
BRNO UNIVERSITY OF TECHNOLOGY
VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ

FACULTY OF MECHANICAL ENGINEERING
FAKULTA STROJNÍHO INŽENÝRSTVÍ

INSTITUTE OF PHYSICAL ENGINEERING
ÚSTAV FYZIKÁLNÍHO INŽENÝRSTVÍ

ELECTRIC-CURRENT CONTROL OF MAGNETIC
TEXTURES IN SYNTHETIC ANTIFERROMAGNETS
KONTROLA MAGNETICKÝCH TEXTUR POMOCÍ ELEKTRICKÉHO PROUDU V SYNTETICKÝCH
ANTIFEROMAGNETECH

BACHELOR'S THESIS
BAKALÁŘSKÁ PRÁCE

AUTHOR
AUTOR PRÁCE

Martin Otýpka

SUPERVISOR
VEDOUCÍ PRÁCE

Ing. Ján Hnilica

BRNO 2024





 

Assignment Bachelor's Thesis

 

 

 

 

 

 
 
As provided for by the Act No. 111/98 Coll. on higher education institutions and the BUT Study and
Examination Regulations, the director of the Institute hereby assigns the following topic of
Bachelor's Thesis:

Electric–current Control of Magnetic Textures in Synthetic
Antiferromagnets

Brief Description:
Synthetic antiferromagnets are a suitable system for integration into future storage media, such as
the so–called "magnetic racetrack memory". This memory operates on the principle of a shift
register based on the magnetic Domain–wall motion. The primary advantage of synthetic
antiferromagnets is their stability against the influence of an external magnetic field, whose critical
size can be adjusted through the indirect exchange interaction (RKKY) mediated by
a non–magnetic layer separating the ferromagnetic layers that constitute the synthetic
antiferromagnet itself. This bachelor's thesis will focus on the preparation and optimization of
synthetic antiferromagnetic systems based on CoFeB/Ru/CoFeB and the analysis of their static
magnetic properties. The second part of the thesis will be devoted to the nucleation of magnetic
domains and the magnetic Domain–wall motion induced by electrical current in a pulsed regime in
micro–wires made of synthetic antiferromagnets.

Institut: Institute of Physical Engineering
Student: Martin Otýpka
Degree programm: Physical Engineering and Nanotechnology
Branch: no specialisation
Supervisor: Ing. Ján Hnilica
Academic year: 2023/24

Faculty of Mechanical Engineering, Brno University of Technology / Technická 2896/2 / 616 69 / Brno



Bachelor's Thesis goals:
1. Fabrication of microstructures by optical UV lithography and deposition of antiferromagnetic
multilayers with magnetron sputtering.
2. Characterisation of static magnetic properties of antiferromagnetic multilayers.
3. Analysis of the motion of magnetic textures induced by current pulses in structured
antiferromagnetic multilayers.
 
 
 
 
 

Recommended bibliography:

LEPADATU, Serban; SAARIKOSKI, Henri; BEACHAM, Robert; BENITEZ, Maria Jose; MOORE,
Thomas A. et al. Synthetic ferrimagnet nanowires with very low critical current density for coupled
domain wall motion. Online. Scientific Reports. 2017, vol. 7, no. 1. ISSN 2045-2322. Available
from: https://doi.org/10.1038/s41598-017-01748-7.

YANG, See-Hun; RYU, Kwang-Su a PARKIN, Stuart. Domain-wall velocities of up to 750 m s−1
driven by exchange-coupling torque in synthetic antiferromagnets. Nature Nanotechnology. 2015,
vol. 10, no. 3, p. 221-226. ISSN 1748-3387. available from:
https://doi.org/10.1038/nnano.2014.324.

 
 
Deadline for submission Bachelor's Thesis is given by the Schedule of the Academic year
2023/24
 
 
 

In Brno,
 
 
 

L. S.
 
 
 
 

prof. RNDr. Tomáš Šikola, CSc.
Director of the Institute

doc. Ing. Jiří Hlinka, Ph.D.
FME dean

Faculty of Mechanical Engineering, Brno University of Technology / Technická 2896/2 / 616 69 / Brno



Abstract
The present trend in the 昀椀eld of nanomagnetism and spintronics is the replacement of
magnetically unstable ferromagnetic (FM) materials currently used in spintronic mem-
ory devices with more magnetically stable materials. Synthetic antiferromagnets (SAFs)
were chosen for this study as they are tunable, magnetically stable and enabling device
concepts involving spin-current induced domain-wall (DW) motion. SAFs based on the
CoFeB/Ru/CoFeB thin 昀椀lm multilayer with in-plane magnetic anisotropy (IPA) were
deposited by magnetron sputtering and patterned using positive UV lithography. Magne-
tostatic properties of the SAFs were analyzed by vibrating sample magnetometry (VSM)
and Magneto-optical Kerr microscopy and consequently tailored based on the observed
results. DW motion induced by spin-orbit torques (SOTs) using pulses of spin current
was measured in SAF microstripes for low energetical (creep) and beginning of higher
energetical (昀氀ow) motion regime.

Keywords
Synthetic antiferromagnets, in-plane magnetic anisotropy, domain walls, current-induced
domain-wall motion, spin-orbit torque.

Abstrakt
Aktuálním trendem v oblasti nanomagnetismu a spintroniky je nahrazování magnet-
icky nestabilních feromagnetických materiálů v současně používaných spintronických za-
řízeních pro ukládání dat magneticky stabilnějšími materiály. Pro tuto studii byly vybrány
syntetické antiferomagnety díky svojí laditelnosti, magnetické stabilitě a aplikovatelnosti
v konceptech zařízení užívajících pohyb doménových stěn indukovaný pomocí spinového
proudu. Syntetické antiferomagnety skládající se z tenké multivrstvy CoFeB/Ru/CoFeB
s magnetickou anizotropií v rovině vzorku byly deponovány magnetronovým napařováním
a opatřeny strukturami pomocí pozitivní UV litogra昀椀e. Magnetostatické vlastnosti syn-
tetických antiferomagnetů byly analyzovány pomocí vibrační magnetometrie a magneto-
optické Kerrovy mikroskopie. Pohyb doménových stěn působením spin-orbitálního mo-
mentu pomocí pulsů spinového proudu byl měřen v mikrodrátech ze syntetických an-
tiferomagnetů pro nízkoenergetický režim a začátek vysokoenergetického režimu pohybu
doménových stěn.

Klíčová slova
Syntetické antiferomagnety, magnetická anizotropie v rovině vzorku, doménové stěny,
proudem indukovaný pohyb doménových stěn, spin-orbitální moment.
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Introduction
In the research 昀椀eld of nanomagnetism which also covers spintronics, intrinsic spins

of electrons have been successfully utilized over the past years as an additional degree
of freedom increasing the performance and capabilities of memory devices. The current
state-of-the-art spintronic devices already achieve high data storage density, recording
speed, and energy e昀케ciency. The present trend in spintronics is the replacement of mag-
netically unstable ferromagnets (FM) found in current applications with more magneti-
cally stable materials such as antiferromagnets (AFs), ferrimagnets (FIMs) or synthetic
antiferromagnets (SAFs) [1].

SAFs, being perhaps the most easily tunable out of the above mentioned systems,
have been successfully used in device concepts such as the magnetic domain-wall racetrack
memory involving domain-wall motion for writing or reading of data [2, 3, 4]. The motion
is induced by injection of spin current in pulsed regime, which acts on the domain walls
(DWs) by spin-orbit torques (SOTs) resulting in an e昀昀ective displacement of the DWs.
Domain-wall motion has been extensively studied in SAFs, however mostly in the systems
with perpendicular magnetic anisotropy (PMA) where the magnetization of the system is
aligned perpendicularly towards the plane of the sample. For SAF systems with in-plane
magnetic anisotropy (IPA) where magnetization lies in the plane of the sample, there is
space for an extensive scienti昀椀c research since only few publications have been made over
the past decade [5].

In this study, we examine SAF systems with IPA based on CoFeB/Ru/CoFeB mul-
tilayer deposited by multi-target magnetron sputtering. The magnetostatic properties of
these systems were analyzed utilizing vibrating sample magnetometry (VSM) and longi-
tudinal Magneto-optical Kerr microscopy, while we tailored the magnetic static properties
of the system by variation of the Ru spacer thickness. Simulation in MuMax3 software
was utilized for additional characterization and deeper understanding of the system and
determination of the DW type. The magnetostatic analysis proved that these systems are
suitable for domain-wall motion induced by SOT. Samples were subsequently patterned
with use of the positive UV lithography (UVL). Structures with thin stripes were used to
achieve su昀케ciently high current density for utilization of the SOT-induced domain-wall
motion, which was subsequently observed in this system with use of the Magneto-Optical
Kerr Microscopy. The SOT origin of the domain-wall motion was successfully proven by
analysis of the measured data in low energetical (creep) and beginning of higher energetical
(昀氀ow) motion regime.

This study is divided into 5 chapters. Chapter 1 concisely covers the fundamentals of
nanomagnetism, the energy contributions in magnetism with emphasis on the exchange
energy, which is crucial for SAFs, and magnetic ordering in solids. Chapter 2 explains the
concept of SAFs while introducing the two major types of magnetic anisotropy (PMA and
IPA) in these systems. The DW types characteristic for SAF systems with IPA are ex-
amined and ilustrated in the end of the chapter. In Chapter 3, spin current is introduced
together with dynamics of magnetization, torque geometries are thoroughly examined
and ilustrated and lastly the domain-wall motion is described. Chapter 4 describes the
deposition of SAFs by magnetron sputtering and patterning of the microstructures using
positive UV lithography. VSM and Magneto-optical Kerr microscopy techniques used for
magnetostatics analysis are discussed, the results obtained by these techniques are pre-
sented and interpreted. MuMax3 software used for micromagnetic simulation of magnetic
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sytems is introduced and applied on our system. The results are therefore compared
to the experimental data. Finally, in Chapter 5 the experimental setup for measurement
of SOT-induced domain-wall motion is introduced together with the obtained data.

The results achieved in this study advance the current state of the art regarding to
magnetostatic properties of SAF systems with IPA and their usage for device concepts
involving domain-wall motion. A foundation is set for further investigation of similar
systems.
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1. Basics of magnetism in solids
There are four most crucial points in the theory of magnetism for a deep understanding

of the synthetic antiferromagnetic systems (SAF) and their properties: magnetic momen-
tum ~m and its origin, magnetic 昀椀eld in matter, magnetic energy contributions in matter
resulting in formation of magnetic textures and lastly, various magnetic orderings. These
points are summarized in the subsequent sections.

1.1. Magnetic momentum and its origin
Magnetic dipolar momentum ~m is the essential quantity for a description of magnetic

systems. In atomic scale it is directly linked to the spin angular momentum of the electrons
and orbital angular momentum originating in the orbital motion of electron around the
nucleus. Even though the nucleus may contribute with its own spin angular momentum,
this contribution compared to the total magnetic momentum of electron is neglected due
to its three orders lower magnitude. The total magnetic momentum is therefore given as
[6, 7]:

~m = ~morb + ~ms, (1.1)
where ~morb is the orbital magnetic momentum and ~ms is the spin magnetic momentum
of the electron.

The orbital magnetic momentum ~morb can be interpreted as an electron creating a cur-
rent loop by orbiting the nucleus. It is given by the equation [6, 7]:

~morb = − e

2me

~l = γ~l, (1.2)

where the e is a charge of the electron and me is the electron mass, ~l angular momentum
and γ gyromagnetic ratio of the electron. ~morb is quantized, thus only one component
morb,z chosen along the z-direction can be measured. This component is given by formula
[6, 8]:

morb,z = − eh̄

2me

ml, (1.3)

where ml = 0,±1,±2, . . . is an orbital magnetic quantum number and h̄ is reduced
Planck’s constant. Bohr magneton µB is used as an elementary unit for magnetism of the
electrons given as [6, 7]:

µB =
eh̄

2me

. (1.4)

The spin magnetic momentum ~ms originates from intrinsic quantum properties of
electrons with spin angular momentum ~s and their quantum number s = 1/2, given by
[6, 7, 8]:

~ms = − e

me

~s. (1.5)

~ms is quantized and thus only the z-direction component ms,z can be measured, given as
[6, 8]:

ms,z = − e

me

msh̄, (1.6)
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where ms = ±1/2 is spin magnetic quantum number [6].
Finally, if the two parts of angular momentum are interacting, the total angular mo-

mentum ~j is therefore a superposition of the both components [6]:

~j = ~l + ~s, (1.7)

giving arise to so called spin-orbit coupling (SOC).
Most atoms contain more electrons, which leads to electron-electron interactions.

Hund’s rules can be used to empirically determine the magnetic ground state of a single
multielectron atom. These rules introduce quantities ~L, ~S, and ~J , which are the orbital,
the spin, and the total angular momentum of all electrons in a single atom. The total
magnetic momentum is thus given as [6]:

~m =
µB

h̄
(~L+ 2~S). (1.8)

If more atoms are added, the individual moments are signi昀椀cantly changed originating
from covalent bond formation, electron transfer in ionic compounds or band formation in
metals. As we move to micromagnetism, larger regions with uniform orientation of mag-
netic moments called magnetic domains start appearing. Between the magnetic domains,
there is a boundary called a domain wall (DW) with a speci昀椀c orientation of magnetiza-
tion. Magnetization ~M is a macroscopic quantity of the magnetic momentum per unit
volume, de昀椀ned as [6]:

~M =
1

V

∑

i

~mi, (1.9)

where V is the volume containing the magnetic moments [6].

