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Abstract of the Dissertation 

 

Exchange Bias at the Nanoscale: 

Bulk or Interface? 

 

by 

 

Ali Cemil Basaran 

 

Doctor of Philosophy in Materials Science and Engineering 

 

University of California, San Diego, 2014 

 

Professor Ivan K. Schuller, Chair 

 

One of the most interesting topics in material science is the effect of geometric 

confinement on nanoscale magnetic structures. Confinement produces new phenomena 

not observed in bulk materials and has led to a large number of technologies. An 

important structure featuring a geometric confinement effect is a thin film multilayer. In 

particular, the exchange bias effect, which is present in some ferromagnet / 

antiferromagnet bilayers, is used in applications such as magnetic recording, sensing, 

and spintronic devices. Although exchange bias has been the focus of many 

experimental and theoretical investigations, the details of its mechanism are still 



 

xxiv 

elusive. Above all, the contributions of magnetic structures in regions away from the 

interface remain ambiguous. 

This dissertation studies the individual contributions of each region of the 

ferromagnetic/antiferromagnetic bilayer on the exchange bias. We consider the 

exchange bias effect in magnetic thin films as defined by the three components of the 

spin structure: i) at the ferromagnetic/antiferromagnetic interface, ii) in the 

antiferromagnetic layer, and iii) in the ferromagnetic layer. We performed experiments 

to address individually these three constituents and found that the exchange bias is 

significantly affected by the bulk of both the antiferromagnetic and the ferromagnetic 

layers. 

We used Ni/FeF2 bilayers as a prototypical exchange bias system. First, we 

explored magnetization reversal in cross shaped nano-junctions using the planar Hall 

Effect. We demonstrated how to find the direction of magnetization rotation and 

obtained the angular distribution of the unidirectional anisotropy axes. Second, we 

investigated the contribution from the antiferromagnetic bulk using ion bombardment to 

induce controllable depth dependent defects. We unambiguously showed that the 

exchange bias can be tuned without altering the interface or the ferromagnetic layer. 

Third, we investigated the ferromagnetic layer thickness dependence on the exchange 

bias. We found a strong deviation from the inverse proportionality law and 

demonstrated the importance of the spin structure in the ferromagnetic layer. An 

incomplete domain wall model was used to quantitatively account for the experimental 

results. Our studies show that the bulk of the antiferromagnetic and the ferromagnetic 



 

xxv 

layers, together with the interface, are crucial ingredients in the establishment and the 

control of the exchange bias. 

  



1 

1. Introduction 

 Motivation and scope of the thesis 1.1.

 

Magnetism is a physical phenomenon that originates either from electrical 

currents or magnetic moments of elementary particles. Although magnetism has been 

known for millennia, our ability to understand the physics behind this important 

phenomenon has emerged only in the last two centuries. Magnetism has had many 

applications throughout history. One of the earliest was compasses, which dramatically 

improved open sea navigation. Today, magnetism-based devices have superseded 

Cuneiform Scripts, pen and paper, and even print as the principle methods of recording. 

The last few decades saw vast development of experimental techniques for 

ultrasmall length scale material growth. This has led to many new applications since 

physical properties can change significantly when the material is geometrically reduced 

to relevant length scales. For magnetism, such characteristic length scales, e.g., the 

exchange length and the magnetic domain wall width, occur at the nanometer scale. 

Therefore, when the size of a magnetic material is reduced to the nanoscales (at least in 

one dimension), magnetic properties different from those in the bulk emerge. This is the 

basis of a new research area called Nanomagnetism, which includes the study of 

properties and applications of the magnetism in nanodots, nanowires, thin films, 

multilayers, etc. [1]. 
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For thin films, the neighboring physical environment needs to be taken into 

account since they are generally in close contact with a substrate, a capping layer, or 

another film. This means the physical properties of magnetic thin films can be affected 

by its neighbors. For example, proximity effects such as exchange bias appear when 

two dissimilar magnetic materials are getting close to each other [2]. 

