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Abstract 

The electrical resistance generated by 180 o domain walls is measured. A stripe 

domain structure in patterned CojCoO bilayers is artificially created by making 

use of the exchange bias effect. Under the application of an external magnetic 

field, the domains walls can be created and annihilated, allowing us to measure 

the domain wall resistance. The domain wall resistance is measured with a m

tation methad and is found to be positive and equal to 72 ± 8 f.10. We show 

that, for domain walls with realistic thicknesses, tbe measured resistance is too 

high to quantify on the basis of the anisotropic magnetoresistance (AMR) effect. 

Tberefore, an additional resistance contributes to the domain wall resistance. Tbis 

additional resistance can be explained with the giant magnetoresistance (GMR) 

theory. The role of the domain wall is to mix tbe two spin current cbannels and 

tbereby partially remove the short cirwit effect in a perfectly ferromagnetic aligned 

domain. 
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Technology assessment 

As traditional information starage devices approach predieteel limits, new and im

proved technologies are required to keep up with the trend of miniaturization in 

the data starage field. With this miniaturization of magnetic materials, the un

derstanding of magnetic phenomena on length scales below a micron is becoming 

increasingly important. The miniaturization plays an important role for fundamen

tal research as wellas for technological applications, e.g. magnetoresistive sensors, 

read heads and magnetic random-access memory (MRAM). MRAMs based on 

structures of magnetic metallic films interspersed with nonmagnetic metallic or 

insulating interlayers are the next generation in magnetic-storage technology, re

placing the semiconductor-based dynamic random-access memories (DRAMs) that 

are now the standard. Advantages of MRAMs include non-volatility (retaining in

formation when the computer is switched off), high starage density, and low energy 

consumption. 

Cantrolling the characteristics of magnetic nanostructures, in which domain 

walls play a major role, becomes very important due to the miniaturization. A 

domain wall can be interpreteel a..c; an interface between two, aften antiparallel, 

domains. Since this configurations closely resembles that of a magnetic trilayer, i.e. 

two regions of oppositely pointing magnetization separated by a thin nonmagnetic 

interlayer, it should be possible to abserve giant magnetoresistance (GMR) caused 

by the presence of a domain wall. This renewed the interest in the electronic 

properties of domain walls. 
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Chapter 1 

Introduetion 

The purpose of this thesis is to contribute to the fundamental research of domain 

wall resistance. First of all , a structure with a large number of artificially created 

thin domain walls had to be fabricated , in order to generate a measurable signal. 

In order to make artificial domain walls, a Co film was deposited on top of parallel 

CoO lines. The exchange bias effect triggered the magnetization in a different 

direction than the external field , which created a stripe domain structure like in 

figure 1.1. A current path was etched perpendicular to the CoO stripes and the 

Figure 1.1: Schematic sketch of the patterned CojCoO structure in antiparallel 

contiguration 

domain wall resistance was measured with a rotation methad in an attempt to 

clarify the contribution of the anisotropic magnetoresistance (AMR) signal. 

The second chapter begins with a theoretica! description of the different types 

of magnetism. ext, the magnetic anisotropy and the formation of domain walls on 

the basis of energy minimization are explained. The resistivity of ferromagnets and 

the origin of anisotropic magnetoresistance (AMR) are briefiy introduced. Several 

theories of domain wall resistance are given because a consistent and overall theory 

is still lacking. The second chapter finishes with the explanation of the exchange 
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Chapter 1. Introduetion 

bias effect together withits most important aspects. 

The third chapter explains the different experimental techniques that are used 

to study the structural and magnetic properties of our samples. X-ray reflectivity 

measurements (XRR) and atomie force microscopy (AFM) are used to characterize 

the samples structurally. The hysteresis loops are made with a vibrating sample 

magnetometer (AFM) and with a magneto-optical Kerr effect (MOKE). These 

techniques together with sample preparation methods are summarized in the third 

chapter. 

The fourth chapter gives an overview of the obtained results. First, the ex

change bias in thin continuous ferromagnetic (FM)/antiferromagnetic (AFM) bi

layers are discussed. The results of the FM/ AFM bilayers are used to obtain a 

patterned FM/ AFM stripe domain structure. The second section focusses on the 

fabrication and magnetic characterization of the patterned structure. The third 

section is devoted to the domain wall resistivity measurements. A rotation method, 

which is used todetermine the domain wall resistance, is explained and the fourth 

chapter ends with a theoretica! approach of the measured domain wall resistance. 
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Chapter 2 

Theory of magnetism 

This chapter starts with a brief overview of the origin and different types of mag

netism. A confinement of the sample boundaries influences the magnetic behavior 

of a ferromagnetic sample, as it gives rise to magnetic anisotropy contributions. 

Section 2.2 describes the shape and magnetocrystalline anisotropy. A summary of 

the interactions that play a role in the formation of magnetic domains is given in 

section 2.3. Section 2.4 is devoted to the resistivity of ferromagnets and magnetic 

domain walls. We end this chapter with a description of the exchange bias effect. 

This effect is used to fabricate a stripe domain structure wit h artificially created 

domain walls. 

2.1 Origin and types of magnetism 

The origin of magnetism is explained on an atomie scale. An electron in an atom 

bas an intrinsic quantized angular momenturn called spin, and a quantized augu

lar momenturn originating from the orbital motion of the electron, called orbital 

angular momentum. This spin and orbital angular momenturn have an associ

ated magnetic dipole moment, which combine vectorially. All the contributions 

from the different electrons in an atom or molecule combine vectorially, and the 

resulting magnetic dipole moment is called the magnetic moment of the atom or 

molecule. This magnetic moment depends on the electronic structure of the atom 

or molecule. Hence, the atom or molecule may or may not posses a net magnetic 

moment 

The presence of an external magnetic field distorts the motion of the electrons, 

which can result in a magnetized sample. Furthermore, the magnetic moments 
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2.1 . Origin and types of magnetism Cbapter 2. Tbeory 

of the neighboring atoms can interact with each other, even without an applied 

magnetic field. All materials are classified into different types according to their 

magnetic behavior. The most important types are diamagneti.sm, paramagnetism, 

ferromagnetism and antiferromagneti.sm. Ferromagnetic and antiferromagnetic 

materials were used during the workof this thesis. A short introduetion forthese 

types is given, more information can be found in [1]. 

diamagnetism: The atoms of a diamagnetie material have na net intrinsic mag

netic moment. In an external applied field H, diamagnetic materials acquire 

a magnetization iJ which is opposite to the field direction. The origin of 

diamagnetism is nat a matter of aligning atomie moments, but an electronic 

response to the external applied magnetic field. When an external magnetic 

field is turned on, an electric field is induced in the plane of the orbiting 

electrons, obeying Faraday's law of induction. A change in magnetic flux 

influences the speed of the electrans in such a way that it opposes the ap

plied magnetic field. Hence , the susceptibility (X = M / H) of diamagnetic 

materials is negative. 

paramagnetism: The atoms ar molecules of paramagnetic materials have a per

manent magnetic moment. Without an external field, all these moments 

are randomly oriented. When an external field is applied, these magnetic 

moments will tend to align with the magnetic field . The susceptibility of 

paramagnetic materials is positive and it strongly depends on the temper

at ure. Hence, temperature can be seen as a souree for randomizing the 

preferred orientation of the magnetic moments. 

ferromagnetism: This type of magnetism is characterized by a long-range or

dering of the atomie moments, even in absence of a magnetic field. It was 

Weiss at the end of the 20th century, who proposed that the interaction 

between these magnetic moments can be described by an average exchange 

field , which is assumed to be proportional to the macroscopie magnetization 

of the system. The origin of this long-range ordering is the so-called exchange 

interaction. This is a Coulomb type of interaction present due to the Pauli 

exclusion principle. This principle leads to an energy dependenee on spin 

direction. This spin-spin interaction can be is described with the Heisenberg 
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Chapter 2. Theory 2.2. Magnetic anisotropy 

hamiltonian, 

H= -2L]ij ~ - ~ (2.1) 
i<j 

From this equation fellows that parallel spins are favored when J > 0, and 

antiparallel orientation corresponds to J < 0. The type of interaction de

pends on the electronic structure of the materiaL 

The spontaneons long-range magnetization vanishes above a critica! temper

ature, called the Curie temperature Tc. Examples offerromagnetic materials 

are Co, Ni and Fe. 

antife rromagnet ism: These materials are characterized by an antiparallel ar

rangement of the atomie moments, which result in a zero net magnetic mo

ment. The magnetic ordering vanishes above a critical temperature, known 

as the Néel temperature TN . It can be shown [1] that the Néel temperature 

'lN is smaller than the Curie Temperature 'l'c. Same examples antiferromag

netic materials are CaO, NiMn, FeO and NiO. 

2.2 Magnetic anisotropy 

Befare we go into detail of the why-and-how of the formation of magnetic domains, 

we need to introduce the magnetic ani.sotropy. The preferenee for the magneti

zation to lie in a specific direction is called magnetic anisotropy. This magnetic 

anisotropy plays an important role in the properties of magnetic materials and 

in domain formation. There are several kinds of anisot ropy; magnetocrystalline 

ani.sotropy, shape anisotropy, surface anisotropy, exchange ani.sotropy, unidirec

tional ani.sotropy, .. . and this sectien describes the shape and magnetocrystalline 

anisotropy. The main sourees of anisotropy are the spin-orbit coupling and the 

magnetic dipolar interact ions. These dipolar interactions are long-range interac

tions, which generally lead to a shape dependant contribution to the magnetic 

anisotropy. The spin-orbit interaction couples the total magnetic moment to the 

crystal axis , which results in an anisotropy contribution that reflects the crystal 

symmetry. The exchange bias effect , an example of unidirectional ani.sotropy, is 

treated in sectien 2.5, because different theories of this anisotropy require an un

derstanding of domain formation. Furthermore, this kind of anisotropy is such an 

important topic in this thesis , that it needs some additional attention. 
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2.2. Magnetic anisotropy Chapter 2. Theory 

2.2.1 Shape anisotropy 

The shape anisotropy is responsible for the in-plane magnetization that is usually 

observed in thin films. The origin of shape anisotropy is related to the presence of 

demagnetizing fields. When a magnetic object, e.g. a bar, is placed in a magnetic 

field H0 , its magnetization will tend to align with the direction of the field H0 , and 

this will form fictitious magnetic poles at its surface. These poles create a field 

of magnitude fid inside the object. This field is opposite to the applied field and 

tends to demagnetize the object. Hence, the field inside the object can be written 

as, 

fii = Ho + fid 

where the demagnetization field fid is defined as, 

(2.2) 

(2.3) 

The minus sign means that the field is opposite to the magnetization and N is the 

demagnetization factor, which depend strongly on the geometry. 

2.2.2 Magnetocrystalline anisotropy 

Another souree of anisotropy is the crystal structure of the stuclied materiaL In a 

magnetic crystal, there are clirections along which the magnetic moments can be 

ordered with a much lower field, in comparison toother directions. These directions 

are the so called easy axes of magnetization. This crystalline anisotropy has its 

origin in the spin-orbit coupling. The stuclied magnetic structures in this thesis 

were made of Co, therefore the crystalline a.nisotropy of Co is considered. Co has 

a hexagonal closed-packed (hcp) structure and tigure 2.1 shows the magnetization 

curves for a single crystal Co along the easy and a hard axis of magnetization 

[2]. These crystals, with only one easy axis, are called uniaxial crystals. The 

magnetocrystalline anisotropy energy for Co can be written in powersof sinB, 

Emca = L Kn sin2
n e 

n;:>:l 

(2.4) 

The anisotropic constants Kn depend on materialand temperature. Due to sym

metry consideration of the hexagonal axis, only the even powers are present in this 

series expansion. For Co, the first two terms give already a good approximation1. 
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Chapter 2. Theory 

Easy direction 
[000 [] 

Magnetic field 

2.3. Magnetic domain formation 

Figure 2.1: The magnetocrystalline anisotropy of hcp Co, with one easy axis of 

magnetization 

Polycrystalline Co is used in this thesis. The effects caused by crystal anisotropy 

are averaged in polycrystalline materials. Tberefore, polycrystalline Co bas no 

macroscopie crystal anisotropy. 

2.3 Magnetic domain formation 

Magnetic domains are regions within which the direction ofmagnetization is largely 

uniform. The interface regions between domains are called domain walls. In such 

a domain wall , the magnetization changes ti·om one domain into the other. Tbe 

orientation and the size of tbe domains can be determined by tbe principle of energy 

minimization. The different energy terms are the anisotropy energy, the exchange 

energy, the magnetostatic energy and t he domain wal! energy. The influence of 

these different energy contribut ions on domain formation is represented in this 

section, tagether with properties of domain walls in thin films. 

2.3.1 Exchange energy 

The exchange energy is sbort-ranged and responsible for tbe alignment of tbe 

magnetic moments witbin a magnetic domain. Thus, this energy tends to keep 

adjacent magnetic moments parallel (FM) or antiparallel (AFM) to each other. 

The exchange interaction energy Eex of a pair of atoms with the same spin S is 
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2.3. Magnetic domain formation Chapter 2. Theory 

given by 

(2.5) 

where 4J is the angle between the spins, and l ex the exchange integral. 