1.2. Magnetic 昀椀eld in matter
Magnetic 昀椀eld can be described by the vector 昀椀elds magnetic induction ~B and magnetic

昀椀eld strength ~H. In free space, these vector 昀椀elds are related by a conversion constant
µ0 called the permeability of vacuum. This conversion is given as [6, 7, 8]:

~B = µ0
~H. (1.10)

In a material, the quantities ~M , ~B and ~H are tied with the relations [6, 8, 9]:

~B = µ0( ~H + ~M) = µ0(1 + χ) ~H = µ0µr
~H, (1.11)

where µr is the relative permeability and χ is the magnetic susceptibility of the material,
which describes the material’s reaction (sti昀昀ness) to external magnetic 昀椀eld [6, 8, 9]. For
anisotropic materials the magnetization is given as:

~M = χ̂ ~Hext, (1.12)

where χ̂ is a dimensionless tensor of the magnetic susceptibility [6, 8, 9].
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1.3. Energy contributions in magnetism
The magnetic domain structure is a result of the total magnetic energy εtot minimiza-

tion. Total energy is given as a superposition of all the energy terms, given as [6]:

εtot = εZ + εd + εa + εex + εRKKY + εDMI + . . . , (1.13)

where εZ is Zeeman energy, εd demagnetization energy, εa anisotropic energy, εex exchange
interaction energy, εRKKY Ruderman-Kittel-Kasuya-Yosida interaction (RKKY) energy
and εDMI Dzialoshinskyii-Moriya interaction energy. Individual contributions are de昀椀ned
in the following subsections [6].

1.3.1. Zeeman energy
As the external 昀椀eld ~Hext is introduced in the system with volume V , the magnetization

~M is aligned parallelly to the 昀椀eld direction, while amplitude of this energy depends on
relative orientation of the external magnetic 昀椀eld to the magnetization. This interaction
is described by the Zeeman energy term [6]:

εZ = −µ0

∫∫∫

V

~M · ~Hext d
3r. (1.14)

1.3.2. Dipolar energy
Dipolar energy originates from an interaction between a magnetic momentum and

the demagnetizing 昀椀eld created by the neighboring magnetic moments. Demagnetization
e昀昀ect arises in the magnetic medium contributing with demagnetizing 昀椀eld ~Hd. Dipolar
energy of the interaction between the medium of volume V with magnetization ~M and
the demagnetizing 昀椀eld ~Hd is given as [6]:

εd = −µ0

2

∫∫∫

V

~M · ~Hd d
3r. (1.15)

1.3.3. Anisotropic energy
Magnetization is often spontaneously aligned in a pre昀昀ered direction called the easy

axis. Hard axis is a term for unfavourable direction of a magnetization alignment. Mag-
netic anisotropy can originate in sample shape, crystal structure and atomic or micro-scale
texture. Uniaxial anisotropy energy is given as [6]:

εa =

∫∫∫

V

KU sin2θ d3r, (1.16)

where KU is the magnetic anisotropy coe昀케cient, θ is the angle between the direction of
the magnetization ~M and the easy axis and V is the specimen’s volume. Anisotropy can
be arti昀椀cially induced by applied stress or by depositing and annealing samples in applied
magnetic 昀椀eld [6].
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1.3.4. Exchange energy
Exchange energy is connected to exhange interactions between electron spins, e. g.

magnetic moments of the neighboring atoms. Such interactions result in long-range par-
allel or antiparallel magnetic orderings, coresponding to ferromagnetic and antiferromag-
netic orderings. Exchange interaction for many-body system is described by the exchange
Hamiltonian Ĥex [6, 7]:

Ĥex = −
∑

i,j 6=i

JijŜiŜj, (1.17)

where Ŝi and Ŝj are spin angular moments and Jij is their corresponding exchange con-
stant. The spins orientations are parallel (e. g. ferromagnetic) for Jij > 0 and antiparallel
(e. g. antiferromagnetic) for Jij < 0. Assuming continuos magnetization aproximation,
exchange energy for a sample with volume V is given by [6, 7]:

εex =

∫∫∫

V

A

(

~∇ ·
~M

MS

)2

d3r, (1.18)

where A is the exchange sti昀昀ness constant and MS is the saturation magnetization, which
is a state of magnetization with all magnetic moments aligned parallelly to the 昀椀eld [6, 7].

Ruderman-Kittel-Kasuya-Yosida interaction
The general theory of Ruderman-Kittel-Kasuya-Yosida interaction (RKKY) was es-

tablished in 1954 by Rudermann and Kittel [10] and shortly after it was expanded by
Kasuya and Yoshida [11, 12]. In 1991 Bruno and Chapert extended the theory further to
systems consisting of multiple ferromagnetic (FM) layers with nonmagnetic (NM) spacers
between them such as synthetic antiferromagnets (SAFs) described in Chapter 2 [13].

RKKY is a special type of long-range exchange interaction in metals mediated by
conduction electrons and is thus considered as an indirect interaction, because it does
not involve direct coupling between magnetic moments. At 昀椀rst, a localized magnetic
momentum polarizes the magnetic spin of the conduction electrons. This spin-polarization
consequently couples to a neighboring localized magnetic momentum. RKKY is long-
range and has an oscilatory dependence on the distance r between the magnetic moments.
The exchange constant JRKKY (ξ) is given as [7]:

JRKKY (ξ) ∝
sin(ξ)− ξ cos(ξ)

ξ4
, (1.19)

where ξ = 2kF r, kF is the Fermi wavevector. The dependance of JRKKY (ξ) is shown in
Figure 1.1. For ξ close to zero the JRKKY (ξ) is positive corresponding to FM coupling.
As ξ increases the JRKKY (ξ) becomes negative which corresponds to AF coupling. The
昀椀rst region where JRKKY (ξ) < 0 is called the 昀椀rst AF peak, the second region corresponds
to the second AF peak. For the speci昀椀c case of SAFs, the energy term εRKKY is given by:

εRKKY =
σ

tNM

(1− ~mt · ~mb), (1.20)

where σ is the surface exchange coe昀케cient, tNM the thickness of the NM spacer layer,
~mt and ~mb are the unit vectors of magnetization for the top and bottom layer [14].
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JRKKY (ξ)

0.008

0.004
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-0.008

ξ4 8 12 16 20
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peak

Figure 1.1: The dependance of JRKKY (ξ), the 昀椀rst and second AF peaks can be seen.
Adapted from [6].

Dipolar coupling and orange-peel e昀昀ect
FM layers with high surface roughness could be coupled via dipolar 昀椀elds, which is

known as orange-peel e昀昀ect. Magnetic stray 昀椀eld, pertrudes out of such layer and acts on
another layer across thin NM spacer. When the roughness of the FM layers is correlated,
the coupling is ferromagnetic. The amplitude of dipolar coupling σd is given by the
relation [6]:

σd =
π2

√
2

δ2s
l
µ0M

2

S exp(−2π
√
2ts/l), (1.21)

where ts is the thickness of the NM spacer, δs is the surface roughness of the NM spacer
and l is the period of the roughness [6]. This e昀昀ect may introduce FM areas in otherwise
antiferromagnetically coupled multilayer sample.

Dzyaloshinkyii-Moriya interaction
Materials with low symmetry regions such as the interface of a FM layer and a layer of

heavy metal (HM) with strong spin-orbit coupling (SOC), such as Pt, Au, Ta or W exhibit
a weak antisymmetric coupling due to Dzyaloshinkyii-Moriya interaction (DMI), which is
another special type of exchange coupling [15]. This is represented by the Hamiltonian:

Ĥ = − ~D · (Ŝi × Ŝj), (1.22)

where ~D is the vector along high-symmetry axis and Ŝi, Ŝj are dimensionless spin opera-
tors. This antisymmetric exchange may cant the spins by about 1°, so antiferromagnets
can thus exhibit a weak ferromagnetic moment [6]. The energy term for DMI is given as:

εDMI = D[mz(~∇ · ~m)− (~m · ~∇)mz], (1.23)

where D is a constant specifying the strength of the DMI and z is out of plane axis [14].
In case of DMI with purely interfacial origin the constant D scales as 1/tFM , where tFM is
thickness of the FM layer [16].

DMI also helps to stabilize the Néel DWs in systems with perpendicular magnetic
anisotropy (PMA) or chiral Bloch DWs in systems with in-plane magnetic anisotropy
(IPA) [15], presented in Figure 1.2 with other DW types.
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1.4. Domain walls
DWs form the boundaries between magnetic domains and can be characterized based on
the speci昀椀c orientation of the magnetization within the DW or by the orientations of the
surrounding domains’ magnetizations. In a system with IPA, the Bloch DW (Figure 1.2
(a)) connects two domains with in-plane antiparallel magnetizations while the magnetiza-
tion within the DW rotates out of the sample plane. The Néel DW in a system with IPA
shown in Figure 1.2 (b) also joins two antiparallel domains’ magnetizations, however the
magnetization of the DW rotates only in the sample’s plane. The DW’s magnetization
in a vortex DW depicted in theFigure 1.2 (c) circulates in the sample plane around the
vortex core that is perpendicular towards the plane. Transverse Head-to-Head DW con-
nects two domains with in-plane antiparallel magnetizations pointing towards the domain
wall while the DW’s central magnetization is perpendicular towards the both domains’
magnetizations as shown in Figure 1.2 (d). Transverse Tail-to-Tail DW (Figure 1.2 (e))
is similar to the head-to-head DW, however the surrounding domains’ magnetizations
point away from the DW. 360° DW shown in Figure 1.2 (f) is then a combination of
head-to-head and tail-to-tail DWs.

Axis of
rotation

x

(a) Axis of rotation
x

(b) (c)

(d) (e) (f)

Figure 1.2: Domain wall types. (a) Bloch DW in a system with in-plane magnetic
anisotropy (IPA), adapted from [6]. (b) Néel DW in a system with IPA, adapted from [6].
(c) Vortex DW, adapted from [17]. (d) Transverse Head-to-head DW, adapted from [18].
(e) Transverse Tail-to-tail DW, adapted from [18]. (f) 360° DW.

1.5. Magnetic ordering in solids
Previous Section 1.3 described di昀昀erent types of magnetic interactions, here we are

presenting magnetic orderings resulting primarily from exchange interactions.

1.5.1. Ferromagnetic materials
Ferromagnets have a spontaneous magnetization in the absence of applied 昀椀eld. The

mechanism behind this originates from positive exchange interaction, which causes parallel
ordering of the magnetic moments along a single easy axis. The easy axis then might be
di昀昀erent for each magnetic domain [7, 8, 9]. This behavior for Fe, Co and Ni can be
described by the Stoner-Wohlfarth model [19].

The response of magnetization M in a FM to an external magnetic 昀椀eld Hext is char-
acterized by a dependence called the hysteresis loop. The typical pro昀椀le of the hysteresis
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loop is shown in Figure 1.3. The virgin branch of the hysteresis loop starts at zero ex-
ternal magnetic 昀椀eld and magnetization. Increasing external 昀椀eld towards the saturation
昀椀eld HS the saturation magnetization MS is achieved. Reducing external 昀椀eld to zero,
the magnetization obtains its remanent value Mr. With increasing the external 昀椀eld to
opposite magnitude, the coercive 昀椀eld given as M(Hext = HC) = 0 is achieved, where the
magnetization is zero.

HextHC

Mr

MS

M

HS

Figure 1.3: Hysteresis loop of a ferromagnet. Adapted from [20].

Magnetic susceptibility χFM of a FM is thermally dependent. It is stable bellow
a certain temperature called the Curie temperature TC . For T > TC the thermal 昀氀uctu-
ations of magnetic moments overcome the exchange energy, and the material undergoes
a second-order phase transition to the paramagnetic state. The paramagnetic suscepti-
bility χFM(T ) for low applied 昀椀eld is then described by the Curie – Weiss law [6, 7, 8]:

χFM(T ) ∝ 1

T − TC

. (1.24)

1.5.2. Anti昀昀eromagnetic materials
Antiferromagnetic ordering is a result of negative exchange interactions, adjacent mag-

netic moments are thus aligned antiparallelly to each other. This leads to zero net magne-
tization in the absence of an external magnetic 昀椀eld. At a certain temperature, called the
Néel temperature TN , the material undergoes a phase transition to the paramagnetic state.

Magnetic susceptibility of antiferromagnets (AF) depends on the direction of the ap-
plied magnetic 昀椀eld in respect to the spin axis of the AF as seen in Figure 1.4. At temper-
atures below TN and with parallel orientation of the 昀椀eld, the susceptibility χ‖ increases
with the temperature. For perpendicular orientation of the 昀椀eld, susceptibility χ⊥ is
independent of temperature untill TN is achieved [6, 7].

Antiparallel exchange enables multiple orientations of magnetic moments in the lat-
tice. The possible orientations are collinear, non-collinear, and synthetic lattice, depicted
in Figure 1.5. Magnetic moments in collinear AF lattice are aligned antiparallelly as
seen in Figure 1.5 (a). Non-collinear AF lattice covers orientations of magnetic lattice
moments, that lead to zero total magnetization or magnetic momentum, an example is
shown in Figure 1.5 (b). Synthetic antiferromagnets are a result of antiferromagnetic
RKKY-like coupling between FM layers separated by NM spacers. SAF with in-plane
orientation of magnetic moments is shown in Figure 1.5 (c). SAF systems will be exten-
sively described in the further Chapter 2. It is important to note, that if the layers of
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SAFs are not of the same thickness, the system is thus not fully compensated, resulting
in a synthetic ferrimagnet (SyF).

TTN

χ‖

χ⊥

χ

Figure 1.4: Temperature dependence of antiferromagnetic susceptibility. Adapted
from [6].

(a) (b) (c)
m1

m2

m1

m2

Figure 1.5: Magnetic moments con昀椀gurations in: (a) collinear AF lattice, (b) non-
collinear AF lattice, (c) SAF. Adapted from [21].
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2. Synthetic antiferromagnets
SAF systems consist of FM layers separated by NM spacers of apropriate thickness.

The FM layers are thus coupled via RKKY described in Subchapter 1.3.3. The concept
of such systems emerged in the 1950s after the discovery of indirect exchange coupling
of magnetic moments of nucleus by conduction electrons. Early experiments on SAFs
were conducted by Grünberg et al. during the 1980s and brought important evidence of
interlayer AF coupling [22]. Grünberg and Fert then independently discovered the e昀昀ect
of giant magnetoresistance (GMR) in Fe/Cr multilayer systems. GMR is observed as
a signi昀椀cant change in the electrical resistance depending on whether the magnetization
of adjacent FM layers are in a parallel or an antiparallel alignment [23, 24]. GMR set
the foundation for the study of spintronics, which fundamentally di昀昀ers from traditional
electronics, because in addition to charge state, electron spins are used as a further degree
of freedom. This aditional degree of freedom promises better e昀케ciency of data storage
and transfer. SAF structures also allow very e昀케cient motion of magnetic DWs further
described in Chapter 3 with velocities exceeding 750 ms−1 [3].