Exchange bias is one of the phenomena associated with the exchange anisotropy 

created at the interface typically between an antiferromagnetic (AFM) and a 

ferromagnetic (FM) material. It is defined as a shift of the magnetic hysteresis loops 

with respect to the applied field axis. It was discovered in 1956 by W. H. Meiklejohn 

and C. P. Bean when studying Co particles embedded in their native antiferromagnetic 

oxide [3]. Since then, exchange bias has been in the focus of many experimental and 

theoretical investigations [2, 4]. Although it has been widely used in magnetic recording 

and sensor applications [5-7], a quantitative predictive theory of exchange bias is not 

available to date [8]. In fact, the details of the mechanism leading to exchange bias are 

still elusive and there are contradicting experimental and theoretical studies [9]. 

Due to the short range of the exchange interaction, the exchange bias 

phenomenon has been mostly considered an interfacial effect. Hence, most of the 

exchange bias models take into account the coupling between FM and AFM spins just 

around the interface [10]. One of the controversies is whether the AFM bulk needs to be 

considered in the establishment and magnitude of the exchange bias [8, 11]. Some 

experimental evidence shows that both the bulk of the AFM layer and the interface play 

a role in determining the magnitude of the exchange bias field [11-13]. Furthermore, it 
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has been widely reported that the thickness of the FM layer and the magnitude of the 

exchange bias field are inversely proportional [4, 14, 15]. However, the spin 

configuration in the FM layer should not be ignored [16], and the effect of the FM spin 

configuration perpendicular to the interface needs to be investigated. 

There are also studies that examine dependence of exchange bias field on 

sample morphology. For example, it has been shown that sample specific morphologies, 

such as roughness [17, 18], grain size [19-21], crystallinity [22, 23], interlayer diffusion 

[24], and defects [25, 26] are crucial in determining exchange bias properties. The 

magnitude and sign of the exchange bias can be further altered by the magnetic field 

and temperature history [27, 28]. Therefore, the exchange bias effect is fundamentally 

attributable to several extrinsic and intrinsic parameters, which become very important 

at nanoscales [29-31]. A unifying theory taking into account all of the above parameters 

might be hard to develop. Likewise, a new experiment is required to simultaneously 

detect and separate contributions from the interface and the bulk. 

With the above motivation, this dissertation is mostly focused on the fabrication 

and investigation of nanomagnetic exchange bias systems and investigating individual 

contributions from each component. We consider the exchange bias effect in magnetic 

thin films as mainly defined by the three components of the spin structure; i) at the 

FM/AFM interface, ii) in the AFM layer, and iii) in the FM layer (Figure 1). We 

investigate these three ingredients individually using different experimental approaches 

in each dedicated chapter and aim to understand the corresponding contributions. 
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Figure 1. Schematic of an exchange bias system and its three main constituents: the 

ferromagnet, the interface, and the antiferromagnet. 

 

In chapter 2, in order to understand the general properties of our model 

exchange bias system, Ni/FeF2, we performed magnetoresistance measurements by 

using a cross shaped FM nano-junction. A lithographically patterned metallic 

ferromagnetic (Ni) cross was placed on an insulating antiferromagnetic film (FeF2), 

which introduced the exchange coupling. Measuring the transport above and below the 

Neel temperature of FeF2 allowed exploring the dependence of the magnetization 

reversal in the FM junction depending on the presence or absence of the bias. The 

advantage of having a cross shaped junction is that longitudinal (anisotropic 

magnetoresistance) and transverse (planar Hall Effect) components of the magnetization 

could be simultaneously measured via magnetoresistance measurements. We showed 

that the magnetization rotation way (chirality) can be detected by the magnetoresistance 

measurements. The dependence of reversal on temperature, cooling field, and cooling 

angle were investigated. The angle between the easy axis of the AFM lattice and the 

applied field axis strongly affects the magnetization reversal. We compared three 
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techniques; anisotropic magneto resistance, planar Hall Effect, and magnetometry for 

the same sample. We found that the planar Hall Effect, compared to other two 

techniques, is extremely sensitive to the small deviations from the easy axis. 

Furthermore, the angular dependence of the exchange anisotropy was investigated by 

rotating the sample in an applied magnetic field (in-plane). The sample rotation in the 

presence of the applied field perturbs the pinned FM moments from the unidirectional 

anisotropy axis. Thus, the exchange coupling was examined at different applied fields. 

We used incomplete domain wall model to simulate the experimental data. The results 

are in excellent agreement with the model. We used the same model to explain the data 

in chapter 4 and the validity of the model was confirmed in independent experiments. 