2.3.2 Magnetostatic energy 

The formation of domains is primarily driven by the reduction of magnetostatic 

energy. The best way to explain this , is to consider a uniform rectangular object, 

magnetized in a single direction (figure 2.2). Such an object has a large demagneti

zation field. By dividing the configuration into two antiparallel magnetic domains, 

the magnetostatic energy of the object is substantially lowered because the stray 

field is reduced and the magnetization of the object is decreased. More antiparallel 

magnetized domains decrease the magnetostatic energy further , but the additional 

domain walls that are formed, create an extra energy; the domain wall energy. As 

shown in figure 2.2, the formation of triangular domains at the edges avoids the 

free poles and this reduces the magnetostatic energy even further. These types 

of domains are known as etosure domains. The crystalline anisotropy may hinder 

the formation of these etosure domains, since the magnetization may fall along the 

hard axis of magnetization. 

lLL 

t t ~ 

Figure 2.2: Division of a magnetic system into domains, reduces the magneta

statie energy. Glosure domains can reduce the stray field to zero. 

2.3.3 Domain wall energy 

As shown in previous section, it is favorable to have domains. Domain walls are 

created between these domains, within which the magnetization changes direction. 

8 Steven Brems 



Chapter 2. Theory 2. 3. Magnetic domain formation 

This magnetization doesn 't change abruptly, since this would involve a very large 

amount of exchange energy (see equation 2.5). The exchange energy will try 

to make the domain wall as wide as possible. On the other hand , the spins are 

rotated away from the easy axis in a domain wall , which contribute to an additional 

anisotropy energy. The width of the wall depends thus on both the exchange and 

anisotropy energy. Therefore, the thickness of the wall corresponds with an energy 

for which the total wall energy is minimaL 

The total domain wall energy is the sum of the exchange and the anisotropy 

energy. The domain wall thickness ( 8) and the corresponding energy ( 1) for a 

180 ° Bloch wall , in which the magnetization rotates out-of-plane (figure 2.3) , in a 

cubic crystal are given by, 

8=nf# 
1 = nJ2AK 

(2.6) 

(2.7) 

where A = J~
2 

is known as the exchange stiffness, with the lattice constant a [1]. 

• t Î \ ~ -. -. . ~ ., 

Figure 2.3: Schematic representation of a Bloch wall 

2.3.3.1 Domains in thin films 

Néel showed that the domain energy of a Bloch wall is not a material constant , 

but it depends on the thickness of the layer for layers thinner then a few hundred 

nanometers. Beside the usual Bloch walls, other types of walls (e.g. Néel and cross

tie walls) can be present in thin films, depending on the film thickness. Although 

Bloch walls are energetically favorable in thicker materials , Néel walls are more 

likely to apperu· when the layer thickness decreases. This is because Bloch walls 

create free poles at the surface, therefore the magnetostatic energy increases with 

decreasing layer thickness. If the spins were to rotate in the plane of the surface, 

a smaller magnetostatic energy at the internal surface of the wall is accepted , as 

the price for removing the larger magnetostatic energy at the top surface. Such a 

wall , shown in tigure 2.4, is called a Néel wall. 
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2.4. Resistivity of ferromagnets and domain walls Chapter 2. Theory 

Figure 2.4: Schematic representation of a Néel wall 

éel walls have an inherent charge because of their spin structure. The magne

tostatic energy associated with this charge can be reduced if the sense of polariza

tion of the wall alternates. This wall, shown in figure 2.5, is called a cross-tie wall. 

Figure 2.6 shows the dependenee of the domain wall energy for the three types 

of domain walls as a function of layer thickness. The graph was calculated for a 

permalloy layer with an exchange stiffness A of 5 · 10-12 1/m and an anisotropy 

constant K of 150 J jm3 . 

Figure 2 .5: The charge of a Néel 

wall can destabilize it and cause it 

to form a cross- tie wall 

0 
N eél wall 

Bloch wall 

100 
Thickness (run) 

200 

Figure 2.6: Variation of domain 

wall energy as a function of permal

loy thickness for a Blo eh, N éel and 

cross- tie wall 

2.4 Resistivity of ferromagnets and magnet ie do

main walls 

The first part of this section begins with a classica! explanation of resistance in 

metals. The electrical transport properties and the basic concepts of resistance in 

metals are outlined. Next , the origin and theory of the anisotropic magnetoresis-
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Chapter 2. Theory 2.4. Re..'>istivity of ferromagnets and domain walls 

tance (AMR) effect in ferromagnetic materials are given. The last part describes 

several theories of magnetic domain wall resistance, tagether with recent experi

mental results. 

2.4.1 Basic concepts of resistance in metals 

Wh en a solid is exposed to an electric field E , the internal equilibrium is distorted, 

which induces transport of charges. The modern treatment of conductivity orig

inates from the Drude theory. The conduction electrans in a metal are assumed 

to behave like a gas of non-interacting particles, and experience a force due to the 

applied electric field R. The equation of motion for a free electron in an electric 

field Ë is 

(2.8) 

where me and -e are the electron rest mass and charge. The accelerated elec

trans are subjected to collisions with the fixed ions of the crystal lattice with an 

average time T between the collisions. Assuming that the motion of an electron is 

completely disrupted during a collision, the drift velocity vd is 

Vd = äT 
-eT i; 
me 

(2.9) 

(2.10) 

The current density J, defined as the total charge crossing a unit area per unit 

time, is 

J = -nevd (2.11) 
2 

= 
neT f; (2.12) 
me 

= (JË (2.13) 

where n is the number of conduction electrans per unit volume and (J is the con

ductivity given by Drude's formula. Although this expression is obtained using 

classica! arguments, it can also be derived in a quantum-mechanical treatment of 

the conduction electrans in the relaxation-time approximation. 

2.4.2 Magnetoresistance 

Magnetoresistance (MR) is the change in electrical resistivity of a material as a 

reaction to the application of an external magnetic field . lts discovery was made 
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2.4. Resistivity of ferromagnets and domain walls Chapter 2. Theory 

by William Thomson, honored as Lord Kelvin, in Glascow in 1857. He observed a 

0.033 % rise of the electrical resistance in a piece of iron if subjected to a magnetic 

field. The origin of this MR is the Lorentz force. This force deftects the path of 

the rnaving charge carrier, which increases the path length, causing an increase in 

the resistivity. Table 2.1 lists all the types of magnetoresistance. The origin and 

theory of anisatrapie magnetoresistance (AMR) is discussed next because this type 

of magnetoresistance clearly returns in our transport measurements. This section 

ends with a description of giant magnetoresistance (GMR), because the theory we 

used to explain our domain wall resistance is basedon this GMR effect. 

MR (Lorentz) magnetoresistance 

AMR anisatrapie magnetoresistance 

GMR giant magnetoresistance 

CMR colossal magnetoresistance 

TMR t1mnelling magnetoresistance 

EMR extraordinary magnetoresistance 

VLMR very large magnetoresistance 

Table 2.1: Different types of magnetoresistance 

2.4.2.1 Origin of anisotropic magnetoresistance in ferromagnetic ma

terials 

Drude's theory is a reasanabie approximation for metals in which the conduction 

electrans originates from atomie s and (to a lesser extent) p states. In many 

metal systems, the band structure is much more complicated due to the bands 

originating from the d states. The description of these systems can be simplified 

by ignoring the mixing (hybridisation) of conduction bands and d bands. This 

approach was first put forward by Mott, who considered a two band model. The 

s (and p) electrans are in a braad band with a low density of states, while the d 

electrans are in a narrow band with a high density of states. He assumed that 

the current was largely carried by s electrons, since they have an effective mass 

camparabie to that of free electrons. The d electrans have a much higher effective 

mass (md = 30m:), and therefore have a much lower mobility. 

Hence, the electrical resistivity is determined by the scattering of s electrons. 

This scattering can be from an s state into another s state (characterized by Tss) 
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Chapter 2. Theory 2.4. Resistivity of ferromagnets and domain walls 

or frorn an s state into a d state ( Tsd). The tot al nurnber of scattering per second 

is 
1 1 1 
-=-+
TT Tss Tsd 

(2.14) 

The total resistivity is then given by 

me 
p = - - (2.15) 

ne2Tr 
The electron states are further divided intoaspin-up and a spin-down state. If 

the two d bands are not equally filled , the system has a net magnetization. Figure 

2. 7 shows a simplified density of states curve for ferromagnetic nickel. This band

structure is split into two different sub-bands representing the different orientations 

of the electron spins. As was suggested by Mott , at least at low temperatures, the 

spin direction of the conduction electrans is conserved in the vast majority of the 

scattering process. Because the bands are not equally filled, the probability of 

scattering from the s+ state to the d+ state is different than from the s- state to 

t he d- state. For ferromagnetic nickel, only scattering from the 4s- state to the 

3d- state is probable, because the 3d+ sub-band is below the Fermi level. 

w 

spin up spin down 

n(E) -n(E) 

Figure 2.7: Density of states curve in a simplified form for ferromagnetic nickel. 

Hence, for one type of spin the current can be larger than the other type of 

spin. A rapid change in the density of states of the d sub-bands can lead to 

a significant change in resistivity as a function of temperature and/ or magnetic 

field . Although the band-structure description is very crude, it can qualitatively 

account for a variety of observed resistivity effects. 

If s-d scattering is the dominant feature of the resistivity, then the anisotropic 

magnetoresistance effect must be a consequence of an anisatrapie scattering mech

anism. Smit [3] explained the phenomenon of allisotropie scattering using Mott 's 
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2.4. Resistivity of fermmagnets and domain walls Chapter 2. Theory 

two-current model. He assumed that the influence of the magnetic field and spin

orbit interaction cause mixing of the d+ and d- states. It can be shown that this 

mixing is anisatrapie and the probability for s-d scattering is larger for electrans 

travelling parallel to the magnetization, or in other words, Pil >Pl.· 

The two current model was finther developed by Marsocci [4] and Thomas et 

al. [5]. Marsocci determined the effect of spin-orbit interaction on the magnetore

sistance in nickel-iron thin films, and Thomas et al. showed that the spin-orbit 

interaction causes a non-symmetrical mixing of wave functions of the d electrons, 

and the resultant perturbed wave tirnetion is a complex dependenee on the angle 

0 between the current and the magnetic field. 

2.4.2.2 Theoretica! description of anisatrapie magnetoresistance (AMR) 

in ferromagnetic materials 

The components Ei of the electric field inside a conductor are related to the current 

density Jj through 

(2.16) 
j 

where the Pij coefficients form the resistivity tensor. Assume that we have a poly

crystalline material withits magnetization saturated in the z direction (figure 2.8). 

From symmetry arguments follow that such a magnetized isotropie medium has a 

resistivity tensor of the form 

r 

Pl.(B) 

Pij= PH~B) (2 .17) 

The form of the resistivity tensor corresponds to the following expression of 

the electric field. 

Ë = Pl.(B)f + (Pu(B)- Pl. (B)) (ä · J) ä + PH(B)ä x J (2.18) 

where J is the current density vector and ä is the unit vector in the magnetization 

direction. The diagonal elementsof the resistivity tensor Pil and Pl. are unequal, 

which means that the resistivity depends on the relative orientation of the mag

netization M and the current density vector J. The resistivity is by definition 

14 

Ë·f 
p= 111 2 

(2.19) 
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1\Z 
y 

x 

F igure 2.8: Presentation of a random polycrystal with its magnetization satu

rated in the z direction 

If eis defined as the angle betweenMand J , equations 2.19 and 2.18 gives US for 

the resistivity 

(2.20) 

Expression 2.20 shows directly that the resistivity depends on the angle between 

tbe current direction and magnetization . This formula is used to describe t he 

AMR effect in our measurements. 

The magnetoresistivity coefficient b.pj p is defined as follows [6] 

b.p 
(2 .21) 

Pav 

where Pav is the resistivity of a demagnetized sample, and the resistivity of a 

demagnetized polycrystalline sample is ~Pil +~Pl. · Tbe relative change in resistance 

can be described in the form 

(2.22) 

Magnetoresistive variation as a timetion of the angle 8, between current and mag

netization direction is shown in figure 2.9. The value b.p is typically smaller tban 

a few percent of the total resistance. 

Assurne that J is in the x-direction , the voltage is measured perpendicular to 

Jin the y-direction and M is rotated in the xy-plane, then equation 2.18 gives 

Ey = (Pil - p 1. ) J cos 8 sin 8 (2.23) 
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-90° 

Magnetoresistance 
t.R/R 

o· 90" 8 

Figure 2.9: Magnetoresistance as a function of the angle between current and 

magnetization direction 

where J · M = J cos 8. This effect is called pseudo or planer Hall effect and is a 

manifestation of the resistivity anisotropy. This effect was also measured during 

our transport measurements. 

The off-diagonal terms in equation 2.17 lead to the extraordinary Hall e.tfect - -perpendicular to Mand J. 