The two possible con昀椀gurations of the SAFs are the systems with in-plane magnetic
anisotropy (IPA) where the magnetization of the both FM layers is in plane of the sample
and the systems with perpendicular magnetic anisotropy (PMA), where the magnetization
of the both FM layers is perpendicular to the plane of the sample. The e昀昀ective anisotropy
Keff determines the anisotropy of the system, in our case it is given as [6, 25]:

Keff = K0 +
KPt

t
+

2KS

t
− µ0M

2
S

2
, (2.1)

where K0 is volume or bulk anisotropy, KPt is the Pt interfacially induced anisotropy
arising from DMI, Ks is the surface anisotropy, t is the thickness of the 昀椀lm and the last
term stands for dipolar or shape anisotropy. For Keff > 0 the PMA is settled, for Keff < 0
the IPA takes place [6]. It is important to note that the anisotropy of a sample may be
altered by a number of other factors such as the presence of a strong DMI. The anisotropy
of a system has a great impact on its behaviour and properties such as the size and shape
of the magnetic domains, type of magnetic DWs etc. This topic is further explained in
the following sections.

2.1. Synthetic antiferromagnet systems with perpen-
dicular magnetic anisotropy

SAF systems with PMA, shown in Figure 2.1, have seen great attention in the past
decade and domain-wall motion is one of the most extensively studied phenomenons in
those systems [3, 4, 26]. For PMA to settle in SAF it is necesarry to reduce the thickness
t of the system, also evident from the Equation 2.1. Magnetization of magnetic domains
in these systems can be oriented only in two possible directions shown in Figure 2.1.
This fact decreases degrees of freedom of the system and may make the characterization
of magnetostatic properties of the sample easier. SAF systems with PMA will not be
further examined within this study.
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m2

m1

m1

m2

Figure 2.1: SAF system with PMA, while the Bloch DW is a boundary between two
domains. Adapted from [21].

2.2. Synthetic antiferromagnet systems with in-plane
magnetic anisotropy

In this study we primarily focus on the SAF systems with IPA, strongly inspired by
Lepadatu [5]. IPA can be achieved in SAFs by increasing the thickness of the top and bot-
tom FM layers to few nanometres. This kind of system has not seen much attention in the
past years, even though there are many various aplications such as magnetic domain-wall
racetrack memory, magnetic 昀椀eld sensors for data reading in hard disk drives, biosen-
sors, microelectromechanical systems or magnetoresistive random-access memory devices
(MRAM). For this reason, we chose SAFs with IPA as the model system for this thesis.

In general, there are two types of SAFs, systems with low magnetic anisotropy, under-
going spin-昀氀op transition associated to coherent mutual rotation of both FM layers, and
systems with strong magnetic anisotropy dealing with a pure spin-昀氀ip process. SAF sys-
tems with weak anisotropy energy exhibit spin-昀氀op transition shown in Figure 2.2 (a),
which leads to a sudden increase in the total magnetization at a certain strength of
an external magnetic 昀椀eld applied along the magnetization of either of the AF coupled
layers called the spin-昀氀op 昀椀eld Hsf shown in Figure 2.2 (a). This transition was theo-
retically predicted in 1998 by Zhu and Zheng and later it was experimentaly con昀椀rmed
by Tong et al. [27, 28]. If an external magnetic 昀椀eld is applied, the total magnetization
of the SAF system is zero, until the externally applied magnetic 昀椀eld reaches the value
of the spin-昀氀op 昀椀eld Hsf . At this point both magnetic layers are tilted to each other,
related to spin-昀氀op or so called canted state, where the AF coupling was overcomed by
the strength of the external 昀椀eld. By further increasing of the magnetic 昀椀eld, the mutual
tilt between the both FM layers is decreasing, 昀椀nally becoming parallel to each other
when the external 昀椀eld strength achieves the saturation 昀椀eld value. At this point, both
layers are pointing in the direction of the externally applied magnetic 昀椀eld while the total
magnetization of the SAF system gains its saturation value MS. By further increasing of
the magnetic 昀椀eld, the total magnetization is constant, as it is shown in the Figure 2.2
(a). The spin-昀氀op 昀椀eld Hsf is given by the relation [6]:

Hsf = [4MαHa/(χ⊥−χ‖)]
1

2 , (2.2)
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(b)

HS HS

Figure 2.2: Magnetization of a SAF as a function of applied external magnetic 昀椀eld of:
(a) spin-昀氀op transition; (b) spin-昀氀ip transition. Adapted from [6].

Figure 2.3: Antiparallel magnetization orientation of complementary magnetic domains
in the top and the bottom layer of a SAF system with IPA, diagonal direction of uniaxial
magnetic anisotropy and interfacial DMI with external 昀椀eld B = 2.50mT applied along
0° direction. Pictures are results of a simulation in MuMax3 performed by Michal Staňo
and with help of Ján Hnilica [29, 30].

where Mα is the spontaneous magnetization and Ha is the anisotropy 昀椀eld. The anisotropy
昀椀eld can also be expressed by the uniaxial anisotropy constant K1 as Ha = K1/µ0Mα. The
spin-昀氀op 昀椀eld (also exchange 昀椀eld) enhances the system with stability against external
magnetic 昀椀eld, also tunable via RKKY. SAF systems with strong anisotropy exhibit spin-
昀氀ip transition shown in Figure 2.2 (b), which is similar to spin-昀氀op. In case of spin-昀氀ip,
the mutual orientation of both layers stays antiparallel until a certain strength of applied
external 昀椀eld is achieved. The magnetizations of both layers then 昀氀ip and align parralel
to the applied external 昀椀eld, while the total magnetization of the SAF system achieves
its saturated value MS, presented in the Figure 2.2 (b). [6].

Assuming uniaxial anisotropy, the magnetizations of magnetic domains will align to
the easy axis. The domains are complementary in the top and the bottom SAF layers and
their magnetizations are aligned antiparallelly as shown in Figure 2.3, where interfacial
DMI was also considered.
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2.3. Domain walls in synthetic antiferromagnet sys-
tems with in-plane magnetic anisotropy

SAF systems with IPA can have many types of DWs, however only certain types
are suitable for domain-wall motion induced by spin orbit torques (SOTs). DWs of the
domains are complementary to each other in the both SAF layers. Vortex DWs will
have opposite circulations as shown in Figure 2.4 (a) and head-to-head (HTH) DW in
the top layer coresponds to tail-to-tail (TTT) DW in the bottom layer as shown in Fig-
ure 2.4 (b) [5]. Complementary 360° DWs are depicted in Figure 2.4 (c).

If strong DMI is introduced into the system, vortex and Bloch DWs with out-of-plane
central magnetization will prevale over Néel DWs with in-plane central magnetization.
Bloch and Néel DWs for a system with IPA are depicted in Figure 1.2 (a) and (b).
In SAF wires less than 800 nm wide Néel, HTH, TTT and the 360° DWs can form,
beyond 1 200 nm the transverse and the vortex DWs form [5]. Combining DMI and larger
dimensions of structures can guarantee Bloch, transverse and vortex DWs, which are
favourable for domain-wall motion induced by SOTs, described in the following chapters.
The idea of domain-wall motion induced by SOTs, which is the primary goal of this study,
was proposed by Lepadatu [5], who used a di昀昀erent mechanism called spin transfer torque
to induce the motion of domain-walls.

(a) (b)
Head-to-head domain wall

Tail-to-tail domain wall

(c)
Top

Layer

Bottom
Layer

Figure 2.4: DWs in SAF with IPA. (a) Vortex DWs with opposite circulation in the
top and bottom layer, pictures are results of a simulation in MuMax3 performed by
Michal Staňo and with help of Ján Hnilica [29, 30]. (b) HTH DW in the top layer and
complementary TTT DW in the bottom layer, adapted from [5]. (c) Complementary
360° DWs.
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3. Domain-wall motion in synthetic
antiferromagnets

Domain-wall motion is an e昀昀ect taking place on the boundaries of the magnetic do-
mains while the domain undergoes propagation in response to an external stimuli such as
applied external 昀椀eld, spin current etc.

The main goal of this study is observation and measurement of the magnetic domain-
wall motion induced by spin-orbit torques (SOT). Similar topic was extensively studied
and explained by Ing. Ján Hnilica [21]. To give a full explanation of this problematic,
we 昀椀rstly describe the formation of the spin current. Secondly, the basics of the dynamics
of magnetization for the appropriate de昀椀nition of the SOT. In the last section of this
chapter, the magnetic domain-wall motion induced by SOT will be explained.

3.1. Spin Hall e昀昀ect and spin current
In 1879, Edwin Hall discovered that if an external magnetic 昀椀eld is applied perpen-

dicularly to the direction of charge current in a conductor, Lorentz force acting on the
electrons creates a transversal voltage across the edges of the conductor. This is known
as the Hall e昀昀ect (HE) [31].

If the charge current is passed through a conductor, that is also a FM, the transversal
voltage is no longer proportional to the applied external 昀椀eld due to additional contribu-
tions related to the magnetization of the FM. In this case, the electrons 昀氀owing through
the FM medium acquire di昀昀erent transversal drift velocities. This is strongly dependent
on the relative orientation of the spin polarization of the electrons and the magnetization
of the FM. The result is again a non-zero transversal voltage on the edges of the FM and
the phenomenon is known as extraordinary or anomalous Hall e昀昀ect (AHE) [32].

Lastly, if the charge current is passed through a NM conductive heavy metal (HM)
with strong spin-orbit coupling, the transversal drift velocity is spin-dependent. This still
applies even if the externally applied magnetic 昀椀eld is not present. Unlike to HE and AHE,
there is no transversal voltage across the edges of the conductor. Instead, spin accumu-
lation of electrons with opposite spin polarization is created at the opposite edges of the
HM conductor and is oriented perpendicularly to the charge current. This phenomenon
is called the Spin Hall e昀昀ect (SHE) and it is depicted in the Figure 3.1 [6].

Thanks to SHE, the ordinary charge current becomes a spin-polarized current or in
short notation spin current (SC). SC density JS is given as [33]:

~JS =
h̄

2e
θSH ~JC × ~σ, (3.1)

where θSH is the spin Hall angle of the material, ~JC is charge current density 昀氀owing
through the medium, and ~σ indicates the direction of the spin index. This mechanism
is visualized in Figure 3.1. θSH determines the e昀케ciency of spin-to-charge conversion.
Largest values of θSH can be seen in W, Au, Pt and Pd and can be calculated as the
division of the spin and the charge current [33]:

θSH =
|JS
| |JC |. (3.2)
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~JC
~JS

~σ

Figure 3.1: Illustration of SHE, ~JC is the charge current, ~JS is the spin current and ~σ

is the spin direction vector. Adapted from [21].

SC has a central role in spintronics and it has great use in the spintronics devices. Phe-
nomenons on interfaces of HM/FM or SAF layers, such as SOT driven magnetization
dynamics and domain-wall displacement presented in further Section 3.2.3 led to arise of
a new branch of material science called spin-orbitronics. Spin-orbitronics is based on the
transfer of spin-orbital angular momentum to the neighboring magnetically active layer.
This transfer is enabled through the SC.

There are three mechanisms responsible for SHE. First of them is the spin skew scatter-
ing where the spin-dependent scattering is evoked by SOC due to various spin orientation
of electrons of the charge current. SOC gives arise to an e昀昀ective magnetic 昀椀eld gradient
along the scattering vector. The magnetic 昀椀eld gradient results in a force towards or
away from the scattering center, depending on the direction of the spin. Skew scattering
is depicted in the Figure 3.2 (a). Second e昀昀ect contributing towards SHE is side jump
(shown in Figure 3.2 (b)), which due to a spin-dependent acceleration and deceleration
di昀昀erence during scattering events results in spin-dependent sideway displacement upon
repeated scattering events. Magnetic 昀椀eld gradient is also present in the case of side jump,
because the SOC results in an e昀昀ective 昀椀eld gradient along the incoming and receding
moment direction. The 昀椀rst two mechanisms are called extrinsic, because they depend on
the density of defects and impurities in the structure. Lastly there are so called intrin-
sic mechanisms, where the SOC in combination with virtual inter-band transitions gives
rise to spin-dependent transverse velocity that emerges during the acceleration between
scattering events. Intrinsic mechanisms are depicted in the Figure 3.2 (c) [34].

(a) (b) (c)
~JC

~JC

~JCField
gradient Field

gradient
~JS

~JS

~JS

Figure 3.2: Mechanisms responsible for SHE. (a) Spin skew scattering. (b) Side jump.
(c) Intrinsic mechanisms. Adapted from [34].
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3.2. Dynamics of magnetization
This chapter focuses on dynamics of magnetization, described by the Landau-Lifschitz-

Gilbert equation, and some of the mechanisms driving the magnetization dynamics,
namely magnetisation dynamics driven by magnetic 昀椀eld and SOT.

3.2.1. Landau-Lifschitz-Gilbert equation
When a FM sample with magnetization ~M is placed in an external magnetic 昀椀eld

~Hext tilted towards ~M , it experiences the torque ~Γ = µ0
~M× ~Hext acting on magnetization

~M . This torque causes Larmor precession of ~M around the 昀椀eld direction, depicted in
Figure 3.3 (a) and given by the gyroscopic equation [6]:

d ~M

dt = γµ0
~M × ~Hext. (3.3)

Thanks to damping, the precession of the magnetization is 昀椀nite and the precessional
time of magnetisation is in order of ≈ 10−11 s. The torque ~ΓDamping of damping origin is
represented by a damping term in the Equation (3.3), giving arise to the Landau–Lifs-
chitz–Gilbert equation (LLG) [6]:

d ~M

dt = γµ0
~M × ~Hext −

(

α

MS

)

~M × d ~M

dt , (3.4)

where α is the Gilbert’s damping parameter. A typical value of the Gilbert damping is
α = 0, 01, which corresponds to regular FM materials such as Co, Fe, Ni. For α << 1,
the the damping is weak and for α >> 1 the damping is strong and the precession of
the magnetization relaxes almost suddenly [21]. The precession relaxation of ~M , shown
in Figure 3.3 (b), is followed by alignment of the magnetization to the external 昀椀eld
direction depicted in Figure 3.3 (c) [21, 35].

