in agreement with the
theory assuming /3 close to . They used very short pulses of 3ns of very fast rise time ~
100 ps for a current density of 1.8 x 1012 A/m?. They also observed DW transformations
under these very short nanosecond pulses. They proposed that this efficiency is not related
to the quality of Py sample but rather to the fast pulse rise time because in their previous
studies they obtained very low DW velocities ~ 1m/s in the same type of Py samples for
pulse rise times larger than 1 ps.

Domain wall inertial effects

As it is reported that DWs exhibits inertial effects when driven under field [78], the
theories predict that DWs should also exhibit inertial effects when driven by current
[73][126][121]. The inertial response of the DW depends on the relative magnitude of
adiabatic and non-adiabatic torques. Their relative contribution can be quantified by the
ratio 5/a. L. Thomas et al. [128] reported that DW displacement is directly proportional
to pulse length even for very short current pulses of a few nanoseconds by studying 20 nm
thick and 200 nm wide Py nanostripes. Inertia causes a delay of the constant velocity
motion at the beginning of the pulse but this is compensated by the inertia at the end
of the pulse (DW keeps moving when pulse has stopped). The total displacement is thus
proportional to the pulse length despite the inertia.

Other systems with in-plane anisotropy

In parallel to Py single layers, other systems with an in-plane anisotropy were also studied.
I will explain here few of these systems. S. M. Seo et al. [115], recently analytically studied
current induced DW motion in the presence of the spin hall effect (SHE) in FM/NM
bilayers, where NM is non magnetic metallic layer having strong spin orbit coupling
(SOC) responsible for the SHE and FM is the metallic ferromagnetic layer having in-
plane anisotropy. Their results show that SHE has a significant effect on transverse DW
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motion. The DW motion can be represented by two threshold current densities Jy g and
Jrew, where Jy g is the threshold for DW chirality switching and J,., is the threshold for
reverse DW motion due to SHE. For current density J,.., < J < Jy g such that Jyyg > Jyep
and a > [, the DWs move against the electron flow with high speeds ~ 300m/s, for a
certain chirality. They also performed micromagnetic simulations and their results are in
agreement with their analytical model. Their results show that by proper tuning of spin
orbit coupling and hence SHE, very efficient CIDW motion can be achieved.

The relation between damping parameter a and the non-adiabatic parameter § was
studied by T.A.Moore et al. [88]. By artificially varying « they studied its effect on £.
They modified @ by doping Py with Ho with different compositions resulting in different
values of . They measured values of o by ferromagnetic resonance. The value of «
increases with Ho concentration. Then they measured the current induced DW velocity
below the Walker breakdown in 20 nm thick and 1500 nm wide pure Py nanostripes and
nanostripes with Ho doping. Since v = (3/a)u below the Walker breakdown, they found
that [ scales with a and concluded that spin relaxation, which leads to non-adiabatic
torque, and angular momentum dissipation that causes damping, both have the same
origin.

Critical current densities of one order of magnitude lower than for single Py layers have
been reported in Py based spin-valve nanostripes. J. Grollier et al. observed the back
and forth DW motion between two pinning centers with very low DC current densities,
~ 10" A/m?, in 300 nm wide Py/Cu/Co spin valve nanostripes [38]. They found their
results consistent with the spin torque mechanism introduced by Berger and Slonczewski
[118][13].

Very low critical current densities of 8 x 10'® A /m? have also been reported in Py/Cu/Co
spin-valve nanostripes under zero field by C. K. Lim et al. [75]. These values are about
an order of magnitude lower than reported in Py single layers [43]. They observed DW
displacements for very short 0.4ns current pulses along the conduction electrons flow.
However, the DW displacements were found independent of current pulse duration and
the direction of the DW displacements were opposite to the conduction electrons for higher
current densities.

The critical current density can be further reduced by replacing Py in spin valve
nanostripes by CoFeB [66]. CoFeB is a very soft amorphous magnetic material. A critical
current density of 1 x 10'° A /m? at zero field, about two orders of magnitude smaller than
in single Py nanostripes, was observed.

Recently very large DW velocities of up to 600 m/s have been found in Py/Cu/Co spin-
valve nanostripes for very short 3ns current pulses at current densities of 4 x 10! A /m?
[137]. They also partially explained the previously reported problems in this type of
system. They relate the reduction of critical current densities partially due to vertical
spin currents caused by the local spin accumulation in Cu spacer layer below the DW
region [59]. They also show that DW displacements do not scale with current pulse
durations because of the pinning. The DWs move with high DW velocities, but only in
between two pinning sites, which makes it difficult to determine accurate DW velocities.
They identify possible sources of pinning, among which the dipolar interaction between Py
and Co layers due to anisotropy inhomogeneties in the Co layer is found to be dominant.
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Systems with out-of-plane anisotropy

Although high DW velocities up to 150m/s have been reported in Py nanostripes [42],
there are some drawbacks of using Py for applications. Often, the DW displacements are
not reproducible and DW depinning from thermally stable positions is difficult. Usually a
high critical current density ~ 1 x 102 A /m? is required to depin and propagate the DW.
This high current density can cause a large temperature rise due to joule heating result-
ing in nucleation and annihilation of DWs or DW transformations. The DW structural
transformations due to Walker breakdown limits its maximum velocity.

Micromagnetic simulations and experimental results predicted that using systems with
strong perpendicular anisotropy, these problems can be overcome [57][33]. Recently high
efficiency of current induced DW depinning has been reported in materials with out of
plane anisotropy [24][63]. The DWs in these systems are narrower due to strong perpen-
dicular anisotropy. The torque which is proportional to magnetization gradient should
be stronger. But due to the narrow width ~ 10 nm of these DWs, pinning could be more
effective in these systems as compared to systems with in-plane anisotropy where the DW
width is ~ 100 nm.

T. A. Moore et al. [89] reported high DW velocities of 130m/s at current densities
of 1.8 x 102 A/m? in an AlOx/Co/Pt system with strong perpendicular anisotropy. The
inversion asymmetry of their system is expected to enhance spin torque through increase
in the spin flip rate.

Mihai Miron et al. [83] proposed that strong effective magnetic fields of 1 T for current
densities of 1 x 10 A/m? can be induced in a ferromagnetic metal films lacking structure
inversion symmetry through the “Rashba effect”. They show that an electric current
flowing in the uniformly magnetized Co layer in an AlOx/Co/Pt system with inversion
asymmetry and perpendicular anisotropy produces an effective transverse magnetic field,
the so called “Rashbafield” (Hg). The Hg combines with s-d exchange interaction, that
couples the conduction electron spin with the local magnetization. This results into an
effective s-d exchange field H,4, which depends on current density and produces a torque
on the local magnetization. Spin orbit effects at metal surfaces increase in the presence
of heavy atoms [85][86] and surface oxidation [84]. Here Pt as a heavy metal and AlOx
as an oxide play a role to enhance the Rashba spin orbit interaction.

In the same AlOx/Co/Pt system later, Mihai Miron et al. [84] reported high DW
velocities of 400m/s with current density of 1 x 10 A/m?. The Rashba field in this
system acts along the hard axis and stabilizes the Bloch DW chirality meaning that the
DW can be moved without being transformed for higher current densities. On the other
hand, an enhancement of the non-adiabatic spin torque is reported in this type of systems
which facilitates to depin the DW (8/« is also rather high) and hence the DW mobility.

1.5 Domain wall pinning

The precise control of DW motion is very important for logic and memory devices based
on current induced DW motion. However, the stochastic nature of DW motion due to
intrinsic (structural defects) and extrinsic (roughness) DW pinning is the major challenge
for practical applications [134][107]. Usually artificial pinning sites in the form of curved
nanostripes or notches of different shapes are created in the nanostripes to control the
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DW motion by pinning and depinning DWs across them using current or magnetic field
pulses [44][56].

Previous studies have reported that critical current densities for current induced DW
motion scaled with DW depinning field. These critical current densities can be reduced
by reducing the edge roughness of nanostripes. G. Malinowski et al. have obtained low
DW depinning fields of 0.2 to 0.3 mT due to low edge roughness by using an Ar ion milling
process to pattern the nanostripes instead of using conventional lift-off technique [77]. As
compared to other similar samples having higher pinning, they reported very low critical
current densities of 4 x 10 A/m? in 25 nm thick and 900 nm wide Py nanostripes. They
also suggested that current densities larger than the critical current densities can result
into DW transformations instead of DW depinning, affecting the DW motion.

In the case of the precessional regime beyond the Walker breakdown, nanostripe edge
roughness can play an important role in DW dynamics, as the DW transformation occurs
at the edges of nanostripes by an injection of anti-vortices. Y. Nakatani et al. [92],
using micromagnetic simulations, reported that high DW velocities can be achieved by
suppressing the Walker breakdown for nanostripes with rough edges. They explained
that for sufficiently rough edges, according to simulations, the nucleation of an anti-
vortex at the edges is suppressed and the wall continues moving with maximum velocity
without transformation. Their results show that roughness larger than exchange length is
suitable. For Py the exchange length is about 9nm. However, edge roughness also causes
DW coercivity. Therefore they propose to optimise the edge roughness to get the best
DW propagation properties.

Along with the edge roughness and other intrinsic material defects in nanostripes, the
field induced depinning of DWs also depends on structure and chirality of the DWs [44].
M. Hayashi et al. studied the depinning of transverse and vortex DWs of two different
chiralities pinned at the same nano-constrictions in 10 nm thick and 100-300 nm wide Py
nanostripes. They found different field induced depinning fields for all four type of DWs
but nearly the same critical depinning current for all DWs.

The dependence of DW depinning threshold current on different factors has been
reported by different groups. S. Lepadatu et al. [70] studied the effect of the shape of the
pinning profile on threshold depinning current density. They created different triangular
notches, in single 20 nm thick and 1400 nm wide Py nanostripes, by keeping the width of
the wire and notch depth constant and varying only the notch angle. They found that
the threshold current density increases linearly with notch angle. They confirmed their
results by micromagnetic simulations.

The temporal effect of current pulses on DW motion was studied by L. Bocklage et
al. both experimentally and theoretically [16]. They investigated this effect in 20nm
thick and 380 nm wide Py nanostripes having a notch with a depth about 120 nm. Their
results show that the current pulses with fast rise times, smaller than the damping time
(a few nanoseconds), can result into efficient depinning of DWs. No dependence on the
pulse length was observed. They suggested that their results should be independent of
the origin of pinning either due to material defects or artificial pinning sites and also
independent of the structure of the DWs.

W. C. Uhlig et al. [134] observed the strong influence of random pinning sites due
to material defects on CIDW motion. They studied both vortex and transverse DWs in
wider and narrower nanostripes respectively. They observed the distortion of DWs at low
currents without moving the DW and for large currents the DW releases and moves along
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the direction of electron flow until it gets pinned by another pinning site.

1.6 Other effects

1.6.1 Joule heating

Since a significant Joule heating due to current pulses has been observed in experiments
[144], this should be quantitatively measured and its effect on DW motion should be
considered to compare experimental and theoretical results.

The thermal excitations can reduce the energy barrier of a pinned DW. D. Ravelosona
et al. [24] observed the thermally assisted efficient depinning of narrow Bloch DWs in thin
films with perpendicular anisotropy. This efficiency of DW depinning was found an order
of magnitude higher than reported in films with an in-plane anisotropy. They suggested
that this high efficiency is due to the fact that in previous experiments the critical cur-
rent density was determined by observing 3D Néel wall motion on the micrometer scale,
resulting in a measured critical current density above the real threshold value [145][75].
On the other hand, they observed 1D Bloch wall motion on the nanometer scale in the
presence of thermal fluctuations below the threshold current density.

Unlike Ravelosona et al., M. Laufenberg et al. observed an increase of critical current
density with temperature [69]. This is also in contradiction to a decrease of critical field
in the field driven case. They studied both field and current induced DW motion in 34 nm
thick and 110 nm wide Py ring shape nanostripes between 2 and 300 K and concluded that
intrinsic spin torque efficiency is reduced with increase in temperature, may be due to
thermally excited spin waves. The decrease in current polarization has been reported from
0.75£0.05 to 0.58 £ 0.02 over the temperature range 80 to 340 K in Py nanostripes [149].
Different temperature dependencies of spin-up and spin-down conductivities reveal the
the strong impurity scattering of spin down electrons. The decrease in magnetic moment
with rise in temperature has also been reported [130]. This decrease in spin polarization
and magnetic moment with temperature can result into an increase of critical current
density for DW motion.

Yamaguchi et al. [144] studied the effect of Joule heating in 10 nm thick and 240 nm
wide FejgNig; nanostripes. They observed an increase in sample temperature up to 830 K,
which is close to the Curie temperature, for current densities of 7.5 x 10 A/m?. After
further increasing the current density, they observed a multidomain structure by MFM,
which is the indication that temperature has increased above the Curie temperature. This
shows that for good dissipation of heat the substrate should be a good thermal conductor
as well as bad electrical conductor to avoid a short circuit.

1.6.2 OQersted field

V. Uhlir et al. [136][138] performed first time resolved XMCD-PEEM measurements on
Py/Cu/Co and CoFeB/Cu/Co spin valve nanostripes. They gave the first direct evidence
of the effect of the current induced magnetic Oersted field on the magnetic configuration
of magnetic nanostripes. They observed a large tilt in Py and CoFeB magnetization
transverse to the nanostripes. They showed that this effect cannot be quantitatively
explained by only Oersted field and shape anisotropy, but is caused by the combination
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of Oersted field and strong dipolar interactions due to the different magnetic layers in
spin-valve nanostripes. They suggested that this internal transverse field may contribute
to the enhancement of the spin torque efficiency in the Py layer. The transverse Oersted
field might stabilize transverse DWs, preventing DW transformations. This can result
in suppression of the Walker breakdown resulting in an increase in DW velocity, like it
was observed for field induced DW motion in spin-valve nanostripes in the presence of a
transverse magnetic field [111][18].

The objective of my thesis is to first grow the single crystal epitaxial permalloy and
supermalloy layers with less structural defects and surface or interface roughness to reduce
pinning and hence threshold current density to move DWs. Secondly, to investigate the
effect of magnetic Oersted field on DW stability, chirality and mobility in asymmetric
FM/NM bilayers, where FM is a ferromagnetic layer (permalloy or Supermalloy) and NM
is a non-magnetic layer (in our case Ir or Pt). Unlike spin valves, the absence of Co layer
will allow us separating the effect of the Oersted field from flux-closure magneto-static
interactions with the Co underlayer, and also avoiding the effects of spin accumulation in
the spacer layer on the domain wall motion.

1.7 Practical applications

Beside fundamental investigations, the use of magnetic DWs in logic [2] and memory [102]
devices has been proposed. In magnetic logic devices initially proposed by D. Allwood et
al. [2] domain walls can propagate through complex networks of nanostripes by applying
an external magnetic field. The logics 1 and 0 were defined as the magnetization pointing
along and opposite to the DW propagation direction respectively. They proposed that
any computational calculation can be performed by considering NOT, AND or OR and
other complicated logic systems.

Another type of memory called domain wall “Racetrack Memory” proposed by S. S.
P. Parkin [102] has stimulated the research in the field of current induced DW motion. In
this memory the magnetic information is stored in DWs in long nanostripes created hori-
zontally or vertically on a Si substrate as shown in Fig. 1.12. Individual nanoscale reading
and writing heads are created below each nanostripe to read or write the information. The
information can be read from the stored bit by reading the tunnel magnetoresistance of a
magnetic tunnel junction in contact with the racetrack. The writing of the information is
done by the stray field of a DW below the bit. Highly reliable and controlled forward and
backward motion of DWs, which represents the databits, along the racetrack is required.
Especially, to assure reproducible and reliable DW motion, DW pinning in nanostripes
has to be controlled. Low current densities and high DW velocities at zero magnetic field
are required for future applications.

There are several advantages of the racetrack memory over the conventional hard disk
drives. There is no mechanical movement involve as in hard disks. The heavy mass of the
hard disk limits its speed. The information accessing time is very small, ~ nanoseconds,
as compared to milliseconds in harddisks. The power consumption is very low because
no coils are required to produce magnetic fields for magnetization switching but instead
magnetization is switched directly by applying short nanosecond current pulses. Very high
magnetic storage density can be achieved by realizing 3D magnetic memory by making
vertical racetracks.
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Figure 1.12: Picture of the domain wall racetrack memory. (a) vertical racetrack, (b) horizontal
racetrack, (c) reading data by reading the tunnel magnetoresistance of a magnetic tunnel junction
in contact with the racetrack. (d) writing data by the stray field of a domain wall below the
magnetic bit. (e) concept of vertical racetrack storage array built on a chip for high density data
storage (Reproduced from [27]).

The solid state memories (RAM) are fast but are volatile unlike the racetrack memory.

On the other hand solid state FLASH memories are non-volatile but have a limited number
of cell overwritings unlike racetrack memory in which information can be read or write
for an unlimited number of times.



Chapter 2

Growth and characterization of
epitaxial permalloy films

Permalloy (Py = FeygNigg) is an alloy with low anisotropy, very high magnetic permeabil-
ity and significant magnetization (uoMg = 1T). Py is in priniciple an interesting material
for current-induced domain wall (DW) motion because of its soft magnetic properties.
However, pinning of DWs was shown to be important as discussed in chapter 1. Most
of the Py thin films so far studied are polycrystalline. The magnetic properties of these
polycrystalline films are affected by the influence of grain boundaries. The aim of my
work was to improve the crystalline quality of these films, by suppressing/reducing grain
boundaries using epitaxial growth. Single crystalline epitaxial films with less structural
defects, surface or interface roughness and small coercive field can reduce the DW pinning
and hence increases the DW mobility. The additional advantage of these films is that,
the improved crystalline quality may facilitate the understanding of fundamental physical
phenomena.

Several techniques have been employed for thin film and multilayer growth. These in-
clude sputter deposition (SD), chemical vapor deposition (CVD), molecular beam epitaxy
(MBE) and pulsed laser deposition (PLD). The latter has the capability to produce high
quality thin films of various kinds of materials [21] and to preserve the stoichiometry of
compound materials while being compatible with ultra high vacuum (UHV), unlike SD.

Single crystal fce (100) and (110) Py films have been epitaxially grown on single crystal
MgO(100) and MgO(110) substrates [51]. These Py films were deposited at 350 °C using
MBE. The Py films were found almost strain relieved for a thickness above 5nm. The
Py (100) films showed very soft magnetic behaviour with a coercive field of ~ 0.15mT,
compared to about 0.6 mT for Py (110) films.

M.Ohtake et al. [99] have also reported fcc (110) single crystal and fce (111) bicrystal
epitaxial Py growth on MgO(110) and MgO(111) single crystal substrates at 300 °C using
MBE. A large increase of coercive field was observed when films were grown at a higher
temperature of 500°C. The trenches between the Py islands due to high temperature
growth may pin the domain walls resulting in an increase of the coercive field.

We studied the epitaxial growth by PLD under UHV and magnetic properties of fcc
Py(111) single layers and Py(111)/Ir(111) bilayers on single crystal Al,O3(0001) (sap-
phire) substrates. Fcc(111) supermalloy (Su-Py) single layer and Su-Py(111)/Ir(111)
bilayer films with negligible magnetostriction were also epitaxially grown on single crys-
tal sapphire. We used two types of sapphire substrates with miscut angles of 0.25° and

39
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0.05°. The notation Py/Ir denotes Py deposited on Ir. A similar notation will be used
throughout the thesis to describe which is the bottom or top layer.

The alloy composition of Py is Fe 20% and Ni 80% and of supermalloy is Fe 15.5%, Ni
81.6% and Mo 2.8%. The base pressure of the UHV system is 3 x 107! torr. The substrate
was degassed for 1h, both in the analysis chamber at 500 °C and then in the deposition
chamber at 660 °C, before initial deposition under UHV conditions for all samples. The
temperature was measured by a thermocouple calibrated with an optical pyrometer. The
deposition rate of Ir and Py films was 0.08 nm/min and 0.1 nm/min, respectively, for all
the samples. The thicknesses were measured by a quartz microbalance calibrated using
Rutherford back scattering.

The surface structure and epitaxial orientation of the films were determined in-situ by
Reflection high energy electron diffraction (RHEED). The topography was measured in-
situ by Scanning tunneling microscopy (STM). The magnetic properties were measured
ex-situ by SQUID magnetometry, Kerr magnetometry and microscopy, Ferromagnetic
resonance (FMR) and Transverse bias initial inverse susceptibility and torque (TBIIST)
measurements.

2.1 Epitaxial growth of Py single layers

In sapphire(0001), the (0001) planes are hexagonal. The a-axis and c-axis lattice constants
of this hexagonal plane are 0.4758 nm and 0.1299 nm respectively. The Py is a face-
centered cubic transition metal with a bulk lattice constant of 0.355nm. Py(111) can be
epitaxially grown on sapphire(0001) because Py(111) is also a hexagonal plane. The in-
plane lattice constant of Py(111) is 0.434 nm with an in-plane lattice mismatch of about
8.78% with the a-axis lattice constant of sapphire(0001).

The nature of the interface between the thin film and substrate plays an important
role on the subsequent film growth. The lattice mismatch between the elements of the
film and the substrate and the bonding strength at the interface for corresponding planes
decide whether the interface is coherent, semi-coherent or incoherent [40]. For a coherent
interface, the lattice mismatch results into strain in the total film. For semi-coherent
interfaces the lattice mismatch is compensated partially or fully by introducing misfit
dislocations. This results into partially or fully relaxed films. For incoherent interfaces
the dislocation core of the misfit dislocation is completely delocalized.

We deposited 5, 10 and 20nm thick single Py layers directly on sapphire(0001) sub-
strates with a miscut angle of 0.25° at room temperature (RT), and annealed them at
350°C for 30 minutes. During annealing, the RHEED patterns seemed to become two
dimensional (2D) at about 250 °C, and they kept improving with further annealing until
at 350°C a very narrow streak pattern was obtained.

Fig. 2.1 (a-b) shows RHEED patterns along the [11-2] Py azimuth before and after
annealing. The very fine RHEED streaks indicate 2D epitaxial Py on sapphire (0001). The
in-plane epitaxial relationship between sapphire (0001) and Py determined by RHEED is
Al,04[11-20] // Py[11-2] and Al;O3[1-100] // Py[1-10]. The cubic in-plane lattice constant
calculated from RHEED measurements for Py[1-10] and Py[11-2] are 0.354 and 0.353 nm
which are in good agreement with the Py bulk value of 0.355nm. This also shows that
Py films are mostly strain relieved in this thickness range [32].

The STM images for 10nm Py on sapphire with a miscut angle of 0.25° are shown in
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Figure 2.1: (a,b) RHEED patterns along the Py [11-2] azimuth, before and after annealing
respectively. The STM images of Py 10nm on Al O3(0001) with a miscut angle of (c,d) 0.25°
(e,f) 0.05°, deposited at RT and annealed at 350°C. The green arrows indicate the emerging
screw dislocations.

Sample | Miscut Growth Average RMS Screw disloc-

thickness | angle temperature | roughness | roughness | ation density
om) | () (C) m) | (om) (/m?)
Py10 0.25 | RT, anneal 350 |  0.086 0.113 ~ 8 x 1016
Py20 0.25 same 0.103 0.132 ~ 1.3 x 10%7
Py10 0.05 | RT, anneal 350 | 0.107 0.142 ~ 2.3 x 1077

Table 2.1.1: Summary of the epitazial Py growth on AlyOs(0001) with miscut angles of 0.25°
and 0.05°.

Fig. 2.1 (c-d). The Py surface is very flat with a high density of atomic steps. There are
some emerging screw dislocations, with a density of about 8 x 10'® /m?, in the 10nm thick
Py layer, indicated by green arrows in the STM image. The density of screw dislocations
increases slightly with an increase in the Py thickness. For Py 20 nm the density of screw
dislocations is about 1.3 x 10'7 /m?.

The periodical misfit dislocations appear at the film/substrate interface due to the
lattice mismatch between film and substrate. Fcc films are sensitive to screw disloca-
tions due to the possibility of introducing stacking faults. These screw dislocations cause
a residual roughness in the films. The average and root mean square (rms) roughness
in 600nm? for 10nm Py is 0.086 and 0.103nm and for 20nm Py 0.103 and 0.132nm
respectively. The roughness slightly increases with an increase in the Py thickness. Re-
moving screw dislocations requires bulk mobility, thus much higher temperatures. The
absence of screw dislocations and epitaxial twins has been reported for epitaxial growth
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of Mo(110) on sapphire(11-20) [31] and fcc Ir(111) on sapphire(0001) [20] by annealing at
high temperature ~ 800 °C. For Py, this temperature is well above the curi temperature.

To study the effect of the vicinality of the sapphire substrate on the Py growth and
its magnetic properties we also deposited Py on less vicinal sapphire with a miscut angle
of 0.05°. The Py was deposited under the same conditions as before. The STM images in
Fig. 2.1 (e,f) show the average and rms roughness for 10nm Py films 0.107 and 0.142nm
respectively. This value of roughness is slightly higher than for those on sapphire with a
miscut angle of 0.25°. The density of screw dislocations in this Py film ~ 2.3 x 1017 /m?
is also almost double which can increase the residual roughness. It has been reported
that use of vicinal substrate can favour the step-flow mode of crystal growth, resulting
in more macro-steps during growth. This can reduce the dislocation density [41]. Table
2.1.1 summarises the Py growth on both sapphires with the miscut angles of 0.25° and
0.05°.

2.2 Epitaxial Py/Ir bilayer growth

In order to study the effect of an Oersted field on current induced domain wall motion in
Py nanostripes, we also prepared epitaxial Py/Ir bilayers. The current passing through
the Ir layer generates an Oersted field which can change the domain wall chirality, stability
and mobility.

Before optimizing the Py growth on Ir, 9nm of Ir was deposited on sapphire (0001)
with a miscut angle of 0.25°. The bulk lattice parameter of Ir(111) is 0.384nm and
like Py(111), Ir(111) is also a hexagonal plane with an in-plane a-axis lattice constant
of 0.470nm. Therefore, Ir can be grown more easily on sapphire(0001) than Py due to
the smaller lattice mismatch of 1.2% (compared to 8.78% for Py). The Ir was deposited
according to the optimised procedure developed in our group for epitaxial Ir growth [20].
The Ir was grown at about 345 °C and annealed at 900 °C for 45 minutes. RHEED streaks
[Fig. 2.2 (a)] indicate 2D epitaxial Ir(111). The in-plane epitaxial relationship between
sapphire and Ir determined by RHEED is Al,O3[11-20] // Ir[11-2] and Al,O3[1-100] //
Ir[1-10].

Fig. 2.2 (c) shows the STM image of a 9nm Ir layer directly grown on sapphire. The
image shows atomically flat Ir terraces whose width is limited by the miscut angle of the
sapphire.

Subsequently, 5, 10 and 20nm Py layers were deposited at RT on such Ir/sapphire
surfaces and were annealed at 350 °C, like for Py directly on sapphire, to have a flat 2D
surface. I could not perform RHEED and STM measurements on this sample, but the
magnetic characterization shows a large increase of the coercive field, almost 5 times as
large as for Py directly grown on similar sapphire with a miscut angle of 0.25°, at the
same temperature.

A possible explanation is that, annealing the sample at a relatively high temperature
of about 350 °C may leads to interdiffusion between Py and Ir at the interface. A second
possibility may be the higher roughness of Py on Ir as compared to the Py directly grown
on sapphire. The crystalline quality of Py/Ir can also be different from Py alone and
result in an increase of the coercive field.

To know the origin of the enhancement of the Py/Ir coercive field, we deposited again
5, 10 and 20nm Py films on atomically flat Ir/sapphire with a sapphire miscut angle of
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Figure 2.2: (a,b) RHEED patterns along Ir [11-2] and Py/Ir [11-2] azimuths, annealed and
non-annealed respectively (c¢) STM image for Ir(9nm)/Al,O3(0001) deposited at 345°C and
annealed at 900°C and STM images of (d,g) Py 5nm (e,h) Py 10nm (f,i) Py 20nm deposited
on Ir(9nm)/Al O3(0001) at RT and annealed at 200 °C. The substrate is sapphire with a miscut
angle of 0.25°. The green arrows indicate the emerging screw dislocations.

Sample | Miscut Growth Average RMS Screw disloc-
thickness | angle temperature | roughness | roughness | ation density
om) | () (C) m) | (um) (/m?)

Ir9 0.25 | 345, anneal 900 | Terraces | Terraces No
Py5/Ir 0.25 | RT, anneal 200 0.096 0.119 ~ 1.3 x 107
Py10/Ir 0.25 same 0.112 0.139 same
Py20/Ir | 0.05 same 0.151 0.192 same

Table 2.2.1: Summary of the epitazxial Ir and Py/Ir growth on Al O3(0001) with a miscut angle
of 0.25°.