2.4.2 .3 Description of giant magnetoresistance (GMR) 

The giant magnetoresistance (GMR) effect occurs in samples which are composed 

of at least two magnetic layers separated by a thin nonmagnetic spacer. The 

resistance of such a sandwich structure depends on the relative alignment of the 

magnetizations in the ferromag-netic layers. The resistance is largest when the 

ferromagnetic films are aligned antiparallel and smallest when they are magnetized 

in a parallel manner. The GMR effect is generally explained with the two current 

model. The spin-upand spin-down electrans have different scattering probabilities 

at the interfaces and in the bulk of the layers, due to a spin-dependent potential 

landscape and a difference in the density of states at the Fermi-leveL Generally, 

an electron will have a higher scattering probability when its direction is opposite 

to the local magnetization direction, which is shown in tigure 2.10. 

The relative change in resistance, the GMR-ratio, is defined as 

. HAP- Hp 
GMR- ratw = Rp (2.24) 

where RAP and Rp is the resistance of the stack of layers wit h an antiparallel and 

parallel arrangement , respect ively. 
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Figure 2.10: mustrat ion of the GMR effect in two magnetic layers separated by 

a thin nonmagnetic interlayer. The left tigure represents a parallel arrangement 

of the magnetization in both layers, the right tigure represents an antiparallel 

arrangement of the magnetization . Electrans with their spin parallel to the local 

magnetization experience less resistivity. 

In view of t his physical mechanism, the GMR effect is often referred to as 

the magnetic valve effect or the spin valve effect. We end this chapter with the 

remark that the GMR effect can be measured in two geometries, the CIP-geometry 

(current in plane) and the CPP-geometry (current perpendicular to the plane). 

Figure 2.10 represents the CIP geometry, where the current flows in the plane of 

the layers. 

2.4.3 Resistivity of magnetic domain walls 

There are several studies and theories of the contribution of magnetic domain 

walls to the resistance of ferromagnets, but a consistent theory concerning the 

magnitude and microscopie origin is still lacking. Experimental efforts have sug

gested two conflicting pictures, namely an increase and a decreasein the resistivity. 

Both tindings have found theoretica! justitication. This section gives a very brief 

overview of the most important theories. One model based on spin dependent 

scattering is discussed more profoundly in a separate section because it is very 

promising and used to explain the domain wall resistance in our stripe domain 

structures. 

The tirst model of domain wall scattering was by Cabrera and Falicov (1974) 

who considered the reflection and transmission coefficient for incoming electrans 

due to the wall potential, created by the rotatien of the magnetization within the 
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wall [7] . The reileetion probability was found to depend on the ratio of the domain 

wall width (ó") to the Fermi wavelength (.\). This probability was exponentially 

small for large ratios ( e-ó/>'), thus for a typical domain wall width in the 10 nm 

range and metals ÀF = 0.1 nm, the domain wall resistivity is entirely negligible. 

Only for extremely narrow domain walls, a large effect was predicted. 

A model by Tatara and Fukuyama [8] prediets a negative domain wall contri

bution to the resistivity, thus a model where domain walls rednee the resistivity. 

The effect of domain walls on weak localization was considered. The decrease in 

resistivity was only expected at low temperatures ('1' ~ 7 K). Experimentally, a 

negative domain wall contribution to the resistivity is found in microfabricated Fe 

wires [9]. An enhancement of the conductivity was found up to rv 80 K, which is 

much to high to be explained by the model of Tatara and Fukuyama. Recently, 

numerical calculations [10] showed that this negative domain wall contribution to 

the resistivity could be caused by a misinterpreted AMR contribution. 

Van Gm·kom, Brataas and Bauer [11] fmmd that the semiclassical domtün wall 

resistance can be either negative or positive depending on the difference between 

the spin-dependent scattering lifetirnes. A redistribution of electrans between the 

spin-upand spin-down bands in the domain wall modities the Drude resistivity by 

e2 
Óp ~ -p~-Ón+(T+ - T-) 

m 
(2.25) 

w here Po is the resistivity of a single domain ferromagnet , T + - T _ is the difference 

between the scattering relaxation times for the spin-up and spin-down electrans 

and ó"n+ is the change in density of a spin-up (spin-down) electron. 

2.4.3.1 The ferromagnetic domain wallas a GMR trilayer 

Giant rnagnetoresistance (GMR) usually occurs in ferromagneticj non-magnetic 

layered metallic thin films. The GMR trilayer (two regions of opposite point

ing magnetization separated by a thin non-rnagnetic interlayer) closely resembles 

the magnetic contiguration of a domain wall, which is illustrated in tigure 2.11. 

Therefore, it is expected that magnetoresistance of camparabie magnitude to that 

associated with GMR trilayers can arise from domain walls in chemically homoge

neaus thin films. 

The classical calculation to explain domain wall resistance with the GMR the

ory, was first done by Viret et al.[12]. Zhang and Levy [13] described this effect 

quanturn mechanically and this model is explained next. 
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Figure 2.11: Schematic illustration of the similarity between the magnetic geo

metry of a G MR trilayer and a ferromagnetic domain wall. 

The scattering of conduction electrans by a domain wall is a combination of 

• How well the precessional behavior of the conduction spins allows it to track 

the changing local exchange field direction as it traverses the wall. 

• The same type of spin dependent scattering due to impurities that give rise 

to GMR. 

The mistl·acking is not a souree of scattering, it does notproduce resistance by 

itself. But this mistl·acking is necessary to understand the electron states produced 

by a domain wal!. The spin dependent scattering due to defects present in the film 

is t hen evaluated in the wave functions appropriate to the spin structure in a 

domain wall. In this way, an additional resistivity is observed. 

The spin dependent electronic structure of the Hamiltonian to describe GMR 

is given by 
n}v2 , 

Ho=-
2
m + V(r) + J(} · M(r) (2.26) 

where V(r) is the non-magnetic periadie potential, .:J represents the exchange 

splitting, (J is the spin state of the conduction electron and M(r) is a unit vector 

pointing in the direction of the local magnetization. 

In homogeneons systems (M(r) = M), it is natura! to choose the direction M 
for the axis of quantization of spin(). If another axis was preferred, one can always 

diagonalize the Hamiltonian by rotating the spin operator (J to be parallel to M, 
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w(r ) =Ho ( 1r(r ) ) 
<P1(r) 

(2.27) 
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where Re = e( -i8/ 2n·a), with n the axis a bout which the magnetization rotates. 

When a domain wall is present, the direction of the magnetization changes as a 

function of position. The angle () in equation 2.27 is in this non-collinear system 

not constant anymore, but changes as a fimction of position. Because position 

and momenturn are not commuting, the Hamiltonian (equation 2.26) fora domain 

wall is not diagonalized by a rotation. 

n2\?2 n2\?2 
lf(i

1 

2
m Re = 

2
m + Vperturbation (2.28) 

This perturbation term represents corrections to the wave fimctions due to the 

twisting of magnetization in a domain wall. As aresult of this perturbation, this 

hamilatonian doesn't have pure spin eigenstates anymore. Classically, this per

tmbation term appears because the Larmor precession of the conduction electron 

spins cannot follow the local magnetization while crossing the domain wall [12]. 

The scattering of electrous is given by the impurity potential, 

~catt = 2)v +.ia· M(r))8(r- ri) (2.29) 

where ri is the position of impurities and j represents the spin dependenee of 

the scattering. Because the Hamiltonian for a domain wall doesn't have pure 

spin eigenstates, the impurity potential scatters electrons from one eigenstate to 

another and thereby mixes the two channels of current that woulel be independent 

if the perturbation term was not present. 

Levy and Zhang [13] calculated the size of the perturbation fora 180° Néel or 

Bloch wall with the magnetization continuously rotating over the elistance d, thus 

B(x) = 1rxjd. They found that the magnetoresistance for current perpendicular to 

the domain wall (CPW configuration) is given by, 

PCPW =Po· [1 + Ç2 (p~ T- pp 2 

(3 + 10~)] 
5 pa·pa Po+Po 

(2.30) 

where p~ is the resistivity forspinsof the ferromagnet, p;;1 = 1/ p~ + 1/ P± is the con

ductivity of the ferromagnet without domain walls and Ç = Jrn2kpj(4md:J) with 

kp the Fermi wave vector. The parameter Ç is a measure of the non-adiabaticity. 

In an adiabatic approximation (Ç = 0), the spin channels woulel be decoupled, even 

in the presence of domain walls and no domain wall resistance woulel be present. 

Physically, Ç is the ratio of the precession time of an electron in the exchange 

field to the time the electron takes to ballistically traverse the domain wall [14]. 
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It is clear from this result that when the domain wall is narrowed, the domain 

wall magnetoresistance is predicted to increase. It is important to note that in 

this calculation, the scattering due to reflections of electrons, as they go from the 

collinearly aligned domain into the twisted wall between domains, is neglected. 

This can be done because the walls are thick compared to the Fermi wavelength. 

Therefore, equation 2.30 is not valid in the very narrow domain walllimit, such as 

an atomie scale domain wall, because electron reflection would indeed be signifi

cant which greatly amplifies the magnetoresistance effects. Levy and Zhang found 

firrther that the magnetoresistance for current parallel to the domain wall ( current 

in wallor CIW configuration) is smallerand given by, 

P = p . [1 + e (PX - PtY] 
CIW o h T l 

v Po. Po 
(2.31) 

A strong experimental confirmation of previous theory was found by R. Dan

neau et al. [15]. They used epitaxial FePd films because its perpendicular magnetic 

anisotropy minimizes the domain magnetoresistance. The magnetization inside the 

domains was always perpendicular to the current, which minimizes the AMR con

tribution. A 40 nm thick and 400 nm wide FePd line was defined in a geometry 

with a 90 o angle, which allowed them to measure transport properties in two per

pendicular directions. This current line is shown in the MFM image (figure 2.12), 

where the dark and clear ribbons corresponds to up and down magnetic domains 

separated by 8 nm thick domain walls. On the left side of the structure, the current 

flows parallel to the walls (CIW configuration) and on the right side, the current 

flows perpendicular to the walls (CPW configuration). 

A homogeneous magnetic field was applied perpendicular to the film in a di

rection that favors the white domains. The resistive voltages were measured at 17 

K with a DC-current of ±0.2 mA. 

Figure 2.13 shows in the CPW contiguration clear resistance jumps as the field 

increases, which are ascribe to the disappearance of domain walls. The three larger 

jumps appear as a consequence of the collapse of a domain, a process through which 

two domain walls simultaneons disappear. The number of double jumps (three) 

is consistent with the number of black ribbons imaged at zero field between the 

contacts. The single jumps are due to changes in the crosses defined by the stripe 

and the voltage contacts. A single elemental jump corresponds with a domain wall 

magnetoresistance over 10% within the 8 nm wide wall. 

In the CIW configuration, there are six domain walls between the contacts at 
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Figure 2.12: MFM picture of the virgin magnetic contiguration inside the FePd 

stripe. 
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Figure 2.13: Variation of the resistance during a magnetization sweep for the 

CIW and CPW configurations. 

zero field. The total resistance variation can be divided into six equal steps , which 

agree well with the resistance plateaus. The size of the individual steps are clearly 

smaller than the step size measured in CPW configuration, as was predicted by 

previous theory. A double jump corresponds again with a full collapse of a black 

22 Steven Brems 



Cbapter 2. Tbeory 2. 5. Exchange bias effect 

domain, which is associated with the disappearance of two walls. The single jumps 

correspond to the disappearance of peripheral domain walls expelled one by one 

through the lateral edges of the structure. 

When decreasing the field from saturation, a large resistance step occurred 

at 0.213 T in both segments of the stripes, indicating the reappearance of the 

domain walls. These reversed domains appear everywhere in the structure at 

the same field, indicating that the reversal process is dominated by domain wall 

propagation from a few nucleation centers. The nucleation process of this film 

was not well controlled, which leaded to both CIW and CPW contributions to the 

resistance. 

2.5 Exchange bias effect 

This section describes a kind of unidirectional anisotropy, the exchange anisotropy. 

This exchange anisotropy was used to obtain the stripe domain structure in our 

patterned Co/CoO samples. This anisotropy is introduced and the first model 

to explain this effect is given. Afterwards, the dependenee of this unidirectional 

anisotropy on the temperature, cooling field, FM and AFM thickness is explained 

together with the training effect. 

2.5.1 Introduetion to exchange anisotropy 

Exchange bias is a result of the exchange interaction between an antiferromagnetic 

(AFM) and a ferromagnetic (FM) lay~r. The nmction of the AFM layer is to 

pin the magnetization of the FM layer to a certain preferred direction. The most 

important manifestation of this exchange bias effect is a shift of the hysteresis loop 

of the FM layer along the field axis, as if an additional external field is applied to 

the FM layer. This field is called the exchange bias field , H eb· 

Exchange bias was first discovered by Meiklejohn and Bean in 1956, for small 

Co-particles with a shell of AFM CoO [16]. Since then it is observed in many 

structures containing AFM/FM interfaces. It occurs when the structure is grown, 

or cooled below the Néel (TN) and Curie temperature (Tc) in an external magnetic 

field, known as the cooling field. The hysteresis loop of this system at '1 ' < '1 N after 

the field cool procedure, is shifted along the field axis generally in the opposite 

('negative') direction to the cooling field. This is shown in figure 2.14. 
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Figure 2.14: Schematic diagram of the exchange bias effect. 