~Γ ~Γ
~Hext

~Hext ~Hext

~M ~M

~M

z z z

y y y

x x x

~ΓDamping

(a) (b) (c)

Figure 3.3: Schemes of magnetization dynamics. (a) Larmor precession. (b) Pre-
cession relaxation. (c) Alignment of magnetization to the direction of external 昀椀eld.
Adapted from [21].

To displace magnetic domains, it is necessary to aply torque originating in external
stimuli on the magnetic DWs. There are two possible geometries of the external torque.
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The 昀椀rst is 昀椀eld-like torque ~ΓFL with the same direction as the torque induced by external
magnetic 昀椀eld. The second is damping-like torque ~ΓDL analogously having the direction
of a damping torque, shown in Figure 3.3 (b). The torque geometries can be expressed
as [35, 36]:

~ΓFL = ( ~M × ~uFL)ΓFL, (3.5)
~ΓDL = ~M × ( ~M × ~uDL)ΓDL, (3.6)

where ~uFL and ~uDL are unit vectors pointing in a direction dependent on the origin of the
torque. The ~ΓFL drives a precessional motion around ~uFL, the ~ΓDL drives a relaxation
towards ~uDL [36].

3.2.2. Magnetization dynamics driven by magnetic 昀椀eld
The simplest way how to drive magnetisation is via an applied external magnetic 昀椀eld.

When a FM sample with a magnetic momentum ~m is placed in an external magnetic 昀椀eld
~Hext, which is inclined to ~m, it experiences a 昀椀eld-like torque given by [6]:

~ΓH = µ0 ~m× ~Hext. (3.7)

~m starts to precess around ~Hext with the Larmor precessional frequency:

ωL = γµ0
~Hext. (3.8)

If the sample has uniaxial magnetic anisotropy that can be represented by an anisotropy
昀椀eld ~Ha = 2K1/µ0MS, the Larmor precessional frequency is modi昀椀ed as:

ωL = γµ0( ~H + ~Ha). (3.9)

If the 昀椀eld is applied in plane of the FM 昀椀lm, perpendicular to the easy axis, the mag-
netization tries to precess out of plane and it is then subjected to a large demagnetizing
昀椀eld [6].

3.2.3. Magnetization dynamics driven by spin current
Applying SC to manipulate the magnetization of the sample is an another aproach

widely used in spintronics. If the direction of a spin polarization ~σ in the 昀氀owing SC is
not aligned with the direction of the magnetization ~M , there is an exchange interaction
between the spin and the local magnetization of the sample creating spin torques [37].
There are two possible spin torque geometries that could exist, 昀椀eld-like spin torque ~ΓσFL

and damping-like torque ~ΓσDL, given as:

~ΓσFL = −γµ0HFL
~M × ~σ, (3.10)

~ΓσDL = γµ0HDL
~M × ( ~M × ~σ), (3.11)

where HFL = −ΓFL/γµ0 and HDL = ΓDL/γµ0 are the 昀椀elds associated with 昀椀eld-like and
damping-like torques [21, 36].

There are two mechanisms that can induce magnetization dynamics by spin torques.
In the 昀椀rst case, the charge current aquires a certain spin polarization and angular mo-
mentum as it is 昀氀owing through conducting magnetic medium with a de昀椀ned orientation
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of magnetization. This spin polarized current then carries the angular momentum further
in the medium and it can transfer the momentum to the local magnetization. This phe-
nomenon is known as spin-transfer torque (STT) and is not further examined in this thesis
[21, 37].

The second way to induce magnetization dynamics via SC is the SOT, which is the
main mechanism used for magnetodynamics phenomenons in this study. Pure SC is
created across the out-of-plane direction of a spin source layer in the manner of SHE
and it can then 昀氀ow in an adjacent magnetic layer via a shared interface. The angular
momentum of the SC is then transferred to the local magnetization of the magnetic layer
resulting in angular momentum relaxation of the SC, accompanied by the formation of
so-called spin-orbit torque (SOT). SOT has two possible geometries. The 昀椀rst is the
damping-like torque from SHE acting on the magnetization shown in Figure 3.4 with an
amplitude associated to the 昀椀eld HSHE−DL, given as [21, 36]:

HSHE−DL =
h̄

2e

1

µ0MS

θSHE

t
JC , (3.12)

where t is the magnetic layer thickness. The other SOT geometry is the 昀椀eld-like torque
from the Rashba e昀昀ect associated with a 昀椀eld HRashba given as [21, 36]:

HRashba =
αR

µ0MS

PJC , (3.13)

where αR is the Rashba coe昀케cient, P polarization of the charge carriers. This torque is
depicted in Figure 3.4 [36].

~JC
Spin source

layer
~JS

~σ

~ΓDL

~ΓFL

~m

Top SAF
layer ~M

~ΓDL

~ΓFL

~m

Figure 3.4: Scheme of the SOT acting on the magnetic moments in the top layer of SAF
with IPA. The green region is the spin source layer, ~JC and ~JS refer to charge and spin cur-
rent. The grey region is the top layer of SAF with magnetization ~M . Adapted from [21].

Torques originating in spin-currents like spin-transfer torque (STT) or spin-orbit
torque (SOT) are acting on magnetization with both 昀椀eld-like and damping-like geome-
tries. By their introducing into to the LLG equation, the system excited by spin-currents
could be simply described [21, 36].
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3.3. Domain-wall motion and domain-wall dynamics
Domain-wall motion is a mechanism, that is responsible for the propagation of the

magnetic domains. It can be induced by magnetic 昀椀eld, STT, SOT and other mecha-
nisms. Important parameter of domain-wall motion is its velocity vDW , which is strongly
dependent on the charge current density JC applied to the system. In this study, we focus
on domain-wall motion induced by SOT in creep regime, which requires lower JC .

Transverse and vortex DWs in magnetic systems with IPA can be driven via SOT [38].
The presence of strong interfacial DMI and size of structures greater than 1 200 nm should
guarantee prevalence of these DWs in the sample as explained in Subchapter 2.3. DMI
also enhances the domain-wall motion velocity, the DMI local 昀椀eld HDMI is given by [36]:

HDMI =
D/∆

µ0MS

, (3.14)

where ∆ =
√

A/Keff de昀椀nes the DW width and polarity, where HTH DWs corespond
to ∆ > 0 and for TTT DWs ∆ → −∆ [36]. As charge current 昀氀ows through the HM
layer, the spin current 昀氀ows transversally towards to the SAF system below. The spin
angular momentum of the electrons interacts with the central DW magnetization by SOT.
The 昀椀eld HSHE creates damping like torque and a 昀椀eld like torque −γ ~M × ~HDMI may
arise, if HDMI is tilted from the magnetization by a certain angle ϕ. The whole mechanism
is shown in Figure 3.5 [21, 39].

~M

~JC
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layer
~JS
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~ΓDL
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~HDMI

~ΓFL
~M
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Figure 3.5: Scheme of the SOT acting on the vortex core at the center of a vortex DW
in SAF with IPA. Adapted from [21].

3.4. Regimes of the domain-wall motion
This chapter introduces two di昀昀erent regimes of domain-wall motion, which depend

on the amplitude of an externally applied driving force involved in the dynamics of mag-
netization. In our case, the driving force is JC . creep and 昀氀ow regimes are discussed in

22



relation to the domain-wall motion mobility curve shown in Figure 3.6. For JC < JD,
where JD represents here a depinning current density, the system is in the creep regime.
After JC exceeds the necessary amplitude JD to overcome pinning, the system is in linear
昀氀ow regime where the domain-wall motion velocity doesn’t depend on the density of the
pinning centers. When JC reaches the Walker current density JW , the vDW saturates.
The JW characterizes the current density at the breakdown point (Walker breakdown),
where the central magnetization of the DW changes its orientation aligning antiparal-
lelly towards the spin angular momentum ~σ of the spin current. At this orientation,
the maximum SOT magnitude is reached and vDW is thus saturated [21].

JC

v
D
W

JD JW

0

Creep
regime

Flow-steady
regime

Walker breakdown

Figure 3.6: Domain-wall motion mobility curve. For JC < JD the system is in the creep
regime. After JC exceeds the necessary amplitude JD to overcome pinning, linear 昀氀ow
regime is reached. When JC reaches JW , the vDW saturates. Adapted from [21].

3.4.1. Creep regime
Creep regime is an exponential behavior of vDW versus applied JC . The DW velocity

vDW in the creep regime can be described by the equation [40, 41]:

vDW = v0e

(

−
TD
T

)(

JD
JC

)µ

, (3.15)

where the v0 is initial DW creep velocity, TD is depinning temperature, T is temperature of
the system, JD is the critical depinning current density and µ = 1/4 is universal dynamic
exponent. Pinning potentials created by impurities or defects must be taken into account,
since JC < JD in this regime. The DW becomes unpinned when the energy of the DW is
increased above the pinning energy by applied JC , which results in domain-wall motion.
The DW can also overcome pinning by increasing the temperature of the system [21, 40].
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3.4.2. Flow regime
The 昀氀ow regime is reached if JC > JD. The JC has to be high enough so the disorders

in the system become irrelevant, resulting in a linear dissipative viscous 昀氀ow motion. The
velocity of the 昀氀ow regime is given by [21, 36]:

vDW = µJC , (3.16)

where µ is the mobility of the DW, which characterizes the DW’s ability to be displaced.
The DW velocity in this regime strongly depends on the amplitude of JC and the mobil-
ity µ. vDW increases until the Walker current density JW is achieved and the velocity of
the DW motion saturates [21, 36].
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4. Fabrication and magnetostatic
characterization of synthetic
antiferromagnets

This chapter consists of several major sections covering the fabrication of SAF multi-
layers by magnetron sputtering and patterning of the samples with the use of positive UV
lithography, characterization of SAF’s static magnetic properties using vibrating sample
magnetometry (VSM) and Magneto-optical Kerr microscopy (MOKE). Finally, in the last
section results of MuMax3 simulation are presented.

4.1. Fabrication of the synthetic antiferromagnets
Fabrication of ultra-thin structures with thickness in orders of nanometers may be

a di昀케cult task. This chapter 昀椀rstly describes the multilayer ordering and the roles of
the individual layers in SAF system. Secondarily, the process of magnetron sputtering,
being the technique of choice for the depositions is described including the used deposition
parameters. Subsequently, positive UV lithography utilized for patterning of microstruc-
tures is explained.

4.1.1. Multilayer ordering
All the active layers were deposited by magnetron sputtering on Si substrate with

285 nm of thermal SiO2 as an electric insulation layer. 3 nm of Ta is here as a bottom-
most layer, deposited directly on the SiO2, representing a seed layer that ensures better
adhesion and induces uniaxial anisotropy in the 5 nm Co20Fe60B20 layer above [42, 43, 44].
The CoFeB layers are amorphous as they contain more than 5% of B [45]. On top of
Ta there is a 5nm layer of Pt, which acts as a spin source layer and a DMI source also
preventing oxidation of the layers underneath [15, 46]. The Pt layer was followed by
the SAF multilayer, the thickness of both CoFeB layers is 5 nm, where this thickness
ensures IPA. The two CoFeB layers were separated by Ru spacer with varying thickness
(0.10, 0.20, 0.30, 0.40, 0.45, 0.475, 0.50, 0.60, 0.70 in unit of nm) to achieve 昀椀ne tuning
of the RKKY coupling. Finally the SAF system was capped with 5 nm of Pt having the
same purposes as the bottom Pt layer. Scheme of the sample cross-section is shown in
Figure 4.1 (b). Since this moment we will re昀昀er to this type of samples as the double Pt
SAFs. Presence of Pt on the both sides of the SAF multistack may ensure symmetrical
acting of the DMI on each CoFeB FM layer, from which the SAF multistack consists.
Unfortunatelly, direct measurement or estimation of DMI amplitude is beyond scope of
this thesis.

After further analysis of the double Pt SAF sample series, extensively described in the
future Subsection 4.2.1, the sample with 0.45 nm Ru interlayer thickness was chosen as
a reference for patterning. Second sample type chosen for pattering consists of the same
3 nm Ta/ 5 nm CoFeB/ 0.45 nm Ru/ 5 nm CoFeB/ 5 nm Pt. Here the Pt layer separating
Ta and CoFeB layer was removed in order to possibly inject spin-current only to the top
CoFeB FM layer. Cross-section scheme of this sample is depicted in Figure 4.1 (c). This
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sample may eventually allow domain-wall motion induced by SOT in such a case, that
the 昀椀eld-like and damping-like torques in the top SAF layer (Figure 3.2.3) are aligned
antiparallelly to the torques in the bottom SAF layer. We will re昀昀er to this sample as the
single Pt SAF.

It is important to note that all the thicknesses described above are nominal, but in
reality they are discrete due to low number of atomic planes of the Ru spacer. This
may play a role especially for the Ru spacer with very low thickness, where some areas
of the sample may be FM coupled, while others are AF coupled. Increasing the surface
homogenity of the deposited 昀椀lms may partially mitigate this e昀昀ect as the long-range
nature of exchange coupling will ensure prevalence of global coupling over the coupling
of small inhomogenities. Rotating the sample during the deposition greatly increases the
homogenity of the sputtered layers.