In chapter 3, we will present an experimental approach which allows us to 

separate and investigate the individual contributions of the AFM bulk and interface on 

exchange bias. We used He-ion bombardment to create defects and therefore control 

both magnitude and direction of exchange bias field. We employed two different 

approaches: i) the defects are selectively created either in the bulk of the AFM layer or 

at the FM/AFM interface by varying the capping layer thickness, and ii) the number of 

defects at a certain depth is controlled by varying the ion dose. We have obtained the 

penetration depth profiles of bombardment ions and the number of vacancies (defects) 

from SRIM (Stopping and Range of Ions in Matter) simulations [32] . Extensive 

structural and magnetic characterizations before and after the bombardment allow us to 

investigate the effect of selectively created defects on exchange bias. These results 

unambiguously reveal that the AFM bulk is an important ingredient in the establishment 
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and control of the exchange bias and has to be included in any theoretical consideration. 

Moreover, the ion dose dependency leads to two important conclusions: i) the exchange 

bias can be significantly affected only by creating defects into the bulk of the AFM 

layer – without altering the interface, and ii) the exchange bias field and the coercive 

field are decoupled and can behave independently. 

In chapter 4, we examine the influence of the spin configuration of the FM layer 

on exchange bias. In particular, we investigate the exchange bias field dependence both 

on FM layer thickness and on temperature. Several Permalloy (and Ni)/FeF2 films with 

varying FM layer thickness were prepared in-situ and investigated with magnetization 

measurements. These measurements reveal that the exchange bias field is affected by 

the FM spin structure, which introduces a correction to the widely accepted inverse 

proportionality rule. A model based on the incomplete domain walls quantitatively 

accounts for the experimental results and, in particular, explains the deviation from the 

inverse proportionality rule. 

Chapter 5 will be devoted to a summary of other studies that have been 

performed during the PhD research. The most important was the search for new 

superconducting materials using Magnetic Field Modulated Microwave Spectroscopy 

(MFMMS). We demonstrated that MFMMS is both highly sensitive and selective. We 

have analyzed more than two thousand samples including several different types of 

superconducting and non-superconducting samples. We identified a known 

superconducting phase in a new compound [33]. We also found a new magnetic phase 

in Pr-Si-C system [34]. We wrote a review article about the technique and application to 
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the search for new superconducting materials [in press]. The search for new 

superconducting phases in meteorites and micro-meteorites is still an ongoing project. 

We have also investigated the superconducting vortex pinning in conformal crystal 

geometry [35]. There are many other ongoing projects at the time of the writing of this 

dissertation that will be briefly addressed in chapter 5. 

Finally, a summary and conclusions of the works that are presented in this 

dissertation will be given in chapter 6. 

 

 FM/FeF2 thin film bilayers 1.2.

 

Although exchange bias was first discovered in core-shell nanoparticles [3], it 

has been observed in variety of systems containing small particles [36], inhomogeneous 

materials [37], and thin films [18]. In particular, exchange bias in thin films has been of 

great interest due to its applications in the sensor and storage technologies [5, 6, 38]. In 

this thesis we will focus on exchange bias in FM/FeF2 thin film bilayers. We refer to 

several comprehensive reviews on the exchange bias phenomenon for the detailed 

description of the effect [2, 4, 8, 9, 15, 31, 39]. 

FeF2 was chosen as an AFM material due to its well-defined structural and 

magnetic properties. FeF2 has a tetragonal structure with the lattice constant values of 

the a and c directions being 0.46945 and 0.33097 nm, respectively [40]. It is grown 

epitaxially on the [110] surface of single crystal MgF2 substrates with very well defined 
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easy axis along [001] of FeF2 and MgF2. The AFM transition temperature is ~79 K [22]. 

FeF2 has a very large uniaxial anisotropy with a rather simple magnetic configuration 

that makes it an ideal Ising-like AFM system [41, 42]. When FM layers (such as Nickel, 

Permalloy, Iron, or Cobalt) are grown on epitaxial FeF2, they show a growth induced 

uniaxial magnetic anisotropy, which coincides with the easy axis of FeF2 [43]. 

FM/FeF2 bilayers are perhaps one of the most systematically studied exchange 

bias systems. FM/FeF2 usually shows a large exchange bias shift without training and 

time dependences. The blocking temperature and the Neel temperature are the same. 