2.5.2 Meiklejohn-Bean model 

The first model that describes the exchange bias effect is the Meiklejohn-Bean 

model (MB). The shortcomings of this model are stated and a brief outline of rela

tively recent solutions that attempt to solve some of these problems are given. This 

MB model explains the exchange anisotropy on the basis of following assumptions: 

• The directions of all the spins in the FM-layer and of the spins in each of 

the spin sublattices in the AFM layer are uniform tbraughout the sample. 

• The AF interface plane bas a net mag11etic moment (uncompensated). 

• The FM and AFM spins at the interface are coupled with an exchange in

teraction. 

• The AFM bas an in-plane unia.'<ial anisotropy 

Figure 2.15 shows a simple model layer system that fulfills these assumptions. 

The definitions of the angles a, /3 and () , that are used in this model are represented 

in tigure 2.16. An external in-plane magnetic field fi is applied under an angle 

() with respect to the exchange bias direction. The angle a and /3 are the angles 

between the AFM, FM spins and the exchange bias direction. 

The total energy of this system is tben the sum of three terms, namely tbe 

Zeeman interaction energy of the field with the FM layer, the magnetocrystall ine 
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Ferromagnetic layer 

[nterface 

Antiferromagnetic layer 

Figure 2.15: Schematic spin structure with an 1mcompensated AFM interface. 

H 

M(FM) 

Fig ure 2 .16: The definition of the angles a, f3 and () used in the MB model. 

anisotropy energy of the AFM layer and the exchange coupling energy between 

the AFM and FM layer. The total energy per m2 is thus given by 

where Msat,FM and tFM are respectivily the saturation magnetization and the 

thickness of the FM layer. In this case, the FM anisotropy is assumed to be 

negligible (the condition KFMtFM « KAFMtAFM is aften fulfilled experimentally). 

The exchange bias field H eb can be calculated from equation 2.32 by minimizing 

the energy with respect to a and f3 in the antiparallel configuration ( () = 180 °). If 

KAFMtAFM » l eb, the the shift of the hysteresisloop is given by 

H 
_ l eb 

eb
f-toMsat ,FMtFM 

(2.33) 

If the condition KAFMtAFM » J eb is not satisfied, the AFM spins follow the motion 

of the Fi\ii spins and no exchange bias should be observed. The order of magni

tude of H eb that result from equation 2.33 depends on the exchange parameter J eb· 
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Assuming that J AFM :::; leb :::; J FM, the resulting value of Heb is several orders of 

magnitude larger than the experimentally observed values. To solve this discrep

ancy, several models with different energy contributions that are not considered in 

the basic formula are studied. 

Malozemoff proposed a model on the basis of the assumption of rough and un

compensated interfaces. Such a random interface roughness give rise to a random 

magnetic field that acts on the interface spins, yielding unidirectional anisotropy. 

This random magnetic field reduces the shift of the hysteresis loop. The overesti

mation of equation 2.33 is reduces by two orders of magnitude [17]. 

Another model proposed by Mauri (often denoted as the Mauri Model) has as 

main assumption the development of a domain wall inside the AFM. This domain 

wall has the effect of imposing an upper limit on the exchange coupling energy. In 

this way, significantly smaller values are obtained than those in equation 2.33. 

The model of Koon is also often quoted. He explained exchange bias in thin 

films with a compensated FM/ AFM interface by means of a micromagnetic cal

culation. His main result was that the contiguration of the magnetic moments 

corresponds to perpendicular orientation of the bulk FM moments relative to the 

AFM magnetic easy axis direction. He also showed that the AFM magnetic mo

ments at the interface cant over approximately 10 o relative to the AFM bulk easy 

axis(figure 2.17). A problem with this model is that it fails to yield exchange bias. 

Figure 2.17: The perpendicular FM/ AFM magnetic interface contiguration in 

the model of Koon. The spin canting in the first AFM layer is also shown. 

Nevertheless, t he work of Koon is important in establishing the right int erface 

magnet ic structure. More information on these and other models can be found in 

[17 , 18, 19] . 
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2.5.3 Temperature dependenee 

The exchange bias vanishes above a temperature denoted as the blocking tempe

mture '1}3. Insome cases 'l's is much lower than the bulk Néel temperature 'lN , 
however in other cases TN ::::::; Ta. This effect is, at least partially, related to the 

grain size and thickness of the AFM layer. This assumption is verified by the fact 

that systems based on single crystal AFM and thick AFM films with large grain 

size tend to have TN::::::; Ta, while systems with very thin films have Ta < TN. 

2.5.4 AFM and FM thickness dependenee 

2.5.4.1 Variation of the FM layer 

The MB model prediets that HE is inversely proportional with the thickness of the 

FM layer. This is because exchange bias has its origin in an interfacial interaction, 

so HE is expected to decrease with increasing FM layer thickness. This inverse 

thickness dependenee holcis for very thick FM layers, as long as the layer thickness 

is smaller than the FM domain wall size. Otherwise, the spins in the FM layer 

start to rotate appreciably across the film thickness. On the other hand, if the FM 

layer is too thin, this relation is also no langer valid, probably because the FM 

layer becomes discontinuous. 

2.5.4.2 Variation of the AFM layer thickness 

For thick enough AFM layers, HE is independent of the AFM layer thickness. As 

the AFM thickness is reduced, HE decreases abruptly, and for thin enough films, 

HE is zero. As discussed in the MB model, the condition KAFMtAFM » leb has to 

be fullfilled to abserve exchange bias. If tAFM is reduced, this condition is violated. 

2. 5. 5 Training effect 

Insome exchange biased film structures, HE depends on the number of measure

ments, a property known as the training effect. So, if several successive hysteresis 

loops are measured, HE of these loops will decrease. It is aften found experimen

tally that HE- HEoo oe 1/ ...jn, where n is the order of successive loops that are 

measured. 

This training effect is more important in polycrystalline AFM and very small 

or even not existing in systems based on single crystals. The magnetic structure 
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of the AMF /FM interface is highly disordered and can be in a large number of 

close magnetic states. After growth in a field or the field cooling procedure, the 

interface is characterized by a high net surface magnetization. Cycling leads to a 

decrease of the uncompensated magnetization at the interface, decreasing the field 

HE. Thus the AFM spins try to find energetically favorable configurations after 

each cycle. 
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Chapter 3 

Growth and measurement 

techniques 

3.1 Growth 

The majority of the samples were produced by a DC sputtering technique. The 

next section is devoted to the principle of this technique and its main characteris

tics. 

3.1.1 DC-magnetron Sputtering 

The basic principle of sputtering is the acceleration of gas ions out of a plasma 

towards a target that con..'list of the material that has t o be deposited. The material 

is detached from the target and afterwards deposited on the substrate. The process 

is realized in a vacuum chamber with a 'base pressure armmd 10- 7 torr. 

To enable the ignition of a plasma, argon is fed into the sput ter chamber up 

to a pressure of the order of 10-3 mbar, while a negative potential U of typical 

some hundred volts is applied to the target for the acceleration of Ar-ions . These 

Ar-ions, which are always present due to natmal cosmie radiation, collide with the 

target and set material free . These Ar-ions produce also secondary electrans that 

cause a nuther ionization of the gas. The gas pressure p and the electrode distance 

d determine a break-through voltage U D from which a sustaining glow discharge 

start, following the equation UD = A.p.d/ (ln(p.d) + B) with material const ants A 

and B. 

A typical sputter setup, with a high voltage applied over the target and an inlet 
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for Ar-ions, is shown in tigure 3.1. A ring magnet was mounted below the target. 

The electrans are trapped in the ring magnet field and circulate over the targets 

surface.These electrous cause a higher ionization probability and hence form a 

plasma ignition at pressures much lower than for conventional sputtering. Less 

collisions occur for the sputtered material and the kinetic impact on the substrate 

is higher. The electron density is highest were the B -field is parallel to the surface 

and the highest sputter yield happens in this area. An erosion zone is formed which 

follows the form of the magnetic field. 

Vacuumpump 

Substrate 

Erosion zone 

_..._ _, ~ Cooling water 
L_____j 

High Voltage 
Souree (DC) 

~, Ar-gas 
insertion 

Target 

Cupper 

Figure 3.1: Schematic setup of a spu ttering process 

The substrate is placed directly above the target. Then it remains stationary 

until the desired film thickness, d = r .t 8 with r the deposition rate and ts the time, 

is reached . Todetermine this deposition rate r , three samples where made for each 

target with different sputter times . The thickness of these films where determined 

with X-ray reflectivity (XRR) measurements (See section 3.2.1 ). The thickness of 

the sputtered films in function of time are shown in tigure 3.2. The sputter rate is 

approximately 0.29 nmj s and 0.34 nmj s for Co and NiMn. 
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Figure 3.2: Calibration curves for Co and NiMn 

3.2 Structural measurements 

3.2.1 X-ray reflectivity (XRR) 

The exchange bias effect depends on the thickness of the films. Therefore, de

termination of film thickness is very crucial. X-ray reflectometry (XRR) is a 

non-destructive non-contact metbod for thickness determination between 2 and 

200 nm. This technique can also be used for the determination of roughness and 

density of films. 

3.2.1.1 Typical setup of a XRR measurement 

A schematic setup of a XRR measurement is depicted in figure 3.3. The x-ray 

beam is reflected by a sample at grazing angle. The tilt angle of the sample is 

called () and the angle the detector makes with the incident x-ray beam is called 

2(). The mode of operation is a reflectivity mode, better knowas the ()- 2() mode. 

This mode is achieved by keeping the angle 2() equal to twice the angle (). Or in 

other words, the detector rotates at twice the speed of the sample. Both rotations 

are around the same axis (perpendicular to figure 3.3). The reflected intensity in 

this () - 2() mode is measured as a function of the angle outgoing angle 2(). 

Steven Brems 31 



3.2. Structural measurements Cb.apter 3. measurement tecb.niques 

Detector 

Figure 3.3: Setup for a XRR measurement 

3.2.1.2 Basic principles of XRR 

The complex refractive index n in the x-ray region is slightly less than 1 and is 

given by 

n = 1-8 + if3 (3.1) 

where 8 and f3 account for scattering and absorbtion of the material [20]. The 

valnes of 8 and f3 are given by 

(3.2) 

(3.3) 

where re is the classica! electron radius, Vrn is the volume of the tmit cell, Zk is 

the number of electrans of atom k in the unit cell, f' and f" are the real and 

imaginary parts of the absorption for incident radiation with wavelength À. The 

surn is performed over all the atoms in the unit cell. From 3.2 and 3.3 follows that 

the scattering 8 and the absorbtion f3 depend on the electron density p and the 

linear absorption coe:fficient fl, of the material. 

The critica! angle of reflection Oe 

It is possible to totally reflect the beam if the incident angle 0 is smaller than the 

critica! angle Oe. By applying Snell's law, the critica! angle Oe, can be expressedas 

cos( Oe) = n = 1 - 8 (3.4) 

Since the refractive index n is very close to unity, the angle Oe is very small, so 

that a Taylor approximation in Oe can be applied. 

(3.5) 
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(3.6) 

From this equation follows that the critica! angle is determined by the electron 

density of the materiaL 

Film thickness 

The x-ray beam penetrates in..'iide the material for incident angles greater than Be. 

Reflection occurs at the surface and the interfaces of the layers. The interlerences 

of the beams reflected from the different surfaces results in interference fringes, 

which depend on the thickness of the layers. 

In order to get an intuitive idea about the thickness determination, a single 

thin film on a substrate is considered (figure 3.4). For qualitative discussion, it 

is adequate to consider an absorbtion free film, f3 = 0. Constructive interference 

Substrate 

Figure 3.4: Origin of the asciilating intensity of the reflectivity 

occurs when the pathlength difference is equal to an integer number of wavelengths. 

This condition is oomparabie with the Bragg's law, where the x-rays are scattered 

from the crystal planes. This condition can be written as 

n..\ - 2dsin(02,n) (3.7) 

(3.8) 

By applying Snell's law and the Taylor approximation, the angle ()2 depends on 01 

by 

Steven Brems 

(1 - 8)cos( 82) - cos( 81) 

(t- 8)(1- ~eD ~ (1 - ~e~) 
(3.9) 

(3.10) 
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e~ ~ e~- 28 

e2 ~ Je~- e~ 
(3.11) 

(3.12) 

Applying equation 3.8 and 3.12, the thickness can be determined by the difference 

between two neighboring maxima. The resulting equation is 

d~ À 1 

2 Jer,n+l- e~- Jer,n- e~ 
(3.13) 

In practice, the thickness is determined with a simulation program becau .. o;;e 

the absorption (3 cannot be ignored and often more than one layer is present. 

All the parameters (roughness, thickness and density) are changed until the fit of 

the simulation and the data are comparable. When the roughness of the surface 

or the interfaces increases, the scattering becomes more diffuse, resulting in an 

intensity reduction and less fringes in the reflectivity graph. Figure 3.5 gives the 

reflectivity curves for samples with 15 and 90 seconds sputtered Co, together with 

the si mulation curves. The step size in these measurements was .6.(20) = 0.005 o , 

where 0 is the previously defined grazing angle. A thin CoO layer is present due 

to meidation of the Co layer in air. The parameters of the simulations are given in 

the inset of the figures. 

name thickness roughness density name thid<n9ss ~ density 
1xe' [nm) [nm) [gtcm'J [rrn) [nm) [gfan'J 

1xe_, ;::=a==-=======;::=:;;::=::--=: 

\ 
====-=--= 

2.00 0.70 4.27 1xe·' CoO 1.4 0.95 4.27 

1xe"" 4.55 0 .70 8.9 :::J Co 25.9 0.95 8.90 
....... 0.30 2 .65 ~ 1xe·3 

SiO, 0.20 265 
::i 
~ 

1xe_. I " Data I~ 1xe_. 