4.1.2. Magnetron sputtering
Depositions of thin 昀椀lms was performed by multi-target magnetron sputtering tech-

nique shown in Figure 4.1 (a), which is a technique based on a physical vapour deposition
(PVD). The principle of PVD lies in inserting the substrate into an evacuated chamber
with high vacuum (5 ·10−7 to 1.5 ·10−9 mbar). After the chamber is evacuated, the Ar gas
is injected into the chamber and voltage is applied between the magnetron head cathode
and anode, which leads to emergence of Ar plasma. Ar plasma is created due to collisions
with electrons. For higher e昀케ciency of ionization, there are magnets under the target that
are creating magnetic 昀椀eld forcing the electrons to concentrate above the target made of
material intended for deposition (Ta, CoFeB, Ru or Pt). This leads to more frequent col-
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(b) Double Pt SAFs
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Figure 4.1: SAF deposition. (a) Scheme of magnetron sputtering. Adapted from [21].
(b) Multilayer ordering of double Pt SAFs. (c) Multilayer ordering of single Pt SAF.
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lisions of electrons with Ar atoms, which increases the plasma density and consequently
the deposition rate. Ar+ ions are attracted to the target, where they collide with the tar-
get’s material, that is then sputtered onto the substrate attached on the substrate holder
above the target [21]. Both the target and the sample can be covered by a shutter, which
prevents the sputtered atoms from exiting the target and reaching the substrate.

The depositions were performed on Bestec magnetron sputtering machine, which has
eight various targets installed in separated magnetron heads and is powered by 3 separated
DC sources, this enables sputtering of up to three materials simultaneously. The sam-
ple was inserted into the evacuated chamber, the initial pressure before deposition was
decreased down to pi ≤ 5 · 10−8 mbar. Position of the sample above the targets was set
to h = 230mm and its rotation was set to 20 rpm to achieve higher homogenity, the tilt
of all targets was set to 15°. The 昀氀ow of Ar gas was 30 cm3/min and the total pressure
inside the chamber was changed to pAr = 2.7 · 10−3 mbar. The parameters above were
constant during all the depositions and are summarized in Table 4.1 (a).

(a) General paremeters during the depositions
pi (mbar) pAr (mbar) Ar 昀氀ow (cm3/min) h (mm) Rot. (rpm) Tilt (°)
≤ 5 · 10−8 2.5 · 10−3 30 230 20 15

(b) Deposition parameters of the double Pt SAFs
Material tlayer (nm) Pwork (W) tpre−sput (s) tdepo (s) vdepo (Å/s)

Ta 3.0 40 300 180.0 0.17
Pt 5.0 40 30 62.5 0.80

CoFeB 5.0 80 300 195.3 0.26
Ru 0.10-0.70 40 240 5.25-36.75 0.19

CoFeB 5.0 80 0 195.3 0.26
Pt 5.0 40 60 62.5 0.80

(c) Deposition parameters of the single Pt SAF
Material tlayer (nm) Pwork (W) tpre−sput (s) tdepo (s) vdepo (Å/s)

Ta 3.0 40 300 180.0 0.17
CoFeB 5.0 80 300 195.3 0.26

Ru 0.45 40 240 23.63 0.19
CoFeB 5.0 80 0 195.3 0.26

Pt 5.0 40 60 62.5 0.80

Table 4.1: Deposition parameters. (a) General parameters during depositions. (b) De-
position parameters of the double Pt SAFs. (c) Deposition parameters of the single Pt
SAFs.

The plasma in the targets was ignited at 20W and the power was then increased
to working power Pwork to achieve higher deposition rates vdepo. The targets were pre-
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sputtered for a time period tpre−sput before the layer deposition to remove the top atomic
layers of the targets, which could be oxidized or contain some impurities. Prolonged pre-
sputtering of Ta was utilized to ensure lower pressure before the deposition. Ta creates
an active metallic surface on the walls of the deposition chamber and absorbs some of
the remaining gas acting as a getter pump. After pre-sputtering the deposition was done,
the demanded thickness of the layer tlayer is simply tlayer = vdepotdepo, where tdepo is the
duration of sputtering. vdepo was obtained by depositing a single layer of material for
a de昀椀ned period of time followed by a thickness measurement via x-ray re昀氀ectometry
(XRR). The XRR measurements were performed by Jon Arregi.

In case of the double Pt SAFs, 昀椀rstly the Ta was deposited and the DC source for the
Ta target was then turned o昀昀 and switched to Pt, followed by the Pt layer deposition.
Secondly, the CoFeB and Ru targets were ignited and the SAF multilayer was deposited,
both targets were ignited throughout this whole phase of the deposition. Finally, the
Pt target was ignited in the last 60 s of the top CoFeB layer deposition and the shutter
was opened just after the CoFeB deposition 昀椀nished to prevent surface oxidation. This
process was repeated for various thicknesses of Ru as explained in Chapter 4.1.1. De-
position parameters tlayer, Pwork, tpre−sput, tdepo, vdepo for the double Pt SAFs were listed in
Table 4.1 (b).

The single Pt SAF was fabricated after the double Pt SAFs with the same procedure
and deposition parameters, however the bottom Pt layer was not deposited. Deposition
parameters for single Pt SAF are listed in Table 4.1 (c).

To summarize the deposition of SAFs, two types of samples were fabricated. Double Pt
SAF 昀椀lms with varying Ru spacer thickness were deposited to achieve 昀椀ne tuning of the
RKKY coupling. Patterned samples with Ru spacer thickness of 0.45 nm were fabricated
for both single and double Pt SAFs.

4.1.3. Sample patterning
Samples were patterned with the use of positive laser UV lithography while the struc-

tures were designed in a way that enables injection of current pulses with high current
densities in orders of ≈ 5 · 1011 A/m2 with pulse lengths as short as 2.5 · 10−7 s.

Two types of structures were fabricated, where contact pads were joint with either
straight stripes or S-shaped stripes. The pad areas are square-like with dimensions
(400 × 400)µm2, enabling connection to a printed circuit board by micro wire-bonding.
The straight stripes (Figure 4.2 (a)) have widths w of 3 and 5µm and lengths l of
(15, 30, 45)µm and (30, 60, 90)µm respectively. The S-shaped stripes (Figure 4.2 (b))
have the same widths as the straight stripes, the wire is divided into 3 segments that
equally cover the distance d between the pads of 30 and 60µm respectively. The mid-
dle segment of the stripe forms an angle of 45° towards the straight segments creating
corners that might help in pinning of the DWs within the stripe. Higher lengths of the
stripes increase the likelyhood of DW presence within the stripe, however this results in
an increase of electrical resistance and thus a decrease in charge current density. Decreas-
ing the stripe width decreases the stripe intersection, which enhances the injected charge
current density, however subsequent observation of domain-wall motion may become dif-
昀椀cult. Varying the width and length of the stripes helps 昀椀nding the optimum parameters
for observation of domain-wall motion induced by current pulses.
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Figure 4.2: Pattern created in KLayout software enabling short charge current density
pulses. (a) Contact pad joint with straight stripe. (b) Contact pad joint with S-shaped
stripe.

As the 昀椀rst lithography step, clean Si/285 nm SiO2 substrate was heated up and
adhesion promoter Hexamethyldisilazane (HMDS) was applied. Consequently, the sample
was covered with a thin layer of organic optical lithography resist AZ 1514 via spin-coating
for time period of 60 s at 5000 rpm with acceleration of 1500 rpm/s. After that the resist
was polymerized by softbaking for 60 s at 100 °C.

UV exposition was performed on DWL Heidelberg Instruments Laser lithography de-
vice with the help of Ján Hnilica, the laser power was 80W at 60% intensity while the
focus height was set to 8mm. The pattern development was done by immersing the sam-
ple in alkaline-based developer AZ 726-MIF for 60 s, which was followed by rinsing in
demineralized water to remove the residues of the developer. The samples covered with
patterned resist were consequently deposited with single and double Pt SAFs via mag-
netron sputtering with parameters listed in Table 4.1. The thickness of Ru spacer was
0.45 nm as explained in Chapter 4.2.1.

After the deposition, lift-o昀昀 was performed as the sample was immersed in acetone
for 80min, dissolving the organic resist on the substrate whereas the deposited SAFs
remained untouched. The immersed sample was then placed in ultrasound bath set to
low power of 32W for a 15 s to increase the lift-o昀昀 e昀케ciency by mechanically removing
the resist and preventing the formation of residues on undeveloped regions. As the last
step, the samples were rinsed with isopropyl alcohol and demineralized water to remove
acetone residues.

In summary, two types of structures were patterned by positive laser UV lithography.
All the structures have contact pads joint with stripes enabling connection via micro wire-
bonding. Parameters of straight and S-shaped stripes were varied to guarantee optimum
conditions for observation of domain-wall motion induced by current pulses.
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4.1.4. Outcome of the synthetic antiferromagnets fabrication
Two types of SAF samples were deposited with use of magnetron sputtering. Double

Pt SAF 昀椀lms with varying Ru spacer thickness were deposited to achieve 昀椀ne tuning of the
RKKY coupling. Patterned samples with Ru spacer thickness of 0.45 nm were fabricated
for both single and double Pt SAFs while the stripe-shaped structures were patterned
with use of the positive laser UV lithography. All the structures have contact pads joint
with stripes enabling connection through micro wire-bonding. Parameters of straight and
S-shaped stripes were varied to guarantee optimum conditions either for enough current
density, for su昀케cient current-induced domain-wall motion and observation of this motion
by Kerr microscopy.

4.2. Magnetostatic characterization of synthetic anti-
ferromagnets

This chapter introduces two techniques (Vibrating sample magnetometry and Mag-
neto-optical Kerr microscopy) for characterisation of magnetostatic properties and exam-
ines the results of a simulation performed in MuMax3 macrospin micromagnetic simula-
tion program. In the end of the chapter both experiment and simualtion will be compared
and subsequent claims will be made. Vibrating sample magnetometry (VSM) was used
to obtain hysteresis loops of SAF plain 昀椀lms. Magneto-optical Kerr microscopy was uti-
lized to visualize magnetic domains, determine the easy axis of the sample and to acquire
hysteresis loops for the in-plane horizontal and vertical components of the signal propor-
tional to the magnetization. MuMax3 simulation was utilized to study mechanics of the
magnetic domains of the SAF system and to determine the DW type of the single Pt
system. Simulated hysteresis loops were consequently compared with the loops obtained
by Magneto-optical Kerr microscopy.

4.2.1. Vibrating sample magnetometry
Vibrating sample magnetometry was utilized in order to probe the response of the

total magnetic momentum of deposited SAF samples on the externally applied magentic
昀椀eld, or magnetic hysteresis, respectively. From the shapes of the in-plane hysteresis
loops it is possible to distinguish between FM and AF coupling of the SAF system,
while the external magnetic 昀椀eld is applied in-plane of the sample, shown in Figure 4.3.
The FM coupled samples wields with non-zero remanence at zero applied magnetic 昀椀eld,
while they achieve saturation at lower 昀椀eld magnitudes compared to AF coupled samples.
AF coupled samples have zero or very low remanent magnetization Mr at zero applied 昀椀eld
because in the remanent state the magnetization of the top layer is compensated by the
magnetization of the bottom layer [6]. The saturation in AF coupled samples is achieved
at higher magnetic 昀椀eld values compared to FM coupled samples, this is because 昀椀rstly the
AF coupling has to be overcomed resulting in canted orientation of the magnetization of
top and bottom layer. Secondarily, the canted magnetizations of the top and the bottom
layer rotate towards each other as the applied magnetic 昀椀eld is increasing. The saturation
is achieved when the orientation of the top and bottom layers’ magnetization is parallel.
IPA can be con昀椀rmed from the out-of plane hysteresis loops where magnetic 昀椀eld is applied
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parallelly to the normal of the sample plane. The out-of plane hysteresis loop for samples
with IPA follows a linear trend characteristic for a hard axis until saturation is achieved.
Also, saturation is reached at higher applied magnetic 昀椀elds when the magnetic 昀椀eld is
applied along hard axis.

Vibrating sample magnetometry (VSM) is a measurement technique, where magnetic
sample is attached on a holder of a translational vibrating motor. This setup is con-
sequently inserted into a coil, so that the sample is vibrating in the externally applied
magnetic 昀椀eld provided by the electromagnetic coil. The vibrations of the magnetic sam-
ple in a set of pick-up coils induces charge current in these coils as the magnetic 昀氀ux
is varying through theirs cross section, which is de昀椀ned by the Faraday law. Magnetic
moment of the sample is therefore determined from the voltage measured on the pick-up
coils. Amplitude of the sample magnetic momentum depends on the magnetostatic prop-
erties of the measured sample [47]. The Scheme of the VSM setup for measurement of
in-plane hysteresis loops is shown in Figure 4.3.

Coil creating
magnetic 昀椀eld

Pick-up coils
Sample holder

Measured sample

~B ~B

Translational vibrating
motor

Figure 4.3: Scheme of VSM setup for measurement of in-plane hysteresis loops. Adapted
from [48].

To obtain magnetic momentum only of the measured SAF multilayer, the diamagnetic
background of the sample holder and the substrate has to be removed. In each measured
hysteresis loop it is represented by a slope of the linearly decreasing part of the hysteresis
loop above the saturation 昀椀eld, which is consequently 昀椀tted with a linear 昀椀t and sub-
stracted from the experimentally measured data. To obtain SAFs layers magnetization,
the magnetic momentum is divided by the layers volume.

Experiment and results
In-plane (IP) hysteresis loops were obtained for all the unpatterned double Pt SAFs,

shown in Figure 4.4 (a) with detail of the central parts of the hysteresis loops in Fig-
ure 4.4 (b). The range of the applied magnetic 昀椀eld was chosen in order to achieve
saturation of the samples, however this was not achieved for sample with Ru thickness
of 0.20 nm where the 昀椀eld range was ±500mT. The magnetization of samples with Ru
thickness of 0.475 and 0.60 nm was still rising above the saturation 昀椀eld, which could be
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Figure 4.4: (a) In-plane hysteresis loops for the unpatterned double Pt SAFs. (b) Detail
of the central parts of the unpatterned double Pt SAFs hysteresis loops.

denoted to minor paramagnetic response of the sample or the measurement setup and
thus we assume that the samples were fully saturated above 100mT.