0.25°. The Py was deposited at RT but annealed at 200 °C to avoid intermixing due to
high temperature (350°C) annealing. The RHEED streaks pattern [Fig. 2.2 (b)] shows
2D epitaxial Py on Ir/sapphire. The in-plane epitaxial relation determined by RHEED
reveals that, as expected, the fcc lattices of Ir and Py adopt parallel directions with
Al,O3[11-20] // Tr[11-2] // Py[11-2] and Al,O3[1-100] // Ir[1-10] // Py[1-10].

The STM images of Py 5, 10 and 20 nm are shown in Fig. 2.2 (d-i). Up to a thickness
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Figure 2.3: (o) RHEED pattern along the Ir [11-2] azimuth, (b) STM image of
Ir(Onm)/Al O3(0001) deposited at 345°C and annealed at 900°C and STM images of (d,g)
Py 5nm, (e,h) Py 10nm and (f,i) Py 20nm deposited on Ir(9nm)/Al, O3(0001), using a tem-
perature gradient RT-180°C and annealed at 140°C. The sapphire miscut angle is 0.05°. The
green arrows indicate the emerging screw dislocations.

Sample | Miscut Growth Average RMS Screw disloc-
thickness | angle temperature roughness | roughness | ation density
am) | () (C) (m) | (nm) (/m?)
Py5/Ir 0.25 | Temp grad, RT-180 0.081 0.123 No
anneal 140
Py10/Ir 0.25 same 0.089 0.117 No
Py20/Ir | 0.25 same 0.355 0.461 ~ 1 x 10%

Table 2.2.2: Summary of epitaxial Py/Ir growth on AloO3(0001) with a miscut angle of 0.05°
using a temperature gradient RT-180°C and annealed at 140°C.

of 10nm, the surface is relatively flat containing few screw dislocations, but at higher
thickness (20nm) these images reveal mounds with their top not flat. The density of
screw dislocations is ~ 1.3 x 1017 /m?2. This is slightly higher than for Py directly grown
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on the same sapphire (~ 8 x 10'% /m?), for the same thickness. This could be due to a
larger strain relaxation of Py grown on Ir instead of directly on sapphire, although Py on
Ir was annealed at lower temperature (200°C vs. 350°C). The smaller lattice mismatch
(7.66%) between Ir and Py, as compared to Py and sapphire (8.78%), can also cause more
relaxation in Py films deposited on Ir.

The average and rms roughness in a 600nm? image for Py 10nm are 0.112 and
0.141 nm, while for Py 20nm they are 0.151 and 0.192nm, respectively. This increase
in the roughness may be due to the annealing at lower temperature, 200 °C as compared
to 350°C for Py grown directly on sapphire. However, even at 350 °C we could not get
rid of the residual roughness due to screw dislocations for Py on sapphire. The Ir and
Py/Ir growth on sapphire with a miscut angle of 0.25° is summarised in table 2.2.1.

Since we obtained very small coercive fields for Py deposited on less vicinal sapphire,
with a miscut angle of 0.05°, we continued optimizing Py growth on Ir on these substrates.
The Ir was deposited using the optimised procedure explained above. RHEED streaks,
shown in Fig. 2.3 (a), confirm the epitaxial 2D growth of the Ir layer. We get atomically
flat 300 nm wide Ir terraces as shown in STM Fig. 2.3 (b). The larger size of the Ir terraces
as compared to the previous Ir sample is in agreement with the smaller miscut angle of
the sapphire substrate.

As shown above, deposition of Py on Ir/sapphire at RT and post annealing at 200 °C
leads to a residual roughness that is higher than for Py films directly grown on sapphire
under the same conditions. On the other hand, Py deposition at RT and annealing at
a higher temperature of 350°C results in a large coercive field. We therefore decided to
grow Py using a temperature gradient. In the following, all Py/Ir bilayer samples were
prepared on the less vicinal sapphire with a miscut angle of 0.05°.

Py layers of thicknesses 5, 10 and 20 nm were deposited using a temperature gradient
from RT to 180°C on Ir/sapphire. Starting at RT, 2nm Py was deposited, then 1nm
at 110°C, 0.5nm at 150°C and the rest at 180°C until the final thickness. Finally, the
samples were annealed at 140°C for 12h as shown in Fig. 2.3 (c) schematically. Fig. 2.3
(d-i) shows STM images which reveal very flat Py surfaces with large terraces (300 nm
wide for 5 and 10 nm of Py). However, there are grooves in the Py surface at the buried Ir
steps, as indicated by green arrows in the STM images. The 20 nm Py films show mounds
with a flat top surface together with few screw dislocations (~ 1 x 10'¢ /m?).

Using this temperature gradient thus allowed me to get rid of residual roughness due
to screw dislocations, but induced grooves in the Py layer above buried Ir steps. These
grooves at the steps indicate a very high mobility of the deposites adatoms. This suggests
that the initial temperature for the growth should be lower, to decrease the adatoms
mobility. On the other hand, for larger thickness (~ 20nm) three-dimensional growth
with mounds was observed [see Fig. 2.3 (f,1)], indicating that the final growth temperature
should be higher to reduce the roughness. The average and rms roughness in the 600 nm?
image for Py 10 nm are 0.089 and 0.117nm and for Py 20 nm they are 0.354 and 0.460 nm,
respectively. The table 2.2.2 gives the summary of the Py /Ir growth using a (RT-180°C)
temperature gradient.

To avoid the grooves in the Py surface at buried Ir steps Py was grown again on
Ir /sapphire using a temperature gradient RT-300°C. The temperature was raised slowly
to reduce the mobility of the adatoms at Ir steps and the final temperature of 300°C
might help to reduce the roughness for the higher thickness. First 2nm Py was grown at
RT, then 1nm at 60°C, 1.5nm at 110°C, 1 nm at 160°C, 1nm at 220°C and then until
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Figure 2.4: (a,b) RHEED patterns along the Py [11-2] and [1-10] azimuths, (c) Schematic of
temperature gradient for Py growth and STM images for (d,g) Py 5nm, (e,h) Py 10nm and
(f,i) Py 20nm deposited on Ir(9nm)/Alb O3(0001) using the temperature gradient RT-300°C,
without annealing. The green arrows indicate screw dislocation loops.

Sample | Miscut Growth Average RMS Screw disloc-
thickness | angle temperature roughness | roughness | ation density
(nm) @) (°C) (nm) (nm) (/m?)
Py5/Ir 0.05 | Temp grad, RT-300 0.068 0.106 ~ 8 x 1010
No annealing
Py10/Ir | 0.05 same 0.062 0.078 same
Py20/Ir 0.05 same 0.068 0.092 same

Table 2.2.3: Summary of the epitaxial Py/Ir growth on AlyOs(0001) using the temperature
gradient RT-300°C, without annealing.

20nm at 300 °C without annealing [Fig. 2.4(c)].

Fig. 2.4(a-b) shows very fine RHEED streaks showing epitaxial 2D Py. I got rid of
the problem of Py growth at Ir steps but at the cost of emerging screw dislocation loops
with a density of ~ 8x10'/m?. The STM images show very flat Py surfaces with 300 nm
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Figure 2.5: (a,b) RHEED patterns along the Py [11-2] and [1-10] azimuths, (c) Schematic of
temperature gradient for Py growth and STM images (d,g) Py 5nm, (e,h) Py 10nm and (f,i)
Py 20nm deposited on Ir(9nm)/Al, O3(0001) using the temperature gradient RT-160°C and
annealed at 270°C. The green arrows indicate screw dislocation loops.

Sample | Miscut Growth Average RMS Screw disloc-
thickness | angle temperature roughness | roughness | ation density
(nm) @) (°C) (nm) (nm) (/m?)
Py5/Ir 0.05 | Temp grad, RT-160 0.069 0.090 ~ 1.3 x 10*7
anneal 270
Py10/Ir | 0.05 same 0.079 0.101 same
Py20/Ir | 0.05 same 0.116 0.142 same

Table 2.2.4: Summary of the epitazial Py/Ir growth on Alp O3(0001) using a temperature gradient
RT-160°C and annealed at 270°C.

wide Py terraces as shown in Fig. 2.4(d-i). The average and rms roughness in a 600 nm?
image for Py 5nm are 0.068 and 0.106 nm and for Py 5nm they are 0.062 and 0.078 nm
respectively, which is even 29% less than for Py directly grown on sapphire. The Py/Ir
growth using a (RT-300°C) temperature gradient is summarised in table 2.2.3.
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Figure 2.6: (a) RHEED patterns along the Py [11-2] azimuth, (b) Schematic of temperature
gradient for the Py growth (c,d) STM image of Py 5nm deposited on Ir(9nm)/Aly O3 (0001) with
a temperature gradient 50-300°C without annealing. The green arrows show screw dislocation
loops.

Sample | Miscut Growth Average RMS Screw disloc-
thickness | angle temperature roughness | roughnes | ation density
(m) | () (C) (m) | m) | (/m?)
Py5/Ir 0.05 | Temp grad 50-300 0.073 0.090 ~ 5x10%
No annealing
Py10/Ir 0.05 same 0.078 0.098 same

Table 2.2.5: Summary of epitaxial Py/Ir growth on Al Os(0001) using a temperature gradient
from 50 to 300° C without annealing.

A gradual rise of temperature up to 300 °C during growth, without annealing, results
thus in the appearance of screw dislocation loops although the Py surface is very flat.
Depositing Py at intermediate temperature using a temperature gradient and annealing
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at higher temperature (~ 300 °C) might help to dissociate these screw dislocations. We
therefore deposited again Py on Ir/sapphire, using a temperature gradient RT-160°C and
followed by annealing at 270°C.

First 2nm Py was grown at RT, 1nm at 60°C, 1.5nm at 110°C and then until 20 nm
at 160°C. Finally the sample was annealed at 270°C for 30 minutes [Fig. 2.5 (c¢)]. RHEED
streaks in Fig. 2.5 (a-b) indicate 2D epitaxial Py. The terrace size reduced down to 100
to 150nm, along with screw dislocations with a density of ~ 1.3 x 1017 /m?, as shown in
Fig. 2.5(d-i). The average and rms roughness in a 600 nm? image for Py 10 nm are 0.079
and 0.101 nm and for Py 20nm they are 0.116 and 0.142 nm respectively. This value of
roughness is almost the same as for Py grown directly on similar sapphire. The table 2.2.4
gives the summary of Py/Ir growth using a (RT-300°C) temperature gradient.

Both procedures, gradually increasing the temperature during growth to 300 °C with-
out annealing or depositing using a lower temperature gradient and post annealing at
270°C, could not reduce the density of screw dislocations. This indicates that the screw
dislocations are introduced in the very beginning of the Py growth due to the lattice
mismatch with the substrate. We therefore decided to start the Py growth at tempera-
ture higher than RT to decrease the initial roughness and strain. The rather high final
temperature of 300°C can reduce the Py roughness and lead to better strain relaxation,
resulting in a layer by layer growth as described below.

Py growth was started at 135°C with 1.5nm, then Py deposition was stopped for ten
minutes to cool down the sample. After ten minutes the Py deposition was again started
with a deposition of 1.5nm at 50°C, then 1 nm at 110°C, 1nm at 160°C, 1 nm at 220°C
and finally up to 10nm at 300°C, without annealing at the end as shown in Fig. 2.6
(b) schematically. The RHEED streaks reveal 2D epitaxial Py as shown in Fig. 2.6 (a).
The green arrows on the RHEED patterns indicate the kikuchi lines, which are further
evidences of the good quality of the surface.

The STM image for Py 5nm, with 150 to 200 nm wide terraces together with screw
dislocation loops at a density of ~ 5 x 10'® /m?, is shown in Fig. 2.6 (¢,d). The screw
dislocations loops are highlighted by green arrows. The average and rms roughness in the
600 nm? image for Py 5nm are 0.047 and 0.056 nm, respectively, which is less than for
Py directly grown on sapphire and all the previous Py/Ir samples. The good Py surface
quality, as compared to the previous samples, made us chose this process as the final
optimised process for the Py/Ir growth. This process using a (50-300°C) temperature
gradient for Py growth is summarised in table 2.2.5.

A texture analysis using XRD was carried out to study the crystalline structure of
the optimised Ir and Py films. The 6-20 scan [Fig. 2.7 (a)] shows that both Ir and Py
films are fcc (111) textured. The XRD pole figure [Fig. 2.7 (b)] shows six-fold Ir and Py
symmetry around fcc(111). The six-fold symmetry instead of the three-fold for fec(111)
films is the evidence of two epitaxial twins rotated by 180 °C around [111] in both Ir and
Py films.

Fig. 2.8 (a-d) shows the XRD texture peaks and peak line profiles along the Ir(200)
and Py(200) directions respectively. The Bragg diffraction angles show that both Ir and
Py are (111) textured. The sharp and identical high intensity peaks show the good epitaxy
of the Ir and Py films on sapphire(0001). The texture line profiles show the spread of ~
1° at full width half maximum of the profile peak. Moreover, this spread is almost the
same for Ir and Py, which indicates that there is no degradation of the epitaxy of Py films
on Ir/sapphire.
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Figure  2.7: XRD  (a) 6-20 scan (b) Pole figure Ir(220) reflection of
Au(2nm)/Py(10nm)/Ir(10nm)/Al, O3 (0001) epitazial film.
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Figure 2.8: XRD texture (a,b) Ir(200) reflection (c,d) Py(200) reflection of
Au(2nm)/Py(10nm)/Ir(10nm)/Al, O3 (0001) epitazial film.



2.3. EPITAXIAL SU-PY AND SU-PY/IR BILAYERS GROWTH o1

In conclusion, we studied the epitaxial Py growth on sapphire (0001)and Ir/Sapphire
with the sapphire miscut angles 0.25° and 0.05° as a function of temperature. We prepared
very flat, epitaxial Py single and Py/Ir bilayer films. The Py films on sapphire were
deposited at RT and annealed at 350°C. The minimum temperature required to have
a 2D Py surface is 300°C. The 2D Py films on sapphire with a miscut angle of 0.25°
reveal a high density of atomic steps together with a density of screw dislocations of ~
8 x 10'® /m?. The Py films on less vicinal sapphire with a miscut angle of 0.05° show a
lower density of atomic steps, but a larger density of screw dislocations (~ 2.3 x 10! /m?).
The rms roughness for 10nm Py films is ~ 0.1 nm.

The Py films on atomically flat epitaxial Ir/sapphire were prepared using different
temperature gradients. The temperature gradient RT-180 °C results into flat Py terraces.
However, the high mobility of the adatoms at the Ir steps due to the fast increase of
temperature results in grooves above the buried Ir steps and 3D mounds for higher thick-
ness. A slower increase of temperature from RT to 300 °C eliminates grooves and results
into flat terraces, but introduces screw dislocation loops. The deposition of Py using a
slow increase of temperature during growth up to 160 °C, followed by annealing at 270 °C,
reduces the terrace size and induces screw dislocations with almost the same density as
for Py directly grown on sapphire.

Finally, the best growth process was to start the Py deposition at a temperature of
135°C instead of RT, and ending at 300 °C using a slow rise of temperature. This gives us
very flat Py surfaces with 150 to 200 nm wide terraces, together with only a small number
of screw dislocation loops. The higher temperature at the beginning of the growth can
reduce the initial roughness by strain relaxation, resulting in a layer by layer growth,
while the rather high final temperature can decrease the roughness for larger thicknesses.

2.3 Epitaxial Su-Py and Su-Py/Ir bilayers growth

Thin films with non-zero magnetostriction, like Py, can induce magneto-elastic anisotropy.
In magnetic nanostripes, the magnetization is along stripe direction due to shape anisotropy.
The magneto-elastic anisotropy can result into local variation of the magnetization direc-
tion in nanostripes. This can effect the DW motion. The increase of DW velocity by
decreasing magneto-elastic energy has been observed in CoFeNiSiB and CoFeSiB mi-
crowires, with different composition [150][108]. The adjustment of the film composition
seems necessary to minimize magnetostriction. That’s why we also prepared supermalloy
(Su-Py) films with negligible magnetostriction to avoid magneto-elastic anisotropy.

Epitaxial fcc(111) Su-Py and Su-Py/Ir bilayers were grown on sapphire (0001) with
the small miscut angle of 0.05°. Like Py, the 5, 10 and 20 nm Su-Py films were deposited
directly on sapphire at RT and annealed at 350°C for 30 minutes. Fig. 2.9 (a) shows
RHEED pattern along the Su-Py [-1-12] azimuth. Very narrow RHEED streaks pattern
indicate 2D epitaxial Su-Py films. The in-plane epitaxial relationship between sapphire
(0001) and Su-Py determined by RHEED is Al;O3[11-20] // Su-Py[-1-12] and Al,O3]1-
100] // Su-Py[1-10].

Fig. 2.9 (b) shows the AFM image of Su-Py directly grown on sapphire. The average
and rms roughness in 2 pm image for Su-Py 10nm are 0.147 and 0.194 nm respectively.
The AFM was made ex-situ just after removing the sample from the deposition chamber.

Like Py/Ir bilayers, Su-Py/Ir bilayers were also prepared to study the effect of an



52 CHAPTER 2. EPITAXIAL GROWTH AND MAGNETIC CHARACTERIZATION

Oersted field on current induced domain wall motion. The 5, 10 and 15nm Su-Py films
on Ir/sapphire were grown using a temperature gradient 50-300 °C, according to the fi-
nal optimised procedure for Py growth on Ir/sapphire. The schematic representation of
growth procedure is shown in Fig. 2.9 (c)

\ Temperature gradient Py growth \

A300- ——

$ 250; ___’

2200

2 ._., No annealing
E 150- —n ,

"é;’mo- \ T-'

2 50 —n

0 2 4 6 8 10

Thickness (nm)

Figure 2.9: ZI31 (a) RHEED streaks pattern along the Su-Py [-1-12] azimuth de-
posited on Al O3(0001) with o miscut angle of 0.05°.  Atomic force microscopy im-
ages (b) Su-Py(10nm)/Al,O3(0001) deposited at RT and annealed at 350°C and (d) Su-
Py(15nm)/Ir(10nm) /Al O3(0001) deposited using a temperature gradient 50-300°C, without
annealing. (c) Schematic of temperature gradient for the Su-Py/Ir growth.

The Ir was deposited on sapphire according to the optimised procedure as described
above. The Su-Py growth was started at intermediate temperature 135°C until 1.5nm,
then stopped for ten minutes to cool down the sample. After ten minutes the deposition
was restarted growing 1.5 nm at 50 °C, then 1 nm at 110°C, 1 nm at 165°C, 1 nm at 230°C
and finally until 15nm at 300 °C, without annealing at the end.

Fig. 2.9 (d) shows the AFM image of 15nm thick Su-Py grown on Ir/sapphire. The
AFM was performed ex-situ under ambient conditions just after removing the sample
from the UHV chamber. The average and rms roughness in the 2 pm image for Su-Py
15nm are 0.240 and 0.307 nm, respectively, which is slightly higher than for Su-Py 10 nm
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Sample Miscut Growth Average RMS Screw disloc-
thickness angle temperature roughness | roughness | ation density
(nm) () (°C) (nm) (nm) (/m?)
Su-Py10 0.05 RT,anneal 350 0.147 0.194 No high
resolution
Su-Py15/Ir | 0.05 | Temp grad 50-300 0.240 0.307 No high
No annealing resolution

Table 2.3.1: Summary of epitazial Su-Py and Su-Py/Ir growth on Al,Os(0001) with a miscut
angle of 0.05°

Sample Miscut Growth Terrace RMS Screw disloc-
thickness angle temperature width roughness | ation density
(am) | () (C) (m) | (um) (/m?)
Py10 0.25 RT, anneal 350 | High step | 0.113 ~ 8x10'°
density
Py10 0.05 RT,anneal 350 Low step 0.142 ~ 2.3x10"7
density
Py10/Ir 0.25 RT, anneal 200 High step 0.141 ~ 1.3x10"7
density
Py10/Ir 0.05 | Temp grad, RT-180 | 200-300 0.117 ~ 1x101'°
anneal 140
Py10/Ir 0.05 | Temp grad, RT-300 | 200-300 0.078 ~ 8x1016

No annealing
Py10/Ir 0.05 | Temp grad, RT-160 | 100-200 0.101 ~ 1.3x10%7
anneal 270
Py10/Ir 0.05 Temp grad, 50-300 | 150-200 0.098 ~ 5x106
No annealing
Su-Py10 0.05 RT, anneal 350 Low step 0.194 ~ 1.3x10%7
density
Su-Py15/Ir | 0.05 Temp grad, 50-300 | 150-200 0.307 ~ 2.3x107
No annealing

Table 2.3.2: Summary of epitaxial Py, Su-Py and Py/Ir, Su-Py/Ir growth on Al O3(0001) with
miscut angles 0.25° and 0.05°.

directly grown on sapphire due to the higher thickness. The epitaxial Su-Py and Su-Py/Ir
growth is summarised in table 2.3.1.

In conclusion, we prepared very flat epitaxial Su-Py and Su-Py/Ir bilayer films on
sapphire(0001). Table 2.3.2 provides the summary of the epitaxial growth of all Py and
Su-Py samples deposited on sapphire with miscut angles of both 0.25° and 0.05°.
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2.4 Coercivity of Py single and Py/Ir bilayers

In epitaxial magnetic films, the magnetic properties strongly depend on the orientation
and the substrate temperature during growth [98]. Different studies have been performed
for epitaxial growth of Py thin films on different substrates with different orientations
and temperatures. Small coercive fields of 0.15 and 0.6 mT, measured at 10 K, have been
reported for single crystal epitaxial fec(100) and fee(110) Py 25 nm films respectively. The
films were grown on single crystal MgO(100) and MgO(110) substrates at 350°C using
MBE [51].

We have measured the coercivity of fce(111) Py single and Py(111)/Ir(111) bilayer
films of thicknesses 5, 10 and 20 nm, described in the previous sections. The longitudinal
magneto-optical Kerr effect (MOKE) was used to measure the coercivity of these layers.
The MOKE hysteresis loops for different in plane directions were measured at RT and
11 Hz frequency for all samples.

Py single layers

Fig. 2.10 (a,b) shows the MOKE hysteresis loops along the easy axis direction, related to
the step direction (will be discussed later) for Py 10nm deposited directly on sapphire
(0001) with miscut angles of 0.25° and 0.05° respectively, using the optimised growth
process. Fig. 2.10 (a) shows a coercive field of 0.5 mT along the easy axis for Py 10nm
deposited on sapphire with a miscut angle of 0.25°. The 5 and 20nm Py films (not
shown here) showed similar behaviour with almost the same coercive field. The Py films
deposited on the less vicinal substrate with a miscut angle of 0.05° show a smaller coercive
field 0.1mT, as shown in Fig. 2.10 (b). This coercive field is smaller than the one of 0.15 mT
reported in the literature for epitaxial single crystal films on a MgO(100) substrate[51].
The coercive field is even slightly smaller (~ 0.08 mT) for Py 5nm. In addition, this
coercive field is almost 5 times smaller than for Py grown on more vicinal sapphire with
the miscut angle of 0.25°. Interestingly, the difference of substrate miscut angle is also a
factor 5.

1,0 —— 1,04
054 f /[ Field// [1-10] 0,5 Field -35°[11-2]
L f H.=0.50 mT i ‘ H,=0.10mT
S 00 / = 00
= =
0,5 / )/ -0,51
A Q" -1,0- }
10 05 00 05 10 40 05 00 05 10
MH (mT) uH (mT)
(a) (b)
Figure 2.10: Longitudional ~ MOKE  loops along  the easy  axis  for

Au(2nm)/Py(10nm)/Aly O3 (0001) deposited at RT and annealed at 350°C with two dif-
ferent substrate miscut angles (a) 0.25° (b) 0.05°.
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Sample | Miscut Growth RMS Coercive

thickness | angle temperature | roughness field
(nm) () (°C) (nm) (mT)
Py5 0.25 | RT, anneal 350 - 0.47
Py10 0.25 same 0.113 0.50
Py20 0.25 same 0.132 0.53
Py5 0.05 | RT, anneal 350 0.151 0.08
Py10 0.05 same 0.142 0.1

Table 2.4.1: Summary of Py coercivity deposited on Alp O3(0001) with miscut angles 0.25° and
0.05°.

As both Py films were prepared using the same growth procedure and the only differ-
ence is the miscut angle of the substrate, this reveals that the vicinality of the substrate
plays an important role in the magnetic properties of Py films. One possible origin of
the difference in coercive field can be a difference in strain: the more vicinal substrate
can cause more step induced strain in the Py films than the less vicinal. Another reason
could be a difference in surface roughness, but we observed that the value of the residual
roughness in Py films on less vicinal sapphire is about 20% higher than on more vicinal
sapphire. This would mean that an increase in roughness would induce a decrease in
coercive field, which is unlikely here.

I will show in the next section that both films exhibit a weak step induced uniaxial
anisotropy. The Py films on sapphire with a miscut angle of 0.25° show an anisotropy
that is about three times larger than for Py on sapphire with a miscut angle of 0.05°. This
increase of anisotropy may result in an increase of the coercive field. The Py coercivity
measurements are summarised in the table 2.4.1.

Py/Ir bilayers

I also measured the coercive fields of the Py/Ir bilayers. Fig. 2.11 shows longitudinal
MOKE hysteresis loops along the easy axis for Py/Ir bilayers deposited at different tem-
peratures.

Fig. 2.11 (a) reveals a large coercive field of 2.4mT for Py 10nm deposited at RT and
annealed at 350°C on Ir/sapphire with the sapphire miscut angle 0.25°. The coercive
field increases with an increase in Py thickness and hence in roughness (not shown here).
For Py 5 and 20nm the coercive fields are 1.6 and 3.0mT. The coercive field of 2.4mT
for the Pyl0nm/Ir bilayer is almost 5 times larger than for single layer Py 10nm grown
directly on similar sapphire at the same temperature. This large increase in coercive field
is may be due to the inter-diffusion of Ir with Fe or Ni during annealing at 350 °C.

Fig. 2.11 (b) shows MOKE hysteresis loop along the easy axis for Py/Ir layer deposited
on less vicinal sapphire with a miscut angle of 0.05°, using temperature gradient RT-150°C
without annealing. The coercive field of 0.4mT is about 6 times lower than for Py/Ir
deposited on more vicinal sapphire of miscut angle 0.25°.

Keeping in mind the effect of vicinality of sapphire on coercive field we further opti-
mised the Py /Ir bilayer growth only on less vicinal sapphire with the miscut angle 0.05° to
have further low coercive field, using different temperature gradients. Fig. 2.11 (c) shows



56 CHAPTER 2. EPITAXIAL GROWTH AND MAGNETIC CHARACTERIZATION

1,0 P 1,0 A — 1,0 et
7 |
05 / Field /i [1-10]| | 05 ) 05 —
/ H=24mT | | Field 41°[11-2] / { Field 45° [11-2]
s / e = | - H, =0.40 mT =" H =07 mT
S 00 / = 00 c = 00 e
= [ / s = |
05{ | i 05 ‘ 05 ‘
/ e | !
L A e i -110,W»>§-;,’:’_TLW‘«%¢,,W4,‘
2 g 2 2 - 0 1 2 2 1 0 1 2
uH (mT) uH (mT) pH (mT)

S ’ P BN I ’/ - - o
[/ 0,5 : 0,5 = s
|/ [Field 45112] ‘ Field 43°[11-2] Y | [|Field 45112
0,0 /| |H =030mT " 0,0 H =0.35mT £ 00 [ H =031 mT
,’ =

MM
M/M

1,0 et e a0l 10 ——

pH (mT) ’ 7 HH (mT) ) ’ pH (mT)

(d) (e) (f)

Figure 2.11: Longitudinal ~ MOKE  loops along the easy axis  for
Au(2nm)/Py(10nm)/Ir(9nm)/Alb O3 (0001) with Py deposited at different temperatures
(a) RT and annealed at 350°C (b) Temperature gradient RT-150°C, without annealing (c)
Temperature gradient RT-180°C and annealed at 140°C (d) Temperature gradient RT-300°C
without annealing (e) Temperature gradient RT-160°C and annealed at 270°C (f) Temperature
gradient 50-300°C, without annealing, on two different sapphires with miscut angles (a) 0.25°
and (b to f) 0.05°.

MOKE hysteresis loop along easy axis for Py deposited using temperature gradient from
RT to 180°C and annealed at 140°C. The coercive field is even higher (0.7mT) than
for previous sample (0.4mT). This can be due to the grooves observed at the buried Ir
steps in the Py layer topography of this sample, which can pin the DW resulting higher
coercive field. The large value of the coercive field, observed for Py 20nm (1.3mT) is
consistent with the Py topography with four times higher roughness for Py 20 nm than
for Py 5 and 10 nm.