Many interesting features have been shown such as coexistence of positive and negative 

exchange bias [27], magnetization reversal asymmetry [44, 45], and anomalous 

temperature dependence [28]. Proving the existence of the pinned, uncompensated spins 

in FeF2 illuminates the current understanding of the exchange bias phenomenon [46, 

47]. However, there are still unanswered questions for further research such as the 

origin and exact locations of the pinned uncompensated spins. 

 

 Incomplete domain wall model 1.3.

 

In order to explain the exchange bias in FM/FeF2 bilayers, we propose a model 

sketched in Figure 2. This model accounts for the magnetization reversal through 

rotation of the magnetic moments rather than domain wall nucleation and motion [48, 
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49]. This is mostly satisfied at low temperatures in materials with small 

magnetocrystalline anisotropy such as Py and Ni. 

In this model, domain walls parallel to the FM/AFM interface are considered in 

both the AFM and the FM layers. There is no domain wall formation taken into account 

perpendicular to the interface. The FM layer is divided into N planar sub-layers. The 

magnetic moment of each sub-layers forms an angle βi with the easy axis, 

corresponding i = 1 to the FM sub-layer in contact with the antiferromagnet. The 

angular reference is defined by the easy axis of the magnetic system. The maximum 

angle of the domain wall in the antiferromagnet, α, is given by the orientation of nearest 

AFM spins to the interface. The external magnetic field is applied along the easy axis. 

The total energy of the system is given by three contributions: the AFM domain wall 

energy (EAF), the exchange energy at the interface (EAF-FM), and the FM energy (EFM). 

EFM comprises the exchange coupling between FM sub-layers, the anisotropy energy 

and the Zeeman energy of each sub-layer. Thus, the total energy can be expressed the 

sum of all: 

                               , (1.1) 

where, 

         2 (1- cos )AF AF AFE A K  , (1.2) 

 - - 1- cos( - )AF FM AF FME J   , (1.3) 
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AAF and KAF stand for the exchange stiffness and anisotropy constant of the AF, 

respectively. JAF-FM is the exchange coupling constant at the interface while JFM denotes 

the exchange coupling constant between adjacent FM sublayers. KFM is for the FM 

anisotropy constant, mi is for the magnetic moment of each sublayer and H represents 

the applied magnetic field. 

 

 

Figure 2. Schematic orientation of net magnetic moments in AFM (red) and FM (blue) 

layers. The model assumes domain walls parallel to the FM/AFM interface. 
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The simulation starts from positive saturation where all FM layers are parallel 

and pointing the same direction. All βi and α angles were calculated for each magnetic 

field to minimize the total energy given by equation (1.1). The projection of mi on the 

external field axis provides the contribution of the i. sublayer to the hysteresis loop. 

This model successfully predicts all experimental features such as the amount of the 

exchange bias field, absence of the coercivity, and the asymmetry in the reversal. 

 Anisotropic magnetoresistance and planar Hall Effect 1.4.

 

Magnetoresistance (MR) measurements have been widely used to investigate the 

exchange bias and related properties [50-52]. MR is a well-known phenomenon since 

the first observation by Lord Kelvin in 1856 [53]. It is defined as the change of a 

material’s resistivity with the application of a magnetic field and can be observed in all 

metals. For non-magnetic metals, MR effect is isotropic and very small (typically less 

than % 0.1 at low fields). For magnetic metals, however, the effect is anisotropic and 

large (typically on the order of 2 %). The physics of electron transport in magnetic 

materials is extremely complicated but is well described in literature [54-56]. The 

physical origin of the MR effect lies in the spin orbit coupling which is responsible for 

different scattering lengths along different directions.  

 

Anisotropic magnetoresistance (AMR) is the variation of the resistivity of 

magnetic materials depending on the angle θ between the current and the magnetization 
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direction. In order to derive a simple mathematical expression of the effect, we consider 

an isotropic thin film stripe with four equally spaced d point contacts placed on it as 

seen in Figure 3. A saturating external magnetic field is applied and its direction in the 

plane of the film varies so that the angle θ of the magnetization M varies. When an 

electric field E applied along the x-axis causes a current density Jx. the voltage between 

points 1 and 2 12 .xV E d  is a measure of the longitudinal electric field along the stripe. 