Sample with 0.10 nm Ru interlayer thickness (Figure 4.5 (a)) is FM coupled, regard-
ing to non-zero remanence at zero 昀椀eld and saturation at about ≈ 15mT. Sample with
0.20 nm Ru thickness, shown in Figure 4.5 (b) might contain both AF and FM cou-
pled regions as it has non-zero remanence at zero 昀椀eld and there is a sharp increase of
magnetization within applied magnetic 昀椀eld values of ±20mT, however the sample is
not saturated even at ±500mT, probably due to mixed AF and FM sample character.
Samples with Ru thickness of 0.30, 0.40, 0.45, 0.475, and 0.50 nm shown in Figure 4.5
(c)-(g) are AF coupled as the Ru interlayer thickness corresponds to the region of the
昀椀rst AF peak of the Jrkky(ξ) dependence on thickness, that was extensively described in
Subsection 1.3.4, also shown in Figure 1.1. They possess very low zero-昀椀eld remanence
and their saturation 昀椀eld is considerably larger compared to the 0.10 nm FM coupled
sample. By this 昀椀ne tuning of the interlayer thickness we have to note that the saturation
昀椀eld could be modi昀椀ed, thus by the proper choice of this layer thickness we can design
rigidity of the SAF system towards the externally applied magnetic 昀椀eld. The sample
with 0.30 nm of Ru interlayer thickness is saturated above 500mT. With increasing the
Ru thickness to 0.40 nm, the JRKKY parameter is increasing (shown in Figure 1.1) and
loosing the sti昀昀ness of AF coupling, thus the saturation 昀椀eld is decreasing to 315mT.
By increasing the Ru thickness even more towards 0.45, 0.475 and 0.50 nm, the JRKKY

gradually increases close to the zero and the system becomes very soft SAF, that could
be magnetically manipulated easily with 昀椀eld above 38mT, which is the saturation 昀椀eld
of the sample with 0.50 nm Ru thickness. Samples with thicknesses 0.60 and 0.70 nm Ru
(Figure 4.5 (h) and (i)) are FM coupled, as the JRKKY becomes positive, their hysteresis
loop is similar to the 0.10 nm Ru sample with low saturation 昀椀eld.

In case of single Pt SAF sample, both in-plane and out-of-plane hysteresis loops were
measured from a cutout region of the patterned sample, shown in Figures 4.6 (a) and
(b), respectively. The data contains higher level of noise due to lower volume of the ma-
terial of the cutout region. AF coupling was formed with saturation 昀椀eld of 240mT. The
saturation 昀椀eld in the out-of-plane direction is close to 1.5T which corresponds to the
direction referred to as the hard anisotropic axis (HA) of the sample, thus we can assume
that the easy axis (EA) of the sample lays in in-plane direction, which is also supported
by the in-plane hysteresis loop previosly shown in Figure 4.6 (a). The saturation mag-
netization MS of this sample was extracted for purpose of future MuMax3 simulations
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Figure 4.5: (a) In-plane hysteresis loops for the unpatterned double Pt SAFs with Ru
thickness: (a) 0.10 nm, (b) 0.20 nm, (c) 0.30 nm, (d) 0.40 nm, (e) 0.45 nm, (f) 0.475 nm,
(g) 0.50 nm, (h) 0.60 nm, (i) 0.70 nm.
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Figure 4.6: VSM data of AF coupled single Pt SAF. (a) IP hysteresis loop. (b) Out-
of-plane hysteresis loop.

extensively discussed in future Chapter 4.2.3, with a value MS = 860 kA/m. This sample
was consequently chosen as an ideal sample for future current-induced domain-wall mo-
tion due to its su昀케ecient value of saturation 昀椀eld, therefore future MOKE analysis was
also performed on this sample for deeper understanding of the system.

To conclude the analysis via VSM, samples with 0.10, 0.60 and 0.70 nm Ru were FM
coupled. AF coupling was formed in samples with Ru spacer thickness of 0.30− 0.50 nm.
We assume that all the samples have IPA as the out-of-plane hysteresis loop proved to
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be the hard axis of the single Pt SAF. The fabrication of SAFs with IPA can thus be
considered succesful.

4.2.2. Longitudinal Magneto-optical Kerr microscopy
Longitudinal Magneto-optical Kerr microscopy was utilized in order to probe static

magnetic properties of the sample, to probe the magnetic microstructure (magnetic do-
mains) and to determine the direction of the easy axis of the SAF system. The size, shape
and magnetization orientation of the domains can then be characterized in dependance
on the magnitude of the applied magnetic 昀椀eld and the relative in-plane orientation of
the sample towards 昀椀xed direction of the applied magnetic 昀椀eld. Hysteresis loops may
be obtained for di昀昀erent relative orientations of the sample towards the applied magnetic
昀椀eld by calculating so called grayscale value for probed area of the sample. Grayscale
value can be calculated from the intensity of each pixel divided by the number of pixels
and is generally related to the sample magnetization. Since the di昀昀usion length through
the sample intersection is exponencially decaying, we can assume that the collected signal
is related to the top layer of the SAF system. Consequently, the signal related to magne-
tization, or so called grayscale is plotted verus the magnetic 昀椀eld, which generally results
in magnetic response of the top layer of the SAF system on the externally applied mag-
netic 昀椀eld. By normalizing the grayscale values and subtracting the value at remanent
state of the sample for di昀昀erent relative orientations of the sample towards the applied
magnetic 昀椀eld, conclusions can be made about the in-plane anisotropy from the angle
dependance of the averaged remanent normalized grayscale. Large values of remanent
normalized grayscale correspond to the direction referred to as the easy anisotropic axis
of the sample because the magnetization of the magnetic domains tends to lie along this
axis as described in Subsection 1.3.3.

Magneto-optical Kerr microscopy (MOKE) uses linearly polarized light that is re昀氀ected
on the sample surface, while the sample magentization is reacting with the polarized
light beam and changes the angle of incident beam polarization. This phenomenon is
called Magneto-optical Kerr e昀昀ect. The rotation of the polarization is caused by o昀昀-
diagonal elements of the dielectric tensor of the sample and it is proportional to the
magnetization components mx, my, mz, where mx and my are the IP components paralell
and perpendicular towards the incident light wave vector, respectively. mz is the out-of-
plane component of magnetization. In this thesis we utilized longitudinal Kerr geometry
shown in Figure 4.7 (b), where only mx component contributes towards the rotation
[49, 50]. Scheme of the Magneto-optical Kerr microscope is shown in Figure 4.7 (a).
The light is emitted from 4 pairs of monochromatic white LEDs and a slit is used to
narrow down the beam angular dispersion. Light is subsequently linearly polarized by
a polarizer and directed towards the sample’s focal plane using a semi-transparent mirror
and microscope objective lens. The incident beam is re昀氀ected from the surface of the
sample where the in-plane components of the sample magnetization are interacting with
the beam. Control of the sample with magnetic 昀椀eld is provided by an electromagnet
generating adjustable in-plane magnetic 昀椀eld of up to 353mT. The re昀氀ected beam from
the sample surface then goes through analyzer with tunable relative angle towards the
polarizer. The angle is usually close to 90° so that the polarization of the the incident light
and the re昀氀ected light is almost perpendicular and thus the intensity of the beam passing
the analyzer is very low enabling precise detection of the relative polarization rotation
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of the re昀氀ected beam caused by sample magnetization. The detection is provided by the
CCD camera. We have to note that di昀昀erent in-plane orientations of magnetic domains
cause di昀昀erent amount of polarization rotation. Therefore, domains are visualised as 昀椀nite
regions with di昀昀erent shades of the grayscale. For instance, if the sample with two in-
plane magnetized magnetic domains that are aligned antiparallel is visualised, the 昀椀rst is
represented by the black region and the second one by the white region.
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Figure 4.7: (a) Scheme of the Magneto-optical Kerr microscope. Adapted from [21].
(b) Longitudinal Kerr geometry. Adapted from [21]. (c) Pure horizontal geometry.
(d) Pure vertical geometry.

To fully characterize the orientation of magnetization in magnetic domains of SAF
sample with IPA, it is necessary to perform measurement for the pure horizontal and
pure vertical sensitivity as shown in Figure 4.7 (c) and (d), respectively. The pure hor-
izontal sensitivity utilizes both horizontal pairs of LEDs, grayscale image is taken 昀椀rstly
for the left pair of LEDs and subsequently for the right pair of LEDs. The two images
are then substracted resulting in an image with enhanced contrast carrying information
about the horizontal component of the magnetization in the magnetic domains. In pure
vertical sensitivity, the vertical pairs of LEDs are utilized, an image carrying information
about the vertical component of the magnetization in the magnetic domains is created
similarly as in the case of pure horizontal sensitivity. The longitudinal Kerr microscopy
in pure vertical and pure horizontal geometry was performed on the single Pt SAF, that
will be described in the subsequent paragraph.
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Experiment and results - Hysteresis loop analysis
Hysteresis loops of the patterned single Pt SAF for the pure vertical and pure hori-

zontal sensitivity were obtained, magnetic 昀椀eld (green arrow) was applied perpendicularly
towards the wire as shown in Figure 4.8, while the sensing axis (purple arrow) is perpen-
dicular towards the 昀椀eld in vertical mode and parallel in the horizontal mode.
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Figure 4.8: Pure vertical sensitivity hysteresis loop of the patterned single Pt SAF.

In the hysteresis loop for pure vertical sensitivity shown in Figure 4.8, at zero 昀椀eld
(point A) the magnetizations of top (represented as a red arrow) and bottom layer (rep-
resented as a blue arrow) are antiparallel as they are AF coupled and the AF Néel axis
is facing the respective direction of the IP easy axis, tilted either to the 昀椀eld or sensing
axis direction however the projection to the vertical direction is not zero due to higher
amplitude of the signal from the top layer, which means we primarily observe uncopen-
sated signal of the top layer. A minimum in normalized grayscale can be seen in point B
as magnetic 昀椀eld is applied, corresponding to canted state of the layers’ magnetizations
towards the sensing axis, while at this point the top layer is completely facing the sensing
axis direction. Further increase of the applied magnetic 昀椀eld results in increase of the
normalized grayscale values up to zero, where the magnetizations of the both layers are
coherently canting towards each other in the direction of the applied magnetic 昀椀eld as
shown in point C. As the saturation 昀椀eld is achieved, both layers are coupled ferromag-
netically and are facing in the 昀椀eld direction that is perpendicullar towards the sensing
axis as depicted in point D. Thus, the projection of signal proportional to the magnetiza-
tion is zero in this direction upon saturation. As the 昀椀eld magnitude is lowered, the SAF
system undergoes similar transition, where the top layer 昀椀rstly aligns in the direction of
the sensing axis (point E). This could be deduced from the fact that the majority of
the signal originates from the top layer, since the signal of the point F in the decreasing
part of the hysteresis loop has higher amplitude than that of the positive increasing part.
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Figure 4.9: Pure horizontal sensitivity hysteresis loop of the patterned single Pt SAF.

As the 昀椀eld is lowered to zero (point G), the SAF system is again coupled antiparallely
while the both layers’ magnetizations are tilted towards the sensing axis direction.

In case of the pure horizontal sensitivity hysteresis loop (Figure 4.9), the top and
the bottom layers’ magnetizations are aligned anntiparallelly to each other at zero 昀椀eld,
again tilted towards the sensing axis. An increase in normalized grayscale values can be
seen as the applied magnetic 昀椀eld is increased, which corresponds to tilting of the layers
magnetizations towards the horizontal sensing axis and thus increasing the projection in
this direction. Maximum is achieved when the saturation 昀椀eld is achieved and the whole
system is saturated and aligned parallelly towards the applied magnetic 昀椀eld and the
horizontal sensing axis, while the projection in this direction is maximal.

Experiment and results - Determination of the easy-axis
To determine the easy axis of the sample it is necessary to perform measurements

of hysteresis loops for di昀昀erent relative angles of the sample towards 昀椀eld, while the
direction of the applied 昀椀eld is not changed and aligned towards one of the sensing axes.
In our case, the magnetic 昀椀eld was aligned towards the horizontal sensing axis and the
sample was rotated clockwise by angle θ. The normalized grayscale value at zero applied
magnetic 昀椀eld or in other words the remanent normalized grayscale value was linearly
extrapolated from the measured hysteresis loops by linear 昀椀tting of the 昀椀rst half and
the second half of the hysteresis loops within ±5mT and averaging the two obtained
values resulting in averaged remanent normalized grayscale value. Parallel alignment
of the magnetization of the top and the bottom layer towards the sensing axis at zero
applied 昀椀eld results in high remanent normalized grayscale value as the projection of
the magnetization is high in the direction of the sensing axis. This parallel alignment
of the magnetization towards the sensing axis is the most likely when the easy axis is
also aligned parallely towards the sensing axis, since the magnetization of the top and
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the bottom layer tends to align towards the easy axis when no magnetic 昀椀eld is applied.
The hysteresis loops for angles θ of 0°, 45°, 90°, 135°, 180°, 225°, 270° and 315° are
shown in Figure 4.10 (a). The hysteresis loop for the horizontal sensitivity for angle
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Figure 4.10: (a) The hysteresis loops for pure horizontal sensitivity at angles θ of 0°, 45°,
90°, 135°, 180°, 225°, 270° and 315°. (b) Polar plot of the averaged remanent normalized
grayscale versus the angle θ.

θ = 0° has the averaged remanent normalized grayscale value of 0.27, increasing θ to
45° also results in an increase of averaged remanent normalized grayscale value to 0.35,
as it is also presented in the polar plot of the averaged remanent normalized grayscale
versus the relative sample angle θ in Figure 4.10 (b). For angles θ of 90°, 135° and
180° there is a decrease in these grayscale values to 0.15, 0.12 and 0.22, respectively.
For θ = 225° there is an increase to 0.32. Angles θ of 270° and 315° have again smaller
averaged remanent normalized grayscale of 0.14 and 0.02, respectively. The analysis of
the previously mentioned hysteresis loops leads us towards easy axis position of θ = 45°
as for angles 45° and 225° are the highest averaged remanent normalized grayscale values
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whilst the angle directions are 180° apart. Further measurements of hysteresis loops for
the horizontal sensitivity were performed with angle step of 15° to con昀椀rm the position of
the easy axis more precisely. The values of the averaged remanent normalized grayscale
were ploted onto the radial axis into a polar graph in Figure 4.10 (b) which is generally
dependence of the averaged remanent normalized grayscale on the relative sample angle θ.
Starting from 0°, the grayscale values increase from 0.27 up to 0.35 at angle 45° follow
by a decrease towards 0.06 at angle 120°. The grayscale values then rise up again to
0.33 at 210° and fall down to 0.02 at 315°. Finally, the value of the averaged remanent
normalized grayscale has the last local maximum of 0.28 at 345° and then goes back to
0.27 at θ = 0°. We can conclude, that the easy axis indeed lies close to 45° as for angles
45° and 225° their averaged remanent normalized grayscale values are among the highest
observed here, whilst their angle directions are 180° apart.