To address this issue of high coercive field due to Py grooves at Ir steps we deposited
Py on Ir/sapphire using temperature gradient from RT to 300 °C without annealing. This
results into a small coercive field (0.30mT) along the easy axis for Py 10nm as shown
in Fig. 2.11 (d). The value of the coercive field for Py 5 and 20 nm is 0.26 and 0.29 mT
respectively. Almost the same value of coercive field for all Py thicknesses 5, 10 and 20 nm
is justified with Py topography which shows almost the same small roughness for all Py
thicknesses.

Fig. 2.11 (e) shows MOKE hysteresis loops along the easy axis for Py deposited on
Ir /sapphire using temperature gradient RT-160°C and annealing at ~ 270°C. This gives
a coercive field of 0.35mT even slightly higher than for the previous sample (0.30 mT),
may be due to the slightly higher residual roughness observed as compared to the previous
sample.

The MOKE hysteresis loop along the easy axis direction for the final optimised sample
deposited using temperature gradient 135-300 °C, shows a small coercive field (0.31 mT) as
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Sample Miscut Growth RMS Coercive.
thickness (nm) | angle temperature roughness | field (mT)
(nm) () (°C) (nm) (mT)
Pyb 0.25 RT, anneal 350 No STM 1.8
Py10 0.25 same same 2.4
Py20 0.25 same same 3.0
Py5/Ir 0.05 | Temp grad RT-150 | No STM 0.4
no anneal
Py10/Ir 0.05 same same 0.4
Py20/Ir 0.05 same same 0.5
Py5/Ir 0.05 | Temp grad RT-180 0.123 0.7
anneal 140
Py10/Ir 0.05 same 0.117 0.7
Py20/Ir 0.05 same 0.461 1.3
Py5/Ir 0.05 | Temp grad RT-300 0.106 0.26
no annealing
Py10/Ir 0.05 same 0.078 0.24
Py20/Ir 0.05 same 0.50
Py5/Ir 0.05 | Temp grad RT-160 0.090 0.29
anneal 270
Py10/Ir 0.05 same 0.101 0.35
Py20/Ir 0.05 same 0.38
Py5/Ir 0.05 | Temp grad 50-300 0.090 0.31
No annealing
Py10/Ir 0.05 same 0.098 0.30

Table 2.4.2: Summary of coercive fields of epitazial Py/Ir deposited on Aly O3(0001).

shown in Fig. 2.11 (f). This is consistent with the sample’s topography with a very smooth
surface and a small density of dislocation loops as compared to the previous samples.
However, this value of the coercive field is still about 3 times higher than for single Py
(0.1mT) directly deposited on similar sapphire. The Py/Ir coercivity measurements are
summarised in table 2.4.2.

In conclusion, both Py single and Py/Ir bilayer films deposited on more vicinal sapphire
with the miscut angle 0.25° exhibits 5 or 8 times higher coercive fields respectively than
deposited on the sapphire with miscut angle 0.05°. Secondly, the higher coercive field for
Py/Ir films (0.3 mT) as compared to single Py films on similar sapphire can be related to
the different roughness and strain induced uniaxial anisotropy (will be explained in next
section 2.5) in Py single and Py/Ir bilayers.

2.5 Anisotropy of Py single and Py/Ir bilayers

The cubic (111) epitaxial metallic films exhibit three-fold symmetry of the [1-10] and [11-
2] directions in the (111) plane. Magnetic cubic (111) films show no magneto-crystalline
anisotropy and should have the same magnetic behaviour along the [1-10] and [11-2] di-



58 CHAPTER 2. EPITAXIAL GROWTH AND MAGNETIC CHARACTERIZATION

rections. However, there exist some other types of magnetic anisotropies in magnetic thin
films like shape anisotropy, strain induced anisotropy and surface or interface anisotropy
[30].

The strain induced uniaxial anisotropy has been observed in sputtered bi-epitaxial
200 nm thick Py (111) films deposited onto epitaxial Nb(110) with and without Cu(111)
buffer layer on hep-sapphire (11-20) [76]. A two times higher magnetic anisotropy was
found in Py films directly grown on Nb as compared to deposited on Nb with Cu as a
buffer layer. The difference of anisotropy strength was related to the strain relaxation in
the 20nm thick Cu buffer layer between Nb and Py. They suggested that the uniaxial
strain due to the lattice mismatch between Py and Nb is responsible for the uniaxial
anisotropy.

The change of local symmetry of step atoms as compared to the surface atoms can
induced magnetic step anisotropy. The anisotropy energies per step atom are of the same
order of magnitude as the magnetic energies per surface atom [1]. We studied the step
induced magnetic anisotropy of the epitaxial fcc(111) Py and Py /Ir bilayer films deposited
on sapphire(0001) with low (miscut angle 0.05°) and high (miscut angle 0.25°) density of
atomic steps with atomically flat terraces. Longitudinal MOKE was used to study the
anisotropy. The hysteresis loops were measured along different in plane directions at RT
and 11 Hz frequency.

Py single layers

Figs. 2.13(a-c) show the longitudinal MOKE hysteresis loops along different in-plane di-
rections for Py 10nm on sapphire(0001) with a miscut angle of 0.25°. The hysteresis
loops reveal a weak uniaxial magnetic anisotropy with a slightly easier axis along the
[1-10] azimuth, although we expect three or six-fold symmetry due to two epitaxial twins
rotated by 180° around the [111] direction in our fcc(111) Py films. The Py 5 and 20 nm
films show the same behaviour with an easy axis along the [1-10] azimuth.

To determine precisely the strength of the uniaxial anisotropy and the direction of
the easy axis we applied the technique of Transverse bias initial inverse susceptibility and
torque (TBIIST) under constant transverse bias field using a longitudinal MOKE setup
[14] as shown in Fig. 2.12. The measurements were performed by Dominique Berling at
Mulhouse.

The Py thin films are subject to two mutually orthogonal fields, the longitudinal sweep
field Hy, and a transverse static bias field Hg. The static bias field should be large enough
so that Py is uniformly magnetized and displays no hysteresis, always remaining in the
direction with the minimum energy. The magnetization component my, versus Hy, in terms
of Mg is measured around my, = 0. This gives two quantities y ™' and AH related to the
1st and 2nd angular derivative of E, respectively. This in turns gives two determinations
of magnetic anisotropy energy E,(6) from y~! and AH respectively. A Fourier analysis
then resolves the different symmetries of magnetic anisotropy.

We first studied the 5 and 10 nm Py thin films deposited on sapphire with a miscut
angle of 0.25°. Fig. 2.13(d) shows the TBIIST measurements for the Py 10nm thin
film. It can be seen that both y~! and AH show prominent oscillations congruent with
a uniaxial two-fold symmetry. The maxima and minima of the x~! plot versus in-plane
polar angle 6 correspond to the hard 17° £ 7° and easy axes -73° + 7° of the fcc(111)
Py film respectively. The Kerr reference axis is taken along the [11-2] azimuth. The
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Figure 2.12: Experimental setup: (a) MOKE measurement apparatus: 1-Laser, 2-Focusing as-
pherical lens, 3-Polarizer, 4-Sample holder, 5-Sample, 6-Photoelastic modulator, 7-Analyzer,
8-Focusing lens and 9-Detector, (b) magnetization orientation o and in-plane sample rotation
polar angle 6 are defined with respect to an arbitrary reference axis in the film plane. (b) 8
corresponds to the angle between the transverse field and magnetization vector (reproduced from

[14])-

easy and hard axis positions are quite consistent with the in-plane longitudinal MOKE
hysteresis loops shown before. The value of the uniaxial anisotropy constant determined
from TBIIST measurements for this sample is 2K, /Mg = 0.156 + 0.055 mT.

The Kerr microscopy images Fig. 2.13(f-h) of 10nm Py film show the nucleation and
propagation of big DWs along the easy axis with negligible pinning under a small applied
field of ~ 0.5mT. This indicates that there are few structural defects and small surface or
interface roughness in these epitaxial layers. The big and uni-directional DWs confirm the
presence of uniaxial anisotropy. The arrows in the images indicate the easy axis direction
determined by TBIIST. The Atomic force microscopy (AFM) image in Fig. 2.13 (e) shows
that the easy axis is almost perpendicular to the sapphire step direction.

The Py 5nm films show similar behaviour to Py 10 nm films. The value of the uniaxial
anisotropy constant 2K, /Mg = 0.182 + 0.040 mT is slightly higher than for Py 10nm.
The direction of the easy axis is almost perpendicular to the sapphire step direction, like
for Py 10nm. The decrease in the strength of the uniaxial anisotropy with increase of
the Py thickness can be related to the decrease in the step-induced uniaxial strain upon
increasing thickness.

We also studied the strength and direction of the uniaxial anisotropy for Py films
deposited on less vicinal sapphire with a miscut angle of 0.05°, for Py films of thickness 5
and 10nm. Fig. 2.14 shows the longitudinal MOKE hysteresis loops (a-c) along different
in-plane directions for Py 10nm. The Py was deposited at RT and annealed at 350°C.
These loops reveal a weak uniaxial magnetic anisotropy with a slightly easier axis at ~
-35° with respect to the [11-2] azimuth.

The TBIIST measurements give a value of the easy axis direction at 34°, consistent
with the MOKE hysteresis loops. The value of the uniaxial anisotropy constant is 2K, /Mg
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Figure 2.13: (a-c) Longitudional MOKE loops (d) TBIIST data, x~' and AH versus in-plane
polar angle 0 (e) Topography (AFM) of sapphire with a miscut angle of 0.25° (f-h) Kerr mi-
croscopy for different in-plane directions of Au(2nm)/Py(10nm)/Al, O5(0001), Py deposited at
RT and annealed at 350°C. The arrows on the Kerr microscopy images indicate the easy axis
direction determined by TBIIST.

= 0.06 & 0.01mT. As expected, the magnitude of the unaxial anisotropy constant is
smaller than for Py deposited on the sapphire with a miscut angle of 0.25°. The Kerr
microscopy images show relatively small and not well oriented DWs, as shown in the
Fig. 2.14 (g-i), which is consistent with the small value of the uniaxial anisotropy in this
sample. Contrary to the Py deposited on more vicinal sapphire, the direction of the easy
axis ~ -34° is along the sapphire step direction, as shown in the AFM image in Fig. 2.14
(e).

The value of the uniaxial anisotropy constant for Py 5nm on similar sapphire is
2K, /Mg = 0.92 £+ 0.010mT, which is as expected slightly higher due to higher strain
than for Py 10nm. The easy axis direction (-17°) is slightly different than for 10 nm Py
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Figure 2.14: (a-c) Longitudional MOKE loops (d) TBIIST data, x~' and AH versus in-plane
polar angle 0 (e) Topography (AFM) of sapphire with a miscut angle of 0.05° (f-h) Kerr mi-
croscopy for different in-plane directions of Au(2nm)/Py(10nm)/Al, O3(0001), Py deposited at
RT and annealed at 350°C. The arrows on Kerr microscopy images indicate the easy axis
direction determined by TBIIST.

film but again almost along the sapphire step direction.

In conclusion, we observed an about 3 times smaller uniaxial anisotropy for Py grown
on sapphire with a small miscut angle of 0.05° than for sapphire with a relatively large
miscut angle of 0.25°. This shows that the anisotropy strength is directly related to
the atomic step density of the sapphire substrate. Moreover, the strength of the uniaxial
anisotropy decreases with the increase in Py thickness due to decrease in the step-induced
uniaxial strain.

The direction of the easy axis is almost perpendicular to the sapphire steps for a
miscut angle of 0.25°, and along the sapphire steps for a miscut angle of 0.05°, with slight
variation of easy axis direction with Py thickness. The strength of the anisotropy could
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be even higher if measured without annealing the Py layers, due to higher strain.

Py/Ir bilayers

The Py/Ir bilayers were also deposited on sapphire with miscut angles of 0.25° and 0.05° at
different temperatures, as described in section 2.2. We performed the magnetic anisotropy
measurements to study the influence of the vicinality of the sapphire and growth temper-
ature on the anisotropy.
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Figure 2.15: (a-c) Longitudional MOKE loops (d) TBIIST data, x~ and AH versus in-plane po-
lar angle 0 (e) Topography (AFM) of sapphire with a miscut angle of 0.05° (f-h) Kerr microscopy
for different in-plane directions of Au(2nm)/Py(10nm)/Ir(9nm)/Al, O3(0001), Py deposited us-
ing a temperature gradient RT-150°C without annealing. The arrows on the Kerr microscopy
images indicate the easy axis direction determined by TBIIST.

First we measured the Py/Ir bilayer deposited on sapphire with a miscut angle of 0.25°
at RT and annealed at 350 °C, like for the Py single layer as described above. The MOKE
hysteresis loops for different in-plane directions for Py 10 nm (not shown) show very weak
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uniaxial anisotropy with an easy axis along the [1-10] azimuth. The easy axis direction
is again perpendicular to the sapphire step direction like for single Py layer deposited
on similar sapphire. The Kerr microscopy images (not shown) show nucleation of very
small domains in random directions. The high coercive field of ~ 2.4mT and random
nucleation of small domains show that there is more disorder in this sample than in Py
directly grown on sapphire.

To improve the crystalline quality, the Py growth was optimised using different tem-
perature gradients during deposition, as described in section 2.2. We performed TBI-
IST anisotropy measurements for all samples prepared during optimization of the Py/Ir
growth. As already described in section 2.4, both single Py and Py/Ir bilayers reveal
smaller coercive fields when deposited on less vicinal sapphire with a miscut angle of
0.05°, so we further optimised the Py growth on Ir only on this type of sapphire. The
anisotropy measurements described below are thus all for Py/Ir bilayer samples deposited
on this type of sapphire.

We started by depositing 5, 10 and 20 nm Py films on Ir/sapphire using a temperature
gradient from RT to 150°C without annealing. Longitudinal MOKE and TBIIST mea-
surements were performed for all these three thicknesses of Py. Fig. 2.15(a-c) shows the
longitudinal MOKE loops along different in-plane directions for Py 10nm. These loops
reveal a weak uniaxial magnetic anisotropy with an easy axis at 41° with respect to the
[11-2] azimuth. Fig. 2.15 (d) shows the TBIIST measurements for Py 10nm, indicating
more precisely the easy axis position of 41° and the value of the uniaxial anisotropy con-
stant 2K, /Mg = 0.364 £+ 0.040mT. This value of the anisotropy constant is about 6
times higher than for Py 10 nm directly grown on similar sapphire at RT and annealed at
350°C. This indicates that high temperature annealing can significantly reduce the step
induced uniaxial anisotropy by reducing the uniaxial strain.

The Atomic force microscopy (AFM) image in Fig. 2.15 (e) shows that the easy axis is
almost perpendicular to the sapphire step direction. The uni-directional big domain walls
nucleate and propagate along the easy axis with a small field of ~ 0.4mT, as shown in
Fig. 2.15 (f-h). The arrows in the Kerr images indicate the easy axis direction determined
by TBIIST.

The values of the uniaxial anisotropy for Py 5 and 20 nm films are 2K, /Mg = 0.344 £
0.02mT and 2K, /Mg = 0.392 + 0.0l mT. Unlike Py single layers, for Py/Ir bilayers the
anisotropy slightly increases with increasing the Py thickness and hence the roughness.
The direction of the easy axis also varies slightly with increasing the Py thickness, but it
is almost perpendicular to the sapphire step direction for all thicknesses.

For all other Py/Ir bilayer samples, the easy axis is found almost perpendicular to
the sapphire step direction. The strength of the uniaxial anisotropy varies from sample
to sample due to different temperature gradients during the growth. A maximum value
of the anisotropy of 2K,/Mg = 0.522 £+ 0.02mT was obtained for Py deposited with
a temperature gradient from RT to 180°C and annealed at 140°C. This sample shows
atomically flat Py terraces and the absence of screw dislocations.

A minimum value of the anisotropy, 2K, /Mg = 0.096 4+ 0.025 mT, was observed for Py
deposited with a temperature gradient from RT to 300 °C, without annealing afterwards.
This sample also shows a flat Py surface but contains screw dislocation loops. Moreover,
like the previous sample this sample shows a quadratic magneto-optical contribution to
the Kerr signal, with a 3-fold cubic(111) in-plane symmetry, indicating again a good
crystalline quality.
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Both temperature gradients during growth lead thus to the same easy axis direction,
perpendicular to the sapphire step direction. Both samples show good crystalline quality
and small roughness. The 6 times lower uniaxial anisotropy in the latter sample is thus
probably related to a better strain relaxation for the Py growth using a larger temper-
ature gradient RT-300°C. The strain relaxation can decrease the step induced uniaxial
anisotropy. The Kerr microscopy images (not shown) show very small domains with
random nucleation in the latter sample, confirming the small uniaxial anisotropy.

The anisotropy measurements of all Py single and Py/Ir bilayers deposited on sapphire
with miscut angles of 0.25° and 0.05° are summarised in table 2.5.1.

Sample Growth temp | Miscut Step Easy Anisotropy
thickness angle | orientation axis strength
(nm) (°C) @) () @) (mT)
Py 5 RT, anneal 350 | 0.25 8 -81 + 14 | 0.182 £ 0.04
Py 10 same 0.25 8 -73 £ 7 | 0.156 £ 0.055
Py 5 RT, anneal 350 | 0.05 -34 -17 0.092 + 0.01
Py 10 same 0.05 -34 -34 0.06 £ 0.01
Py 5/Ir | Temp. gradient | 0.05 -45 48 0.344 £+ 0.02
RT-150
Py 10/Ir same 0.05 -45 41 0.364 £+ 0.04
Py 20/Ir same 0.05 -45 56 0.392 £ 0.01
Py 10/Ir | Temp. gradient | 0.05 -45 37 0.5224+ 0.02
RT-180
anneal 140
Py 10/Ir | Temp. gradient | 0.05 -45 40 £ 10 | 0.096=£ 0.025
RT-300
Py 5/Ir | Temp. gradient | 0.05 -45 0+5 0.131 + 0.02
RT-160
anneal 270
Py 10/Ir same 0.05 -45 -60 £ 6 | 0.151 &= 0.01
Py 20/Ir same 0.05 -45 306 |0.197 = 0.017

Table 2.5.1: Summary of anisotropy measurements on Py single and Py/Ir bilayers on
Al O3(0001) with miscut angles of 0.25° and 0.05°.

Finally, we can conclude that the microscopic origin of the weak uniaxial magnetic
anisotropy may come from the asymmetry of the in-plane uniaxial strain of the Py film
exerted by the residual density of sapphire steps. Some important results from the mea-
surements above are summarised below.

e The strength of uniaxial anisotropy in Py single layers directly grown on sapphire
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at RT and annealed at 350 °C increases with increase in the substrate miscut angle.
The direction of the easy axis is along or perpendicular to the sapphire step direction
for miscut angles 0.05° and 0.25° respectively and changes slightly with a decrease
of the Py thickness.

e Contrary to Py single layer deposited on sapphire with a miscut angle of 0.25°, at
RT and annealed at 350 °C, the Py/Ir bilayer deposited on similar sapphire under
the same conditions, shows very small anisotropy. The very small domains observed
in Kerr microscopy images reveal more disorder in this sample.

e Py/Ir bilayers deposited on sapphire with a miscut angle of 0.05° using different
temperature gradients show different values of the uniaxial anisotropy. This indi-
cates that the growth temperature also plays an important role on the strength
of strain induced uniaxial anisotropy, together with the sapphire miscut angle. In
contrast to Py single layers deposited on similar sapphire, the direction of the easy
axis is mostly perpendicular to the sapphire step direction and changes slightly with
the change of Py thickness.

In conclusion, I have shown that for Py and Py/Ir there is always some residual
anisotropy due to strain induced by substrate steps. Ideally, we would like that when we
make stripes, the only anisotropy is shape anisotropy to be sure that the magnetization
is homogeneous, along the stripe direction. So in order to avoid any strain induced
contribution, we prepared supermalloy films with negligible magnetostriction.

2.6 Coercivity of Supermalloy single and Supermal-
loy /Ir bilayers

The Su-Py (FeNiMo) is a very soft magnetic material with a low magnetization saturation
field, very high permeability and zero magnetostriction. J. F. Bobo et al. [81] produced
single crystal epitaxial (001) Su-Py (Fe 18%, Ni 79%, Cu 1% and Mo) films on single crys-
tal MgO(001) substrates. These films show a very small coercive field (less than 0.1 mT)
and four-fold cubic in-plane anisotropy with the easy axis along the (100) direction. The
coercive field slightly increases with increase in the Py thickness due to strain relaxation
of the Py films.

We produced epitaxial Su-Py(111) and Su-Py(111)/Ir(111) bilayer films on single crys-
tal sapphire(0001) with a miscut angle of 0.05°. The target which we used for Su-Py de-
position contains Fe(16.5%) Ni(86.5%)Mo(2.8%). Superconducting quantum interference
device (SQUID) magnetometry at RT was performed to measure the coercive field of both
Su-Py and Su-Py/Ir layers.

Fig. 2.16 (a,b) shows the SQUID hysteresis loops along different in-plane directions for
supermalloy (Su-Py) directly grown on sapphire at RT and annealed at 350 °C. The very
small coercive field of 0.02mT, smaller than the one reported in literature (0.1 mT) [81]),
shows the very soft behaviour of Su-Py films. The coercive field is almost an order of
magnitude smaller than for our epitaxial Py (~ 0.1 mT). The same shape of the hysteresis
loops, with almost 100% remanence along both in-plane orthogonal Su-Py azimuths [1-10]
and [-1-12], shows the isotropic behaviour of single layer Su-Py films.
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Fig. 2.16 (c,d) shows the SQUID hysteresis loops along different in-plane directions
for Su-Py grown on Ir/sapphire(0001), using a temperature gradient of 50-300 °C without
annealing. The very small coercive field of 0.07mT shows the very soft behaviour of
Su-Py/Ir films with respect to Py/Ir bilayer films (0.3 mT) deposited on similar sapphire
under the same conditions. The similar hysteresis loops along both in-plane orthogonal
[1-10] and [-1-12] azimuths indicate isotropic behaviour of the Su-Py/Ir bilayer films.
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Figure 2.16: Squid  hysteresis loops along different in-plane directions for (a,b)

Au(2nm)/Su-Py(10nm)/Al, O3(0001) deposited at RT and annealed at 300°C and (c,d)

Au(2nm)/Py(10nm)/Ir(9nm) /Al O3 (0001) deposited using a temperature gradient of 50-300°C
without annealing. The sapphire miscut angle is 0.05°.

Sample Miscut Growth RMS Coercive
thickness angle temperature roughness field
(nm) ) (°C) (nm) (mT)
Su-Py10 0.05 RT, anneal 350 0.194 0.02
Su-Py15/Ir | 0.05 | Temp grad 50-350 0.307 0.07
no annealing

Table 2.6.1: Summary of coercivities of Su-Py and Su-Py/Ir deposited on Al O3(0001) with a

miscut angle of 0.05°.



2.7. MEASUREMENT OF GILBERT DAMPING CONSTANT OF PY AND SU-PY LAYERS67

In conclusion, we prepared very soft Su-Py single and Su-Py/Ir bilayer films on single
crystal sapphire with a miscut angle of 0.05°. Both Su-Py and Su-Py/Ir films show very
small coercive fields, 0.02mT and 0.07mT respectively. In contrast to Py films, both
single and bilayer Su-Py films show isotropic behaviour without step-induced uniaxial
anisotropy, indicating vanishing magnetostriction in these films. Due to the extremely
soft magnetic behaviour, a low domain wall propagation field is expected in these films.
Table 2.6.1 gives the summary of the coercivity of Su-Py and Su-Py/Ir layers.

2.7 Measurement of Gilbert damping constant of Py
and Su-Py layers

Ferromagnetic resonance (FMR) is commonly used in the study of thin ferromagnetic
films to determine magnetic properties such as the g-factor, magnetization, magnetic
anisotropy constant and intrinsic Gilbert damping constant. These magnetic properties
can be studied from the resonance peak position and shape of FMR spectra. Knowing
these quantities is important to model magnetization dynamics. For high frequency mag-
netic recording fast magnetization reversal plays an important role. The switching time
strongly depends on the value of the Gilbert damping constant a.

We calculated the value of a for Py thin films, which is related to the line width of
the FMR spectra. The line width of FMR also gives information about magnetic inho-
mogeneities in the thin film, like non-homogeneity of the film thickness or local variations
of magnetic anisotropy. We studied the out of plane angular dependence of FMR both
experimentally and numerically using the Landau-Lifshitz-Gilbert (LLG) equation. The
value of « is then calculated analytically from the line width spectra of FMR.

Smit and Belgers were the first to derive a general form of the magnetic resonance
frequency (w) for anisotropic ferromagnets from the magnetic free energy given by [120]

w? 1

(?) - Mfsin@Q(

This equation does not hold for =0, where w cannot be obtained. Another drawback

of their equation is the mixing of different terms in the free energy. Later, L. Baselgia et

al [5] proposed another equation to avoid this mixing. Their equation works well for all
magnitudes and directions of H including # = 0, and is written as :

FooFyp — Fy)

w? 1 Fyg cost 1 cosf

(?) = ME(F99< ) — (mFeqﬁ - Fy)?)

For a film with in-plane anisotropy (shape+ uniaxial), with the effective field along z,
the resonance frequency is given by :

: , o —
sin20  sinf sin20

a?w?

]
T
For a film with only shape anisotropy, the in-plane components D,=D,=0 and the
out-of-plane component D, = 1. The resonance frequency becomes

w? = pgy*[(HO, + (D, — D,)M)(HO, + (D, — D,)M,) —

o?w?

w® = M(2)72[(Hres + MS)(HTGS) - W
0

]
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w2(1 + 052) = N372[<Hres + M) (H,yes)]

The resonance field can be written as

V(o M)? + 45 SUF)) — o

Bres =
2

If the FMR resonance line has a Lorentzian shape

A
fB) = Gp7—
( D2r) +1

where A = Line amplitude, B, = Line center and 2D = Full width at half maximum

(FWHM)

Then the line derivative is given by

df B —2A(B — B,)
dB DQ((BBET) _,_1)2

The resonance field B, and FWHM are calculated numerically and are also determined
experimentally as a function of angle from in-plane to out-of-plane of the film.
The peak to peak width of the line derivative from the FMR measurement is given by

oD FWHM
AB,, =2 ="""7"2
SRVE] V3

If we know the value of the peak to peak width from the FMR experiment, then we
can calculate the FWHM from the above equation. The value of « is then calculated
analytically from the full width at half maximum (FWHM) from the model:

1
sin20

o g
AH = dw/dH M, Fs)

It has been reported that the interaction between the itinerant electrons and the
spin waves is increased significantly in the vicinity of a NM/FM interface, where NM
is a non-magnetic metal and FM is a ferromagnetic metal. This can result into the
local enhancement of a [13][119]. Since spin-orbit effects at metal surfaces increase in
the presence of heavy atoms [68], the strength of the interaction at a NM/FM interface
is higher for metals with strong spin orbit coupling, resulting in higher value of a. A
relatively large value of a (~ 0.019) has been found for Pt(5nm)/Py(10nm)/Pt(5nm)
thin films due to the strong spin orbit coupling of the Pt layer [86]. This value of o further
increases by decreasing the thickness of Py, since it is mainly an interface effect.

We considered Py single layer, Py/Ir bilayer and Su-Py single layer thin films on
sapphire(0001) substrates with sapphire miscut angle of 0.05°. These films were capped

(F@g +
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by 2nm Au to protect from oxidation. We investigated this effect by studying the Py/Ir
bilayers, where Ir is a heavy metal. As the capping layer of Au is also a heavy metal, it
can also effect the value of a.
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Figure 2.17:  (a,b) In-plane FMR spectra (The red points and solid blue line cor-
respond to experimental data and a lorentzian fit, respectively) and (c,d) the out-of-
plane angular dependence of B, and FWHM/2 for Au(2nm)/Py(10nm)/AlOs(0001) and
Au(2nm)/Py(10nm)/Ir(9nm)/Al, O3 (0001) respectively with sapphire miscut angle 0.05°. The
solid disks are the experimental data points and solid lines are the calculated values using the
parameters g = 2.1, (D = D, =0, Dy, = 1), K = 0 and poMg = 1T.