The voltage between points 3 and 4 34 .yV E d  is a measure of the transverse electric 

field which arises because E and J are not always parallel. Its existence is often called 

the “planar Hall Effect” (PHE) because devices utilizing it have many functional and 

circuit similarities to true Hall Effect devices. However, there are many differences 

from the common Hall Effect, the most important being that the magnetic fields are in 

the plane of the contacts. 

In general, an applied electric field, E, induces a current density, j. The relation 

between E and j depends on the resistivity, ρ, of the material and can be written as 

 
1

j E


 . (1.5) 

We can decompose E and J as shown at the bottom of Figure 3 to their 

components parallel and perpendicular to M. For longitudinal voltage 
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Figure 3. Top: schematic of a thin film stripe with four equally spaced point contacts. A 

saturating magnetic field is applied in the plane of the film so that the magnetization 

stays and varies only in the plane. Bottom: representing the sum of electric field and 

current density vectors for parallel and perpendicular to the magnetization direction 

used in the derivation of equation (1.6) and (1.11). 

 

                    , (1.6) 
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When comparing the longitudinal and transverse magnetoresistance signals, they 

have the same magnitude except for a large constant term in the former case. Equation 

(1.15) shows that the PHE signal is zero when the magnetization and the current are 

exactly parallel (θ=0
0
) or perpendicular (θ=90

0
). At θ=45

0
 it reaches the maximum 

value and becomes equal to AMR signal. In fact, they are identical except for a 45
0
 

phase shift in θ since 

 
2 0 01

cos sin( 45 )cos( 45 )
2

      . (1.16) 

Figure 4 shows the comparison of normalized AMR and PHE signals as a 

function of the angel between the magnetization and the current. Except the 

comparisons mentioned above, the most important difference is that the PHE changes 

sign from positive to negative at 90° while the AMR remains the same because the 

angular dependence is proportional to
2cos ( )  (equation (1.10)). The amplitudes of PHE 

signal at 45° and 135° are equal in magnitude but opposite in direction since the sine 

function is an odd function (equation(1.15)). This gives a unique advantage to PHE 

measurements: they can be used to distinguish the rotational direction of magnetization 

during the reversal. 
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Figure 4. Comparison of normalized AMR and PHE signals as a function of the angle 

between magnetization and the current. 

 

The advantage of the magnetoresistance measurements and rotation sense can be 

seen in Figure 5 where SQUID, AMR, and PHE measurements are compared. We 

assumed a ferromagnet which has two identical domains with exactly opposite magnetic 

moments, so that the net magnetization is zero in all three cases. Therefore, they are 

indistinguishable with SQUID, VSM, or MOKE techniques. However, AMR and PHE 

techniques can distinguish the two configurations in (a) and (b) since the direction of 

current is either parallel or perpendicular with respect to the magnetization direction. 

PHE has a further advantage relative to AMR in that it can distinguish the direction of 

rotation (chirality). If we consider the rotation of the moments from state (a) to state (c), 

AMR, unlike PHE, cannot separate the difference between up and down rotation 

directions.  
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Figure 5. Two identical FM domains with opposite magnetic moments in order to have 

zero net magnetization. SQUID, VSM, and MOKE techniques cannot distinguish the 

differences between these three cases. However, AMR and PHE signals can differ 

between (a) and (b) since the current direction is either parallel or perpendicular to the 

magnetization, respectively. PHE can be used to separate the reversal from (a) to (c). 

 

This simple picture clearly demonstrates the advantages of magnetoresistance 

measurements. The averaging nature of standard magnetization measurements hides 

these important details on the reversal mechanism. The AMR configuration has been 

more commonly used than PHE. This is related to a more complicated lithographical 

process required for fabricating PHE devices. 

In order to perform a PHE measurement, the ideal shape is a well-defined cross 

geometry since the current is restricted to flow through one of the wires and the 

transverse voltage can be measured from the other one. Figure 6 visualizes two different 

approaches, etching and lift-off, that we used to obtain a cross junction. In both cases, a 

cross shaped junction was transferred on a sample using a patterned photomask. In the 

etching process, we start with a bilayer film that was deposited at the same time without 

breaking vacuum. In the lift-off process, on the other hand, the growth was interrupted 
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after the first layer to perform the lithography before the second layer deposition. 