The hysteresis loops measured for pure vertical sensitivity are shown in Figure 4.11.
The shapes of the hysteresis loops for angles θ of 0°, 45°, are similar, however for angles
θ of 90° and 135° the shape is inversed. This is because the direction of tilting of the top
and bottom layers’ magnetizations towards the sensing axis has changed to the opposite.
This change of the tilting direction can be observed also at 180°, the direction of the
tilting stays the same at 225°. At 270°, the direction switch can be also observed and the
direction is kept for 315°.
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Figure 4.11: The hysteresis loops for pure vertical sensitivity at angles θ of 0°, 45°, 90°,
135°, 180°, 225°, 270° and 315°.

Experiment and results - Mechanics of magnetic microstructure
Here we will discuss about the magnetic domains and their mechanics of the single Pt

SAF sample, that was observed with use of Magneto-optical Kerr microscopy. Changes
in the contrast coresponding to rotation of the magnetic domains’ magnetization were
observed during the measurement of the pure vertical sensitivity hysteresis loop (Fig-
ure 4.12), while 昀椀eld was applied perpendicularly towards the easy axis. At remanence
(point A), two types of domains represented by black and white contrast can be seen
corresponding to two antiparallel orientations of domains’ magnetizations. As the 昀椀eld is
increased to 50mT (point B), the intensity is maximal for the white contrast and mini-
mal for the black contrast as the magnetization of domains reaches maximum alignment
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Figure 4.12: Images of contrasts corresponding to the magnetization of magnetic do-
mains in the top layer at varying applied magnetic 昀椀eld observed in pure vertical sensi-
tivity.

towards the sensitivity axis, however the shape of the domains is 昀椀xed, corresponding
to mutual tilting of those domains within the top layer while the propagation is halted.
In point C the applied magnetic 昀椀eld is increased to 100mT, the di昀昀erence between white
and black contrasts is diminishing because the orientations of the magnetizations are sub-
stantially tilted towards the 昀椀eld direction which is perpendicular towards the sensitivity
axis. Also, the shape of the domains remained unchanged. When the sample is saturated
(point D), only one uniform gray contrast can be observed as the magnetization of the
whole system is parallel to the applied magnetic 昀椀eld. Similar behavior can be seen as
magnetic 昀椀eld is decreased down to −2mT in point E, where the magnetizations of the
domains’ are still coupled antiparallelly due to rigidity of the SAF system towards the
externally applied magnetic 昀椀eld. When the applied magnetic 昀椀eld is decreased bellow
−2mT (point F ), renucleation of magnetic domains can be observed, where large parts
of the black contrast change to white contrast. The renucleation stops at applied 昀椀eld
value −25mT shown in point G, from this point the shape of magnetic domains stays
昀椀xed again, whereas for further decreasing of the external 昀椀eld towards the negative sat-

40



uration, the magnetizations of both magnetic domains within the top layer are mutually
canting towards the 昀椀eld direction, followed by change in their contrast.

Size of magnetic domains at remanence was examined for pure horizontal sensitivity
in regards to the direction of the applied magnetic 昀椀eld. The sample was aligned so that
its easy axis was parallel towards the sensitivity axis and 昀椀eld was applied parallelly and
perpendicularly towards the easy axis. Depending on the value of remanent normalized
grayscale (Figure 4.10), saturating the sample along a direction with high remanent nor-
malized grayscale resulted in greater size of magnetic domains at remanence compared to
saturation along a direction with lower remanent normalized grayscale, where the domain
structure at remanence was fragmented in many smaller-sized domains. This behavior
can be seen in Figure 4.13.

Magnetic 昀椀eld ‖ Easy axis Magnetic 昀椀eld ⊥ Easy axis

50µm

Figure 4.13: Magnetic domains at remanence for pure horizontal sensitivity. In the left
picture, magnetic 昀椀eld was applied parallelly towards the easy axis. In the right picture,
the 昀椀eld was applied perpendicularly towards the easy axis.

In summary, easy axis of the patterned single Pt SAF is tilted in the direction of
45° towards the wire, or diagonally across the square sample plane, respectively. We can
also conclude that sample has uniaxial IP anisotropy. The magnetic domains within the
top layer are undergoing several regimes. Starting from zero 昀椀eld while the domains are
already nucleated, they only change their mutual tilt below the saturation 昀椀eld. As the
saturation is achieved, the top layer becomes monodomain. As the 昀椀eld is decreasing
towards the zero, they again start to defragment into two types of the domains as their
mutual tilt is present, while at negative low 昀椀eld they renucleate. Upon this moment, only
their mutual tilt is again observed. By achieving negative saturation, the sample became
monodomain again. We have to note that the bottom layer acts inversely towards the top
layer, that will be discussed and clari昀椀ed in the future subsection dealing with microspin
simulation, which was the only tool providing su昀케cient results to draw consequences in
the SAF system.
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4.2.3. Microspin simulation
MuMax3 [29, 30] is a micromagnetic simulation software designed for simulating the

behavior of magnetic materials at the micrometer and nanometer scale with respect to
the applied magnetic 昀椀eld. It primarily uses the 昀椀nite di昀昀erence method to discretize the
magnetic system and solves the LLG equation 3.3 for each element, where periodic bound-
ary conditions may be applied [29]. Aditional phenomena such as DMI may be included
in the simulation [30]. Images of domains in the simulated area with the orientation of
their magnetizations are included as a part of the results from this simulation software.
So called method relax can be used for simulation of SAF system with IPA, where the
precessional term of the LLG equation is neglected and thus instead of time dependance
the simulation minimizes the energy of the system in the static regime, where only tilting
of the each spin-cell in sense of damping is present. In SAFs, this simulation software
can be used to obtain hysteresis loops for both horizontal and vertical components of
magnetizations of each layer, thus the projections from the top and bottom layer are
evenly represented unlike when using experimental methods, where mostly only the top
layer can be examined. Orientation of domains’ magnetizations and changes in their size
can be seen in the graphical output of the simulation for both top and bottom layer of
the simulated SAF. This is of great importance as the information about the orientation
of domains’ magnetizations in the bottom layer is hardly attainable with experimental
methods since the bottom layer is covered by the other SAF layer from the top and by
the substrate from the bottom. DW geometry at remanence can be also observed in the
graphical output. The results of the simulation can then be compared to experimental
results and conclusions can be made about the relevance of the simulation towards the
real system.

Results of the simulation
Simulation of microspins in the top and bottom SAF layer performed by Michal Staňo

and with help of Ján Hnilica. The cell size was set to (5 × 5 × 5) nm3, the gridsize was
(2048 × 2048 × 2) cells, thus one SAF layer corresponds to one layer of cells whilst the
Ru spacer was neglected. The grid was repeated 8 times for directions (1, 0, 0) corre-
sponding to x axis and (0, 1, 0) corresponding to y axis. The input constants for the
simulation were carefully chosen from di昀昀erent sources. The saturation magnetization
was extracted from Figure 4.6 (a), its value was MS = 0.89 · 106 A/m. The exchange
sti昀昀ness value Aex was set to Aex = 15 · 10−12 J/m, this value is characteristic for thin
昀椀lm CoFeB alloys and can be found in [51]. Easy axis was set under (1, 1, 0) corre-
sponding to 45° direction, the value of uniaxial anisotropy constant KU was chosen as
KU = 1.5 · 103 J/m3 similarly to values found in [43] for uniaxial anisotropy induced in
CoFeB by Ta seed layer. The constant D specifying the strength of the interfacially
induced DMI was set to D = 0.43mJ/m2, this value originates in [52] and corresponds
closely to thicknesses of Pt larger than 2 nm deposited on 2 nm layer of CoFeB. Instead of
the coupling constant J , bilinear and biquadratic constants Jbl and Jbq, respectively, were
used to represent the coupling strength. These constants relate to the interlayer exchange
energy εJ = Jbl(1−~m1 · ~m2) + Jbq[1−(~m1 · ~m2)]

2 [44] and were extracted from the hystere-
sis loop in Figure 4.6 (a) by 昀椀tting it with the Stoner-Wohlfarth model by Jan Klíma
and Ondřej Wojewoda. The values resulting from the 昀椀t were Jbl = −4.22 · 10−4 J/m2

and Jbq = −1.58 · 10−5 J/m2. Magnetic 昀椀eld in range of ±400mT was applied along
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(1, 0, 0) corresponding to x axis direction. The dimensionless stoping criterium or so
called MinimizerStop, which is a setting that controls the stopping criterium for the en-
ergy minimization process, was set to ∆ = 1 · 10−6.

The response of the whole simulated system towards applied magnetic 昀椀eld can be
seen in the hysteresis loops shown in Figure 4.14 (a) and (b), which represent projections
of the total magnetic momentum into x and y direction. The total normalized magnetic
momentum at zero magnetic 昀椀eld is almost zero as the top and bottom layers are AF
coupled. The coupling is then overcomed as the 昀椀eld is increased resulting in an increase
of the projection magnitude, while the top and bottom layers are canted to each other.
As the 昀椀eld is increased further, the total normalized magnetic momentum magnitude
also increases (for the mx projection) until reaching saturation, where the both layers
are aligned to the 昀椀eld direction. Hysteresis loops from both layers were aquired for the
projections mx and my of the total normalized magnetic momentum. The sum of mx

projections from both layers shown in Figure 4.14 (a) corresponds to the horizontal sen-
sitivity of MOKE (Figure 4.9), while the sum of my projections shown in Figure 4.14 (b)
relates to the vertical sensitivity of MOKE (Figure 4.8). The hysteresis loop of the mx

projections (Figure 4.14 (a)) has zero sum of the projections from the both layers at zero
昀椀eld corresponding to AF coupled state of the magnetic moments of the top and bottom
layer. The coupling of the layers is overcomed as the 昀椀eld is increased resulting in an
increase of the magnetic momentum, while the top and bottom layers are in the canted
state of magnetic moments. Since the shape of the loop is almost linear up to satura-
tion after the AF coupling is overcomed, we assume that the mx projections also change
linearly in respect to 昀椀eld in both the top and bottom layer. In saturation, the sum of
both top and bottom layer mx projections lies fully in the 昀椀eld direction. The hysteresis
loop of the sum of top and bootm layer my projections (Figure 4.14 (b)) has zero at zero
applied magnetic 昀椀eld. This corresponds to AF coupled state of the magnetic moments
of the top and bottom layer. The hysteresis loop shows low values close to zero of the my

projections during the whole 昀椀eld range, however there is a point where the projection
into the y-direction is maximum. Upon this point the both layers are again coherently
tilting to each other in the direction of an applied 昀椀eld. From this we can deduce, that the
projection my of magnetic moments of the top layer has almost the same value as the
value of my projection of magnetic moments of the bottom layer, however in the the op-
posite direction. At saturation the my projections lie in the direction of the 昀椀eld resulting
in zero sum of my projections of the top and bottom layer.
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Figure 4.14: Hysteresis loops of the sums of projections from both layers of the total
normalized magnetic momentum: (a) projection mx, (b) projection my.
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The images resulting from the simulation for di昀昀erent values of applied 昀椀eld were
analyzed regarding to the orientations of the domains’ magnetizations in both top and
bottom layers. Furthermore the images were connected to the hysteresis loop of the sum
of mx projection as shown in Figure 4.15. Starting at 昀椀eld close to zero (point A in Figure
4.15), the magnetizations of domains in the top and bottom layers lie along the easy axis,
furthermore the domains in the top layer are AF coupled to the domains in the bottom
layer, thus if we choose a domain in the top layer, it will have the opposite direction of
magnetization to its neighboring domain in the same layer. The magnetization of a domain
in the bottom layer is also AF coupled to the magnetization of the neighbouring domain
within the same layer and is also AF coupled to the domain exactly above in the adjacent
top layer As the 昀椀eld is increased to 27.66mT (point B, Figure 4.15) the AF coupling
of the domains is visibly overcomed so the magnetizations of the previously AF coupled
domains are no longer antiparallel, nor aligned to the easy axis. This is the canted
state of the top and bottom layers, while magnetic domain within each layer are also
canted to each other. The domains also change shape as they propagate due to applied
magnetic 昀椀eld, however the shapes of domains in the top layer are the same as the shape
of domains in the bottom layer. At 昀椀eld 157.26mT marked as point C in Figure 4.15
the orientations of magnetizations are perpendicular towards each other. Renucleation
of the domains can be seen in some areas, while it is antisymmetrical in the top and the
bottom layer, the shape of the non-renucleated domains also changed antisymmetrically.
At 昀椀elds higher than 274.39mT (point D, Figure 4.15) the SAF system is fully saturated
along the 昀椀eld direction. Similar proccesses occur as the 昀椀eld is decreased back to zero.
When the magnetic 昀椀eld is applied in the opposite direction, no signi昀椀cant changes are
exhibited up to −4.73mT applied magnetic 昀椀eld as shown in point E in Figure 4.15,
this is due to rigidity of the system towards external magnetic 昀椀eld. At magnetic 昀椀eld
−154.27mT (point F , Figure 4.15), all the domain magnetizations are perpendicular
towards each other and tilted towards the 昀椀eld direction. Finally, the sample is saturated
in the opposite direction (point G in Figure 4.15), the magnetization of the whole sample
is aligned to the 昀椀eld direction.

Domain walls can be seen in the zooomed image of the domain state very close to
remanence as shown in Figure 4.16. In the top layer, the transverse HTH and TTT DWs
can be observed, while they are connected by the vortex DW. In the bottom layer, the
vortex DWs have the oposite circulation compared to their corresponding vortex DWs in
the top layer. The transverse TTT DWs in the bottom layer correspond to transverse HTH
DWs in the top layer, while the transverse HTH DWs in the top layer are corresponding
to transverse TTT DWs in the bottom layer. We have to note, that all these DWs enable
domain-wall motion via SOTs, as discussed in Section 2.3.