Fig. 2.17 (a,b) shows the in-plane FMR spectra for Au(2nm)/Py(10nm)/Al,O3(0001)
and Au(2nm)/Py(10nm)/Ir(9nm)/Al,O3(0001) respectively. The horizontal axis indi-
cates the applied DC magnetic field and the vertical axis shows the signal in arbitrary
units. The red points and solid blue lines correspond to experimental data and the
lorentzian fit, respectively. The shape of the resonance curve is perfect Lorentzian. The
out-of-plane angular dependence of B, and FWHM /2 for Py(10nm) and Py(10 nm)/Ir(9 nm)
are shown in Fig. 2.17 (c,d). The solid circles are the experimental data points and solid
lines are the calculated values using the parameters g = 2.1,(D, =D, =0,D, =1), K =
0 and poMg =1T
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We calculated the value of o from a fit with the derivative of a perfect Lorentzian
function. The a measured for Py (10nm) directly grown on sapphire is 0.0071 which
is almost the same as for bulk Py. This shows that the FWHM of the resonance curve
reveals negligible extrinsic contributions from magnetic inhomogeneities. This indicates
the good quality and magnetic homogeneity of the Py films. The value of « is slightly
higher than reported in the literature, which are 0.0060 for 10nm Py [62] and 0.0065 for
3nm Py thin films [87].

The value of « calculated for Py(10nm)/Ir(10nm) grown on sapphire(0001) is ~
0.0105. The 30% increase in value of alpha for Py grown on an Ir buffer layer is in
agreement with the theoretical predictions and experimental results reported in the liter-
ature for the enhancement of o at the NM/FM interface [86][119].
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Figure 2.18: (a) In-plane FMR spectra (The red points and solid blue line correspond to ex-
perimental data and lorentzian fit respectively) and (b) The out-of-plane angular dependence of
FWHM/2 and B, for Au(2nm)/Su-Py(10nm)/Al O3(0001) with sapphire miscut angle 0.05°,
Su-Py deposited at RT and annealed at 350°C. The solid circles are the experimental data points
and solid lines are the calculated values using the parameters g = 2.1, (D, = D, = 0, D, = 1),
K =0 and pgMg = 0.67T.

The out-of-plane angular dependence of B, and FWHM/2 for both Py and Py/Ir
show that for & = 0°, the experimental data is best-fitted and near # = 90 ° there is small
disagreement. There could be some magnetic inhomogeneities like small variations of the
thickness from one end to the other end of the films or local variations of the magnetization
due to strain induced anisotropy etc. There could also be a small angular misalignment
of the DC magnetic field or the sample. As for in-plane, these small variations have little
effect on B, and FWHM /2, so we got the perfect lorentzian curve, however for out-of-
plane, these can have a significant effect. This indicates that our films are magnetically
homogeneous. A better set-up with perfectly aligned magnetic field and sample can
overcome this small disagreement.

The saturation magnetization of Su-Py (uoMg = 0.67T) is lower than for Py (uoMg
= 1T), and the value of o can be different than for Py. We also determined the value of
a for Su-Py, in the same way as for Py. Fig. 2.18 (a) shows the in-plane FMR spectra
for Au(2nm)/Su-Py(10nm)/Al,O3(0001). The red points and solid blue line show the
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experimental data and the lorentzian fit respectively. The shape of the resonance curve is
perfect lorentzian. The out of plane angular dependence of B, and FWHM/2 are shown
in Fig. 2.17 (b). The solid circles are the experimental data points and solid lines are the
calculated values using the parameters g = 2.1,(D, =D, =0, D, = 1), K = 0 and poMsg
= 0.67T. Again the out-of-plane angular dependence of B, is fitted well for both in-plane
and out-of-plane directions of the film, however, with a small disagreement for FWHM /2
for out-of-plane direction, like for Py layers described above.

The value of « calculated from a fit with the derivative of a perfect Lorentzian function
for Su-Py is ~ 0.0061. This value of « is close to that of Py ~ 0.0071, although Su-Py
has a lower saturation magnetization than Py.

2.8 Summary of epitaxial growth and magnetic char-
acterization

In conclusion, we studied the epitaxial Py growth on sapphire (0001)and Ir/Sapphire with
the sapphire miscut angles 0.25° and 0.05° as a function of temperature. We prepared very
flat, epitaxial Py single and Py/Ir bilayer films with less structural defects and surface or
interface roughness. The LMOKE hysteresis loops measured at RT and 11 Hz frequency
along different in plane directions show very soft magnetic behaviour of Py films with
coercive fields of 0.1 and 0.3 mT respectively for Py and Py /Ir films respectively deposited
on sapphire with a miscut angle of 0.05°. Both Py single and Py/Ir bilayer films deposited
on more vicinal sapphire with the miscut angle 0.25° exhibits 5 or 8 times higher coercive
fields respectively than deposited on the sapphire with miscut angle 0.05°. For Py and
Py/Ir there is always some residual anisotropy due to strain induced by substrate steps.
The strength of anisotropy increases with increase in sapphire miscut angle. For Py films
deposited at different temperature gradients on similar sapphire, we observed smaller
anisotropy for higher temperature gradient growth due to strain relaxation of the films
and vice versa. In order to avoid any strain induced contribution, we prepared Su-Py films
with negligible magnetostriction on sapphire with a miscut angle of 0.05°. Both Su-Py and
Su-Py/Ir films show an order of magnitude smaller coercive fields, 0.02mT and 0.07mT
respectively as compared to Py films. In contrast to Py films, both single and bilayer Su-
Py films show isotropic behaviour without step-induced uniaxial anisotropy, indicating
vanishing magnetostriction in these films. We calculated the value of Gilbert damping
parameter « for both Py and Su-Py thin films using FMR technique. We calculated
the value of a from a fit with the derivative of a perfect Lorentzian function. The «
calculated for Py (10 nm) directly grown on sapphire is 0.0071 which is almost the same
as for bulk Py. This indicates the good quality and magnetic homogeneity of the Py films.
Slightly higher value of a ~ 0.0105 was calculated for Py(10 nm)/Ir(10 nm) bilayer films
due to strong spin-orbit coupling of Ir. The value of « calculated for Su-Py is ~ 0.0061.
This value of « is close to that of Py ~ 0.0071, although Su-Py has a lower saturation
magnetization than Py and there is also Mo in Su-Py which should increase the value of
a due to higher spin-orbit coupling.

The table 2.8.1 summarises the epitaxial growth and magnetic properties of all the Py
single and Py/Ir bilayers for an optimised Py thickness of 10 nm.
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Sample Growth Miscut | Coerci- | Step ori- | Easy Anisotropy
thickness temp angle vity entation axis strength
(nm) (°C) (°) | (mT) (*) (*) (mT)
Py 10 RT, anneal 0.25 0.5 8 -73 £ 7 | 0.156 £ 0.055
350
Py 10 RT, anneal 0.05 0.1 -34 -34 0.06 = 0.01
350
Py 10/Ir Temp grad 0.05 0.4 -45 41 0.364 + 0.04
RT-150
no anneal
Py 10/Ir Temp grad 0.05 0.7 -45 37 0.522+ 0.02
RT-180
anneal 140
Py 10/Ir Temp grad 0.05 0.28 -45 40 + 10 | 0.096+ 0.025
RT-300
no anneal
Py 10/Ir | Temp. gradient | 0.05 0.35 -45 -60 £6 | 0.151 £ 0.01
RT-160
anneal 270
Py 10/Ir | Temp. gradient | 0.05 0.31 -45 - -
50-300
no anneal
Su-Py10/Ir RT, anneal 0.05 0.02 -45 - -
350
Su-Py15/Ir Temp grad 0.05 0.07 -45 - -
50-300
no anneal

Table 2.8.1: Summary of Py and Su-Py epitaxial growth and magnetic characterization on
Al O5(0001) with miscut angles 0.25° and 0.05°.



Chapter 3

Magnetic force microscopy

In this chapter the working principles of atomic and magnetic force microscopy and the
modelization of the cantilever dynamics and magnetic force will be presented. Then
magnetic tip stray field-induced perturbations of domain walls in nanostripes will be
discussed. Consequently, I will describe in detail the optimization of magnetic thin film
coatings on AFM silicon tips to have low moment magnetic tips to minimize the tip
induced DW perturbations.

3.1 Atomic force microscopy

Principle of operation

Magnetic force microscopy is derived from the atomic force microscopy (AFM), so first I
will explain its principle of operation. AFM uses a flexible cantilever with a sharp tip at
its end. The cantilever is usually made of Si or SigN, with a radius of curvature of the
tip from a few nanometers to tens of nanometers.

Lateral Deflection
(Friction)

Normal Deflection
(Topography)

Laserdiode Photodiode

icro-Cantilever

Feedback
Control of
Z-Piezo

XYZ
Piezotube
Scanner

Figure 3.1: Principle of operation of atomic force microscopy [106].

The tip is scanned laterally close to the sample surface within a few nanometers and
interacts with the sample, which results in modification of the cantilever dynamics. The
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magnitude of the deflection is measured in real time by a laser that reflects at an oblique
angle from the very end of the cantilever onto a position-sensitive detector. Fig. 3.1 shows
the schematic representation of AFM working principle. Depending on the mode of oper-
ation different type of forces are measured i.e., Van der Waals, mechanical, electrostatic,
friction, capillary and magnetic (using magnetic tips) forces etc.

3.1.1 Modes of operation of AFM

Static or Contact mode

In contact mode the tip is in contact with the surface through the adsorbed fluid layer
on the sample surface. The tip predominately experiences repulsive forces resulting in tip
deflection. These short range repulsive forces ~ 1076 - 1078 N are sufficient to generate
tens of nanometers of cantilever deflection. The surface topography results in changes of
tip-sample force and hence deflection. By keeping a constant cantilever deflection using
a feedback loop the force between the probe and the sample is maintained constant and
an image of the surface is obtained through the adjustment of the height of the sample.

This mode of operation is useful when contact is required, for example when electric
properties or friction analysis are sought. It is not useful for imaging soft samples because
the sample surface can be damaged, however imaging samples in liquids can resolve this
problem. However, the combination of lateral and normal forces reduces the resolution
and is liable to increase the wear of the tip.

\ | Contact AFM
\ Non-Contact AFM

Distance, 2

- == Repulsive
--------- Altractive
Total interaction

Figure 3.2: Force between the tip and the sample surface atoms versus tip-to-sample distance
curve [ParkAFM].

Dynamic or non-Contact mode

In non-contact mode the cantilever is driven to oscillate close to the sample surface at
its resonant frequency. Tip-sample forces influence the AC motion of the cantilever, with
an impact on both phase and amplitude response. The most common way for imaging
topography in this mode is with a constant excitation of the cantilever and feedback on
the amplitude. Using again a feedback loop to keep the amplitude constant the surface
topography can be measured. Generally, the resolution is lower under ambient conditions
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because the occurence of a layer of adsorbed fluid. The best imaging conditions are met
under vacuum.

Fig. 3.2 shows the force between the tip and the sample surface atoms as a function
of the tip-sample distance. A spatial resolution of 50 nm can be normally achieved with
conventional tips, however by using very sharp tips a resolution down to 25nm is also
possible. As I did all my topographic and magnetic measurements in non contact mode,
I will discuss in detail this mode.

3.2 Magnetic force microscopy

Magnetic force microscopy (MFM) is a technique for imaging magnetization patterns with
high resolution, some tens of nanometers. Very little sample preparation is required as
compared to other magnetic imaging techniques. One drawback of MFM is the difficulty
to interpret MFM contrast. Secondly, the mutual interaction between the tip and the
sample can perturb the tip or sample magnetization. For the best resolution and a
reduced mutual interaction, a small amount of magnetic material on the tip is required.
However, the small amount of material decreases the MFM signal and hence reduces the
tip sensitivity.

Principle of operation

This technique is derived from AFM and uses a very sharp magnetic tip attached to a
flexible cantilever. Normally CoCr thin film coatings on Si cantilevers are used as magnetic
tips. Generally, imaging is done using a two pass technique. During the first pass, the tip
is scanned in tapping mode to measure the surface topography. In the second pass, the tip
is lifted to a selected height (10-500 nm) and follows the same topography path, assuming
that Van der Waals forces can be neglected, and long-range forces of other physical origin
are measured, such as electric or magnetic in case of MFM. The tip interacts with the
stray field arising from the magnetic sample. The effect of this interaction is measured
as a function of the sample position. Fig.3.3 shows the schematics of the two-pass MFM
technique.

Dl;ﬁtl:?::::u Lanar F il"f-‘t \/ Liﬂ
Trace Trace

antilevar LZ25 pm) |

I Lifc-off (75 nm]
Tip s B Fi; 8

gurfacda Surfaca

Figure 3.3: Magnetic force microscopy working principle (two pass technique). The first pass
gives surface topography and second pass results in magnetic image [M. J. Donahue].

In the following, I will first derive equations to describe the physics of MFM, then
present specificities and developments related to the imaging of soft magnetic materials.
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3.2.1 Modelling of the cantilever motion

A cantilever can be considered a damped harmonic oscillator and can be described by the
following equation

d*z dz
m—s +b— +kz=0 3.1
AT T (3:1)
where m is the effective mass of the cantilever, b is the viscous damping constant and
k is the spring constant of the cantilever.

The angular resonant frequency of oscillation of the cantilever is given by

k
=4/ — 3.2
o m (3:2)

In the presence of a force F, exerted by the sample on the tip, the eq. (3.1) can be
written as

d?z wo dz dF
m— +m——+ (k— —) = F 3.3
dr? Q dt k=) =h (3:3)
assuming a slow spatial variation i.e., a linear regime. Fj is a constant responsible for
the deflection of the cantilever, Q) = m®%2 is the quality factor and k — i—f is the effective

spring constant.
In the presence of an external driving force Fycos(wt), the steady state solution of
eq. (3.3) can be written as

z = A(w) cos[wt + ¢(w)] (3.4)
where the amplitude of oscillation A(w) and the phase ¢(w) are given by

Fa/(k —50)

Alw) =
) VIW?/wg — 1) + w2/ Q?

(3.5)

and

tan g(w) = Q/(w/wo — wo/w) (3.6)

The angular resonant frequency determined by both the spring constant and the force

gradient is then given by
k—dF/dz
Wy =1/ —— (3.7)
m

It is clear from the above expression that the resonant frequency decreases for attrac-
tive interactions (i.e., ‘é—f < 0 gives wp > 0) and increases for repulsive interactions (i.e.,
4E > 0 gives wy < 0). The effect of an attractive force gradient on amplitude A(w) and
phase ¢(w) is shown in Fig. 3.4.
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Amplitude

Phase (deg)

Drive Frequency

Figure 3.4: Amplitude and phase of a simple harmonic oscillator. The dotted lines correspond
to the effects of the gradient of an attractive force that decreases the resonant frequency and a
phase lag between the cantilever drive and response greater than 90°. The effects of the gradient
of repulsive force (not shown) will shift the resonant frequency to a higher value and a phase lag
less than 90° [Fig. produced by B. Moskowitz].

An attractive force gradient shifts the resonant frequency towards lower values and
induces a phase lag between the cantilever drive and response greater than 90° (dotted
lines), while a repulsive force gradient (not shown) shifts the resonant frequency towards
higher values and causes a phase lag smaller than 90°. In practice, the cantilever is
excited at a fixed frequency (i.e., its resonant frequency) and the MFM signal consist of
the measured phase. With our convention, a negative phase shift (dark contrast) means
attractive forces, while a positive phase shift (bright contrast) means repulsive forces.

The shift in the cantilever phase due to the force gradients can be simplified based on
a first order expansion of eq. (3.7)

Q dF
AP = -~ — 3.8
k dz (3.8)

This equation shows that the phase signal depends on the force gradient, the quality
factor and the spring constant of the cantilever.

3.2.2 Magnetic forces and force gradients

The magnetic force between the tip having a magnetic moment m* and the stray field H®
from a sample is given by the following expression

F =V,[m"- H (3.9)

where g is the magnetic permeability of the free space.
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Usually AFM or MFM cantilevers move along one specific direction and are relatively
stiff along other directions. Thus the only component of the magnetic force between a
MFM tip and the stray field from a sample along this direction (z is relevant) is given by

0
Fl=— ‘. H? 1
and the force gradient becomes
OF! 82 s

If the tip magnetic moment is a constant point dipole and does not change under the
influence of the sample stray field and also the tip stray field does not alter the distribution
of magnetization in the sample, then eqgs. (3.10) and (3.11) can be simplified :

L OH? ,OH, L OH?
F 3.12
[0, B + pom,, . o+ o pp (3.12)
and the force gradient becomes
OF! ot 82Hs 32HS 62Hs
Z = Z 3.13
o, Mo +Momy82 + Hom zazg (3.13)

If the tip is magnetized along the z-axis, then m, = m, = 0 and egs. (3.12) and (3.13)
can be written as

OH?
F! = pom?® 822 (3.14)
and
OF! O*H?
5 M (3.15)

In practice, the magnetic tip is not a point dipole. Another model for a MFM tip is
a monopole, we can then write the magnetic force gradient as

OF! , OH?

0= M""oz

Here z is along the oscillation direction, not necessarily the direction perpendicular to
the sample surface. In that case a refrential axis (x/, y’, z’) must be applied, which mixes
OH:' . 4 OH

8 Hsl 82H 82Hs' .
o 5o~ ineq. (3.16), and o5 5.5 and even =5 in eq. 3.15.

(3.16)

3.2.3 Magnetic force microscopy image formation

Based on a monopole or dipole model for the tip, in MFM we measure the force or
force gradient due to the stray field arising from the magnetic charges in the sample.
The interaction between the magnetic tip and the sample can be attractive or repulsive,
depending whether the stray fields from the tip and the sample are parallel or antiparallel
to each other.

Fig. 3.5(a) shows the schematics of repulsive and attractive interactions between the
tip and the positive and negative magnetic charges of charged head-to- head (HH) and
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tail-to-tail (TT) domain walls (DWs). The red arrows indicate the direction along which
the tip is magnetized. Conventionally, the attractive and repulsive interactions are coded
as black and white contrast respectively, which is consistent with the choice of sign for ¢

in eq. (3.6).
Repulsive Out-of-plane magnetization
/interaction [ o 2 2DEm s 1

+ 44+ --- 444 --- 4+ --= $++ ---

> ] T

Attractive In-plane magnetization
TTDW interaction 7

HH DW

Figure 3.5: Schematics (a) tip-sample repulsive and attractive interactions. (b) Magnetic force
microscopy charge image formation for systems with out-of-plane and in-plane magnetization
giving magnetic domains and domain walls (transition between domains) contrast (black and
white) respectively [52].

For systems with out-of-plane magnetization the MFM image reflect the surface charges,
i.e., the domain image if we neglect the influence of the bottom charges as shown in the
Fig. 3.5(b) top image. The black and white contrast corresponds to up and down do-
mains. On the other hand, for systems with in-plane magnetization we get the transition
(domain wall) between two opposite domains as shown in the Fig. 3.5(b) bottom image.
Here black and white contrast gives the positively and negatively charged HH and TT
DWs respectively. In this chapter I will describe MFM imaging of that nature because
I did magnetic imaging of DWs in soft magnetic material permalloy (Py) with in-plane
magnetization.

3.2.4 Magnetic tip-sample mutual perturbations

Magnetic force microscopy is a technique commonly used for imaging magnetic materials
with a rather high coercivity where it can be assumed that the magnetic tip does not
change the distribution of magnetization in the sample. However, the tip stray field can
change the distribution of magnetization in the case of soft magnetic materials. Reversible
and irreversible changes due to the tip stray field have been reported in the literature. For
reversible changes, e.g., DW distortion or local magnetization distribution of the sample,
the sample recovers its initial state as soon as the tip stray field is removed [79][28]. That
can be detrimental, or on the reverse can be used, e.g., for imaging ultrathin films with
out-of-plane magnetization where mutual interaction is always attractive. In contrast, for
irreversible changes, e.g., DW transformation, DW propagation and tip induced switching,
the initial magnetic state cannot be recovered after removal of the tip stray field [35][72].

Here, we illustrate tip-sample interactions on DW configurations in 15 nm-thick Py
nanostripes, deposited on sapphire(0001) substrate and capped by 2nm Au. The nanos-
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tripes of width between 200-500 nm were patterned by combined electron-beam lithog-
raphy and ion-beam etching techniques at Nanofab, Institut Néel, by Stefania Pizzini.
Images were taken with commercial so-called low moment (LM) Asylum tips. The res-
onance frequency of these cantilevers ranges between 60 to 80 kHz. The spring constant
values of the cantilevers are between 0.5 and 4.4 N/m. The cantilevers are 240 pm long,
30 pm wide and 2.7 pm thick. The outer tip radius is 20+£7 nm with a CoggCrag coating of
15nm. During all scans, the cantilever amplitude of oscillation is set to ~ 100 nm during
the first pass and ~ 75nm during the second pass. The vertical tip to sample distance
AZ during each scan was kept at ~ 10nm for all DWs imaging.
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Figure 3.6: Magnetic force microscopy images of vorter walls and phase contrast respectively in
400 and 500 nm wide nanostripes with (a,b) commercial low moment Asylum tips (c,d) 50 nm
Al O3 coated Asylum low moment tips. The cantilever amplitude of oscillation is set to ~ 100 nm
during the first pass and ~ 75nm during the second pass and imaging was done at a lift height
of 10 nm.

The HH and TT DWs were created at the bends of stripes, by applying a magnetic
field of ~ 50mT transverse to the stripes. As we imaged a soft magnetic material (Py)
with a hard magnetic tip, we can assume that the tip magnetic configuration remains
unaffected while the sample magnetic configuration can change. Before imaging, the tips
were magnetized along the tip pyramid axis with a permanent magnet. We observed
vortex walls (VWs), as also predicted in the DW phase diagram in nanostripes of these
dimensions [93].

Fig. 3.6(a) shows the HH and TT VWs in 15nm thick and 400 and 500 nm wide Py
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nanostripes, represented by white and black contrast respectively. The direction of mag-
netization in the nanostripes is represented by the black arrows. The fast scan direction
is transverse to the stripes while slow scanning from bottom to the top of the stripes.
The tip is magnetized along the pyramidal direction so that it is sensitive to the z com-
ponent of the sample’s stray field. For HH positively charged DWs the tip-DW should
have repulsive interaction and for T'T negatively charged DWs, this interaction should be
attractive.

Consistent with literature reports [36][35], we observed tip-induced magnetization re-
versal, repelling, snatching and dragging of DWs due to tip-DW interaction. In Fig. 3.6(a),
the tip snatches the TT VW in 400 nm (left) nanostripe due to the attractive interaction,
then drags it until it gets pinned. In the upper half of the same nanostripe, the tip repels
down the HH DW after some point, consistent with the tip-DW repulsive interaction.
The MEFM phase contrast of DWs is shown in Fig. 3.6(b).

Our first attempt to reduce the tip-DW interaction was to deposit 50 and 70 nm Al;O3
on commercial LM Asylum tips. Fig. 3.6(c) shows the HH and TT VWs in 400 and 500 nm
wide Py nanostripes imaged by LM Asylum tips capped by 50nm Al,Os. The Al,O3
capping results in lowering the DW contrast from 0.7 to 0.6° as shown in Fig. 3.6(d) but
still the tip repels, snatches and drags the DWs due to tip-DW repulsive and attractive
interactions. The tip drags the TT black DW in 400 nm wide stripe (left) and at some
point it snatched away moving out of the stripe due to the attractive tip-DW interaction.
This results in reversal of the stripe magnetization as indicated by black contrast at the
sharp edge of the nanostripe as compared to white contrast in a 500 nm wide nanostripe
(right) where DW do not move out of the stripe [Fig. 3.6(c)]. Thus, beyond the loss of
spatial resolution, another route needed to be explored.

3.2.5 Optimization of magnetic thin film coatings

We developed our own LM magnetic tips to reduce further the tip magnetic moment
and hence its stray field to minimize the tip-induced perturbations. For this purpose, we
deposited CogyCryg alloy thin films of different thicknesses on conventional non-magnetic
Si cantilevers and tips. I will describe here the qualitative and the quantitative analysis of
the tip coatings, and the tip-DW interactions with respect to the thickness of a CogyCrog
coating.

3, 5, 7.5 and 10 nm CogCrgq thin films were deposited by RF sputtering on commercial
Asylum 240TS silicon tips. After CogyCrog deposition, the films were capped by 5 or
10nm of SiOy for protection against oxidation. The thin film depositions covers the tip,
the cantilever as well as the tip substrate. The physical dimensions, resonance frequency
and spring constant of the Asylum 240TS silicon cantilevers are the same as for Asylum
LM cantilevers as described above, except for a small tip radius of 9£2nm because of
the initial absence of CogyCroy deposition. After different CogyCroy coatings between 3 to
10 nm, the tip radius is expected to be between 10 and 20 nm.

Imaging and analysis

Fig. 3.7(a) shows HH and TT VW images in 400 and 500 nm wide and 15nm thick Py
nanostripes. The images were taken with a coating of 10 nm CoggCry plus 10 nm of SiOs.
Only in some cases we observed tip-sample perturbations. The sudden appearance of a
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sharp contrast of a HH VW in a 500 nm wide nanostripe in the left image of Fig. 3.7(a)
indicates that it has been repelled by the tip due to repulsive interaction. As expected,
the DW contrast decreased from 0.7 to 0.5° due to lower (10nm) CogyCrag coating as
compared to the 15nm for LM commercial tips [Fig. 3.7(b)].
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Figure 3.7: Magnetic force microscopy images of vortex walls and phase contrast respectively
in (a,b) 400 and 500 nm wide nanostripes taken with CogoCrao(10nm)/SiO2 (10 nm) tips (c,d)
300 nm wide nanostripes taken with CogyCra (5nm)/Si0O2(10nm) tips. The cantilever amplitude
of oscillation is set to ~ 100nm during the first pass and ~ 75nm during the second pass and
imaging was done at a lift height of 10 nm.

To reduce further the tip-DW interaction we imaged again the DWs using tips coated
with 5nm CoggCryy and 10nm of SiOs. Fig. 3.7 (c) shows DWs imaged by these tips.
We did not observe any tip-induced DW perturbations and get very nice unperturbed
VW images. We repeatedly image the DWs to verify the tip-DW interaction. All the
nanostripes of widths between 200 to 500 nm show unperturbed DWs. The DW contrast
was decreased to about £ 0.3° as compared to £ 0.5° for 10 nm CogyCryg tips as shown
in Fig. 3.7 (d).

In rare cases, we still observed weak tip-DW interactions with 5nm CogyCrog tips.
That’s why we imaged the DWs again by 3nm CogyCryg plus 5nm SiO, coated tips. We
did not observe any tip induced perturbation but as expected obtained relatively weak
DW contrast ~ 0.15° as shown in Fig. 3.8.

The experimental results regarding tip-DW interaction and DW contrast as a function
of different CoggCrog coatings is summarized in table 3.2.1. The force gradient is calculated
using the following equation.

Q dF
AP = -2 — 3.17
k dz ( )
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Figure 8.8: Magnetic force microscopy images of (a) vortexr walls and (b) phase contrast in 300
and 500 nm wide nanostripes with Cogo Crag (3 nm)/SiO (5nm) tips. The cantilever amplitude
of oscillation is set to ~ 100nm during the first pass and ~ 75nm during the second pass and
imaging was done at a lift height of 10 nm.

where the DW contrast A® is measured directly from the MFM phase profiles of the
DW images. The spring constant k of the cantilever is ~ 2 N/m. The quality factor Q is
calculated by the following relation

fres
Q- Vil (3.18)
where Af is the full width at half maximum of the cantilever resonance frequency.
The quality factor Q calculated for our tips in air when the tip approaches the surface is
Q =~ 200.
The force gradient calculated experimentally from eq. 3.17 is ~ 107*N/m. We also
calculated the force and force gradient directly from the following relations :

0Hq
F = pom! —= 3.19
Mo, 7 ( )
where Hyq ~ i M is the demagnetizing field of the nanostripe of thickness ¢t and width
w. Mg is the saturation magnetization of the magnetic material of the nanostripe.

Putting the value of Hq in eq. 3.19 and differentiating with respect to w, we get

t

F ~ t—— M, 3.20
Mo, Q02 ( )
and the force gradient becomes
oF .t
2~ —— M, 3.21

The calculated values of force and force gradient from eqs. 3.20 and 3.21 for a 500 nm
wide nanostripe and 10nm CogyCry coated tips are ~ 1072 N/m and 107 N/m respec-
tively. Hence, we can calculate the DW contrast by the following relation

_QoH,

Ad = k022

(3.22)

or
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Q t
AP~ XM 3.23
L 3 s (3.23)
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Figure 3.9: Magnetic force microscopy (a) domain wall contrast (b) domain contrast, as a
function of tip magnetic moment and tip moment square respectively (tip moments corresponding
to different thicknesses of CosgoCrag thin film coatings). Domain wall contrast is proportional to
tip moment and domain contrast is proportional to the square of the tip moment. The cantilever
amplitude of oscillation is set to ~ 100nm during the first pass and ~ 75nm during the second
pass and imaging was done at a lift height of 10 nm.