~=- 1 ~ 1xe"7 - Simulation -~ 
ö > <D 

1xe·7 

ti 1xe .. ~ 

<D 
e·1 1 ~ 1xe" 

ti ... 
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e·" 8
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Figure 3.5: X-ray reflectivity curves for samples with 15 and 90 seconds sputtered 

Co. This Co was oxidized in air. 

3.3 Magnetic measurements 

The hysteresis loops of our samples were measured with the Magneto-Optical 

Kerr Effect (MOKE) or with the Vibrating Sample Magnetometer (VSM). Both 
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techniques are explained in the first part of this section. The second part is 

devoted to scanning probe microscopy (SPM) , and more in particular to atomie 

and magnetic force microscopy (AFM and MFM). 

3.3.1 Magneto-optical Kerr effect (MOKE) 

The magneto-optical Kerr effect was first discovered by John Kerr in 1877 while 

studying the change of polarization of light reflected from a polisbed electramagnet 

pole. This Kerr effect is observed as a net rotation and elliptical polarization of 

incident linearly polarized light as it is reflected off a magnetized sample. It can 

be described in the context of either macroscopie dielectric theory or microscopie 

quanturn theory. Macroscopically, magneto-optical effects arise from the antisym

metry in the dielectric tensor. Microscopically, the coupling between the electrical 

field of the light and the electron spin within a magnetic medium occurs through 

spin-orbit interaction[21]. 

3.3.1.1 Basic principles of M OKE 

Linear light can be depicted a.c; a combination of equal amounts of right and left 

circularly polarized light . The Faraday effect is the result of the different propa

gating veloeities of t he two circular modes. There are two processes taking place 

for light propagating in a magnetized medium. First, the two circularly polar

ized modes gain different phase shifts due to their different propagating velocities, 

resulting in a rotation of the polarization plane, known as the Faraday rotation. 

Second, the different absorption rates of the medium for the two circular modes 

effect the ellipticity. 

The dielectric tensor of a medium, Ei j can be decomposed into a symmetrie and 

an antisymmetrie part. The symmetrie part can be diagonalized by an appropriate 

choice of the coordinate system. The dielectric tensor in a magnetic medium bas 

the form, 

-iQmy) 
iQmx 

1 

(3.14) 

where m x, my and m z are the direction cosines of the magnetization vector Ms, 
Q is the magneto-optical (Voigt) constant and nis the average refraction index. 
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Assume that the direction of magnetization and incoming light are both normal 

to the surface of the sample for explanatory purposes. Suppose that the z-axis is 

perpendicular to the sample surface, thus mx and my = 0. The dielectric tensor 

is thus reduced to 

iQmz 0) 
1 0 

0 1 

(3.15) 

This tensor can be diagonalized by an orthogonal transformation. Two eigenvee

tors correspond with left (LCP) and right circularly polarized (RCP) light. From 

the conesponding eigenvalnes follow the indices of refraction for LCP and RCP 

light. 

nR = n(1 + m zQ) 

nL = n(1 - m zQ) 
(3.16) 

More generally, the difference between nL, the index of refraction for LPC light 

and nR, the index of refraction for RCP light is given by 

(3.17) 

where k is the unit vector along the direction of the light propagation. 

From equations (3.16)-(3.17) , it follows that the LCP and RCP travel with 

different veloeities and are absorbed at different rates because of the differences in 

the index of refraction, which linearly depend on the magnetization of the medium. 

[22] 

A mathematica} equation for the Kerr rotation and ellipticity can be given 

by employing the fresnel reflection and transmission coefficients. These equation 

make use of s and p polarized light. These are electric field veetors parallel (p) and 

perpendicular (s) to the plane of incidence defined by the paths of the incident 

and reflected light beams. For s and p polarized light, the Kerr rotation cl>' and 

ellipticity cl>" are given by 

c/>s = c/>' + ie/>" = ~ S 8 Ts s 

A,. = A,.l + i A,./1 = ~ 
'f'p 'f'p 'f'p rw 

The fresnel equations are given in [21} . 

36 
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3.3.1.2 Setup of a MOKE measurement 

The MOKE setup is shown in tigure 3.6. It consist of a laser (HeNe, >. = 632.5 nm) , 

a polarizer, a Faraday modulator, an analyzer and a detector. The situation shown 

bere, with the magnetization in the plane of the film and in the plane of incidence 

is called the longitudinal configuration. The transverse and the longitudinal con

tiguration are shown in tigure 3.7. An improvement of the sensitivity and stability 

of the setup is obtained by employing a lock-in technique. The la..ser polarization 

is modulated with a Faraday modulator, and this modulation frequency is used as 

reference signal for the lock-in amplifier. 

Figure 3.6: Sketch of the Moke setup in longitudinal contiguration 

I 

Longitudinal transverse po lar 

Figure 3. 7: Different configurations for the Moke setup 
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3.3.2 Vibrating sample magnetometer 

The principle of the vibrating sample magnetometer (VSM) is the application of 

the Faraday's law of induction. In a VSM the sample is mmmted on the end of a 

rigid rod attached to a resonator which oscillates the sample at a fixed frequency 

(see figure 3.8). When a magnetic sample is moved through a coil, the change 

in magnetic flux through the coil induces a voltage in it, which is proportional 

with the magnetic moment of the sample. This AC voltage can be amplified and 

detected using a lock-in amplifier. 

Pielcup 
coils 

I Oscillating 
movement 

Sample Superconducting 
solenoid 

Figure 3.8: Coil setup of the vibrating sample magnetometer 

A current loop has a magnet ie moment J.L = I .A , where I is the current in 

the loop and A is the area of the loop. From the magnetic flux <Pn = f B.dA, a 

redprocity theorem can be deduced [23]. 

;F,. B.J.L 
'l!fl =-

I 
(3.19) 

Taking the derivative with respect to time leads to the voltage, induced in the 

pickup coiLs by a sample of magnetic moment J.L. 

V=-d<Pn =- d(Bjl) x dZ 
dt J.L dZ dt 

(3.20) 
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The sample has a sinusoïdal movement of amplitude Z0 , so that its posit ion is 

given by Z = Z0 .sin(w.t). The induced voltage is 

V= -11wZog cos(w .t) (3.21) 

where g = d(lJfl is a geometrical factor proportional to the fictitious field gradient 

of the pickup coils . 

In the VSM setup, two sensing coils are opposing each other with the sample 

between them. This has the advantage that noise from the superconductive magnet 

and vibrations is cancelled out, since opposing equal voltages are induced in the 

sensing coils. Voltages induced by t he vibrating sample add up because on a 

downward move the flux decreases in the upper coil, while the flux in the lower 

coil increases. 

3.3.3 Scanning probe microscopy (SPM) 

Scanning probe microscopes (SPMs) are a farnily of instruments used for studying 

surface properties of materials from atomie to the micron level. As the name 

suggests, these techniques arebasedon two basic principles. First, a sharp probe 

is used to monitor the probe-surface interaction. In order to achleve high spacial 

resolution, this interaction has to be strongly distance dependent. Secondly, the 

sample is raster-scanned by rnaving the tip in a specified pattem over the surface. 

Piezoelectric scanners allow this to be clone with a very high accuracy. Thus by 

raster-scanning a probe just above the sample surface, the interaction between 

the probe and sample surface is monitored. All SPMs contain the components 

illustrated in tigure 3.9 [24] . In this section, the principlesof atomie and magnetic 

force microscopy are outlined. 

3.3.3.1 Atomie force microscopy (AFM) 

Atomie force microscopy (AFM) provides an excellent tool for the topographic 

characterization of surfaces. The sample surface is scanned with a sharp tip located 

at the end of the cantilever. The interato;mic Van der Waals farces (figure 3.10) 

between sample and tip, cause the cantilever to deflect . This deflection is measured 

with a position-sensitive photodetector ( tigure 3.11). A laser beam bounces off the 

back of the cantilever onto the detector. As the cantilever bends, the laser spot on 
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Detector to measure 
tip deflection 

<:;::::Joo 

Piezoelectric 
scanner 
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Cantilever 

00~ 

Positioning 
system 

Computer system 

Figure 3.9: Basic components of a scanning probe microscope 
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Figure 3 .10: Van der Waals force 

}~ and magnetic force}'.". as a time
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L Posttwn-scnstttvc 

B photodetector 

Figure 3.11: Posit ion detection 

with a posit ion-sensitive photodetec

tor 

the detector shifts, which causes a different voltage produced by the light sensitive 

elements. These voltage differences determine the height of the sample topography. 

Once the defl.ection is measured, feedback mechanisms (figure 3.9) are utilized 

to operate the AFM in a constant-height or constant-force mode. In the constant

height mode, the height of the scanner is fixed and the spatial variatien of the 

cantilever defl.ection is used to generate a topographic image of the sample. In 
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the constant-force mode, the cantilever defiection is kept constant by moving the 

piezoelectric scanner up or down. In this case, the image is generated from the 

motion of the scanner. 

Two distance regimes are shown in tigure 3.10, the contact (c) and the non

contact (nc) regime. In the c mode, the cantilever is held only a few angströms 

from the sample surface, and the interatomie force is repulsive. The Van de Waals 

curve is very steep in the c regime. This means that when the cantilever pushes 

the tip against the sample, the cantilever bends rather than forcing the tip atoms 

closer to the sample atoms. In nc mode, the distance is in de order of tens to 

hundred angströms, and the force is attractive. 

The AFM pictures in this thesis are made in nc mode. The cantilevers in nc 

mode are stiffer than those in c mode to prevent them to be pulled to the sur

face. The system vibrates the stiff cantilever near its resonant frequency. Then, it 

detects changes in this frequency or vibrational amplitude as the tip comes near 

the sample surface. This resonant frequency varies as the square root of its spring 

constant. In addition, the spring constant varies with the force gradient experi

enced by the cantilever. Thus, changes in the resonant frequency or amplitude can 

be used to measure changes in the force gradient, which refiects changes in the 

distance between the tip and sample surface. In this way, an image of the sample 

topography is made. 

3.3.3.2 Magnetic force microscopy (MFM) 

The principle of magnetic force microscopy (MFM) is analogous to AFM, the only 

difference is that the tip is coated with a ferromagnetic thin film . The tip is 

usually magnetized with a permanent magnet in the direction perpendicular to 

the cantileverand tip. If the sample is magnetic , the tip will be infiuenced by the 

magnetic stray field of the sample. By measuring the magnetic force in the same 

way as the Van der Waals force in the nc AFM, a magnetic image of the sample 

is obtained. 

The MFM images always contain topographical information, because the Van 

der Waals force is always present. Which force dominates, depends on the tip

sample distance. From tigure 3.10 follows that if the distance between the tip and 

sample becomes gTeater than the nc regime, the gradiënt of the magnetic force 

gets larger than the gradiënt of t he Van der Waals force . Thus, if the distance 

between the tip and sample is big enough, the image will contain predominantly 
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magnetic information. 

3.4 Low temperature resistance measurements 

This sectien describes the setup and technique to obtain sensitive low tempera

ture resistance measurements. The first part discusses the flow cryostat and the 

second part discusses the technique to improve the sensitivity of our resistance 

measurements. 

3.4.1 The flow cryostat 

The Janis flow cryostat utilizes liquid 4He as a cryogen. In ordertoshield the 4He 

reservoir, a liquid N2 reservoir is supplied around the exterior of the liquid 4He 

reservoir. The conductive heat load is reduced by applying a vacuum between and 

arom1d the N2 and 4He reservoirs. The sample area is pumped to sub-atmospheric 

pressures and the sample is cooled through a 4He gas by opening the He valve. Two 

temperature controllers, one at the back of the sample mounting stage and one at 

the He valve, allow us to control very precisely the temperature of the sample. A 

stability of 0.01 K can be guaranteed for temperatures up to 80 K. Increasing the 

temperature, the stability lowers to approximately 0.1 K. The lowest temperature 

reached by this cryostat is 1.3 K. 

Three independent superconducting magnetic coils are available inside the cryo

stat. The two coils in the horizontal plane have a magnitude of 1 T, while the 

coil in the vertical plane has a magnitude of 2 T. By eperating the coils together, 

a magnetic field can be generated in every spacial direction with a magnitude 

between 1 and 2 T. The coils are fully computer controlled by a Labview program. 

3.4.2 Sensitive resistance measurements 

The magnetoresistance is measured using a fom-terminal ac technique with lock-in 

detection. In order to imprave the sensitivity, a ferromagnetic sample is integrated 

in an Adler-Jackson bridge. An illustration of this bridge is given in tigure 3.12. 