Comparing the simulation with the experimental data, it can be seen that the shape
of the hysteresis loops of the projections mx and my (Figure 4.14 (a) and (b)) correspond
well to the hysteresis loops for pure horizontal and pure vertical sensitivity shown in
Figure 4.8 obtained by Kerr microscopy. Two types of domains were in the simulation for
each layer, similarly to two contrasts observed using Kerr microscopy only in the top layer,
the domains’ size and shape are comparable. Tilting of the domains’ magnetizations in
the direction of applied magnetic 昀椀eld could be observed both in the simulation and in
the experiments. We have to conclude that the bottom layer behaves the same way as the
top one which is based on the simulated results, in di昀昀erence that the bottom layer has
opposite orientation. Since the simulation matches well in the previously mentioned points
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to the real data obtained during VSM and Kerr microscopy experiments, we conclude,
that the data acquired from the simulation are relevant for application in the real system.
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Figure 4.15: Orientations of the domains’ magnetizations in both top and bottom layers.
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To conclude the results of the MuMax3 simulation, hysteresis loops were obtained and
discussed for mx and my projections of the both layers. The images resulting from the
simulation for di昀昀erent values of applied 昀椀eld were analyzed in regards to the orientations
of the domains’ magnetizations in both top and bottom layers, furthermore the images
were connected to the hysteresis loop of my projections. Vortex, transversal TTT and
HTH DWs were found in the system. It was concluded, that the simulation is relevant
for the real system, since it matches well to the real data obtained during magnetostatic
analysis experiments.
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Figure 4.16: Domain images resulting from the simulation for di昀昀erent values of applied
昀椀eld. Directions of magnetizations are marked by colored arrows.

4.2.4. Conclusion of magnetostatic characterization of SAFs
Magnetostatic analysis via VSM con昀椀rmed succesful fabrication of the SAFs with

IPA, AF coupling was intermediated in samples by RKKY via interlayer of Ru acting as
a spacer with thickness in range of 0.3− 0.5 nm and IPA was also con昀椀rmed by measur-
ing the hysteresis loop in the out-of-plane hard axis. Using Kerr microscopy, hysteresis
loops were obtained for pure horizontal and pure vertical sensitivity, the orientations of
domains’ magnetizations at various applied magnetic 昀椀elds was examined. It was con-
cluded, that the direction of the easy axis lies close to 45°. Contrasts corresponding to
magnetic domain structure were analyzed and the behaviour of the domains and their
magnetizations was described and connected to the pure vertical sensitivity hysteresis
loop. MuMax3 simulation was used to obtain hysteresis loops for the the sums of mx and
my projections of the total magnetic momentum from top and bottom layers of the SAF
system. Images of the domain structure in the top and bottom layer for various applied
magnetic 昀椀elds were connected to the hysteresis loop related to mx and my projections of
magnetic momentum. The simulations also revealed that the system has proper type of
the DWs enabling their motion induced by SOTs. It was concluded, that the simulation
is relevant for the real system.
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5. Domain-wall motion
MuMax3 simulation of single Pt SAF system discussed in previous Chapter 4.2.3

showed suitable DW types for domain-wall motion induced by SOTs. In this chap-
ter domain-wall motion in the creep and beginning of the 昀氀ow regime was examined.
Firstly, the experimental setup used for measuring the domain-wall motion will be de-
scribed. Subsequently the measurement of the domain-wall displacement is explained.
Lastly, the results of the measurements are presented and discussed.

5.1. Experimental setup
The experimental setup is shown in Figure 5.1. Voltage pulses with amplitudes of

up to U = ±20V and maximum current I = ±400mA were generated by the arbitrary
waveform generator Agilent 81150 A. The pulse length is adjustable from 1000ms down
to 5 ns with the shortest rising and falling edge of 3 ns. The generator has an impedance
Z = 50Ω and was connected to a printed circuit board coupled to the same impedance,
ensuring proper transmission of very short current pulses. RF cables with semi-precision
coaxial RF connectors (SMA) with Z = 50Ω were used for the connection, again en-
abling transmission of nanosecond pulses. With the help of Ján Hnilica, wirebonded
connections from 20µm thick aluminium wire were made to join the sample contact pads
with the printed circuit board. Oscilloscope Tektronix TDS 2014B was connected with
SMA cable at the receiving end of the setup for pulse reading. The frequency range of
this oscilloscope is 100MHz, guaranteeing the detection of voltage pulses as short as 10 ns.
30 dB attenuator was placed in series before the oscilloscope to lower the power of the
pulse transfered to the oscilloscope. This setup was then placed under the Kerr micro-
scope objective (Figure 4.7) for observation. Control of the sample with magnetic 昀椀eld is
provided by the electromagnets with pole pieces powered by the Kepco power generator
with maximum current of Imax = ±4A at maximum voltage Umax = ±100V, generating
adjustable in-plane magnetic 昀椀eld with amplitude up to ±353mT.

Waveform generator
Agilent 81150 A

Oscilloscope
Tektronix 2014B

30 dB Attenuator

Electromagnet
with pole piece

SMA
cables

Sample on
PCB

Kerr microscope
objective

Electromagnet
with pole piece

Wirebonded
connection

Figure 5.1: Scheme of the experimental setup for domain-wall motion measurement.
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5.2. Observation of the domain-wall motion
In order to the measure domain-wall motion velocity using Kerr microscopy, 昀椀rstly

the domain state at remanence was visualized (Figure 5.2 (a)), this image was subse-
quently taken as a background and substracted from itself as shown in Figure 5.2 (b).
A charge current pulse was then sent through the sample inducing domain-wall motion,
thus e昀昀ectively displacing the domains which causes observable contrast changes in the
area of the wire, shown in Figure 5.2 (c). The total domain-wall displacement dDW is
then measured, as it is also depicted in the Figure 5.2 (c). The legth of the dDW depends
on the amplitude of charge current density JC and the length of the pulse at maximum
amplitude tPlateau. The JC of the pulse is given as JC = I/S, where I = U/R is the charge
current 昀氀owing through the sample with resistance R and assuming that the majority of
JC 昀氀ows through the Pt layer, S is the cross-section of the Pt layer. Square pulses with
linear rising and falling edges were used with the region between the edges called plateau
with duration tPlateau. The DW velocity vDW was then calculated as vDW = dDW/tPlateau.

(a) (b) (c)

30µm

d
D
W

Figure 5.2: Measuring of current-induced domain-wall motion. (a) The domain state
at remanence. (b) Substracted background before pulse. (c) Displacement of domains
after the pulse.

Domain-wall displacement was measured using Kerr microscopy in straight-striped
structure for four di昀昀erent injected current densities. Concerning the stripe dimensions
of (5 × 90)µm2, the cross section of the Pt layer for this structure is S = (5 · 10−6 ×
5 · 10−9)m2 = 250 · 10−16 m2, while the resistance of this structure measured by mul-
timeter was R = 1524.4Ω. Lengths of the linear rising and falling pulse edges were
set to 50 ns, while the plateau lengths tPlateau = (39950, 14.95, 0.45, 0.25)µs with volt-
age amplitudes of U = (12, 14, 16, 18)V corresponding to the charge current densities
of JC =̇ (0.315, 0.367, 0.420, 0.472) · 1012 A/m2. Each pulse was sent through the stripe
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structure and the oscilloscope was used to detect the pulses and to con昀椀rm the plateau
length tPlateau. For each current density the measurement was repeated 昀椀ve times in or-
der to achieve higher precision of observed displacement with the exception of the highest
used JC where two measurements were performed. The lengths dDW of the resulting
e昀昀ective domain-wall displacement were then extracted from the recorded images with
use of the ImageJ software and the domain-wall motion velocity vDW was calculated
for each displacement. The calculated values of vDW (JC) were averaged from all the
measurements performed for the respective charge current densities and plotted versus
JC together with the intervals corresponding to the standard deviation of the data as
shown in Figure 5.3 (a). The dependance seems to be exponential (also visible in the
Figure 5.3) as the values of vDW range in various orders of magnitude. The exponen-
tial behaviours of the domain-wall velocity dependence on the injected current density
may correspond to low energetical displacement regime, or so called the creep regime. To
prove the exponential law of vDW (JC) decribed by the Equation 3.15 characteristic for this
regime, the values of ln(vDW (JC)) were plotted versus J−1/4

C and the data were 昀椀tted with
a linear function ln(vDW ) = AJ−1/4 +B as shown in Figure 5.3 (b). In this function the
A = (−TD/T )J

1/4
D corresponds to the domain-wall deppining parameters while B = ln(v0)

is logarithmized initial DW creep velocity. In our case, the values obtained by the linear
昀椀t were A = −122574.46 and B = 154.88. We conclude that the dependance for the 昀椀rst
three points is indeed exponential and the domain-wall motion in the creep regime was
thus succesfully observed. In the last two points of the measurement, the domain wall
velocity in logarithmic scale is not changing dramatically, so we can conclude that the
motion of the DW is in the beginning of the 昀氀ow regime.

JC · 1012 (A/m2)

Av
er

ag
ed

v
D
W
(m

/s
)

(a) (b)

J
−1/4
C · 10−3 (A/m2)−1/4

Va
lu

es
of

ln
(v

D
W
)

Figure 5.3: Results of the domain-wall the motion measurement. (a) The values of
averaged vDW versus the applied JC . (b) The ln(vDW ) values in dependace on J

−1/4
C

昀椀tted by a linear function.

To summarize this chapter, the setup and the measurement process were described.
The domain-wall displacement dDW was repeatedly measured in the straight-striped struc-
ture for pulses with varying lengths tPlateau and charge current densities JC . The domain-
wall velocities vDW were calculated and plotted versus JC . The data was tested positively
for the presence of an exponential law, it was thus concluded, that the domain-wall mo-
tion in the creep regime was successfully measured, while the measured values above are
in the 昀氀ow regime. In addition, we have to address that the motion was successfully
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driven by SOT based on the domain-wall geometry and presence of the spin-source Pt
layer. Other experiments where the spin-transfer torque was utilized (wires without the
Pt spin-source) were also performed, but the results were unsatisfactory and the magnetic
domains were rather uncoherently renucleating and won’t be presented in this work.
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Conclusion
This thesis presents a comprehensive study focused on the SAFs, understanding their

magnetostatic properties together with their domain mechanics and 昀椀nally on the mag-
netic domain-wall motion induced by SOTs. Firstly, the necessary theoretical basis was
explained, comprehensively describing the various phenomena, also touching current state
of the art. Secondly, methods of SAF fabrication are discussed, including the deposition
of SAFs by magnetron sputtering and patterning with the use of positive UV lithography,
together with tuning the SAF thin 昀椀lm multilayer based on the further magnetostatic
analysis. Results of magnetostatics analysis performed by VSM, Magneto-optical Kerr
microscopy and MuMax3 software are presented and interpreted. Lastly, the measure-
ment of domain-wall motion induced by SOTs in the patterned microstripes is presented,
including the description of the experimental setup and the results of the measurement.

The theoretical basis of this study is divided into three chapters, each crucial for
understanding the interpretation of the experimental results. The Chapter 1 covers fun-
damentals of magnetism in matter and nanomagnetism, energy contributions in magnetic
materials with emphasis on the exchange energy, which is important for understanding
the nature of SAF systems, and lastly the description of magnetic ordering in solids.

Chapter 2 introduces historical insight about the scienti昀椀c discoveries leading towards
early experiments on SAFs. The two main types of magnetic anisotropy, which are the
PMA and IPA, are introduced. Variety of the DW types that are common in SAFs with
IPA are examined and ilustrated. State-of-the-art aplications of these systems are brie昀氀y
introduced to present the 昀椀eld of spintronics.

The last Chapter 3 of the theoretical section focuses on the LLG equation, which
describes the magnetodynamics of magnetic systems. The origin of the spin current via
the SHE is explained. Field-like and damping-like torque geometries arising from the
magnetic 昀椀eld and spin current are introduced and depicted for a good comprehension.
The action of SOT on both the domain magnetization and the central magnetization of
the DWs is explained and ilustrated. Finally, the chapter introduces domain-wall motion
induced by SOTs with emphasis on creep regime while it elucidates the mobility curve.

The experimental section is divided into Chapter 4 and 5. Chapter 4 describes the
methods of fabrication, including the deposition of SAFs with two types of multilayer or-
dering via magnetron sputtering and patterning of the SAFs with contact pads joint by two
types of microstripes, which was achieved by positive optical UV lithography. After the
fabrication, results of magnetostatic characterization analysis are discussed. VSM was
utilized to con昀椀rm the formation of the AF coupling and IPA in the SAFs. In-plane hys-
teresis loops of the single Pt SAFs were obtained by Magneto-optical Kerr microscopy
for pure horizontal and pure vertical sensitivity, the loops were examined. The direc-
tion of the easy axis corresponding to in-plane uniaxial anisotropy was determined by
substracting the remanent normalized grayscale value from the pure horizontal hysteresis
loops. The changes observed in the domain structure were described and correlated with
the hysteresis loop for pure vertical sensitivity. MuMax3 simulation of the SAF system
under the action of an external magnetic 昀椀eld was performed to obtain hysteresis loops
and graphical outputs showing magnetic domains and DWs in the both top and bottom
layers of the SAF. The results were interpreted and compared with the experiment, the
simulation was deemed relevant for application on the real system due to high similarity
to the experimental results.
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The 昀椀nal Chapter 5 ilustrates the experimental setup used for measuring the domain-
wall motion. Mobility curve was obtained for the creep regime and beginning of the 昀氀ow
regime, which was proven by con昀椀rming the exponential dependance of the domain-wall
velocity on the applied charge current density.

In summary, this thesis goes beyond the current state of the art by comprehensive
analysis and interpretation of the magentic domain mechanics together with domain-wall
motion induced by SOT, that has not been previously observed in this type of magnetic
system. A basis for further investigation of various SAF systems with IPA is set with the
ultimate goal being a practical implementation in future spintronic devices.
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