The approximate value of DW contrast, arising from the stray field of DW charges,
calculated from eq. 3.23 is ~ 0.01°, which is comparable with the experimental value
determined by MFM. The DW contrast is proportional to the tip magnetic moment as
shown in Fig. 3.9(a). On the other hand in the neutral part of the nanostripe where
magnetization is uniform and no stray field is present, the MFM tip’s stray field makes
the sample magnetization non-uniform. As a result, the sample’s stray field interacts
with tip’s stray field resulting in mutual or so called domain contrast. In this case, the
tip domain interaction is always attractive and we get always dark contrast in neutral
parts of nanostripes as shown in all MFM images. The domain contrast decreases with
decreasing moment of the tip [Fig. 3.9(b)] and is proportional to the square of the tip
moment.

In conclusion, we developed low moment magnetic tips for MFM, by depositing thin
CogoCry films on non-magnetic Si tips to minimize the tip-induced perturbations in the
soft magnetic sample. The commercially available low moment tips were not suitable
for our very soft Py samples. Very strong attractive and repulsive tip-sample interactions
were observed with commercial tips resulting in snatching, dragging and repelling of DWs.
Our home-coated 3 and 5nm CogyCryg tips show no or very little tip-sample interaction.
These tips are suitable to study current induced DW motion in soft magnetic nanostripes.
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Tip Asylum LM Asylum LM AC240TS AC240TS AC240TS
CoCrl5nm CoCrl5nm+ CoCr10nm CoCr5nm CoCr3nm
Al,O3(50 nm)
Volume
V=mr?t 1.1 1.1 0.71 0.35 0.21
%1072 m3
Moment
mi =mr2tM, 1.32 1.32 0.85 0.42 0.25
x10717 A m?
Force
calculated 4.1 4.1 1.7 0.42 0.15
(10713 N)
Force grad.
calculated 0.53 0.53 0.23 0.06 0.02
(107N /m)
Domain
contrast 0.15 0.12 0.1 0.05 0.03
()
DW contrast
(°) 0.7 0.6 0.5 0.3 0.15
Force grad.
experiment. 1.22 1.05 0.872 0.523 0.262
(1074 N/m)
Tip-DW DW snatching | DW snatching DW no no
interaction | dragging and | dragging and | snatching and | perturbation | perturbation
repelling repelling repelling

Table 3.2.1: Summary of the tip-DW interactions and DW contrast as a function of commercial
low moment magnetic tips and different CoggCro thicknesses for home-coated low moment tips.
The cantilever amplitude of oscillation is set to ~ 100 nm during first pass and ~ 75nm during
second pass and imaging was done at a lift height of 10 nm.
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Chapter 4

Micromagnetics in spin-valve
nanostripes

A system in which two ferromagnetic (FM) layers are separated by a thin non-magnetic
metal is called “Spin-valve”. Spin-valves exhibit interesting physical phenomena that
are important for applications. An example is the “Giant-Magnetoresistance” (GMR)
effect, which is used in magnetic read heads based on spin-valves. Another is the spin
transfer torque effect, the inverse of the giant magnetoresistance effect, which is also an
important development in spintronics. We studied experimentally the micromagnetics in
Py/Cu(3.5,5nm)/Co spin-valve nanostripes of width between 100 to 600 nm. Micromag-
netic simulations and analytical modeling were also done to compare with the experi-
mental results. In this chapter I will first describe the interlayer coupling in spin-valves,
then different results from literature and finally my results with consequences of interlayer
coupling.

4.1 Interlayer coupling

In spin valves, the two ferromagnetic layers can be coupled through different types of
interactions i.e., exchange [17] or magnetostatic interactions [96]. If FM layers are directly
attached or separated by a very thin < 1nm metallic layer, the exchange interaction is
dominant. This interaction is used in synthetic ferrimagnets to increase the coercive field
of some layers without changing the remanence magnetization, to act as reference layers
[97].

For spacer layers thicker than 3 to 5nm, the magnetostatic interactions often dom-
inate. These interactions can result into a local decrease of the nucleation barrier for
magnetization reversal [141] or demagnetization of one of the layers [129]. They may also
play a role in the decrease of the critical current in spin-valve systems for current induced
domain wall (DW) motion. [38][67].

4.1.1 Interlayer exchange interactions

The exchange interaction between two ferromagnetic layers can be mediated by a non-
magnetic spacer through conduction electrons [17]. The magnetic layer interacts with
the conduction electrons of the spacer layer resulting in spin polarization of conduction

87
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electrons, which travel across the spacer layer and interact with other magnetic layer
resulting in exchange interaction. This interaction is also known as “RKKY” coupling
after the name of the scientists Ruderman, Kittel, Kasuya and Yoshida, who discovered
this effect [110][58][147]. The exchange coupling oscillates between ferromagnetic or anti-
ferromagnetic with the thickness of the spacer layer and a period depending on the spacer
layer material [101][105]. The strength of the exchange coupling decreases very fast with
the distance between the magnetic layers. The magnetic coupling through thin layers of
Ru, Cu and Cr oscillates with periods, Poy ~ 10 A [103], Pry ~ 12A [104] and for Cr
with much longer period, Pe, ~ 18-21 A [104] in Co/Cu, Co/Ru and Co/Cr superlattices
respectively. The exchange coupling can be described by the following assumed relation

[63]

J 1 . 27T<ts + ¢)
Hexc - 4.1
I VW sin[———] (4.1)
Eq. 4.1 shows that the variable parameters describing the exchange coupling are the
amplitude J; of the interlayer coupling, the period A and phase ¢ for a fixed spacer and a
free layer of certain thickness. Levy, Maekawa and Bruno describe the J; by the following

expression [71]

Jl = Jg exp(—2K§aLMB) (42)

where Jy is the amplitude in the case of perfect interfaces and op\p corresponds to
the interface roughness. kp is the wavevector of electrons at the Fermi level. In our case
the thickness of the metallic spacer layer is 3.5 and 5 nm, so interlayer exchange coupling
is negligible.

4.1.2 Interlayer magnetostatic interactions

Néel was the first to consider the magnetic dipolar coupling between the two magnetic
layers due to rough interfaces, the so-called Néel “orange peel” coupling. In the model
of Néel, a sinusoidal roughness profile is considered, and the orange-peel coupling field in
case of infinite magnetic film thickness is defined as [63][113]

72h2 o My (—27T\/§ts)
= ex
N ont; AT

where h and A are the amplitude and wavelength of the roughness profile as shown in
Fig. 4.1(a). t; and t, are the thicknesses of free and spacer layer, and Mj is the saturation
magnetization of the free layer. Hy and Hy; are the fields due to Néel and magnetostatic
couplings. Eq. 4.3 shows that the Néel coupling depends on the grain size and associated
roughness of the the layers as well as the thickness of spacer and magnetic layers. The
sign of the coupling results from an interplay between the magnetostatic, the exchange
and the anisotropy energy.

In magnetic thin films, the magnetic poles are at a distance equal to the film thickness
resulting in high magnetic stray fields. Free poles are then formed on the wall surface
instead of film surface [Fig. 4.1(b)]. For systems of reduced dimensions the magnetic
poles generated at the surfaces influence the interactions within the layer and between
the two ferromagnetic layers. For two FM layers separated by a thin nonmagnetic layer,

(4.3)
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Figure 4.1: Schematics of (a) orange peel coupling between two ferromagnetic layers separated
by a non-magnetic spacer [113] (b) DW stray field arising from surface charges from a Néel wall
n a thin film.

the stray-field of a DW in one layer will exert a local force in the region above the domain
wall in the second layer giving rise to another local type of coupling.

In continuous films, the influence of domain wall stray fields in one layer on the static
domain configuration of another layer has been reported by different groups. The influ-
ence of the magnetostatic stray fields from Ni domain walls on the Co domain pattern
in epitaxially grown Co/Cu/Ni trilayers on Cu(001) have been studied by W. Kuch et
al. [64]. The study of as-grown magnetic domain images of the Co (magnetized in-plane)
and Ni (magnetized out-of-plane) layers show a lateral displacement of the Co DW posi-
tion compared to the Ni domain walls. The Co DW displacement was found equivalent
to displacement under 25mT external magnetic field. They confirmed their results by
performing micromagnetic simulations.

J. Vogel et al. observed the nucleation of reversed Py domains above Co domain walls
in magnetic tunnel junction-like Py(4nm)/Al,O3(2.6 nm)/Co(7nm) continuous trilayers
due to the stray fields generated by domain walls present in the hard magnetic Co layer
[141]. The Co domain wall stray field acts as a transverse bias field that locally decreases
the energy barrier for nucleation, significantly increasing the local switching speed. They
confirmed their results by micromagnetic simulations. They suggested that the effect of
domain wall stray fields can be controlled by manipulating the width and position of
the domain wall. This allows increasing the local speed and reproducibility of magnetic
switching. This effect can be very important for current induced DW motion in trilayers
for future Racetrack memory [27].

They have also reported that the stray fields associated with the domain walls in Co
and Py layers can lead to an antiparallel coupling between the local Co and Py moments
[140]. For domain walls parallel to the easy magnetization axis, this interaction is limited
to the DW region itself. For strongly charged (HH or TT) DWs, the antiparallel coupling
dominates the interaction over radial distances up to several micrometres from the centre
of the DW.

The stray fields of DWs sweeping back and forth during repeated switching of one
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of the FM layers can demagnetize the other magnetic layer, even if it is much harder
magnetically [129]. L. Thomas et al. proposed a model for a quantitative mechanism
of the demagnetization of a hard FM layer due to repeated reversal of a neighbouring
soft FM layer, separated by a spacer layer in Co or FegyNiy/AlyO3/Cor5Pt12Cry3 trilayer
thin films systems. They showed that an interlayer magnetostatic coupling is induced
by large stray fields from DWs in the soft (Co or FegyNig) layer during its repeated
switching and a hard magnetic layer (Corz5Pt15Cr3) with a AlyO3 spacer layer, resulting
in demagnetization of the hard layer. They showed that this effect strongly depends on
the thickness of the hard and the spacer layers.

In case of spin-valve nanostripes, a magnetostatic coupling between two FM layers
also takes place. J. M. B. Ndjaka et al., using micromagnetic simulations, studied the
effect of a TW in a Py layer on a initially uniformly magnetized Co layer coupled through
a Cu spacer in Py(4nm)/Cu(L)/Co(4nm) spin-valve nanostripes [94]. They varied the
thickness (L) of the Cu layer in simulations. At equilibrium, the stray field from DWs in
the Py layer gives rise to a so-called “quasi wall” in the Co layer. They also studied the
DW dynamics under moderate field and observed that both the TW and the quasi wall
move with the same speed. The effect of the Co layer on the DW dynamics is that the
stray field from the quasi wall makes the TW in the Py wider due to the flux closure and
hence increases its velocity, however, to a moderate extent. They also suggested that the
DW velocity may decrease if the Gilbert damping parameter in the Co layer increases.

We studied the coupling between Co and Py layers separated by a non-magnetic (Cu)
layer of thickness 3.5 and 5nm, both in continuous films and in nanostripes. In the case of
nanostripes, the Co layer was initially uniformly magnetized along the nanostripe length
and Py layer hosts a DW. For these thicknesses of the Cu spacer layer, the magnetostatic
coupling is dominant, so I will describe in detail this interaction.

4.2 Domain wall Phase diagram in spin-valve nanos-
tripes

In our group Nicolas Rougemaille et al. [109] investigated the transverse versus vortex
phase diagram of HH DWs in Py/Cu/Co spin-valve nanostripes [Fig. 4.2(a)] with an in-
plane anisotropy, combining numerical simulations and analytical modeling. This work
extended the phase diagram, already known for single layer Py nanostripes [80][93]. The
Co layer is initially set as uniformly magnetized along the nanostripe direction while the
Py layer contains a DW. The stability of the TWs in spin-valves is found extended to
a range of larger Py thickness as compared to a single layer, due to the magnetostatic
coupling with Co layer, which acts as a partial magnetic mirror.

Numerical simulations

The material parameters used for Co and Py are pgMq, = 1.7593 T, Ac, = 30pJ/m,
poMp, = 1.0053T, Apy = 10pJ/m and zero magneto-crystalline anisotropy in both
layers. No exchange coupling is considered between Co and Py layers. The HH transverse
or vortex walls were created in Py under different initial conditions, with the Co layer
uniformly magnetized. Like Py single layers, in spin-valves, the transverse and vortex
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Figure 4.2: (a) The schematic representation of a head-to-head domain wall in a Py layer
and associated stray field (red arrows) acting on a uniformly magnetized Co layer in a spin-
valve. The black arrows indicate the direction of magnetization in the Py and Co layers.
Plain views of a vortex and a transverse wall in a 300nm wide (b) Py (5nm) single layer
(¢) Py(5nm)/Cu(5nm)/Co(5nm) spin-valve nanostripe. (d) thickness integrated maps of mag-
netization from (c). The red (blue) colour indicates the positive (negative) transverse component
of the magnetization, normalized to the magnetization of the layer under focus in (b) and (c),
and to half the magnetization of Co in (d). Reproduced from [109].

walls exist together as metastable states for a large range of geometrical parameters.
The micromagnetic simulations show that VWs in both single Py layer and spin-valves
are qualitatively similar while TWs were found different in spin-valves. In a single layer
Py, TWs are symmetric for small thickness and width [Fig. 4.2(b)], while going towards
higher thickness and width, the TW becomes asymmetric. This reduces the magnetostatic
energy by spreading the magnetic charges as shown in Fig. 4.2(c).

In spin-valves, the stray field from a DW in the Py layer results in a quasi-wall in the
Co layer [Fig. 4.2(c)], which in turn creates a stray field acting on the Py layer. This
magnetic screening effect lowers the energy as compared to a single Py layer [94]. The
stray field arising from the DW in Py is preferentially parallel or antiparallel to the initial
direction of magnetization of Co, depending whether the left or right side of the DW is
considered. Thus, the magnetic configuration of Co is expected to be asymmetric and so
should be the stray field arising from Co and acting on the Py layer. A TW in a spin
valve is therefore expected to be always asymmetric by nature, due to the unidirectional
magnetization in the Co. Both the VW and TW have larger widths in a spin-valve, which
is associated with the emergence of tails because the decrease of magnetostatic energy
allows to reduce exchange energy through an increase of the DW width [53].

The flux closure between the Py and Co layers can be described by the map of the
magnetization M;,; integrated over the two layers along their normal [Fig. 4.2(d)][109].

Min = ;/M(z)dz (4.4)

tCo + th
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This shows that the flux is better closed than in a single layer TW, while avoiding the
cost associated with the vortex core in a single layer VW. The DW tails of the individual
layers [Fig. 4.2(c)] also compensate. As the share of magnetostatic energy is larger in a
TW than in a VW [80], the interlayer flux closure lowers the energy of the TW more than
that of the VW. This suggests that the TW should be the ground state in a larger range
of geometrical parameters in a spin valve than in a single layer. This is verified by the
simulations with varying the Py thickness tp, and width w for tc,=tc,=5nm as shown in
Fig. 4.3. In single Py layer both transverse asymmetric left and right DWs are the lowest
energy states while in spin-valves there is only one type of asymmetric TWs having the
lowest energy due to the unidirectional magnetization in the Co layer.

Analytical modeling

For Py single layers, McMichael and Donahue calculated numerically the transverse and
vortex wall energy as a function of nanostripe width and thickness. They found that TWs
have a lower energy than VWs for small values of ¢ and w and suggest a phase boundary
of the form [80] :

tw = CA? (4.5)
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Figure 4.3: Phase diagram of head-to-head domain walls in stripes, with the boundary between
symmetric and asymmetric TWs (Open Triangles), and TW and VW (Open circles) in a single
layer, and asymmetric TW and VW in a spin valve (Full disks). The dotted line corresponds to
the phase boundry with thickness translation tg, (tcy, =0) [109].

where Ay = 4/ Kid is the dipolar exchange length, K; = %Mf is the dipolar constant,

and C is a constant. The numerical value of C ~ 61-64 must be provided by simulations
[80][93]. The above scaling law (eq. 4.5) can be adopted taking into account accordingly
using partial flux closure in spin-valves to refine the magnetostatic energy [109] :

w(t — tg) = CAZ (4.6)
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with the same C value. This suggests that the phase diagram for a spin valve may be
derived from that of a single layer, shifted towards higher thicknesses by a value tg,. This
is in good agreement with the results of numerical simulations as shown in Fig. 4.3. An
empirical scaling law is found for tg, [109] :

1 O T T T T T

Iso-energy shift tg, (nm)

0 I I | 1 I
0 5 10 15 20 25 30

Cu thickness t;, (nm)

Figure 4.4: Thickness shift ts, of the iso-energy line in a spin valve compared to a single layer,
for w =100nm and t¢, = 5nm [109].

Me, tcu
o = ooy 2 e (_ti) (4.7)
y 0

where ty =~ 10nm is derived from Fig. 4.4, which shows the thickness shift of the iso-
energy line in a spin valve compared to a single layer, for w = 100 nm and ¢, = 5nm. The
iso-energy line in spin valves is shifted towards a larger thickness with respect to single
layers, by a value decreasing approximately exponentially with the spacer thickness.

4.3 Experimental results

4.3.1 Experimental details

The epitaxial Py 15nm single layer, epitaxial Py(15, 20nm)/Cu(3.5nm)/Co(5nm) and
sputtered Py (15, 20 nm)/Cu(5 nm)/Co(5 nm) spin-valves were deposited on sapphire(0001)
and Si substrates respectively. S-shaped nanostripes of different thicknesses and widths
between 200-600 nm were patterned by combined electron-beam lithography and ion-beam
etching techniques by Stefania Pizzini. A strong field of 30 mT transverse to the nanos-
tripes was applied to create DWs at the bends of the nanostripes. This field was large
enough to have DWs in both single Py and spin-valve Py layer, because it was optimized
experimentally by switching the Py magnetization in nanostripes under transverse field.
The demagnetizing field for Co layer is higher than Py, so we expect no DW in the Co
layer. The imaging of DWs in spin-valves was thus performed with uniformly magnetized

Co.
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We applied MFM to observe the DW configurations in nanostripes. 5nm CogyCrayq
home coated magnetic tips were used for imaging DWs. The tips were capped with 10 nm
Si09 to protect against oxidation.

We also performed high spatial resolution (< 40 nm), x-ray photo emission electron mi-
croscopy combined with x-ray magnetic circular dichroism (XMCD-PEEM) measurements
to see individually the magnetic configuration of Py and Co layers. The measurements
were done at the Nanospectroscopy beamline at the synchrotron ELETTRA (Trieste,
Italy). Element selective magnetic imaging was done using XMCD, with the x-ray energy
tuned to the maximum of the Fe Ls-absorption-edge (707eV) for the Py layer and of
the Co Ls-edge (778 ¢eV) for the Co layer. The x-ray absorption results in transition of
a core-electrons to the empty levels above the Fermi surface, leaving behind empty core
levels which are then filled by electrons relaxing from higher energy levels. The difference
of energy is provided to Auger electrons which are emitted out of the atoms resulting in
secondary electron emission which is proportional to X-ray absorption. These secondary
electrons emitted from the material for a fixed circular polarization provide us a map of
the magnetization in the sample. Lorentz microscopy was also performed by Aurélien
Masseboeuf at LEMMA /INAC/CEA, Grenoble to clarify the magnetization processes in
nanostripes.

4.3.2 Results and discussion

The coupling field or strength between two layers can be accurately determined by the
measurement of the shift of the free-layer minor hysteresis loop. Before patterning nanos-
tripes, we performed quasistatic hysteresis loops using Kerr magnetometry to study the
coupling between continuous Py (free layer) and Co (pinned layer) layers in spin-valves.
Fig. 4.5(a-b) shows the magnetization hysteresis loops along the easy axis, taken at 11 Hz
frequency, for spin-valves with Py thickness 15 and 20 nm respectively. The two steps in
hysteresis loops (black curves) corresponds to the reversal of free (small coercive field)
and the pinned layers (large coercive field) of the spin-valves. The Py minor loops (red
curves) show a shift of about 0.4 mT with respect to zero field attributed to orange-peel
coupling strength.

Fig. 4.6(a) shows the VW (left) in a 300nm wide and 15nm thick Py nanostripe.
The other Py nanostripes of similar thickness and of widths between 200 and 600 nm also
contain VWs. This is in agreement with the DW phase diagram for single Py layers which
also predicts VWs for this type of thickness and width of Py nanostripes [93]. The MFM
image shows a DW contrast of + 0.3° with a 5nm CoggCrayg tip. The imaging was done
with a cantilever oscillation amplitude ~ 100nm in the first pass and ~ 75nm in the
second pass with a lift height of 10 nm.

On the contrary, we observed asymmetric transverse walls in the spin-valve nanos-
tripes of similar Py thickness and widths between 200 and 600 nm. Fig. 4.6(a) shows
the asymmetric TW (right) in a 600 nm wide Py(15nm)/Cu(5nm)/Co(5nm) spin-valve
nanostripe taken with the same 5 nm CoggCryg tip under the same imaging parameters as
for single Py layer nanostripe as described above. A DW contrast of + 0.15° was observed
for TWs in spin-valve nanostripes. As in MFM we measure the stray field, the 50% de-
crease in the DW contrast as compared to VWs in single Py layers is the confirmation of
the partial flux closure between the Py and Co layers due to the antiparallel coupling as
predicted in the spin-valve phase diagram.
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Figure  4.5: Quasi-static  hysteresis  loops  along  the easy axis of (a)

Py(15nm)/Cu(5nm)/Co(5nm) and (b) Py(20nm)/Cu(5nm)/Co(5nm) continuous spin-
valve films obtained by longitudinal Kerr magnetometry at 11 Hz frequency. The minor loops
for the Py layer taken along the easy axis are represented by red curves. These loops show a
shift of 0.4mT with respect to zero field, which is the direct measure of the coupling strength
between Py and Co layers.
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Figure 4.6: Magnetic force microscopy (a) images of a vortex and an asymmetric transverse
wall (b) magnetic phase contrast of domain walls, in a 15nm thick and 300 nm wide Py single
layer and 600nm wide Py(15nm)/Cu(5nm)/Co(5nm) S-shaped spin-valve nanostripe respec-
tively taken with a 5nm CoggCrag magnetic tip using the same imaging parameters. The can-
tilever amplitude of oscillation is set to ~ 100nm during the first pass and ~ 75 nm during the
second pass and imaging was done at a lift height of 10 nm.

For spin-valve nanostripes with larger Py thickness (20 nm), we observed both asym-
metric TWs and VWs. For nanostripe widths between 200 and 400 nm we observed only
asymmetric TWs while for 500 and 600 nm wide nanostripes both asymmetric transverse
and vortex walls were found. Fig. 4.7 shows both asymmetric transverse and vortex walls
in 600 nm wide Py (20 nm)/Cu/Co(5 nm) spin-valve nanostripes with Cu thickness 3.5 and
5nm respectively.

Fig. 4.8 shows both the experimental and simulated phase diagram for a single Py layer
and Py/Cu/Co spin-valve nanostripes for different Py thicknesses and nanostripe widths.
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Figure 4.7: Magnetic force microscopy images (a) asymmetric transverse wall (b) vortex wall, in
a 600 nm wide Py(20nm)/Cu/Co(5nm) spin-valve nanostripe with Cu thickness 3.5 and 5nm
respectively, taken with a 5nm CoggCrog magnetic tip. The black arrows indicate the direction
of transverse field applied to create domain walls. The imaging parameters were same as for
previous sample.
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Figure 4.8: Simulated phase diagram for Py and Py/Cu/Co spin-valves nanostripes, together
with some experimental points. The numerical simulations show the phase boundary between
symmetric and asymmetric transverse walls (red squares), and transverse and vortex walls (blue
squares) in a single Py layer, and asymmetric transverse and vortex walls in a spin-valve (filled
orange disks). The experimental points indicate the observation of TWs (green triangles and
filled black disks) and VWs (blank circles) for the different samples.

In our experimental results, we find mainly TWs, even where VWs are expected. These
are the metastable TWs stabilized through the application of the transverse magnetic
field. Nevertheless, TWs are found in a larger area in spin-valves compared to single
layers, confirming the model and simulations.

Fig. 4.9 shows the XMCD-PEEM image of an asymmetric transverse wall in a Py layer
and the Co layer without a DW, in a 600 nm wide Py(15nm)/Cu(5nm)/Co(5nm) spin-
valve stripe. As explained in section 4.2, the stray field of a DW in a Py layer can perturb
a uniformly magnetized Co layer resulting a quasi-wall in the Co layer. We could not see
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the DW in Co due to the thicker Py layer as the secondary electrons we use in PEEM
to obtain the map of magnetization cannot escape from the material, and are absorbed
by the Cu and Py layers due to higher thicknesses. But we can see the white magnetic
contrast in the Co XMCD opposite to Py XMCD (black) at the side of the stripe, at the
position where the DW is located in the Py layer. The appearence of this contrast at the
nanostripe edge is shown schematically in Fig. 4.9 (c).
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Figure 4.9: XMCD-PEEM image (a) asymmetric transverse wall in a Py layer (b) Co layer
without a domain wall, in 600nm wide Py(15nm/Cu(3.5nm)/Co(5nm) S-shaped spin-valve
nanostripe. The black arrows indicate the direction of transverse field applied to create domain
walls and the direction of the incoming z-rays. The blue arrows show the magnetization direction
in the nanostripes. (c) Schematic of appearence of opposite contrast at the nanostripe edge for
Co XMCD, at the position where the DW is located in the Py layer represented by green arrows
in XMCD-PEEM images.

Figure 4.10: XMCD-PEEM images of narrow domain walls in the Py layer of a 300 nm wide
Py(15nm/Cu(3.5nm)/Co(5nm) S-shaped spin-valve nanostripe with also a domain wall in the
Co layer (a) XMCD image of the Py layer, containing a narrow transverse wall (b) XMCD
1mage of the Co layer. The black arrows indicate the direction of the transverse field applied to
create domain walls and the direction of the incoming z-rays. The blue and green arrows show
the magnetization direction and position of domain walls in the nanostripes.

For magnetic imaging, we take two images, one with left and one with right circularly
polarized x-rays, and then we take the asymmetry (the dfference divided by the sum
of the two images). This increases the magnetic contrast and decreases the topographic
contrast. The photons of one chirality are absorbed by the magnetic material giving black
or white contrast, while the photons of other chirality are transmitted and are absorbed
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by the substrate resulting in emission of the electrons from the substrate giving opposite
contrast at the nanostripe edge. Like we observed in MFM, this is again the evidence of
the local antiparallel coupling of Py and Co layers in the DW region.

The magnetic imaging of DWs was also performed by creating DWs, both in Co and
Py layers. For this purpose we applied a strong enough field transverse to the stripes such
that the Co layer also hosts a DW. This results in a much better flux closure between Py
and Co layers resulting in narrow DWs. Fig. 4.10(a-b) shows the XMCD-PEEM images
of narrow TWs in a Py and a Co layer respectively. Again, except on the sides of the
stripe, we can not see the DW in Co layer due to the higher Cu and Py thicknesses.

In conclusion, we have investigated transverse versus vortex DW phase diagram in
spin-valve nanostripes, using numerical simulations and analytical modeling. The Co
layer is initialized uniformly magnetized while the Py layer contains a DW. MFM imaging
confirms the numerical results and shows that the range of stability of TWs is shifted
towards higher thickness as compared to single Py layers due to a magnetostatic screening
effect between the two ferromagnetic layers. Secondly, the transverse walls are always
asymmetric in spin-valves to a larger extent than in single layers.



Chapter 5

Field and current induced domain
wall motion

5.1 Quasistatic field induced domain wall depinning
in magnetic nanostripes

The precise control of DW pinning and depinning from artificially created pinning sites
in magnetic nanostripes is very important for future spintronic devices based on DW
propagation e.g., “Racetrack Memory” [102]. The DW depinning from natural defects or
artificial pinning sites in magnetic nanostripes has been studied by several groups, both
in systems with in-plane [134][55] and out-of-plane magnetization [25][23], under field and
an electric current. The DW depinning revealed stochastic behaviour in these results.