The excitation current is generated by an external voltage which is taken from 

a synthesizer. The voltage is isolated from the ground and divided by a factor 

4/55 by an isolation transfarmer and applied over a set of stabie 200k0 resistors, 

providing a near ideal current souree for the sample. In our measurements, we 
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picked a current of a few J.LA at a frequency of 27.7 Hz. By changing the variabie 

resistor value Rva.r to approximately the resistance of the sample Rsample, the out

put voltage V Out can be set to approximately 0 V and small differences in Rsample 

can be measured by using a lock-in amplifier. For this, V out must be in phase 

with respect to the excitation current, since various inductances and capacitances 

in the leads may generate an out-of-phase component. The phase of the resistive 

part is adjusted by toggling decades in the variabie resistor Rva.r and making sure 

that the out-of-phase component does nat shift. 

4:55 

vrif'·! 
lnLJJm j 

'-- --_'--__ -:.., -----. 

200 kn 

Rsample 

200 kn 

Figure 3.12: Four terminal ac measurements by integrating the sample in an 

Adler-jackson bridge 
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Chapter 4 

Results 

The first section begins with a description of the exchange bias effect observed in in

situ fabricated continuous thin FM/ AFM films. The major goal of this thesis is the 

determination of the resistance of artificially created domain walls in a patterned 

structure. A lift-off procedure had to be carried out to prepare the patterned 

structure, where the lift-offin acetone had to be performed ex-situ after the growth 

of the CoO layer and before depositing the Co layer. In order to know that the 

exchange bias remains present in ex-situ fabricated structures, the first section ends 

with a discussion of e;c-situ fabricated continuous thin FM/ AFM films. Basedon 

the obtained results, we conclude it is possible to create a stripe domain structure 

in a patterned Co j CoO samples. The characteristics of the stripe domain structure 

are discussed in the second section. The last section focusses on the results of the 

domain wall resistance measurements in the patterned CojCoO structure and gives 

a theoretica! explanation of the measured domain wall resistance on the basis of 

the giant magnetoresistance (GMR) theory. 

4.1 Exchange bias in antiferromagnetic / ferro

magnetic thin films 

Our first aim was to observe the exchange bias effect in an in-situ fabricated 

FM/ AFM bilayer. Section 4.1.1 examines an in-situ grown NiFe/NiMn structure 

and section 4.1.2 discusses an in-situ grown CojCoO structure. It is shown that 

the exchange bias effect is more easy to produce in CojCoO bilayers. Therefore, 

CojCoO structures are nuther used tbrmighout this thesis. Section 4.1.3 summa-
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rizes the magnetic characteristics of an ex-situ fabricated Co/Coü bilayer. 

4.1.1 Exchange bias in in-situ prepared NiFe/ NiMn films 

A Ni81 FeuJ (20 nm)/Ni5oMn5o (28 nm) was grown in-situ on a Si substrate with an 

amorphous Si02 top layer via DC magnetron sputtering (See section 3.1.1). An 

annealing process at 250 oe for 5 hours in a magnetic field of 20 mT was carried out 

ex-situ in vacuum to transfarm the unordered paramagnetic face-centered cubic 

(FCC) NiMn phase into the ordered antiferromagnetic face-centered tetragonal 

(FCT) NiMn phase (figure 4.1) . This annealing is necessary to induce exchange 

bias [25]. Figure 4.2 shows hysteresis loops before and after the annealing process. 

From this tigure follows that no exchange bias was observed after the annealing 

period. This is probably because the proper {111} structure wasnotpresent in 

the NiMn Iayer. A thin Ta film is classically used as a seed layer to induce astrong 

{111} texture in the NiMn film. This seed layer can control the microstructure 

and can alter the magnetic properties of the NiMn film . 

e Mn 

e Ni 

Figure 4.1: Magnetic structure of NiMn after an annealing process of at least 5 

hours in a magnetic field. 

lt is clear that the magnetic annealing processimpraves the rectangularity and 

the coercivity of the hysteresis loop. After the annealing process, the domain 

structure of the demagnetized state has a strong preferenee for its magnetization 

to be parallel to the thermomagnetic field . This result can be explained with an 

additional developed anisotropy in the iFe layer. 

When NiFe alloys with composition in the range 35-85% Ni are annealed below 

the Curie temperature in presence of a magnetic field , they develop an additional 

magnetocrystalline anisotropy [26]. This anisotropy causes an increase in coer-
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Magnetic field {mT) 

Figure 4.2: Hysteresis loops of NiMn/NiFe befare and after an annealing process 

at 250 "C for 5 hours in a magnetic field of 20 mT. 

civity and rectangularity of the hysteresis loop of NiFe films. The origin of this 

thermomagnetic anisotropy is the short-range directional ordering of ionic pairs. 

Magnetic annealing below the Curie temperature will tend to align ionic pairs 

( i- i, i-Fe and Fe-Fe) with the lowest coupling energy in the field direction. 

Theoretica} discussions of the directional ordering are based on the fac t that the 

coupling energy between a pair of atoms depends on the angle between the local 

magnetic fi eld and the axis of the ion pair. Rapid cooling to a low temperature 

will then freeze this locally ordered pair structure so that the easy axis of magneti

zation is parallel to the direct ion of the favored pairs. The annealing temperature 

must be below the Curie temperature, but high enough for efficient ditfusion so 

that preferential alignment of the pairs can occur after reasonably short periods 

of a few hours. 

4.1.2 Exchange bias in in-situ prepared Co/CoO films 

The second examined structure is the in-situ sputtered Au (4 nm)/Co (20 nm) / CoO 

( 4 nm) stack. The CoO layer is formed by sputtering an approximately 2 nm Co 

layer. Subsequently, this layer was oxidized by bringing it in an oxygen atmosphere 

of 1.10- 3 mbar for 2 minutes. Next, a 20 nm Co layer was sputtered on top of this 

CoO layer and a thin Au capping layer was added to avoid oxidation of the Co 

layer in air. 

To magnetically characterize this Co/CoO film , a hysteresis loop was measured 

with the vibrating sample magnetometer (VSM). Fig11re 4.3 shows the hysteresis 
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loop measured at 5 K, after cooling in a field of +4000 G applied in the sample 

plane. Upon decreasing the field for the fi rst t ime to negative values, an abrupt 

magnetization reversal is observed at t he coercivity field Hel · A more rounded 

magnetization change appears when the external field is increased to positive val

ues. T he first magnetization reversal of t he virgin sample is ent irely different from 

the subsequent trained reversal. 
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Figure 4 .3: VSM measurement of a CoO j Co bilayer which shows clearly the 

asymmetrie magnetization reversal. 

F. Radu et al. [27] stuclied a CoO (3nm)/Co (20nm) sample with polarized 

neutron reftectivity measurements to show that the first reversal occurs via domain 

wall nucleation and domain wall motion, while the second and all subsequent 

reversals are dominated by magnetization rotation. This difference is results from 

breaking the CoO layer into antiferromagnetic domains during the first reversal at 

Hc1. 

4 .1.3 Exchange bias in ex-situ fabricated Co j CoO films 

This section discusses an ex-situ created thin film (Au (4 nm)/Co (20 nm)/CoO 

(4 nm)) sample. The CoO layer was grown in the sputtering chamber according 

to the previously described method (sec ti on 4.1.2). In order to fabricate patterned 

samples (see section 4.2), an intermediate lift-off step has to be carried out , which 

forced us to prepare the patterned sample ex-situ. Therefore, the CoO layer of the 

reference sample was brought into air. The Co layer was grown in the molecular 
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beam epitaxy (MBE) chamber, because the base pressure of the MBE is 3 orders 

of magnitude better than the pressure in the sputter chamber. A low base pressure 

is preferable, because this minimizes the oxygen content of the Co layer. A low 

oxygen concentration minimizes the exchange bias, which is important consiclering 

the stripe domain structure we want to obtain. 

Since AFM/FM exchange biasing is an interfacial property and the CoO layer 

was brought in air for a short period of time, most of the impurities of the CoO 

surface should be removed. Therefore, the sample was brought to a temperature 

of 250 oe in the vacuum of the MBE chamber, and immediately caoled down to 

room temperature. If the CoO layer was annealed fora langer time at 250 oe, the 

exchange bias effect diminished again. This is probably due to the formation of 

small metallic Co clusters on the surface [28]. This annealing procedure is even 

more important when patterned CoO layers are used because in that case most of 

the organic impurities originating from the resist layer have to be removed. 

Figure 4.4 shows the hysteresis loop at room temperature and figure 4.5 shows 

subsequent hysteresis loops of this reference sample at 5 K after field cooling in a 

field of +4000 G applied in the plane of the film. The exchange bias field Heb after 
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Figure 4.4: Hysteresis loop of 

CoO jCoj Au reference sample at 

room temperature. 
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Figure 4.5: Subsequent hysteresis 

loops of CoOjCoj Au reference sam
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the first cycle is -365 G which is much lower than for the in-situ grown sample 

(-1285 Gin figure 4.3). Furthermore, the shape of the hysteresis loop of the ex-situ 

sample is different from the in-situ sample, but some asymmetry is still visible. 

Upon deseending the external field , the first magnetization reversal is apparently 

more tilted in camparisou with the in-situ prepared sample. This result suggests 
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that the coupling has not the same strength everywhere in the sample, or in other 

words, the sample is divided into regions which flip at different fields. Remaining 

impurities after the annealing procedure can be the cause of these different coupling 

strengths. At this point, it is less clear why the second tmined reversal jump is so 

sharp. 

The temperature dependenee of the exchange bias field of the ex-situ CojCoO 

system is illustrated in figure 4.6. In order to avoid the training effect, the sample 

was heated to room temperature after each complete cycle and caoled down again 

in a field of 1000 G. The results suggest that the blocking temperature 'l's is 
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Figure 4.6: lnfluence of the temperature on the exchange bias field. 

approximately 150 K, which is much lower than the éel temperature of bulk Co 

('lN = 290 K) . The result 'l's < ÏN is e.xpected because the CoO layer is very 

thin ( 4nm) and polycrystalline. Interesting to note is that the second trained 

magnetization reversal in figure 4.6 is again more rounded, which becomes most 

clear in the 100 K curve. This effect was not so clearly visible at 5 K (figure 

4.5). At this point, it is impossible to know in how far the reversal mechanism 

in the in-sitv, and ex-situ grown CojCoO samples are t he same. In order to get 

more insight in the reversal mechanisms of this sample, nrrther investigation is 

necessary. The AMR effect depends on the angle between the current direction 

and the magnetization. As a result, this effect is an excellent tooi to measure the 

magnetization rotation during the subsequent reversals. 
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4.1.3.1 Electrical transport properties of ex-situ CofCoO bilayers 

Reversal mechanisms in exchange biased Co/ CoO films 

In order to know which reversal mechanism, rotation or doma!n wall movement, 

dominates the subsequent hysteresis loops after the field cooling procedure, trans

port measurements were performed. To be able to use this technique, a multi

terminal contiguration with separate current and voltage leads was etched in the 

Au/Co/CoO layered system (see appendix A) . 

During the transport measurements, the anisatrapie magnetoresistance (AMR) 

and the planar or pseudo Hall effect (PHE) are measured (figure 4.7). The roea

sured AMR signal is very small, therefore, an Adler-Jackson bridge is used to 

measure this resistance. 

Figure 4. 7: Current path in CaO /Co/ Au stack, used fortransport measurements. 

The AMR and Hall signal are measured. 

The sample is caoled to 10 K in a cooling field of -1000 G perpendicular to 

the current path. The longitudinal resistance R along the current path after field 

cooling to 10 K was 52.39 0. Figure 4.8 shows the AMR signal as a function of the 

external field perpendicular to the current line. The exchange bias effect is clearly 

visible in this measurement. According to the AMR formula (equation 2.20), the 

AMR signal after the cooling procedure is minimal because the current direction 

is then perpendicular to the magnetization. Any rotation of the magnetization 

in the current direction increases the AMR effect. From tigure 4.8 it follows that 

the AMR signal is approximately 0.058 % upon increasing the field for the first 

time, and approximately 0.194% upon descencj.ing the field again. All subsequent 

cycles (figure 4.9) have an AMR signal around 0.225 %. This result is consistent 

with the fact that there is less rotation during the first magnetization reversal, 

and much more during all subsequent reversals. Although the VSM magnetization 
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measurements showed a rather different shape when compared with the in-situ 

prepared sample, the transport measurements shows that the underlying dominant 

reversal mechanism is still domain wall movement during the fust reversal and 

rotation during all subsequent reversals. 
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Figure 4.8: AMR signalas a func

tion of the increasing and decreasing 

external field after field cooling. 
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Figure 4.9: AMR signal for the sec

oud cycle of the external field . 