5.1.1 Samples and experimental details

We studied the quasi-static field-induced DW depinning from natural defects in epi-
taxial Py single, Py/Ir bilayer and sputter-deposited Py/Pt bilayer nanostripes. Both
Py and Py/Ir films were deposited on sapphire(0001) substrate of miscut angle 0.05°
and were capped by 2nm Au to protect against oxidation. Py/Pt films were sputter-
deposited on a naturally oxidized Si substrate and were capped by Al(2nm)/Cu(3nm).
S-shaped, 12 pm-long Py (15nm) single layer and 20 pm long Py(10nm)/Ir(10 nm) and
Py (15 nm)/Pt(10 nm) bilayer nanostripes were prepared by combined electron-beam lithog-
raphy and ion-beam etching techniquesa. The width of nanostripes is between 100 to
500nm. The S-shape was choosen to nucleate the DWs at the bends of nanostripes under
applied transverse field. The HH and TT DWs were created by applying an in-plane
magnetic field (Hi,) ~ 50mT transverse to the nanostripes. MFM was used to observe
the DW configurations before and after applying a quasistatic pulse of magnetic field.

We used an electromagnet to apply field pulses of few seconds duration in order to
depin the DW. The field was calibrated using a Hall probe. Different field amplitudes
were used to find the minimum field required to depin the DW. Below I will describe the
results obtained for both Py single and bilayer nanostripes.

99
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5.1.2 Field induced DW depinning in epitaxial Py nanostripes

First, we studied the field induced depinning of DWs in 12 pm long S-shaped Py(15nm)
nanostripes. We observed VWs in these nanostripes as predicted by the DW phase dia-
gram [93]. Fig. 5.1(a) shows the topography of 400 and 500 nm wide stripes. The MFM
images of the HH and TT vortex walls at the bends of these stripes represented by white
and black MFM contrast respectively are shown in Fig. 5.1(b).

Figure 5.1: 400 and 500 nm wide Au(2nm)/Py(15nm)/Al, O3(0001) nanostripes (a) The AFM
topography (b) MFM images of the HH and T'T vortex walls at the bends of the stripes represented
by white and black MFM contrast respectively. The VWs were created by applying an in-plane
magnetic field (Hy) ~ 50mT transverse to the stripes, in the direction indicated by the black
arrow. The white arrows show the direction of magnetization in the nanostripe.

Figure 5.2: MFM images of (al,a2) HH and TT vortex walls in a 300 nm wide stripe before
and after applying a longitudional magnetic field of ~ 2.5mT along the stripes. (b1,b2) and
(c1,c2) TT vortex walls in 400 and 500 nm wide stripes respectively, before and after applying a
longitudional magnetic field of ~ 2mT.

Fig. 5.2(al) shows the initial configurations of HH and TT vortex walls in a 300 nm
wide nanostripe. After applying a longitudional magnetic field (Hgepin) of 2.5mT these
DWs moved in opposite directions, as expected. The (white) HH wall moved upward
towards the nanostripe sharp end. This is clear from the change of the contrast from
black to white at the end of the stripe as shown in Fig. 5.2(a2). The (black) TT wall
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moved downward and got pinned near the bottom end of the stripe where it was slightly
damaged topographically.

Similarly, Fig. 5.2(b1l,cl) shows the initial configuration of TT VWs in one bend of
400 and 500 nm wide stripes respectively. After applying a 2mT longitudional magnetic
field (Hgepin), both DWs moved along the magnetic field towards the sharp end of the
stripes, reversing the magnetic contrast from white to black as shown in Fig. 5.2(b2,c2).

In summary, we observed a stochastic behaviour of the field-induced DW depinning,
as also reported in literature. Slightly different depinning fields were observed for similar
nanostripes of same width and thicknesses at different nanostripe positions near the center
of nanostripe bends. This could be due to different projection of longitudional fields at
different positions due to the nanostripes curvature and different pinning potentials at
different positions due to the edge roughness or intrinsic material defects. The DWs
in 400 and 500 nm wide stripes exhibit depinning fields of almost the same magnitude.
For these stripes, the depinning field ranges between 1.5 and 2.5mT. In 300nm wide
nanostripes slightly higher depinning fields between 2 and 3 mT were found. The average
depinning field for 400 and 500 nm stripes is thus about 2mT while for 300 nm wide
stripes, it is ~ 2.5mT.

5.1.3 Field induced DW depinning in epitaxial Py/Ir and sput-
tered Py /Pt bilayer nanostripes

We also studied the DW depinning in 20 pm long, 300-400 nm wide S-shaped epitaxial
Py(10nm)/Ir(10nm) and sputtered Py(15nm)/Pt(10nm) bilayer nanostripes. In these
stripes, initially all DWs were transverse when prepared under in-plane magnetic field
transverse to the stripes. These metastable TWs can be transformed to VWs and vice
versa by applying a magnetic field. In these samples we were close to the DW phase
boundary and metastable transverse and vortex walls can exist together.

The DWs in epitaxial Py/Ir samples revealed a similar stochastic behaviour as in
single epitaxial Py layers. The average DW depinning field is also almost the same,
~ 2mT for 400 nm wide stripes and ~ 2.5mT for 300 nm wide stripes. The sputtered
Py(15nm)/Pt(10nm) bilayer nanostripes, however, showed smaller depinning field be-
tween 0.5 and 1 mT for 400 and 500 nm wide stripes and between 1 and 1.5mT for 300 nm
wide stripes, thus average depinning fields of 0.75mT and 0.12mT respectively. These
depinning fields are almost one half of the epitaxial samples.

The micromagnetic simulations predict the DW depinning field ~ 0.1 mT for 5 nm thick
and 120 nm wide rough nanostripes with roughness parameter D = 10 nm (corresponds to
the grain size) and Gilbert damping parameter a=0.01 [127]. In our case, the relatively
higher DW depinning field ~ 2 and 2.5mT for 400 and 300 nm wide stripes respectively
and a=0.01, indicates the presence of DW pinning due to the nanostripe edge roughness
or intrinsic material defects.

The possible explanation is that our films are not purely single crystalline but instead
epitaxial bi-crystalline, with two fcc (111) epitaxial twins rotated by 180° with respect
to each other around the j111; planes. The size of the grains in our epitaxial bi-crystal
samples is relatively large with respect to the polycrystalline samples and comparable to
the stripe width (See chapter2 STM images Py and Py/Ir growth). This explains that
the effect on DW pinning may be quite strong. Moreover, the DW depinning fields in our
continuous films before patterning are an order of magnitude lower than for nanostripes
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(See chapter2 section 2.5). On the other hand sputtered samples showed almost the
same depinning field as predicted by micromagnetic simulations for rough nanostripes
with roughness parameter D = 10nm. This shows the weaker DW pinning of sputtered
samples as compared to the epitaxial samples.

5.2 Important current effects in nanostripes

We are interested in studying the DW motion in nanostripes, related to the spin polar-
ization of conduction electrons, but other current-induced effects have to be taken into
account as well. The most important of those are the Joule heating and the Oersted field.
Before presenting my experimental results regarding current-induced DW motion I will
first describe these effects.

5.2.1 Joule heating

The high current densities required to move DWs can cause significant Joule heating in
samples. Joule heating may result in an increase of the critical current density needed
to move the DWs [69] by decreasing spin polarisation [149] and magnetic moment [130].
On the other hand, it may assist the DW depinning because thermal excitations may
reduce the energy barrier of a pinned DW [24]. At very high temperature, above the
Curie temperature, the nucleation of multi-domains has also been reported [144].

Joule heating strongly depends on the current density, the current pulse duration,
the resistivity of the sample, the thermal conductivity of the underlying substrate and
contacts and geometry. The resistivity of the sample increases with heating, resulting in
a decrease of the current density when using voltage pulses as we did in our experiments.
To accurately determine the value of the current density required to move DWs, the
effect of Joule heating must therefore be taken into account. The choice of substrate is
very important to minimize the Joule heating. The substrate should be a good electrical
insulator to avoid short circuiting and a good thermal conductor for better heat dissipation
during and after the current pulse.

We used sapphire(0001) single crystal substrate to epitaxially grow the Py films. Sap-
phire is a very good electric insulator but a relatively poor heat conductor as compared
to a naturally oxidised Si substrate. The thermal conductivities for Si and sapphire
are 148 W/mK and 23 W/mK respectively at RT. The RT electrical resistivity of Si is
3.2 x 10° Q/cm and that of sapphire is 10 Q/cm. We also studied some sputter-deposited
samples on naturally oxidised Si substrates. We observed significant Joule heating for sam-
ples on sapphire, but negligible Joule heating on naturally oxidised Si for similar current
densities.

We used current densities between 3 and 4.3 x 102 A /m?, for Py single layers deposited
on sapphire. The current pulses were recorded by an oscilloscope, which shows that there
is a 13 to 40% decrease in the pulse amplitude at the end of the current pulses of different
current densities and pulse lengths, as shown in Fig. 5.3(a,b). This indicates significant
Joule heating which depends on the current density as well as the pulse length.

Yamaguchi et al. estimated the sample temperature of 20 pm long, 10 nm thick and
240 nm wide L-shaped Py nanostripes deposited on thermally oxidized Si substrate by
measuring the sample resistance during the application of a current pulse. They measured
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Figure 5.8:  Effect of Joule heating on current pulse amplitude at current densi-
ties of (a) 3 x 1012A/m? and (b) 4.3 x 1012A/m? in 12pm long and 300-400nm wide
Au(2nm)/Py(15nm)/Al, O3 (0001) nanostripes. 13 to 40% decrease in the pulse amplitude at
the end of the current pulses for different current densities and pulse lengths is observed.
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Figure 5.4: Effect of Joule heating on current pulse amplitude at current densities of
(a) ~ 1.85x 102 A/m? and (b) ~ 2.4 x 102 A/m? in 20um long and 100-400nm wide
Au(2nm)/Py(10nm)/Ir(10nm) /Al O3 (0001) nanostripes. 6.5 to 16% decrease in the pulse
amplitude at the end of the current pulses for different current densities and pulse lengths is
observed.

a 76% change of resistance (compared to the RT value) for the threshold current density of
6.7 x 10 A/m?, resulting in a 150% rise of temperature (750K) compared to RT [144].
As we observed a 13 to 40% decrease in current (resulting in a 13 to 40% increase in
resistance, as both are proportional), comparing with above results, we estimated our
sample temperature between 350 to 510 K.

For Py/Ir bilayers deposited on sapphire lower current densities (between 5 x 10
and 2.45 x 102 A/m?) were required to move the DWs than for Py single layers, which
results into less Joule heating . Fig. 5.4(a,b) shows a 6.5 to 16% decrease in current pulse
amplitude for current densities of 1.85 x 10" A/m? and 2.45 x 10" A/m?, respectively.
The estimated temperatures corresponding to this decrease in current values are 310 and
360 K respectively. For Py/Pt samples deposited on naturally oxidized Si no decrease in
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current pulse amplitude was seen for similar current densities. This indicates the good
thermal conductivity of naturally oxidized Si compared to sapphire.

5.2.2 Qersted field

The current-induced Oersted field in nanostripes is in directions transverse to the nanos-
tripes. In Py or other soft materials the magnetization is essentially along the nanostripes
length due to the shape anisotropy. Thus the Oersted field should not favour the DW
motion along the nanostripes. However, the Oersted field may act on the DW configu-
ration and, for example, make TWs wider or narrower, acting parallel or antiparallel to
TW magnetization [18]. The Oersted field may thus stabilize transverse walls, preventing
DW transformations. This can result in a suppression of the Walker breakdown for a
given stimulus magnitude resulting in an increase of the average DW velocity, like it was
observed for field induced DW motion in Py nanostripes in the presence of a transverse
magnetic field [18] [111].

D. Morecroft et al. studied experimentally the effect of an Oersted field on current
induced reversal in the presence of a bias field in 2.1 um long and 270 nm wide notched
Co/Cu/Py spin-valve nanostripes [90]. The micromagnetic simulations using a 3D micro-
magnetic model were performed to compare with experimental results. The Py reversal
starts due to a bias field and the Oersted field from the current pulse helps reversal at a
bias field below the switching field. The reversal process was found different from field
induced reversal. It was observed that the Oersted field promotes the depinning of a DW.
The spin torque effects were neglected in these measurements.

Another effect of Oersted field is a transverse tilt in the Py magnetization in the
case of asymmetric Co/Cu/Py nanostripes, during current pulses. This was observed in
time resolved XMCD-PEEM measurements [136]. The underlying Co layer enhances this
effect, acting as a magnetic mirror for the Py layer.

We investigated the effect of the Oersted field on the DW chirality in Py/Ir bilayer
nanostripes, using MFM. Using Ir instead of a spin-valve, allows separating the effect of an
Oersted field from flux-closure magnetostatic interactions between the Py and Co layers
or vertical spin currents [38]. The strength of the Oersted field for a given current density
is varied by varying the thickness of the metallic Ir underlayer. For higher Ir thickness,
there will be more current through the stripes resulting in a higher Oersted field but for
a same current density. We considered the same Ir and Py resistivities and thus the same
current flowing and same current densities in Ir and Py layers of equal thicknesses.

We studied two types of samples with different Ir thicknesses, Py(10 nm)/Ir(10 nm)
and Py(10nm)/Ir(15nm) deposited on sapphire(0001) and capped by 2nm Au. TWs
were created at the bends of 10 and 20 pm long, 300 and 400 nm wide curved and S-
shaped nanostripes by applying a transverse magnetic field of 50 mT. The current pulses
of different current densities between 1.5 to 2.4 x 102 A/m? and pulse length of 3ns were
applied. The Oersted field is not uniform over the Py thickness, thus we considered as the
average Oersted field, the value calculated at the center of the Py layer. We estimated
the Oersted field by using the following relation.

B, = poJz (5.1)

where J is the current density and z is the height measured from the center of the
Py/Ir bilayer structure [Fig. 5.5 (a)].
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Figure 5.5: (a) Oersted field profile (B,) as a function of current density and Ir thick-
ness. The y-azxis corresponds to the estimated average Oersted field acting at the middle of
the Py layer. The z is the distance from the center of the Py/Ir bilayer structure to the
center of the Py layer. The red line shows the Oersted field profile acrosss the Py thick-
ness. (b) TW chirality switching by an Oersted field in 20um long and 400 nm wide S-shaped
Au(2nm)/Py(10nm)/Ir(15nm)/(Al, O3 (0001) nanostripes. MFM images (b1) Initial configu-
ration of head to head TWs (b2) after applying a 2 x 10'2 A/m?, 3ns current pulse.

Fig. 5.5(b1) shows the initial configuration of HH TWs in 400 nm wide Py (10 nm)/Ir(15nm)

nanostripes. The polarity of the current pulses was chosen such that the Oersted field was
opposite to the initial magnetization direction inside the TW. After applying a current
pulse of density 1.6 x 102 A /m? and pulse length 3ns, all the TWs switch their chirality
with their magnetization along the Oersted field as shown in Fig. 5.5(b2). The estimated
Oersted field during this pulse is ~ 15mT.

Estimated Oersted field (mT) Estimated Oersted field (mT)

14 15 16 17 18 12 13 14 15
= 1001 ———— = 1001 ®
3 75 / Z 75
=] -]

[] I []

& &) =

- o 501

£ £

< =

£ 254 —e—400nm wide TWs £ o5l

2 —e— 300nm wide TWs - —8—400nm wide TWs

E 0 E g —e— 300nm wide TWs

1,5 1.6 1.7 1.8 1.9 1,95 2,10 2,25 2,40
Current density (x10°A/m?) Current density (x10'“A/m’)

(a) (b)

Figure 5.6: TW switching probability as a function of current density and corresponding
Oersted field in 300 and 400nm wide (a) Au(2nm)/Py(10nm)/Ir(15nm)/Al Os(0001) (b)
Au(2nm)/Py(10nm)/Ir(10nm)/Aly O3 (0001) nanostripes.
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We measured the probability of DW chirality switching corresponding to each current
density. Fig. 5.6 (a,b) shows the DW switching probability as a function of current density
and corresponding Oersted field for Py(10 nm)/Ir(15nm) and Py(10nm)/Ir(10 nm) bilay-
ers. The DW chirality switching probability increases with increasing current density. For
the Py(10nm)/Ir(15nm) sample, in 400 nm wide nanostripes, TWs show a deterministic
chirality switching field of 16 mT or higher as shown in Fig. 5.6(a). The 300 nm wide
TWs show a higher deterministic switching field of 18 mT, as expected due to the higher
demagnetizing field for narrower nanostripes.

We varied the strength of the Oersted field by changing the thickness of Ir layer
from 15nm to 10nm. Now for the same current density, we have less Oersted field.
As expected, the DW chirality switching requires higher current densities for this sample.
Current densities between 1.9 and 2.4 x 10 A /m?, for pulse lengths of 3 ns, were required
to switch the DW chirality with probability 100 % [Fig. 5.6(b)]. TWs in 300 and 400 nm
wide nanostripes now exhibit switching fields of 15 and 14 mT respectively.

We may expect the DW chirality switching fields to be the same for both sam-
ples with different Ir thicknesses, but we observed about 25% lower switching fields for
Py(10nm)/Ir(10nm) than Py(10nm)/Ir(15nm). The lower switching field is may be due
to relatively good crystalline quality and surface topography of Ir and hence Py in this
sample, because in our case, the best optimised thickness for Ir is 10 nm and above this
value, the Ir and hence Py roughness increases (See chapter2, epitaxial Py/Ir growth).
However, the Oersted field ratio between the two samples would be the same even if
resistivities of Ir and Py are not the same.

We performed micromagnetic simulations in our group (Nicolas Rougemaille) to find
the DW chirality switching field in nanostripes with widths between 200 to 400 nm. A
homogeneous transverse field was applied for the simulations while an Oersted field with
a gradient was acting in the experiments. The simulations give switching fields of 14
4+ 1mT and 9 + 1mT for 300 and 400 nm wide stripes, respectively. The experimental
results are therefore in reasonable agreement with the simulations. We observed very rare
TWs displacement due to transformation by switching their chirality under Oersted field,
although DW auto-motion due to DW transformation has been reported in literature [19].
The DW pinning due to sample imperfections may be the cause of zero or very small rare
displacements.

5.3 Current induced domain wall motion in epitaxial
Py nanostripes

We studied the current induced DW motion in S-shaped, 12 pm long Py 15 nm single layer
and 10 and 20 pm long curved and S-shaped Py(10nm)/Ir(10nm) bilayer nanostripes.
Two different fast current pulse generators with pulse rise time ~ 2 and 5 ns were used to
apply short (< 10ns) and long (> 10ns) current pulses respectively. We consider only the
plateau of the pulses to calculate the DW velocity. For example 5, 10 and 100 ns pulses
are considered as 3, 8 and 95ns. The current densities are corrected for the decrease in
pulse amplitude due to Joule heating. We considered the average value of the current
density at the middle of the current pulse. MFM was used to observe the DW position
and configuration before and after each current pulse.
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5.3.1 Current induced DW motion in Py single layer nanos-
tripes

In this section I will describe the quasistatic DW motion under short (3 and 8 ns) and long
(95 ns) current pulses with varying current densities from 2.5 to 3.55 x 102 A /m? (average
current densities at the middle of the current pulses, corrected due to Joule heating) in
12um long and 300 and 400 nm wide Au(2nm)/Py(15nm)/Al;O3(0001) nanostripes.

Critical current density

The threshold current densities required for the current-induced DW motion reported in
literature are 10'-10'? A /m? for single layer ferromagnetic metallic nanostripes [132][139][60].
A critical current density of 2.5 x 10'? A /m? was observed for current-induced DW motion
in our nanostripes. This value is about 2 to 3 times higher than reported in the literature
for single layer Py nanostripes of similar dimensions [145][146][43]. DW pinning due to
the stripe edge roughness or crystallographic defects as described in section 5.1 above, can
be a possible origin of the high critical current density in our nanostripes. Fig. 5.7 shows
that the top VW in the 300 nm wide nanostripe moves along the electron flow by 3 pm
under a 2.5 x 10" A/m?, 95 ns current pulse. The DW speed is calculated by dividing the
DW displacement by the pulse length. The DW moves with an average speed of 32m/s.
The bottom VW did not move probably due to pinning.

Figure 5.7: MFM image of HH and TT VWs moving along the electron flow in a 300 nm wide
Au(2nm)/Py(15nm)/Al, O3 (0001) nanostripe (I) Initial configuration of VWs in 300 nm wide
nanostripe (II) after applying a —2.5 x 1012 A/m?, 95ns current pulse. The black and white
arrows corresponds to the electron-flow and temperature gradient directions respectively.

Domain wall motion without transformation

The DW velocity increases upon increasing the current density above the threshold value.
Fig. 5.8(a) shows the initial configuration of HH and TT VWs (except one HH TW in
300 nm stripe, the only one observed during all measurements, may be due to topographic
defect of nanostripe at this position) in 300 and 400 nm wide nanostripes. After applying
a current pulse of current density 3.4 x 102 A/m? and pulse length of 3 ns, all the DWs
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move together, along the electron flow direction. as shown in Fig. 5.8(b). Most of the
DWs move over a distance of about 1.2 um, except the top VW in the 400 nm wide stripe,
resulting in an average speed of ~ 400m/s. The top VW in the 400 nm wide stripe moves
about 0.4pnm, with a speed of 133m/s. The small distance moved by this DW may be
due to DW pinning. All DWs move together in the same direction and over almost the
same distance, which is the expected behaviour if only STT acts on the DWs. However
this expected behavior was not observed very often in our samples, and most of the time,
DW transformations and motion against the electron flow took place as described below.

Figure 5.8: MFM image of VW motion in 300 and 400nm wide and 12pm long S-shaped
Py 15nm nanostripes (a) Initial configuration of HH (lower) and TT (upper) VWs. (b) After
applying a 3.4 x 1012 A/m? 3ns current pulse. The black arrows indicate the direction of electron
flow and the transverse magnetic field (Hy) applied to create DWs at the nanostripe bends. The
white arrows show the magnetization orientation in the nanostripes.

Domain wall transformations and Joule heating

The nucleation and annihilation of double or triple vortices has been reported in 1 pm
wide and 28 nm thick Py nanostripes [60]. This nucleation and annihilation of vortices
occurred in the vicinity of the existing vortex. In their case, a modest rise of temperature
of ~ 60 K was observed for the maximum used current density, and DW pinning might
be the main origin of this vortex nucleation/annihilation.

We also observed the DW transformations from single to double vortex walls (DVWs)
and vice versa in both 300 and 400 nm wide nanostripes. Fig. 5.9(a) shows the initial
configuration of HH and TT VWs in a 400 nm wide nanostripe. After applying a negative
current pulse of current density 3.4 x 102 A/m? and pulse length 3 ns, the top VW moved
down against the electron flow 0.2yum with a velocity of 67m/s and the bottom VW
transforms from a VW into a DVW without moving, as shown in Fig. 5.9(b). After the
application of two more similar individual current pulses, the top VW moves down further
against the electron flow by 0.2 and 0.1 pm with velocities of 33 and 67 m/s respectively,
while the bottom DVW moves up, along the electron flow, by 0.4 pm with a velocity of
133 m/s and then transforms again into a single VW after the next pulse, by moving with
the same velocity [Fig. 5.9(c,d)].
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Figure 5.9: Domain wall transformations from single to double vortex and vice versa.(a) Ini-
tial configuration of HH (lower) and TT (upper) VWs in 400 nm wide nanostripe (b-d) after
each consecutive —3.4 x 1012 A/m?, 3ns current pulse. The black and white arrows indicate the
direction of electron-flow and the temperature gradient respectively, in the nanostripes.

In several cases we observed that the DWs move towards the center of the wire,
against the electron flow, and this may be related to the heat gradient. The voltage
resulting from a temperature difference, “the Seebeck effect” is a well known effect. The
efficiency of the Seebeck effect is represented by Seebeck coefficient which is given by the
ratio of generated voltage to the temperature difference. In the case of magnetic metals,
a spin dependence of the Seebeck coefficient results into a thermoelectric spin potential
named, “the spin-dependent Seebeck effect” [133]. Different groups have evidenced this
effect in ferromagnetic conductors both experimentally and theoretically, showing that
the magnonic spin currents caused by temperature gradients results in a ST'T comparable
with current-induced torques, and can move a domain wall towards the hotter part of the
stripe [50] [148].

The uni-directional DW motion towards the midddle of the nanostripes, due to a
temperature gradient, has recently been reported [131]. During the current pulse, the
nanostripe temperature rises instantly and uniformly. After the current pulse, during
cooling, heat evacuation takes place through the substrate and the contacts. At the ends
of the wire, in contact with the Au pads, the heat evacuation is faster as compared to the
middle of the stripe. There exists thus a very strong temperature gradient, with a higher
temperature at the middle of the stripe. As a consequence, the DW moves towards the
middle of the stripe after the pulse due to the temperature gradient. It has also been
shown that in the absence of pinning and DW transformations, the DW can move longer
distances if temperature gradient and spin torque act in the same direction and shorter
distances if they act in opposite directions [131].

In our case, the shape of the current pulses indicate significant Joule heating, leading to
a 30 to 40% decrease of the pulse amplitude at the end of the current pulses. The sapphire
substrate is not a good heat conductor, as compared to the normally used naturally
oxidized Si substrates. If we look at Fig. 5.9(c), the DVW that moves along the electron
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flow shows a 2 times larger displacement (0.4 pm) than the single vortex that moves against
the electron flow (0.2 pm), even if a lower mobility of DVWs as compared to single VWs
has been reported [60]. The larger displacement of the DVW can be explained by the
fact that, for the DVW the temperature gradient and STT push it in the same direction,
while for the single VW they oppose each other, resulting in a smaller displacement.

Statistics of domain wall motion

Fig. 5.10(a~c) shows the DW displacement and velocity distributions as a function of
current density and pulse length respectively. About 60 events were analyzed for short
(3 and 8ns) current pulses for different current densities and 10 events for long (95 ns)
pulses for single lower current density to avoid large Joule heating. About 62% of the VWs
moved along the electron flow with 42% also moving towards the nanostripe center (29%
transform to DVW and half of them moved towards the nanostripe center). The remaining
38% move opposite to the electron flow and also towards the center of the nanostripe (20%
transform to DVW) as shown in Fig. 5.10(a). This means that in total, about 80% of the
DWs moved towards the nanostripe center, including 62% along STT and 38% against
it. 49% of VWs transform into DVWs with 35% moving towards nanostripe center and
14% away from the center. (Each percentage value corresponds to the percentage of total
VWs considered in the statistics).

Fig. 5.10(b) shows that about 61% DVWs moved along the electron flow with 22%
towards the stripe center (34% transfrom to VW with 13% moving towards stripe center)
and remaining 39% moved opposite to the electron flow with 28% towards stripe center
(22% transform to VW with 17% moving towards stripe center). So, in total, about 50%
DVWs moved towards nanostripe center and 50% away from center, with 61% along STT
and 39% against it. 56% of DVWs transform to VWs with 30% moving towards stripe
center. (Each percentage value corresponds to the percentage of total DVWs considered
in statistics).

This indicates that the temperature gradient plays a larger role in moving the DW
than the STT : the DWs move more often against the electron flow than against the
temperature gradient. Both higher current densities and relatively poor heat conductor
sapphire substrate as compared to Si are responsible for the higher temperature gradient
in our nanostripes. This confirms the uni-directional DW motion due to thermal effects
as also reported in the literature [131].

Fig. 5.10(a,b) also shows that DW displacement is not proportional to the pulse length
and instead there is a distribution of displacements. Furthermore, stochastic behaviour of
DW propagation was found. The DW propagation probability increases with increasing
the current density. This reveals the presence of pinning in our stripes, which results into
smaller DW velocities for longer current pulses. We found almost similar velocities in
both 300 and 400 nm nanostripes. The maximum velocities found for single VWs in Py
15nm thick and 300 and 400 nm wide nanostripes are ~ 533 m/s under a current density
of ~ 3.4 x 10" A/m? [Fig. 5.10(c)]. This value of velocity is more than 3 times higher
than reported in literature ~ 150m/s for 200 nm wide single Py layer nanostripes for a
current density of 1.6 x 102 A/m? [42], two times lower than the value of the current
density in our case.

Lower velocities were found for DVWs which move with maximum velocities of ~
270m/s for a current density of ~ 3.4 x 102 A/m? [Fig. 5.10(c)]. This value of DVW



5.3. CURRENT INDUCED DOMAIN WALL MOTION IN EPITAXIAL PY NANOSTRIPES111

4 2
E 31 4 M = 3ns - DVW « 3ns .
= 5. » A g e 8ns | o o
kS A 95ns| . = 11 A 95ns| .
o 1 { ] S :
g = l £ A | @
8 0 g0
8 . & = e
% -1 ° : * % .
g 297 ° T -1 e -
: |
24 26 28 30 32 34 38 24 26 28 30 32 34 36
Currentdensity (x10"* A/m?) Current density (x10' A/m®)
(a) (b)
600 u VW 6004 —a—VW along e
—e—DVW along e
—~ 400 :mo o : o 400 —A— VW against e
£ v DVW to VW , : E —y— DVW against e
E 200{ - < 200
-y & i £
g 0__! s N é _— ?\ T =z
g = ! ' ; _ _ \V
. -400
E -400 s a
. -600 - 1
-600 1y 0 O S S O '
24 26 28 30 32 34 36 24 26 28 30 32 34 36
Current density (x10'* A/m?) Current density (x10'? A/m?)

(c) (d)

Figure 5.10: DW displacement distribution (a) single VWs (b) double VWs (c,d) DW wvelocity
distribution and average DW welocity respectively along and opposite to the electron-flow as a
function of current pulse length and current density for single and double VWs in 300 and 400 nm
wide Au(2nm)/Py(15nm)/Al O3(0001) nanostripes. Positive and negative displacements and
velocities corresponds to motion along and opposite to the electron flow respectively. About 60
events were analysed for pulse lengths 3 and 8ns and 10 events for 95 ns.

velocity is about three orders of magnitude higher than reported by Klaui et al for 28 nm
thick and 1 pm wide Py nanostripes [61] using a four times lower current density. In their
case, they did not observe significant Joule heating (max. rise in temperature ~ 60 K),
instead they observed DW pinning, so in our case higher temperature gradient due to
Joule heating may also be partially responsible for the higher DVW velocities. Moreover,
they used microsecond long pulses, which may result into smaller DW velocities due to
DW pinning.

Fig. 5.10(d) shows that the average DW velocity increases with increasing current
density. The average DW velocity along the electron flow for single VWs in 300 and
400 nm wide nanostripes is ~ 350m/s (black squares connected by solid black line) for a
current density of ~ 3.4 x 102 A/m?. For DVWs the average velocity is ~ 150 m/s (red
disks connected by solid red line), for the same current density. By further increasing the
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current density, the DWs velocities decreases due to large Joule heating.

In conclusion, we studied current induced DW motion in epitaxial Py nanostripes
deposited on sapphire(0001). We observed high maximum VW velocities along the
electron flow reaching 533 m/s for 3ns short current pulses with a current density of
3.4 x 102 A/m?. Although, these values of DW velocities are more than 3 times higher
than reported in literature but current density corresponding to these velocities is also
about 2 times higher. This higher current density causes significant Joule heating result-
ing very often in DW transformations and DW motion against electron flow direction.
The DW displacement does not scale with the current pulse length due to pinning, and
longer current pulses result in smaller average DW velocities. An average DW velocity
of 350 m/s is obtained with a current density of 3.4 x 10 A/m?. Contrary to what we
expected, the DW pinning in these high-quality epitaxial films is thus higher than for
most samples reported in literature, obtained by sputtering. I will discuss some possible
origins of this increased pinning in the general conclusions. It is clear that a decrease
of DW pinningin in order to reduce the critical current density is necessary for device
applications.

5.3.2 Current induced DW motion in Py/Ir bilayer nanostripes

In contrast to single layer ferromagnetic systems, in FM/NM bilayer systems, where FM
= ferromagnetic and NM = nonmagnetic, in parallel to STT there exist other effects
which can influence the current induced DW motion e.g., the Oersted field due to current
passing through NM layer or spin Hall effect. The SHE is acting at the interface and
is thus more effective for small FM layer thickness. In our case, in the Py/Ir bilayer
system, the Py thickness is 10 nm, so we expect negligible SHE. On the other hand there
is an Oersted field acting on the Py layer due to the current passing through the Ir layer.
Therefore, 1 will discuss effect of an Oersted field along with the STT on DW motion in
these stripes.

We studied two types of samples with different Ir thicknesses: Py(10nm)/Ir(10 nm)
and Py(10nm)/Ir(15nm). The different Ir thicknesses allowed us to vary the strength
of the Oersted field for the same average current density in the nanostripes. In contrast
to Py single layers where VWs were observed in Py/Ir bilayer nanostripes, we observed
TWs when initially prepared under an in-plane magnetic field transverse to the stripes.
As for Py 10 nm thickness we are close to the phase boundary in the DW phase diagram,
both metastable transverse and vortex walls may exist together. The metastable TWs
can transform to VWSs and vice versa by supplying some energy through external source
e.g., current or thermal energy. We saw in section 5.2.2 that the Oersted field can switch
the chirality of TWs. The current densities required for switching the DW chirality
are of the same order of magnitude as the ones required for DW propagation in our
nanostripes of width 300 and 400 nm. Here I will describe the DW propagation results in
these nanostripes and will compare these results with those of single layer Py nanostripes,
where the net Oersted field is zero.

Critical current density and domain wall motion with transformation

We studied DW motion in 300-400 nm wide nanostripes under different pulse widths
from 1 and 25ns and current densities between 7 x 10" A/m? and 2.24 x 102 A/m?.
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The critical current density of 7 x 10" A/m? was observed to move the DWs in Py/Ir
bilayer nanostripes. This current density is about one fourth of that of our single layer
Py nanostripes (2.5 x 10'2 A/m?) as described above and is comparable to the values
reported in the literature [132][139][60].

Fig. 5.11(a) shows the scanning electrom microscope image of 20 pm long and 100 to
400nm wide Au(2nm)/Py(10nm)/Ir(10 nm)/(Al,O4(0001) nanostripes. Fig. 5.11(b)(I)
shows MFM image of initial configuration of HH (lower) and TT (upper) TWs with
positive and negative asymmetries respectively in a 20 pm long and 400 nm wide S-shaped
Py(10nm)/Ir(10 nm) nanostripe. After applying a —7 x 101 A/m?, 5ns current pulse
both TWs transform into VWs moving in opposite directions. The upper TW moves
up 1.6 pm, opposite to the electron flow direction, with an average speed of 320m/s as
shown in Fig. 5.11(b)(II). The lower TW moves down 0.4 pm, along the electron flow,
with a speed of about 80m/s. In many occasions these transformations were observed in
these bilayer stripes resulting in DW displacements along or opposite to the electron flow
direction.

Figure 5.11: (a) Scanning electron microscope image of 20 pm long and 100 to 400 nm wide
Au(2nm)/Py(10nm)/Ir(10nm)/ (Al O3 (0001) nanostripes (b) MEM image of (I) initial config-
uration of HH and TT TWs in a 400 nm wide nanostripe (II) and after applying a 3ns current
pulse with current density —7 x 10* A/m?.

J. Y. Chauleau et al. has reported experimentally and explained analytically and
numerically, that DWs can undergo a large intrinsic displacement, called auto-motion, due
to the DW structural transformation. Displacements more than 3 times larger than under
STT only were measured. The direction of displacement is related to the sense of change,
not to the sense of triggering the transformation [19]. They studied DW transformations
from asymmetric TWs to VWs in 17.5nm thick and 450 nm wide Py nanostripes. They
suggested that a typical displacement of 1 pm may occur from asymmetric TW to VW
transformation and vice versa. The vortex core entered from the asymmetric edge of the
TW, called half hedgehog vortex, and then moved towards the center of the nanostripe
Yo = £w/2 (y. is the position of the vortex core across the width w of the nanostripe)
resulting in an extra displacement due to a change in the generalized DW magnetization
angle ¢ (maximum, ¢ = £7/2). This extra displacement, in addition to the displacement
due to the STT, may result into over-estimation or under-estimation (if STT and auto-
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motion act in opposite directions resulting in a smaller displacement) of DW velocities.
Moreover, auto-motion does not depend on type of excitation for DW transformation
(field or current).

They proposed an analytical model under assumption of a constant DW width to
calculate the displacement due to auto-motion given by q = (7/2)Ar/a, where Ar is the
Thiele DW width and «, the Gilbert damping parameter. They calculated the Thiele
DW width from micromagnetic simulations, giving a At = 26 nm for a 17.5nm thick and
450 nm wide Py nanostripe. This gives q = 2.04pum for v = 0.02. This value of ¢ is
slightly larger than the maximum value 1.7 pm, that they measured experimentally.

They also demonstrated that two asymmetric HH and T'T transverse walls with oppo-
site asymmetries (positive and negative) transforming to VWs, move in opposite directions
under the same current pulse. On the other hand, two asymmetric TWs with the same
asymmetries moved in the same direction when transformed into a VW. The displacement
due to DW transformation in both directions can be different, if it takes place along or
opposite to the electron flow direction [19].

We also observed asymmetric TWs with opposite asymmetries, transformed into VWs
moving in opposite directions as shown in Fig. 5.11. The upper TW moves up as expected
due to auto-motion by about 1.6 pm (opposite to the electron flow direction), while the
lower TW moves down along the expected direction 0.4 pum (along the electron flow as
well) as shown in Fig. 5.11(b)(II). The DW may be get pinned after motion resulting in
a smaller displacement along the electron flow direction.

Domain wall motion without transformation

We also observed DW motion without transformation for both vortex and transverse
walls. Fig. 5.12(I) shows the initial configuration of HH TWs in 10 pm long and 300
and 400 nm wide curved-shap nanostripes. After applying a 2.2 x 102 A/m?, 3 ns current
pulse, the TW in 400 nm stripe moved about 0.8 pm along the electron flow direction
with a velocity of 267 m/s. The TW in the 300 nm wide stripes did not move and remains
pinned [Fig. 5.12(1I)].

Figure 5.12: TW motion n 10pm long 300 and 400nm wide curved-shape
Au(2nm)/Py(10nm)/Ir(10nm)/(Al, O3 (0001) nanostripes. (I) MFM image of initial configu-
ration of HH TWs (II) after applying a 3ns current pulse of current density 2.2 x 102 A /m?.
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Fig. 5.13(a) shows the initial configuration of HH (upper) and TT (lower) TWs and
VWs in 20 pm 300, 400 and 400 nm wide nanostripes from left to right. After applying
a 2.2 x 102 A/m?, 25ns current pulse all four DWs in 400 nm wide nanostripes move up
along the electron flow, but in the 300 nm wide stripe the DWs do not move and remained
pinned as shown in Fig. 5.13(b). As all HH and TT DWs move in the same direction,
this suggests that DWs move due to STT. The bottom VWs move up by about 1.8 pm,
with an average velocity of 72m/s. The upper TW and VW also move up about 1.2 and
1.8um along the electron flow, with velocities of about 50 and 72m/s respectively. We
noticed that these DW velocities are smaller than for shorter pulse widths with similar
current densities.

Figure 5.13: TW and VW motion in 20pm long and 300, 400 and 400nm wide S-shaped
Au(2nm)/Py(10nm)/Ir(10nm)/ (Al O3 (0001) nanostripes from left to right (a) Initial configu-
ration of HH and TT TWs and VWs (b) after applying 25ns current pulse with current density
2.2 x 10'2 A/m?. The white arrows indicate the direction of magnetization in the nanostripes.

Statistics of domain wall motion

The different DW displacements for similar current pulses in 400 nm stripes suggest the
presence of DW pinning due to nanostripe edge roughness or intrinsic material defects. We
observed very often DW transformations, so DW motion without and with transformation
(auto-motion), may also result into different displacements. This results into a distribution
of DW displacements and hence velocities as shown in Fig. 5.14(a-c). For each pulse length
between 10 to 15 events were analysed.

Fig. 5.14(a) shows that in the case of initial state as TWs, about 46% moved along the
electron flow (36% of total transform and as expected, moved in the direction of change
of DW angle and also away from the nanostripe center, remaining 10% also moved away
from the nanostripe center but without transformation). 54% TWs moved opposite to
the electron flow (34% transform and moved in the expected direction and also away
from the nanostripe center, remaining 20% moved towards the nanostripe center without
transformation). The different transformations that occur are from TW to VW, a change
of TW chirality due to the Oersted field or a change of TW asymmetry. (Each percentage
value corresponds to the percentage of total TWs considered in statistics).
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Figure 5.14: DW displacement distribution with initial state (a) TWs (b) VWs (c,d) DW ve-
locity distribution and Average DW wvelocity with TWs and VWs as initial states, in 400 nm
wide Au(2nm)/Py(10nm)/Ir(10 nm ) /Al O3 (0001) nanostripes along and opposite electron flow
direction respectively as a function of current density and current pulse width. Positive and neg-
ative displacements and velocities corresponds to along and opposite electron flow respectively.

It is clear that TW motion opposite to the electron flow is either due to TW trans-
formation or to TW motion towards the nanostripe center due to Joule heating. As
already explained, auto-motion due to DW transformations takes place in the direction of
change of the DW angle and is independent of the electron flow direction, which is con-
sistent with our measurements [19]. The displacements observed corresponding to TW
transformations are between 0.1 to 1.6 pum. The higher displacement values agree well
with the predicted and experimentally reported values due to auto-motion. The smaller
displacements are mostly due to the DW pinning. It was observed in most of the cases
that, whenever TW results into smaller DW displacement after transformation, it was
initially pinned and did not move under several pulses. However, a few cases of TW mo-
tion against STT, resulting in smaller TW displacement after transformation were also
seen. Secondly, the possible explanation for 20% TWs which moved against the electron
flow but also towards the nanostripe center without transformation is the temperature
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gradient due to Joule heating, which can result into uni-directional DW motion towards
the nanostripe center [131].

36% of the TWs which moved along the electron flow direction were transformed, which
can result in an extra displacement due to auto-motion and hence to over-estimation of the
TW velocity, but we also observed some TWs moving without transformation. Fig. 5.14(c)
shows that the maximum velocity observed for TWs in 400 nm wide nanostripes along
the electron flow is 700 m/s. This value corresponds to TW transformation by changing
its chirality, which may include an extra displacement due to auto-motion resulting in an
over-estimation of the velocity. However, maximum TWs velocities ~ 400 m/s without
transformation were also observed in these stripes. Longer current pulses result again in
smaller average TW velocities. Similarly higher TW velocities above 400 m /s opposite to
the electron flow are also due to TW transformation, however, from transverse to vortex
walls.

Fig. 5.14 (b) shows that in case of a VW as initial state, about 65% moved along the
electron flow (23% transform from VW to TW with TW magnetization parallel to the
Oersted field, remaining 42% moved without transformation with half towards nanostripe
center and half away from center) and 35% moved opposite to the electron flow (all of
them transform from VW to TW and also moved towards the nanostripe center). The VW
motion due to transformation gives higher VW velocities of 400 m/s along electron flow
and 600m/s opposite to electron flow in 400 nm wide nanostripes. However, maximum
VW velocities of 200m/s without VW transformations were observed in these stripes as
shown in Fig. 5.14(c). The lower VW velocities corresponding to longer current pulses
and smaller DW displacements are attributed to DW pinning.

The average velocity for transverse and vortex walls is ~ 365 m/s for a current density
of 1.7 x 1012 A/m?, as shown in Fig. 5.14(d). This is almost 3 times higher than reported
in literature for VWs in 10 nm thick and 300 nm wide Py nanostripes for a similar current
density (1.5 x 10" A/m?) [43]. Upon further increasing the current density, a decrease
in average DW velocities is observed for both transverse and vortex walls. For higher
current densities (higher voltage), we had to use a different pulse supply that did not
allow applying short pulses. The pulse length is thus larger for higher current densities,
resulting in smaller average DW velocities due to the influence of DW pinning.

There are issues with pinning, DW transformations and Joule heating also in these
samples. However, for DWs that behave as expected under STT, the maximum velocities
are higher than our and other single Py layers reported in literature, for similar current
densities. A possible explanation for the higher efficiency of current-induced DW motion
in our bilayer nanostripes is the influence of the Oersted field. The Oersted field during
the current pulse can stabilize the DW against transformations. This can suppress the
Walker breakdown resulting in higher DW velocities. We observed some transformations
from transverse to vortex walls even in the presence of an Oersted field, due to the fact
that VW is energetically more favourable in nanostripes of these dimensions. Less Joule
heating was observed in these stripes (current densities are also lower) as compared to our
single layer Py nanostripes, where the most of the DWs moved towards the nanostripe
center due to strong temperature gradient, which is not the case here.

In conclusion, for 400 nm wide Py(10nm)/Ir(10nm) bilayer nanostripes, we obtained
high maximum TW velocities (up to 400 and 700 m/s) and maximum VW velocities of (200
and 400 m/s) along the electron flow, without and with DW transformation respectively,
under a current density of 1.7 x 10'2 A/m?. This value of the current density is about
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half the one needed to reach similar velocities in our Py single layers. Moreover, the TW
velocity is about 3 to 5 times and VW velocity is about 2 to 3 times higher than the one
reported in literature 150 m/s for single layer Py nanostripes, for similar current densities
[42]. For 300 nm wide Py(10 nm)/Ir(10nm) stripes (not presented here, small number of
DW motion events due to higher pinning in these stripes), maximum velocities of 300 m/s
were observed for TWs for similar current density of 1.7 x 102 A/m?. Like Py single
layers, a large distribution of velocities was observed for both transverse and vortex walls
in Py/Ir bilayers. The average TW and VW velocity in 400 nm wide nanostripes for a
current density of 1.7 x 10'2 A/m? is 365m/s.

The current induced Oersted field may be at the origin of this higher efficiency in
Py/Ir stripes than in single layer Py nanostripes. Micromagnetic simulations and time-
resolved measurements could give a better insight in the effect of an Oersted field on
the DW dynamics. The DW transformations due to metastability of transverse and
vortex walls in Py /Ir bilayers can be avoided bybdecreasing or increasing the Py thickness
respectively, like we get for Py single layers in which we observed only stable VWs due
to the higher Py thickness (15nm). The Joule heating can be reduced by depositing a
semiconducting layer on top of the sample covering the whole substrate, which should
be a bad electrical conductor to avoid short circuiting but a good thermal conductor for
better heat dissipation through this layer.

5.4 Current induced DW motion in sputtered Py /Pt
bilayer nanostripes

Recently, both analytically and using micromagnetic simulations, high TW velocities ~
300 m/s due to the spin Hall effect in Py /Pt bilayer nanostripes were suggested [115]. The
micromagnetic simulations were performed for 2 pm long and 80 nm wide Py (4 nm)/Pt(3 nm)
bilayer nanostripes using standard Py and Pt parameters. a was choosen equal to 0.02
and £ from 0.01 to 0.03. For a > (3, just before the Walker breakdown, they observed
a maximum TW velocity of ~ 240m/s, opposite to the electron flow. This reverse DW
motion was observed for only one current polarity. This DW velocity was observed for a
spin Hall angle of 0.1° and was almost 5 times larger than for zero spin Hall angle.

For oo < 8 considering oo = 0.02 and 5 = 0.03, just before the Walker breakdown, high
DW velocities ~ 325m/s along the electron flow were found. In contrast with the case
a > (3, no DW motion opposite to the electron flow was observed. In all cases, the effect
of the Oersted field on the DW velocity was found to be negligible.

We studied the current induced DW motion in sputter-deposited Py (15 nm)/Pt(10 nm)
bilayer nanostripes on naturally oxidized Si substrate with Ta as buffer layer and capped
by Al(3nm)/Cu(2nm) layers to protect against oxidation. 50pm long and 1pm wide
zigzag shaped nanostripes with zigzag angle of 90° [Fig. 5.15(a)] were prepared by com-
bined electron-beam lithography and lift-off techniques. Ti(20nm)/Au(50 nm) contact
electrodes were deposited by electron-beam evaporation and lift-off techniques, to pass
the current pulses through the nanostripes. HH and TT DWs were created at the bends
of zigzag nanostripes by applying strong in-plane magnetic field of 50 mT transverse to
the stripes. We observed VWs in these stripes as predicted by DW phase diagram in
nanostripes of these dimensions [93].

In our case the Py layer is about 4 times thicker than in the work described above
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(a)

Figure 5.15: Current induced Vw motion mn 1pm wide
Al(3nm)/Cu(2nm)/Py(15nm)/Pt(10nm)/Ta(3nm)/Si nanostripes. (a) SEM image of
50pm long and 1pm wide zig-zag shaped Py/Pt bilayer nanostripes (b) MFM image of initial
configuration of TT vortex wall and after applying 1 x 10*2 A /m?, 7ns long negative and positive

current pulses respectively. The white arrows indicate the direction of magnetization in the
nanostripe.

(4nm) [115] and we expect negligible SHE acting in our Py/Pt bilayer nanostripes, since
the SHE is acting at the interface and is thus more effective for small Py thickness.
Instead, the effect of an Oersted field is more dominant in our stripes due to larger Pt
thickness, which will be discussed along with STT.
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Figure 5.16: Current induced VW motion n 1pm wide

Al(3nm)/Cu(2nm)/Py(15nm)/Pt(10nm)/Ta(3nm)/Si  nanostripes. (a) VW displace-
ment distribution (b) Average VW welocity, as a function of current density under 7ns current
pulses.

Fig. 5.15 (b) shows the initial configuration of a TT VW in a 1 pm wide Py /Pt bilayer
nanostripe. After applying the negative and the positive current pulses of current density
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1 x 10 A/m? and pulse length 7ns, the VW moves forward and backward, respectively,
each time along the electron flow between two pinning sites. The VW moves each time
about 1.75 pm with a speed of ~ 250m/s. We repeated 13 times applying same positive
and negative pulses and observed that the DW always moves the same distance along the
electron-flow. This indicates that DW motion is reproducible in our nanostripes. We do
not observe transformations from vortex to transverse walls, probably because we are well
above the phase boundary in the DW phase diagram, where VWs are energetically more
favourable [93].

We observed different DW displacements in nanostripes at different positions under
similar current pulses, which indicates the presence of DW pinning. This results into
a distribution of displacements. Fig. 5.16(a) shows the VW displacement distribution
as a function of current density under 7ns current pulses. The average DW velocity
corresponding to each current density is shown in Fig. 5.16(b).

The maximum DW velocity in these experiments is ~ 250 m /s, which is about 2 times
higher with a current density 2 times lower, than for single layer Py nanostripes ~ 150 m/s
reported in literature [42]. A possible origin of this high efficiency in our Py/Pt bilayer
system is the Oersted field. An Oersted field of ~ 9.4mT is estimated for a current
density of 1 x 10" A/m?, corresponding to the maximum DW velocity. The Oersted
field is calculated by considering the same Py and Pt resistivities. Without the Oersted
field VWs are expelled at the edge of the nanostripes above a certain threshold velocity,
resulting low maximum velocity. If the STT and Oersted field act in opposite directions on
the vortex core, the vortex core position may be stabilized inside the nanostripe, delaying
DW transformation and hence increasing the velocity.

Micromagnetic simulations performed in our group (Nicolas Rougemaille) confirm that
an Oersted field affects the vortex core within the nanostripe during VW motion. When a
longitudinal field of 2 mT was applied along the nanostripe axis, the vortex core is expelled
after a few nanoseconds. When a transverse field of 20mT was applied opposite to the
vortex core expulsion direction, in addition to the longitudional field along the nanostripe
for VW motion, the VW displacement is 5 times larger before transformation.

In conclusion we studied current induced DW motion in Py /Pt bilayer nanostripes. We
observed reproducible VW motion between two pinning sites with an average velocity of
250 m/s under a current density of 1 x 10'® A/m? for 7ns current pulses. This is the lower
bound of the velocity, higher velocities can be possible by using shorter current pulses.
The current density corresponding to this velocity is about one half the one in our epitaxial
Py/Ir bilayer samples and 2 to 3 times smaller than other Py single layers reported in
the literature [43][42]. We did not observe DW motion against electron-flow in Py/Pt
nanostripes in contrast to epitaxial samples deposited on sapphire. In epitaxial samples
some DWs moved against electron flow due to Joule heating which was negligible here due
to relatively low current densities in sputtered samples deposited on Si and good thermal
conductivity of Si as compared to sapphire. The high efficiency of current induced DW
motion in Py /Pt bilayers may be due to the Oersted field. The micromagnetic simulations
confirm the VW stabilizing effect of the Oersted field on VW motion, resulting in higher
VW displacement and hence velocity before transformation. Micromagnetic simulations
under current instead of field and time-resolved measurements will be performed in the
near future to observe the effect of an Oersted field on the VW dynamics.



Conclusion

The goal of my Ph.D work was the optimization of single crystal epitaxial growth of Py
and Su-Py films by PLD on sapphire(0001) substrate with and without Ir buffer layer,
with less structural defects and surface or interface roughness, to study current-induced
DW motion in nanostripes patterned from these films. The expected high crystal quality
of these films was expected to lead to a reduction of the DW pinning and hence the
critical current density for DW motion. Polycrystalline Py /Pt films were also prepared
by sputtering on naturally oxidized Si substrate to compare the results with epitaxial
samples.

High quality epitaxial fcc (111) Py and Su-Py films with very small roughness ~ 0.1 nm
were obtained, however, these films are bicrystalline. They show very soft magnetic be-
haviour with coercive fields of 0.1, 0.3mT for Py and Py/Ir films and 0.02, 0.07mT for
Su-Py and Su-Py/Ir films respectively. The Py films as expected to show no magnetocrys-
talline anisotropy but we observed weak step induced uniaxial anisotropy whose strength
depends on the sapphire miscut angle and growth temperature. In the nanostripes, this
small substrate-induced uniaxial anisotropy is dominated by the shape anisotropy, which
keeps the magnetization direction along the nanostripe length.

MFM was used to observed the DW position and internal structure before and after
the field or current pulses. Stochastic behaviour of field-induced DW depinning from
natural defects in both Py(15nm) and Py(10nm)/Ir(10 nm) nanostripes was observed.
The average DW depinning field in 400 and 300 nm wide nanostripes is ~ 2 and 2.5mT
respectively. These values of depinning fields are almost two times higher than predicted
by micromagnetic simulations ~ 1mT for 5 nm thick and 120 nm wide rough nanostripes
with grain size < D >= 10nm [127], probably due to extended defects and bicrystallinity.
The grains size in our epitaxial bi-crystal samples is relatively large with respect to the
polycrystalline samples (~ 10nm) and is comparable to the stripe width. This may result
into stronger DW pinning. On the other hand sputtered Py films show relatively smaller
depinning field of 0.75mT for 400 nm and 1.2mT for 300 nm wide stripes.

This high pinning leads to the need for high current densities to move DWs. The
minimum current density for which the DW motion was observed is 2.5 x 10" A/m? in
single layer Py nanostripes, which is 2 to 3 times higher than observed by other groups in
similar stripes [132][139][60]. Very high DW velocities, with maximum velocity exceeding
500m/s were found for current density 3.4 x 1012 A /m? in these stripes. The highest DW
velocities were found quite rarely. The DW displacement does not scale directly with the
pulse length and the DWs get pinned before the end of the pulse, making that higher
velocities were obtained for shorter current pulses. Moreover, the high current density
required for higher DW velocities gives rise to significant Joule heating resulting sample
temperature 510 K. This results into DW transformations [60] and very often DW motion
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against the electron flow or towards the stripe center due to strong temperature gradient
present in the nanostripes, as also reported in the literature [19].

In contrary to Py single layers, small critical current density of 7 x 10'* A /m?, compa-
rable to reported in literature was observed in Py(10nm)/Ir(10 nm) bilayer nanostripes.
However, DW motion was found to be stochastic due to DW pinning and very rare repro-
ducible events were observed. This results in a distribution of velocities with maximum
very high velocities of 400 and 700 m/s for Vortex and transverse walls respectively with a
current density of 1.7 x 1012 A /m?, in 400 nm wide nanostripes. These values of velocity
are 3 to 5 times higher than observed in single layer Py nanostripes having similar dimen-
sions, for similar current densities, reported in the literature [43][46]. DW transformations
from transverse to vortex and vice versa were also observed after applying current pulses.
Joule heating was small with a maximum rise of temperature up to 360 K due to smaller
current densities required for DW motion as compared to single layer Py nanostripes.

For sputtered deposited Py /Pt bilayer nanostripes, we observed critical current density
of 4 x 101 A/m?, lower than for both epitaxial Py single and Py/Ir bilayer nanostripes.
Motion of VWs in sputtered 1 pm wide Py(15nm)/Pt(10 nm) nanostripes bilayers is much
more reproducible, leading to high DW velocities (above 250m/s) for moderate current
densities (~) 1 x 102 A/m?). This value of current density is 2 to 3 times lower and
velocity 2 times higher than for typical values reported in literature for single Py layers
[43]]27]. In contrast to epitaxial Py and Py/Ir nanostripes, no Joule heating was observed
in these stripes, but, current density was also smaller than epitaxial samples for maximum
velocities. However, even for current densities comparable to that used for Py /Ir bilayers,
negligible Joule heating was observed. Another reason of the higher Joule heating in
epitaxial stripes is the poor thermal conductivity of the sapphire substrate as compared
to the naturally oxidized Si.