The exchange bias field probed via a reversible process 

The shift of the hysteresis loop is traditionally used to determine the exchange 

bias field. The coercivity measurement of a poly-crystalline sample breaks the 

AFM/ FM exchange coupling, which is an irreversible process. Thansport mea

surements allow us to measure the exchange bias field Heb by small reversible 

rotations of the magnetization away from the unidirectional easy axis by applying 

an externally applied magnetic field Ha much smaller than Heb [29]. The exter

nal field Ha is rotated in the plane of the sample. This causes small rotations 

of the magnetization, which induces changes in the resistance due to the AMR 

effect. The resistance changes are measured as a function of the angle between 

the applied field Ha and the current direction. The next paragraph describes the 

derivation of the formula used to fit the resistance changes and to determine Heb· 

When an exchange bias field Heb is presentand a small field Ha is applied and 

rotated in the plane of the sample, the magnetization will point in the direction 

of the vector sum of Heb and Ha · 

where the angles Beb and Ba are defined in figure 4.10. If BF is defined as the angle 
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x 
Current direction 

Ha 

Figure 4.10: Definitions of ()eb and Oa, the angles between the current direction 

and Heb and Ha, respectively 

between the magnetization ( or fi) and the current direction, then the square of 

the eosine of ()F can be written as, 

2 () (COS ()eb+ Ha/ Heb COS 8a)
2 

COS F= 2 · 
1 + (Ha/ Heb) + 2Ha/ Heb COS (()a - ()eb) 

(4.2) 

Measuring the resistance as a nmction of the angle ()a between the current and 

the applied field, allows us to determine the exchange bias field Heb by using the 

AMR formula (equation 2.20) and equation 4.2. 

Figure 4.11 shows the AMR signalas a nmction of the angle ()a · In this mea

surement , the reference sample is cooled to 5 Kin a field of -1000 G perpendicular 

to the current (()eb~ 90 °) . The applied rotating field has a magnitude of 169 G. 

To be able to compare different measurements, without having to field cool to 5 

K each time, two hysteresis loops were measured in order to almost remove the 

influence of the training effect . Fitting the data with equation 4.2 results in an 

exchange bias field of approximately 648 G. The two peaks don 't have the same 

height , which is caused by the fact that the current path is not exactly at an angle 

of 90 o with respect to the cooling field . Therefore, the exchange bias direction does 

not make an angle of exactly 90 ° with the current direction. This misalignment 

can be determined quantitatively by fitting the data and is about 3.2 °. 
The rotation of the magnetizat ion, between the minima and maxima of each of 

the two peaks, can be determined quantitatively by measuring the AMR signalas a 

function of an applied rotating magnetic field that is large enough to fully saturate 

the Co film in all in-plane directions of the sample. Such a measurement, with an 

applied magnetic field of 3400 G, is shown in tigure 4.12. The AMR signalis fitted 
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Figure 4 .11: Measurement of the AMR signalas a nmction of the angle between 

the current direction and the applied rotating field of 169 G. 
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Figure 4.12: Measurement of the AMR signalas a nmction of the angle between 

the current direction and the applied rotating field of 3400 G. 

to the AMR formula, allowing to conclude that the first minimum-ta-maximum 

change in tigure 4.11 corresponds to a magnetization rotation of about 13 degrees, 

and the second corresponds to a rotation of about 20 degrees. As a result , the 

misalignment of the cooling field is (20 - 13) /2 o or 3.5 °, which alrnost coincides 

with the misalignment obtained by fitting the data of tigure 4.11 (3.2 °). 

By inspeetion of tigure 4.12, we can conclude that the AMR signal will be most 

sensitive to small variations in BF , i.e. when the exchange bias field makes an angle 

of 45 o with the current direction. Therefore, the current path was mounted in a 

next experiment under an angle of about 45 ° with respect to the cooling field 

direction (Beb ~ 45 °). Again, in order to largely remove the infiuence of the 
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training effect, one hysteresis loop was measured. Figure 4.13 shows the AMR 

signal as a function of the applied rotating field of 169 G at 5 K. It's clear that 
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0 ,2 0,11 V= P, 1P,· [(cos(9.,)11691H.,. ·cos(x19,)f 
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-0.0054 .10.00005 
0.00936 ±0.00006 
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-5.29054 ±0.16318 

Figure 4.13: Measurement of the AMR signalas a function of the angle between 

the current direction and the applied rotating field of 169 G. The angle between 

the exchange bias and current direction is approximately 45 o 

the AMR signalis much larger than when the current path was mounted under 

an angle of 90 o with respect to the exchange bias direction. The fit results in an 

exchange bias field of 702 G. 

The exchange bias field probed via an irreversible process 

The exchange bias field was also determined in an irreversible manner with trans

port measurements. This is done by sweeping the external magnetic field along the 

current direction from -4000 G to +4000 G, while the exchange bias field is applied 

perpendicular to the current path (Oeb ~ 0 °). Hence, this measurement method 

breaks the FM/ AFM exchange coupling. Figure 4.14 shows the AMR data when 

sweeping the applied field . Equation 4.2 is used to fit the AMR data, resulting in 

a lower exchange bias field of about 375 G. A better fit of figure 4.14 takes the 

coercivity into account. This can be done by consiclering a ferromagnetic film with 

uniaxial magnetic anisotropy and exchange anisotropy. The total energy (per m2) 

of this system is 

where (} and {3 are the angles between the applied magnetic field and the magneti

zation with the reference direction, respectively. The angle between the exchange 
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bias direction with the reference direction is <jl . Equation 4.3 can be used to fit the 

graph in tigure 4.14. The analytica! salution of this equation is diffi.cult but if the 

last uniaxial anisotropy term is neglected, the fit results in an exchange bias field 

of 365 G. 

Model: 

0,8 0,4 y = P, +P2 -[cos(O..,)+x!H.., -cos(e. )f 
1 + (x/H00 )

2 + 2 • x/H00 • cos(e. • 000 ) 

0,6 0,3 

~ 
Chi2 = 1.1193E -8 

a R 2 = 0.99735 c:: 0,4 0,2 ;r 
a= <I 
<I 

0,2 0,1 P, 0.00003 ±0.00002 

p 2 0.0081 ±0.00002 

0,0 0,0 H.., 374.74207 ±1.27034 

e.., 96.3084 ±0.13192 
-4000 -2000 0 2000 4000 e. 1.79484 ±0.06691 

Magnetic fiald (Gauss) 

Figure 4.14: Measurement of the AMR signal as a fimction of the external 

magnetic field along the current direction. 

The rotating methad (figures 4.1.3.1 and 4.1.3 .1) results in an exchange bias 

field around 650 - 700 G, while the hysteresis methad (figure 4.1.3.1) results in 

an exchange bias field around 375 G. The difference between the two methods 

is caused by imperfections in the material, by which the pinning will be locally 

reduced. In the hysteresis methad, domain walls will be nucleated at the weakest 

pinned areas of the ferromagnetic film. After this nucleation, the reversal process 

can occur by domain wall propagation. This methad is clearly different from 

the rotating methad, which is reversible and measures the average rotation of the 

magnetization in the ferromagnetic film. The rotatian methad is nat affected by 

the weakest pinned areas and therefore, it is probably a more accurate way of 

determining of the intrinsic interfacial exchange energy. 

4.2 Exchange bias in patterned CoO/Co bilayers 

In the first part of this section, we describe the fabrication process of a wire-like 

array patterned Au/Co/CaO sample. MOKE measurements confirm that the pre

pared CaO lines have been completely oxidized. The second part focuses on the 
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magnetization reversal in the patterned system. The hysteresis loops of the pat

terned structure were measured with the VSM, while the transport measurements 

where performed todetermine the dominating magnetization reversal mechanism. 

4.2.1 Fabrication of the patterned samples 

The CoO lines were prepared with optical lithography in combination with a lift

off process ( tigure 4.15). A positive resist layer was spin-coated at 4000 rpm for 60 

seconds on top of a substrate. The photosensitive resist was baked at 120 ° for 60 

seconds and illuminated with UV light for 13 seconds through a mask. After the 

exposure, the illuminated resist was developed for 32 seconds at room temperature 

and rinsed in distilled water. Subsequently, an approximately 2 nm thick Co layer 

was sputtered and oxidized in an oxygen atmosphere of 10-3 mbar for 3 seconds. 

The resist was removed in a lift-off procedure, leaving an array of CoO lines on 

the substrate. The lift-off was performed in a warm acetone bath (75 °) and the 

sample was rinsedinwarm isopropanol (75 °). The annealing procedure, described 

in sectien 4.1.2, was performed in order to remave most of the organic impurities on 

the sample surface. Finally, a 20 nm Co layer and a 4 nm Au layer was deposited 

using MBE, to proteet the sample against oxidation. 

(d) (e) 

Figure 4.15: Schematic representation of the lithographic and lift-off process to 

prepare a patterned Au/Co/CoO layered structure. 

The surface morphology of the CoO lines was characterized with atomie force 

microscopy. The images are shown in figures 4.16 and 4.17. The distance between 
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the lines in approximately 13 f..LID, the width of the lines is about 2 f..LID and the 

height is about 4 nm. From the AFM measurement we infer that the root mean 

square roughness of the CaO lines is approximately 0.6 nm. 

z: 17 nm 6.0 

1.0 2.0 
Position [l'm] 

3.0 x:3~ 

Figure 4.16: AFM micrographof a CaO line, tagether with a cross-section. The 

lines have a width of 2 f..LID and a height of 4 nm. 

z: 18.3 nm 

x: 22 J..lnl 

Figure 4.17: AFM micrographof two adjacent CaO lines. The distance between 

the lines is about 13 f..LID. 

4.2.2 Magnetic characterization of the patterned structures 

MOKE measurements were carried out on the CaO lines to confirm that the lines 

were completely oxidized, hence no magnetic signal should be present. To provide 

an appropriate reference for the MOKE measurement (see section 3.3.1) , a sample 

with Au(4nm)/Co (2nm) lines was also measured. The capping Au layer was 

necessary to prevent oxidation of the Co lines. Figure 4.18 shows the MOKE 

measurements for the Au/Co lines and CaO lines. The MOKE signal was measured 

in a fust order diffraction spot. It is clear that no magnetic signal is present in 
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Figure 4.18: MOKE measurement of CoO lines and Co/ Au lines. No magnetic 

signal was visible in the CoO lines. 

the measurement of the CoO lines. The same measurement was performed with 

a superconducting quanturn interference device (SQUID) because this device is 

much more sensitive than the MOKE. No magnetic signa! was observed from the 

CoO with the SQUID. 

Next, VSM and transport measurements were performed on the patterned 

AujCojCoO sample. The expected M-H loop of the wire array sample is shown 

in tigure 4.19 . The patterned sample is composed of two parts: one part is re

ferred to as the free area ( only Co), the other part is referred to as the biased area 

(CojCoO). Therefore, the M-H loop is expected to be a combination of Co mag

netization from biased and non-biased areas. Assume that a negative cooling field 

is applied along the CoO lines. Upon increasing the field to positive values, a first 

magnetization reversal of the free area should be visible at magnetic field values 

which corresponds to the coercivity field of an unbiased Co film. Increasing the 

external field further will eventually cause the biased lines to flip . U pon decreasing 

the field again, the magnetization of the free and biased Co areas changes at the 

same negative field value because the coercivity field of a biased and unbiased Co 

film are approximately equal. The ratio of the magnetic moment of the biased to 

the free Co parts should be approximately the same as the ratio of the biased area 

to the free area (2 fJm/15 11m or 13 %). This explains the shape of the expected 

M-H loops in tigure 4.19. 

The patterned sample was caoled to 5 Kin a cooling field of -4000 G, which was 

applied parallel to the CoO lines. After the cooling procedure , several subsequent 
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Chapter 4. Results 
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Co film/CaO film 

Co lilm/CoO lines 

Figure 4.19: Expected M-H loop of a wire array exchange biased sample. 

hysteresis loops were measured and the first four loops are shown in tigure 4.20. 

The ratio of the free to the biased area (15 %) corresponds rather well to the height 

of the plateau after the first jump. The previously explained training effect is 

clearly visible when the four VSM measurements are compared. Figure 4.21 shows 

several hysteresis loop measurements at 5 K for different cooling fields (-500, -1000, 

-2000 and -4000 G). No clear in ft uence of the cooling field on the exchange bias 

field is observed. The exchange bias of the Co/CoO lines was also present for a 

cooling field of 250 G. The low cooling fields will make it possible to obtain low 

temperature MFM images. A low cooling field minimizes the inftuence of the field 

on the MFM tip. The blocking temperature of the biased lines is approximately 110 

K (see tigure 4.22), which is lower than the blocking temperature of the reference 

film ( rv 150 K) 

A multiterminal pattem with separate C1Irrent and voltage leads was etched in 

the patterned Au/Co/CoO structure with the procedure described in appendix A. 

The mask was positioned so that the CoO lines are perpendicular to the current 

path. The multiterminal pattem is shown in tigure 4.23, revealing that there 

are 68 CoO lines ( counted halfway the two voltage contacts, i.e. over a distance 

of 1 mm). The lower two graphs in tigure 4.24 show two subsequent transport 

measurements at 5 K after cooling in a field of -1000 G along the CoO lines. The 

two transport measurements are compared to the two VSM measurements (first 
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Figure 4.21: VSM measurements 
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Figure 4.22: VSM measurements at 100, 110 and 120 K. Each loop is measured 

after field cooling in -4000 G. 

two loops) at 5 K aft er cooling in a field of -4000 G (up per two graphs in figure 

4.24). When camparing the peaks indicated by a circle in figure 4.24, we conclude 

that the dominant reversal mechanism of the exchange biased lines is still domain 

wall movement during the first cycle and rotation during all subsequent cycles. 

As indicated before, the major goal of this thesis is to infer the resistance of 

magnetic domain walls from a stripe domain structure. We obtain a stripe domain 

structure (see the VSM and transport measurements in figure 4.24) when the free 

parts have flipped while the biased lines have not yet flipped . Therefore, it should 

be possible to determine the resistance of the domain walls occurring along the 
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Figure 4.23: The current path of a patterned sample, which contains 68 CoO 

lines included in between the voltage leads ( counted halfway the voltage cantacts) 

perpendicular to the current direction. 
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Figure 4.24: The upper two graphs show two subsequent VSM measurements on 

the pattered sample at 5 K when a cooling field of -4000 G is applied along the 

CoO lines. The lower two graphs show the corresponding transport measurements 

(5 K and cooling field of -1000 G along the CoO lines) . 

current path by camparing the resistance of the stripe domain structure with the 

resistance of the homogeneaus structure without domain walls. An investigation 

of the lower graphs of tigure 4.24 shows, however, that the domain wall resistance 
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determination is complicated by the rotation of the spins in the biased and free 

areas. The rotation causes an additional resistance (AMR effect) , which makes it 

difficult to directly determine the domain wall resistance. We conclude, it is diffi

cult todetermine the domain wall resist ance when a hysteresis methad is applied. 

A solution for this problem is given in the next section. 

4.3 Domain wall resistivity measurements 

In order to get around the problem caused by the rotation of the spins in the 

hysteresis methad, a rotatian methad is applied. The rotatian methad is explained 

in the first part of this section. The second part of this section gives a theoretica! 

interpretation of the measured domain wall resistance. 

4.3.1 Determination of the domain wall resistance with ro

tation measurements 

In the previously discussed hysteri.5 methad, the external field is swept perpendicu

lar to the current path of the pattered sample. This section focuses on the rotatian 

methad, where the external field rotates within the plane of the sample. 

Before the rotation method is started, the Co film is brought in saturation. 

Therefore, a negative magnetic field of -1000 G is applied along the exchange bias 

direction of the CoO lines. Subsequently, the magnetic field is increased to -169 

G. The magnitude is set to 169 G because figure 4.24 reveals that at 5 K this 

magnitude is large enough to rotate the moments in the free areas, and small 

enough to keep the moments in the bia:sed area.'! pinned. At this point (see inset 

a in tigure 4.25) , the magnetic moments of the free and biased areas point in the 

direction of the cooling field , perpendicular to the current path and no artificially 

created domain walls are present. As a result, the AMR resistance is minimal 

(see equation 2.20). Subsequently, the magnetic field with a magnitude of 169 

G, is rotated over 360 o within the plane of the sample. At 90 o (inset b) , the 

magnetic moments of the free areas are parallel to the current direction and the 

magnetic moments of the biased areas make a small angle with the exchange bias 

direction. The resistance reaches a maximum in point b, because the moments 

of the free areas are parallel to the current direction . At 180 ° (inset c), the 

moments of the biased areas are again parallel to the lines and point into the 
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Figure 4 .25: Rotation measurement within the plane of the sample at 5 K for 

an applied field of 169 G. The four insets show the alignment of the moments at 

the point a, b , c and d in the graph, respect ively. 

direction of the exchange bias field. The moments of the free areas point into the 

opposite direction. As a result , 180 o domain walls are created between the biased 

and the free areas. The resistance reaches again a minimum at 180 ° because the 

magnetic moments in the free and biased areas are perpendicular to the current. 

The resistance is slightly higher than at 0 o due to the presence of domain walls. 

Therefore, the difference between bath minima gives us the resistance of all the 

artificially created domain walls crossing t he current path. Finally, inset dintigure 

4.25 represents the situation when the applied field makes an angle of 270 o with 

the exchange bias direction. 
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The difference between the two minima corresponds to the resistance of the 

2 x 68 or 136 domain walls. Several measurements showed that the resistance of 

the 136 domain walls is 9.9 ± 1.1 mO. As a result, the resistance of an individual 

domain wallis 72 ± 8 f.LO. 

Figure 4.26 compares the results of the rotation measurements at 1.5, 5, 10 

and 20 K fora field of 169 G. No infiuence of the temperature on the domain wall 

resistance was found . It was not possible to measure the domain wall resistance 

above 20 K with the patterned AujCojCoO structure because the exchange bias 

effect becomes too small. 
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Figure 4.26: Rotation measurements with a magnitude of 169 G at 1.5 , 5, 10 

and 20 K reveal no infiuence of temperature on the domain wall resistance. 

4.3 .2 T h eoretica} m odeHing of the measured resist ance 

A theoretical explanation of the measured domain wall resistance is given in this 

sect ion. It is important to know whether the domain wall resistance is caused by 

an AMR contribution or by t he presence of an additional resistance. This section 

shows that the AMR effect is much too small to explain an individual domain wall 

resistance of 72 f.LO . Therefore , the domain wall resistance model of Zhang et al. 

[13] is used to interpret the measured domain wall resistance. 
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4.3.2.1 The AMR contribution to the domain wall resistance 

A model is presented for the calculation of the AMR effect caused by 180 o Néel 

wall of length d. The Lorentz force is neglected in our model because the magnetic 

field is in the film plane. The Néel wall is divided into n cells of length djn. 

d 

Figure 4.27: A Néel wall of length d, divided into n cells. The magnetization 

rotates over an angle a between two subsequent cells within the wall. 

Between two subsequent cells within the wall, the magnetization rotates over an 

angle a = 180 °/(n + 1) (figure 4.27). The resistivity difference between the 

presence of a 180 ° domain wall and a homogeneaus film , caused by the AMR 

effect , can be calculated by applying the AMR formula (equation 2.20) for each 

cell. The average domain wall resistivity is the sum of all the resistivity differences 

of the individual cells in the domain wall divided by the number of cells n in the 

domain wall. Hence, when the current is perpendicular to the wall, the resistivity 

of the domain wall caused by the AMR effect is 

(4.4) 

The factor t::..p = pj_- Pil in equation 4.4 can be obtained from the fit in tigure 

4.12. The fit shows that Ll.RR = R.1.~R11 = 0.008350 with R = 29.720. Taking into 

account the lengthof the current path l (1.4 mm) and the cross-section A (2 p,m2) , 

this resistance l::..H can be converted into a resistivity l::..p via 

R·A 
-z-=P· (4.5) 

Once the resistivity is known for a domain wall, equation 4.5 can be used to 

calculate the domain wall resistance , where A is still the cross-section and l is now 

the domain walllength. The calculated resistivity caused by the AMR effect for 

a 15 nm domain walland a cell width of 1 nm is 0.190nm. This corresponds to 
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Chapter 4. Results 4.3. Domain wall resistivity measurements 

a domain wall resistance of approximately 0.97J1,0. The calculated domain wall 

resistance is toa small by almast two orders of magnitude when compared to the 

experimentally measured domain wall resistance of 72 ± 8J1,0. From equation 

4.5, it follows that a wider domain wall results in a higher domain wall resistance. 

Our calculations indicate that a domain wall width arülmd 810 nm is needed 

to reach the measured domain wall resistance of 72 J-LO . Even when consiclering a 

domain wall with a tail of 1J-Lm, in which the spins rotate over 20 o, the anisatrapie 

magnetoresistance of this tail is still only 7 J-LO. In summary, it is impossible to 

explain the observed domain wall resistance basedon the AMR effect. Therefore, 

in the next paragraph we rely on the domain wall resistance based on the model 

of Zhang et al.[13] (see section 2.4.3.1). 

4.3.2.2 Domain wall resistance based on the model of Zhang et al. 

Because the AMR effect cannot account for an individual domain wall resistance 

having a magnitude of 72J-LO in our patterned structure, expression 2.30 derived 

from the model of Zhang et al. is used to evaluate the domain wall resistance. 

In order to evaluate expression 2.30, we have chosen commonly accepted values 

for kp = 0.1 nm-1 and J = 0.5 eV. The ratio of the resistivity for the up and 

down channel pf / p! (spin mixing coefficient) typically rangs between 5 and 20 

for standard ferromagnetic materials (Co, Fe and Ni). Figure 4.28 shows the 

calculated domain wall resistance based on the model of Zhang et al. as a nmction 

of the spin mixing coefficient for several domain wall thicknesses (solid lines) . The 

thick solid line corresponds to the measured domain wall resistance, while the 

dashed lines in tigure 4.28 corresponds , to the calculated domain wall resistance 

based on previously discussed AMR model. The typical domain wall thickness 

in Co is around 15 nm. When we campare the results of bath moeiels to the 

experimentally measured domain wall resistance (bold line) for a wall thickness of 

15 nm, it follows that the model of Zhang et al. provides a much better preelietion 

for the domain wall resistance (same order of magnitude). From the measured 

domain wall resistance of 72J1,0 we infer that the spin mixing coefficient for a 15 

nm domain wall is 38, and 24 for a 10 nm domain wall (see tigure 4.28). The 

obtained spin mixing coe.fficients are slightly higher than the previously reported 

spin mixing coefficients for ferromagnetic Co (5-20). 

Steven Brems 67 



4.3. Domain wall re..c;istivity measurements Chapter 4. Re..c;ults 

a 
~ 1E-4 -- -
QJ 
(.) 
c 
Cll 

~ 
(J) 

~ 

-ro 1 E-5 
~ 

10 nm 

c 15 nm 
ïi5 30nm 
E 100 nm 0 
0 Exp. result 

1E-6 . 

10 20 pf 30 40 50 

pi 

Figure 4.28: The calculated domain wall resistance based on our AMR model 

( dashed lines) and the model of Zhang et al. ( solid lines) as a function of the spin 

mixing coefficient. The measured domain wall resistance is also shown. 
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Chapter 5 

Conclusions 

The resistance of a large number of artificially created domain walls is studied 

in detail in patterned Co/CoO bilayers. It is the first time that these artificial 

domain walls are fabricated with the exchange bias effect . 

The first studied systems are FM/ AFM thin fi lms and we succeeded to abserve 

exchange bias in the in-situ created CojCoO sample. A shift of 1285 G was found 

in the highly asymmetrie hysteresis loop , after cooling the CojCoO system in a 

field of 4000 G to 5 K. This asymmetry arises because the first reversal occurs via 

domain wall nucleation and motion, while the second and all subsequent trained 

reversals are dominated by magnetization rotation [27]. 

Next, the ex-situ reference structure of the patterned system is studied. In 

order to make the patterned structure, a lift-off step had to be carried out, and 

this forced us to fabricate the patterned structure ex-situ. Because of the impurities 

on top of the CaO layer, it is annealed by increasing the temperature to 250 oe. 
Even in this structure, the exchange bias effect was present , but the effect was 

significantly smaller (365 G). The FM/ AFM coupling in the ex-situ is smaller 

than in the in-situ sample probably due to impurities at the interface. The VSM 

measurements showed rather different hysteresis loops compared to previous in

situ sample. Nevertheless, transport measurements revealed that the first reversal 

mechanism still occurs via dornain wall motion and all the subsequent trained 

reversals are dominated by rotation. 

Finally, the patterned system is investigated. This systern consistsof an array 

of CoO lines, with a Co film on top of it. Hysteresis loop VSM measurements 

showed very clearly that there is a specific region where a stipe domain structure 

is created. This result is used in the transport rneasurements to deterrnine the 180 ° 
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Cbapter 5. Conclusions 

domain wal! resistance of an artificially created domain walls. The domain wal! 

resistance is measured with a rotation method and is 72 ± 8 J.LO. The theoretica! 

model of Zhang, based on t he GMR theory, results in a measured domain wall 

resistance of the same order of magnitude. The role of the domain wall in the 

model of Zhang is to mix the two spin current channels and thereby partially 

remove the Bhort circuit effect in a perfectly ferromagnetic aligned domain . 
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Appendix A 

Lithography 

Lithography is used to etch a current path in the continuons and patterned CojCoO 

structures. Lithography is a technological process step in which a pattern, e.g. 

current path, is drawn into a recording medium (resist) into which the desired 

device pattem is written by using photons, electrans or ions. By exposing the 

resist-coated sample, the behavior of the exposed and unexposed resist areas will 

be differentiated. The polymer chains of the resist layer can scission or cross

link upon irradiation and which mechanism dominates depends on the polymer 

structure and the energy deposition. Scissoring results in the removal of the ex

posed regions (positive resist), whereas cross-linking results in the removal of the 

unexposed areas (negative resist) . 

Mask 
Resist 
Co 
CoO 
Substrate 

Figure A .l : Schematic representation ofthe lithograpbic process. First , the resist 

is exposed to UV light. Next, the unexposed areas are removed with a developer. 

The current path was etched with Xe ions and the resist was removed with acetone. 

This is shown in the last illustration. 

A thin negative resist layer (HPR504) was spun at 4000 rpm for 50 seconds 

on top of the AujCojCoO layered structure. To harden the resist, it was baked 

for 15 mimltes at 120 °C, and then exposed for 13 seconds to UV light through a 

mask with a current line pattern. Afterwards, the non-exposed area was removed 
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Appendix A 

with a suitable developer (HPRD407) and the current path wru:; etched with Xe 

ions. Finally, the resist on top of the etched pattem wru:; removed with acetone, 

and the sample wru:; rinsed in propanol. Figure A.l illustrates the different steps 

of this process. 
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