The current-induced Oersted field may be at the origin of the high efficiency of Py/Ir
and Py /Pt bilayer systems, while net Oersted field is zero in Py single layers. The Oersted
field favour TWs of one chirality, like it has been shown in the literature that transverse
field stabilize the one chirality of TWs during field induced DW motion, preventing DW
transformations [18]. This can result in a suppression of the Walker breakdown for a given
stimulus magnitude resulting in an increase of the average DW velocity. We studied the
effect of Oersted field on TW chirality in Py/Ir nanostripes with different Ir thicknesses
and clearly observed TW chirality switching by Oersted field under positive and negative
current pulses. The current densities required for TW chirality switching are of same
order of magnitude as required for DW motion. The Oersted field might also modify the
TW shape by widening or narrowing the TWs. For wider TWs, depinning becomes easier
and this might explain the lower critical current densities for bilayer nanostripes.

In case of VWs, the Oersted field may stabilize the vortex core in the center of nanos-
tripe by supressing the core expulsion to the nanostripe edge and hence preventing the
VW transformation. This can result in a suppression of the Walker breakdown resulting
in an increase of the average DW velocity. Micromagnetic simulations performed in our
group by Nicolas Rougemaille confirm that the transverse magnetic field can stabilize the
vortex core at the center of the nanostripe during VW motion. When a transverse field
of 20mT was applied opposite to the vortex core expulsion direction, in addition to the
longitudional field along the nanostripe for VW motion, the VW move with 5 times higher
displacement before transformation.

Time-resolved XMCD-PEEM measurements will be performed in near future to con-
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firm the effect of Oersted field on VW mobility. For the Py/Pt bilayers, the relative
contribution of STT and Oersted field can be tuned by tuning the Pt thickness. Time-
resolved measurements on different Py /Pt bilayers will be performed to observe the vortex
core motion under current. Best ratio would be when the action of ST'T and Oersted field
on the core cancel each other.

High quality epitaxial Su-Py films with negligible magneto-striction have also been
prepared, which may show less pinning than Py. We could not really measure them until
now since DWs in nanostripes pattrened from these films were very easily dragged even by
the 3nm CogyCryg tips. Even further low moment tips (with less magnetic material) are
needed to measure them. This indicates very low DW propagation field in these stripes,
hence small critical current densities for current-induced DW are expected. This result
is encouraging, and measurements will be done in near future with even lower moment
magnetic tips.
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Appendix A

Experimental techniques

A.1 Pulsed laser deposition (PLD)

Pulsed laser deposition (PLD) is a thin film deposition (specifically a physical vapour
deposition) technique where a high power pulsed laser beam is focused inside a vacuum
chamber to strike a target of the desired composition. Material is then vapourised from
the target and deposited as a thin film on a substrate, such as a silicon wafer facing
the target. This process can occur in ultra high vacuum (UHV) or in the presence of a
background gas, such as oxygen which is commonly used when depositing oxides to fully
oxygenate the deposited films. PLD is for instance a common technique for the fabrication
of high-Tc superconductors. On the reverse, PLD is rarely used for the epitaxy of metals.
Some specificities arise with respect to molecular beam epitaxy, some with advantages,
some with drawbacks [116].

PLD is very simple technique and produces films with the same composition as the
target. It is fast and cost effective. The advantages of pulsed laser ablation are flexibility,
fast response, congruent evaporation and energetic evaporants. The main drawback of
PLD is the formation of droplets in thin film growth, specially when using high fluence.

While the basic setup is simple relative to many other deposition techniques, the
physical phenomena of laser-target interaction and film growth are quite complex. When
the laser pulse is absorbed by the target, energy is first converted to electronic excitations
and then into thermal, chemical and mechanical energy resulting in evaporation, ablation,
plasma formation and even exfoliation. The ejected species expand into the surrounding
vacuum in the form of a so called plume containing many energetic species including
atoms, molecules, electrons, ions, clusters, before depositing on the typically hot substrate
The process of PLD can schematically be divided into four stages:

e Laser ablation of the target material and creation of a plasma
e Dynamic of the plasma under vacuum (expansion, cooling)
e Deposition of the ablated material on the substrate

e Nucleation and growth of the film on the substrate surface

Each of these steps is crucial for the crystallinity, uniformity and stoichiometry of the
resulting film.
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The ultra high vaccum chambers

The UHV setup in our lab and its schematics are shown in the figures A.1 and A.2
respectively. It consist of three main chambers connected to each other under UHV.

Figure A.1: Photo of ultra high vacuum setup in our lab.
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Figure A.2: Schematic view of ultra high vacuum setup.
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The evaporation chamber contains a rotatable substrate holder with a heating filament,
a 10-20keV electron gun coupled to a fluorescent screen equipped with a 10 bit CCD
camera for reflection high energy electron diffraction (RHEED) measurements, a multi-
target holder, a quartz microbalance for estimating the speed of deposition and a moveable
mask for varying the thickness of deposits.

The analysis or preparation chamber contains an argon etching gun, Auger electron
spectroscopy (AES), a home made electron bombardment (0.2mm diameter Ta wire)
heated sample holder. Samples temperatures are measured with a pyrometer. It also
provides a dozen storage positions for targets and substrates.

The STM chamber contains an Omicron scanning tunneling microscope (STM), for
studying the samples surface topography. We used non conducting sapphire substrate for
thin film deposition. A wobble-stick in the STM chamber is used to make an electrical
contact for imaging, by turning the metallic clamp used to fix the sample on the Omicron
plaquette onto the metallic layer. A home made etched tungston (W) tip is used for STM
imaging. I t can be moved horizontally on the sample and hence is able to image samples
with variable thicknesses.

In general, the vacuum is of the order of a 4 x 10~ Torr in the evaporation chamber
and of a 3 x 107° Torr in the analysis and STM chamber. During my thesis the quality
of vacuum was good,with a base pressure of ~ 4 x 107! Torr, leading to a pressure of
4 x 10719 Torr during the deposition.

All parts of UHV chamber are isolated by valves. The introduction and removal of
substrates, targets, samples etc. are done via a mini chamber called load-lock kept under a
vacuum of ~ 1079 Torr. The manipulation of samples between the chambers is performed
with transfer rods through 1 inch molyblocks containing Omicron plaquettes compatible
with the Omicron system. The samples are fixed on plaquettes with the help of Mo
clamps.

Laser and Speed of deposition

We used a pulsed Quantel Nd-YAG laser with a pulse duration of 10 ns, repetition fre-
quency of 10 Hz and a maximum energy per shot of 150mJ. The initial frequency is
doubled using a non linear crystal, to reach the wavelength of 532nm. The laser average
power is ~ 1 W, leading to an instantaneous power of ~ 10 MW, which is sufficient to
melt the surface of any light absorbing material, in our case metals.

It is important to know and control the speed of deposition to control the thickness of
the material deposited. Furthermore, the growth of material will be different according to
the speed at which we deposit. A quartz balance in evaporation chamber is used for this
purpose. It is a quartz plate whose shear resonance frequency varies depending on rigidity
and inertia. The rigidity is a second order modification whereas inertia is proportional
to quantity of material deposited. Thus, the frequency evolution of the resonance inform
us about the quantity of material deposited. Before each deposition, the quartz is placed
in front of the target on which laser beam is sent to check the speed of deposition. The
speed can be adjusted by modifying any of the following two parameters.

e The total power of the beam in J/pulse which changes the fluence while the surface
of evaporation is kept constant. The rate of evaporation versus fluence displays a
threshold above which the rate of evaporation increases sharply. This is achieved by
varying the time delay between the oscillator and amplificatory stages of the laser.
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e Before entering the deposition chamber the beam has a diameter of about 0.5 cm?.
The beam is then focused on a target by a converging lens with a focal length of
f =500mm. The target is placed between /5 and f/3 focal point. By playing with
the focus, it adjusts power (or energy) per unit surface called the fluence. Moving
towards focus increases the fluence and thus the rate of evaporation per unit area,
however the total area of evaporation is reduced. Typically we work between 0.1-1
Joule per meter-square, leading a typical deposition rate of 0.05 nm/min at 10 Hz.
The distance between the substrate and target is 140 mm.

Epitaxial thin film growth modes

The growth of epitaxial thin films under thermodynamic equilibrium at higher temper-
atures during the initial stages is determined by the balance of the different surface free
energies involved and follows one of the three well-known mechanisms:
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Figure A.3: Schematic representation of three epitazial growth modes. (a) Frank-van der Merwe,
layer by layer growth (b) Volmer-Weber, island growth (c) Stranski-Krastanov, layer by layer
plus island growth [J.J. de Miguel].

e Frank-van der Merwe mode : This growth mode is characterized by a layer by-layer
deposition. Each monolayer start to grow after the completion of previous layer.
The interaction between the atoms of the deposited material and the substrate is
stronger than the mutual interaction of deposited material atoms. This mode is
favourable for materials with same lattice parameters or small lattice mismatch
with the substrate.

e Volmer-Weber mode : This growth process corresponds to the formation of three
dimensional (3D) islands growth. The interaction between the atoms of deposited
material and the substrate is weaker than the mutual interaction of the deposited
material atoms.

e Stranski-Krastanov mode : This growth mode corresponds to the nucleation of 3D
islands after a layer by layer growth of one or several monolayers.
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However, at lower temperatures in non equilibrium conditions this is not the case.
In this case some roughness so called “mounds” is created which can be overcome by

tuning the temperature. The schematic representation of these growth modes is shown in
Fig. A.3.

A.2 Reflection high energy electron diffraction (RHEED)

A RHEED system requires an electron source (gun), photoluminescent detector screen
and a sample with a clean surface, although modern RHEED systems have additional
parts to optimize the technique. The electron gun generates a beam of electrons with an
energy in the range 10-20 keV that strike the sample at a very small angle relative to the
sample surface, typically 0-5° degree.

Reciprocal Lattice Rods

Incident Beam kA
7 | </ ol|

\ | | |

| Bt /

\ KON/

Wil
] 5
S B

Sample Surféce

Figure A.4: Schematic view of the RHEED construction of the Fwald’s Sphere at the sample
surface. The radius of the Fwald’s sphere is equal to the magnitude of the ky vector, which
1s the reciprocal of the wavelength of the incident electrons. The k vector, corresponds to an
allowed diffraction condition, and the G wvector is the difference between the k and ky vectors
called scattering vector [Wikimedia/.

In the RHEED setup, only the top-most plane of atoms contribute to the RHEED
pattern. Atoms at the sample surface diffract (scatter) the incident electrons due to the
wavelike properties of electrons. The reciprocal lattice of 2D network is an array of rods
perpendicular to this network as shown in RHEED schematics (Fig. A.4). Owing to the
high energy of the electrons the Ewald sphere has a large radius. Thus the diffraction
pattern is essentially a set of streaks (the rods) perpendicular to the sample surface.
The diffracted electrons interfere constructively at specific angles according to the crystal
structure and spacing of the atoms at the sample surface and the wavelength of the
incident electrons.

The azimuthal angle is the angle at which the incident electrons impinge on the sur-
face of the sample. Inspecting RHEED patterns and spacing of streaks as a function of
the azimuth, the reciprocal space of the surface can be reconstructed, and so its crystal-
lographic structure. RHEED also yields information on the morphology of the surfaces
(flat, rough, facetted etc) through the analysis of the shape of the streaks.
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A.3 Scanning tunneling microscopy

In scanning tunneling microscopy (STM), a fine metallic conducting tip is scanned back
and forth close (a few A) to a conductive sample, without a physical contact between
the tip and the sample. A voltage (few volts) is applied between the tip and the sample
resulting in a small electric current (nA) from sample to tip or vice versa due to electron
tunneling, a quantum mechanical effect.

There are different mode of operation of STM. In constant current mode, using a
feedback loop, the tip is vertically adjusted in such a way that the current always stays
constant. A topographic image of the surface is obtained by recording the vertical position
of the tip. In constant height mode, the tip is attached to a piezoelectric tube and voltage
applied to the piezo rod is changed to maintain a constant distance for the tip from the
sample surface. The resulting current depends upon the distance between the tip and
sample surface. The changes in voltage generates a topographic image of the sample
surface.

The lateral resolution is about 1 A whereas a vertical resolution down to 0.01 A can
be achieved. The STM can be used in ultra high vacuum, air or other environments. A
schematic view of STM is shown in Fig. A.5.
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Figure A.5: Schematic view of scanning tunneling microscopy [M. Schmid].

A.4 Superconducting Quantum Interference Device
Magnetometry

Superconducting Quantum Interference Devices (SQUID) are very sensitive magnetome-
ters used to measure extremely small magnetic fields. Nowadays, this instrument is widely
used worldwide in research laboratories. The system is designed to measure the magnetic
moment of a sample, from which the magnetization may be derived.

They are based on superconducting loops containing Josephson junctions. The su-
perconducting loops is a solenoid made of superconducting wire. This solenoid is kept
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at liquid helium temperature in a liquid helium chamber. The uniform magnetic field is
produced along the axial cylindrical core of the coil. A bipolar supply is used to operate
the superconducting magnet. A superconducting detection coil which is a single piece
of superconducting wire is placed in the uniform magnetic field region of the solenoidal
superconducting magnet. This superconducting detection coil is coupled inductively to
the sample.

The SQUID device functions as an extremely sensitive current-to-voltage-converter.
The measurements are done in SQUID by moving the sample through the superconducting
detection coil. Hence, the magnetic moment of the sample induces an electric current in
the pick-up coil system. A change in the magnetic flux in these coils changes the persistent
current in the detection circuit. So, the change in the current in the detection coils
produces a variation in the SQUID output voltage proportional to the magnetic moment
of sample. The measurement of magnetic moment as a function of applied magnetic field,
produced by the current passing through the superconducting coil, is used to derive the
hysteresis loops.

A.5 Kerr magnetometry and Microscopy

Both Kerr magnetometry and microscopy are based on the “Magneto-Optical Kerr Effect”
(MOKE), which deals with the interaction of polarised light with the internal magnetic
field of the magnetic sample. Through this interaction, the polarization of the light
reflected from the surface of a magnetic sample changes. This effect is similar to the
“Faraday effect”, which describe the changes of polarised light transmitted through a
optically transparent magnetic sample.

In order to detect the changes introduced into the polarization state of the light by
reflection from a magnetized surface, a pair of nearly crossed polarizers is located in the
optical path. The linear polarizer on the incident beam restricts the polarization to one
direction. Through the interaction of the light with the magnetized surface polarization
components perpendicular to that of the incident beam are generated. The reflected beam
is passed through an analyzer which is nearly crossed with the incident light polarizer. As
a result, the component of the light that maintained its original polarization state after
the interaction with the magnetized surface is attenuated, while the component gener-
ated through the magneto-optical (Kerr) interaction is allowed to pass to the detector.
Maximum attenuation of the incident light is achieved when the polarizers are perfectly
crossed, however Kerr component of the light is very weak and would require an extremely
sensitive detector. By allowing some of the incident light to reach the detector the Kerr
signal and the background (incident) signal are allowed to add coherently, contributing
to a higher signal which is easily registered by conventional detectors.

This general principle is the one used in our microscope. The schematic representation
of this principle is shown in Fig. A.6 (b). However, in our focused Kerr magnetometer, we
use a Wollaston prism, which divides the beam into two orthogonally polarized beams,
which are monitored by a pair of photodiodes as shown in Fig. A.6 1.5(a). Thus monitoring
the relative intensity on the two diodes allows to obtain the polarization of the reflected
light as a function of an applied field, allowing to derive a hysteresis loop. In the magneto-
optical microscope the sensitive signal detector is the CCD camera. This allows us to
perform imaging of nucleation and propagation of domain walls.
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Figure A.6: (a) Schematic view of Kerr magnetometry [B. Hillebrands] (b) Kerr microscopy
[53].
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A.6 Ferromagnetic resonance

(Ferromagnetic resonance (FMR) is a spectroscopic technique to measure magnetic prop-
erties via precessional motion of the magnetization in ferromagnetic materials, in an ex-
ternal magnetic field. The external (continuous) magnetic field orients the magnetization
direction, while the (small) microwave field, oriented perpendicular to the static field,
causes the precession. The precession frequency will depend on the static field, and when
it resonates with the microwave field, the microwave absorption will be maximum.

FMR experimental setup consist of a microwave resonant cavity with a fixed resonance
frequency and an electromagnet. A detector is placed at the end of the cavity to detect
the microwaves. The magnetic sample is placed between the poles of the electromagnet.
The schematic representation of basic FMR setup is shown in Fig. A.7. In our case, FMR
measurements were taken using a fixed frequency 9.77 GHz cavity. The electromagnet field
strength lies between 0-2T. The sample is mounted on a goniometer with the magnetic
field applied parallel to the surface of the film. The goniometer can rotate the sample,
allowing to study angular dependence of the resonance field and line-width from in-plane
to out-of-plane of the sample suraface. The magnetic field is sweep while the resonant
absorption intensity of the microwaves is detected. When the magnetization precession
frequency and the resonant cavity frequency are the same, absorption increases sharply
which is indicated by a decrease in the intensity at the detector.

Usually the absorption derivative is measured. The resonance field position H,.s de-
pends on the angles, anisotropy parameters, g-factor, and magnetization of the sample.
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The linewidth AH is directly connected to the relaxation processes. In ultrathin films,
Gilbert damping is commonly used to describe the relaxation.
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Figure A.7: A conventional FMR spectrometer setup [W. Kuch)].

A.7 X-ray magnetic circular dichorism and Photo-
emission electron microscopy

To study the Domain wall (DW) configurations in both Py and Co layers in spin-valve
nanostripes, we used the element selective X-ray magnetic circular dichroism (XMCD)
and Photo-emission electron microscopy (PEEM). XMCD is the difference of the absorp-
tion between the left and right circularly polarized X-rays in a magnetic material. The
absorption edges have energies which are characteristic for each element. The X-ray ab-
sorption results in transition of a core-electron to empty states above the fermi level,
leaving behind empty core levels which are then filled by electrons relaxing from higher
energy levels. The difference of energy is provided to Auger electrons which are emitted
out of the atoms. These Auger electrons can be scattered and give rise to secondary
electrons. The final number of photoelectrons (Auger and secondary electrons) emitted
is proportional to the X-ray absorption intensity.

The total number of secondary electrons emitted from the material for a fixed circular
polarization gives us a map of the magnetization in the sample, imaged by PEEM as
shown in Fig. A.8 (a). The secondary electrons are extracted by the objective lens kept
at a high potential, focused and expanded by a set of projection electrostatic lenses. The
image is formed on a fluorescent screen combined with a microchannel plate and captured
on a CCD camera.

We performed measurements at the Nanospectroscopy beamline at the synchrotron
ELETTRA (Trieste, Italy). For XMCD, the x-ray energy was tuned to the maximum of
the Fe Lj-absorption-edge (707eV) for the Py layer and of the Co Lz-edge (778¢eV) for
the Co layer. A spatial resolution below 40 nm was obtained, being limited in particular
by the extraction voltage and magnetic lens aberrations.

Fig. A.8 (b) shows the map of magnetization in a square element with a flux-close
domain structure. The domains with a magnetization parallel to incoming X-rays will



134 APPENDIX A. EXPERIMENTAL TECHNIQUES

(a) (b)
CCD camera """ g

Image on fluorescent screen

Fluorescent screen - m
Channelplate — 1 l em

Y
/|
Projective lens 2 - ]

Secondary electrons

K

i
L

Projective lens 1 -

il

Field aperture

Stigmator /deflector - —I \ |.‘
\

Contrast aperture R

20 wm
P

4
Wl

Object lens

3

Microstructure

Sample stage - "‘\I \ — hw

Figure A.8: Schematic view of (a) the internal configuration of the PEEM microscope. The
incident X-ray beam excites secondary electrons which form (b) a magnified XMCD absorption
image on the fluorescent screen and CCD camera [W. Kuch).

absorb more photons and therefore emit more secondary electrons (bright contrast) than
in the antiparallel case (dark contrast). The intermediate intensity will be found for
domains with a magnetization perpendicular to the incoming X-rays.

Usually what we do is that we take two images, one with left and one with right-
circularly polarized x-rays, and then we take the asymmetry (the difference divided by
the sum of the two images). This increases the magnetic contrast and decreases the
topographic contrast.

A.8 Sample patterning techniques

Different lithography techniques are used for patterning of samples e.g. optical, electron-
beam or focused ion beam lithography etc. We used optical and electron beam lithography
for patterning magnetic nanostripes to study current-induced domain wall motion in these
stripes.

A.8.1 Optical lithography

In optical lithography ultra-violet (UV) or deep ultra-vilot (DUV) light is used as a
radiation source. An UV lamp is used to insulate the polymer resist sensitive to UV light,
through a mask partially transparent to light. For positive resist, the insulated part of
the resist is removed using a photoresist developper, leaving behind the desired pattern.



A.8. SAMPLE PATTERNING TECHNIQUES 135

These patterns are used as template for deposition of required materials. The resolution
and quality of the patterns depend on the wavelength of the light used, the UV lamp
power, time exposure, material of the mask and type of the resist. There is a minimum
limit of the pattern size that can be achieved by UV lithography of about (~ 500nm),
due to diffraction limit of the light wavelength.
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Figure A.9: Schematics UV lithography. After insulation by UV light using a mask, the exposed
part of positive resist is removed in a developper, while negative resist becomes harder after
insulation and remains there [135].

We used DUV lithography for depositing Au(50nm)/Ti(20 nm) contact electrodes
for passing current pulses through the metallic nanostripes. First 500 nm thick, S1818
polymer photo resist is deposited by spin coating on sapphire substrate. The resist is then
exposed to DUV light for 60 seconds through a partially transparent Cr mask containing
desired patterns to fabricate. The exposed part is then removed by rinsing in a photo-
resist micro-developer solution for 90 seconds and then in water for 30 seconds. The
Au/Ti layers were deposited on this template. Finally, the remaining parts of the resist
are removed by putting in a acetone solution using the lift-off process. The schematic of
DUV lithography is shown in Fig. A.9.

A.8.2 Electron-beam lithography

The e-beam lithography technique uses an electron beam in a scanning electron mi-
croscope, to expose an electron-sensitive positive resist, usually polymethylmethacrilate
(PMMA). Patterns with lateral dimensions of the order of tens of nanometers can be
fabricated by this technique. The main disadvantage of electron-beam lithography is that
it is slow and time consuming due to sequential scanning of the electron beam. It is
therefore suitable for small area patterns.

In our case, first continuous thin Py and Py/Ir films were deposited on a sapphire
(0001) substrate by pulsed laser deposition. Later, these magnetic films were patterned
into S-shaped and zig-zag shaped nanostripes of width between 100-600 nm using com-
bined electron-beam lithography and lift-off techniques at Nanofab, Institut Néel by Ste-
fania Pizzini.
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Figure A.10: Ion beam etching technique using a metallic mask which is prepared by standard
lift-off technique. FEtching of the metallic mask is monitored by a SIMS signal of a reference
layer [135].

Fig. A.10 shows the schematics of the lift-off and electron-beam lithography process.
A pattern is first created using UV lithography and lift-off process on a magnetic layer
to be patterned as described above. A reference metallic layer with calibrated thickness
having etching times larger than the magnetic layer is evaporated on a separate substrate.
A metallic mask (in our case, Ti) with a thickness 2-3nm larger than reference layer is
evaporated on the magnetic layer. The two sample layers are then etched using ion beam
etching technique simultaneously. The etching is stopped when the reference layer is fully
etched, resulting in a 2-3nm Ti metallic mask on the magnetic pattern.
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Appendix C

List of Abbreviations

AFM - Atomic Force Microscope

AMR - Anisotropic Magnetoresistance

DW - Domain Wall

FMR - Ferromagnetic Resonance

FCC - Face Centered Cubic

FM - Ferromagnetic

FWHM - Full Width at Half Maximum

GMR - Giant Magnetoresistance

HH - Head to Head

MFM - Magnetic Force Microscope

MOKE - Magneto Optical Kerr Effect

NM - Non Magnetic

OOMMEF - Object Oriented Micromagnetic Framework
PEEM - Photoemission Electron Microscope

PMA - Perpendicular Magnetic Anisotropy

PMMA - Polymethyl Methacrylate

RHEED - Reflection High Energy Electron Diffraction
RAM - Random Access Memory

RKKY - Ruderman Kittel Kasuya Yosida

RMS - Root Mean Square

RT - Room Temperature

SEM - Scanning Electron Microscope

STM - Scanning Tunneling Microscope

STT - Spin Transfer Torque

SV - Spin Valve

SQUID - Superconducting Quantum Interferrence Device
TT - Tail to Tail

TW - Transverse Wall

TBIIST - Transverse Bias Initial Inverse Susceptibility and Torque
UV - Ultraviolet

UHYV - Ultra High Vacuum

VW - Vortex Wall

XMCD - X ray Magnetic Circular Dichroism
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Résumé

L'objectif de cette thése est de optimiser la croissance épitaxiale de couches minces magnétiques Py et Su-
Py avec faible rugosité de surface et d'interface, peu de défauts structurels. Cela peut réduire le piégeage de
parois et donc diminuer la densité de courant de seuil pour déplacement de parois. Deuxiémement d'étudier
l'effet du champ magnétique Oersted sur le déplacement de parois de domaines magnetiques induit par
courant dans des nanobandes asymétrique de bicouches Ir\Py et Ir\Su-Py. Nous avons réussi a préparés
couches minces épitaxiale sur des substrats sapphire(0001) avec bonne propriétés surface, structurale et
magnétiques. Nanobandes polycristallines Pt\Py préparées par pulvérisation sur Si ont également été
étudiées pour comparer les résultats avec des échantillons épitaxiés. Un mouvement de parois stochastique
a été observé en raison du piégeage, ce qui donne lieu a une large distribution de vitesses de paroi de
domaine. Les grains de grande taille (comparable a la largeur de bande) dans nos couches minces
épitaxiales bi-cristallins par rapport aux échantillons polycristallins (~5-10nm) peuvent étre une source
possible du fort piégeage. Des déplacements de paroi opposés au flux d'électrons et des transformations de
paroi ont également été observés en raison de chauffage Joule. Nous avons observé le changement de
chiralit¢ des parois transverses sous champ Oersted avec des impulsions de courant en utilisant la
microscopie a force magnétique. Néanmoins, des vitesses de parois maximales (juS(ilu’é 400 et 250m/s) sans
transformation de paroi pour des densités de courant relativement faibles (1.7 x10" and 1 x10'>A/m?) ont
été observées dans échantillons épitaxiales et pulvérisées respectivement. Le champ Oersted est peut-&tre a
l'origine de la grande efficacité du couple de transfert de spin dans ces bandes en bicouche. Il peut stabiliser
les parois transverses, empéchant des transformations. Cela peut conduire a une décalage du seuil de
Walker vers des courants plus élevés, résultant en une augmentation de la vitesse de paroi. Des premier
mesures XMCD-PEEM résolues en temps sur nanobandes de Pt\Py montrent également le mouvement du
coeur du vortex vers la direction du champ Oersted, mais d'autres mesures sont nécessaires avec épaisseurs
différents de Pt de quantifier et de séparer l'effet du champ Oersted de couple de transfert de spin.

Mots Clés : Paroi de domaine, mouvement induit par courant de parois de domaines, Couple de transfert de
spin, Champ Oersted, Systémes magnétiques épitaxiés

Abstract

The aim of this thesis is to optimize the epitaxial growth of magnetic thin films Py and Su-Py with less
structural defects and surface or interface roughness. This can reduce the domain wall (DW) pinning and
hence threshold current density to move the DW. Secondly, to study the effect of the magnetic Oersted
field on current-induced DW motion in asymmetric Ir\Py and Ir\Su-Py bilayer nanostripes. We managed to
prepared epitaxial thin films on sapphire (0001) substrates with good surface, structural and magnetic
properties. Polycrystalline Pt\Py nanostripes prepared by magnetron sputtering on Si were also studied to
compare the results with epitaxial samples. DW motion was found to be stochastic due to DW pinning,
which results in a distribution of velocities. The large grain size (comparable to the stripe width) in our
epitaxial films with respect to the polycrystalline samples (~5-10nm) may be a possible source of pinning.
DW motion opposite to the electron flow and DW transformations were also observed due to Joule heating.
We observed chirality switching of transverse walls induced by the Oersted field due to current pulses
using magnetic force microscopy. Nevertheless, high maximum DW velocities (up to 400 and 250m/s)
without DW transformation for relatively low current densities (1.7 x10'* and 1 x10'*A/m®) were observed
in epitaxial and sputtered samples respectively. The Oersted field may be at the origin of the high
efficiency of the spin transfer torque in these bilayer stripes. It can stabilize transverse walls, preventing
DW transformations. This can result in a shift of the Walker breakdown to higher currents, resulting in an
increase in DW velocity. Initial results of time-resolved XMCD-PEEM measurements on Pt\Py nanostripes
show the vortex core motion along the Oersted field direction but further measurements are required with
different Pt thicknesses to quantify and separate the effect of Oersted field from spin transfer torque.

Key words : Domain wall, Current-induced domain wall motion, Spin transfer torque, Oersted field,
epitaxial magnetic systems