Therefore, the interfacial properties between layers obtained from both approaches are 

different and must be considered in later characterizations. The steps in both approaches 

will be explained in the following section. 

 

Figure 6. Schematic of the fabrication process of a cross junction by using two different 

approaches: (up) etching, and (down) lift-off. 
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 Fabrication techniques 1.5.

 

Throughout this thesis studies, we have performed several different experiments 

which require different sample fabrication techniques. Some of the details regarding the 

sample fabrication will be given in each particular chapter. Here, we mention only 

general fabrication techniques such as photolithography and electron-beam evaporation 

that we used to obtain particularly the cross samples for PHE measurements. Since 

these standard lithography and growth techniques have been well established and used 

in all nano-fabrication processes [30, 57-59], we will give only brief recipes generally 

used in fabrication protocols. A step by step list is given in the appendix. 

 

 Photolithography 1.5.1.

 

Photolithography (or UV lithography) is a widely used technique for large areas 

with custom features. We used either a Karl Suss MJB 3 or Karl Suss MA6 mask 

aligner that allow feature sizes as small as 1 μm. 0.06” thick and 3” in diameter iron 

coated photomasks for custom designed devices were bought from Advanced 

Reproductions Corporation. A positive tone (Microposit S1818) and a negative tone 

(Futurrex NR9-1500PY) resists were used for photolithography. 

Before starting the lithography process, the mask should be cleaned in ultrasonic 

bath with Acetone, Methanol, and Isopropanol (~ 5 minutes for each). The mask was 

then rinsed in deionized water and dried with flowing nitrogen gas. This process helps 
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remove the residual resist from the previous use and to obtain cleaner features 

(especially when features are smaller than 2 µm). 

The S1818 was spun on the sample at 5000 RPM for one minute and then baked 

at 115 °C for one minute on a hot plate. The resist was exposed to UV light for ~ 3.5 

minutes at an exposure power of ~ 0.4 mW/cm
2
. The required time changes from time 

to time probably due to power changes, so it should be checked occasionally. After 

exposure, no post baking was performed for the positive resist. It was directly 

developed in 1 part deionized water and 1 part AZ developer for approximately 40 s. 

After rinsing in water for 20 s and drying out by blowing nitrogen gas, the sample is 

visually checked by an optical microscope to confirm that the pattern transferred 

properly. Once the sample was ready, the resist could be removed in Acetone. 

The negative NR9-1500PY resist was spun on the sample at 4000 RPM for 40 s. 

The resist was then pre-baked at 150 °C for one minute on hot plate. The exposure was 

performed for ~ 3.5 minutes at a power of ~ 0.4 mW/cm
2
. Once exposed the sample was 

post-baked again at 100 °C for one minute on hot plate and then developed for ~ 40 s in 

pure RD-6 resist developer while agitating the sample by hand. The sample was then 

immersed in deionized water in two separate beakers and agitated for approximately 20 

s for each time. This process ensures that no resist particulates were left on the sample 

after development. Once processed, the resist was removed by immersion in acetone at 

least for 6 hours. A low power sonication was usually required for about 30 s to obtain 

the desired features. The sample was rinsed in Isopropanol and deionized water and 

dried out with nitrogen. 
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 Electron beam lithography 1.5.2.

 

During different sample fabrications, we have used a combination of 

photolithography and electron beam lithography techniques which is widely used to 

obtain especially for sub-micron feature sizes. We have used two different systems: a 

JEOL JSM 6400 scanning electron microscope that has been converted to an electron 

beam writer using the nano pattern generation system (NPGS), and RAITH 50 electron 

beam lithography tool. The later was used when alignment required for a multistep 

lithography process. 

We have used Polymethyl methacrylate resist (PMMA) from Microchem 

Corporation. Typically we used C4-950PMMA as a single layer resist. In some cases, 

we used a combination of A2-950PMMA/C4-495PMMA as a double layer resist to 

achieve clean edges. PMMA was spun on the sample at 6000 RPM for one minute and 

then baked at 195 °C for six minutes on a hot plate. The patterns were written into the 

resist with typically 20 nm step size, 30 kV acceleration voltage, 100 pA current, and 

500 µC/cm
2
 dose. Once the pattern was written into the resist, the sample was 

developed in 1 part methyl isobutyl ketone (MIBK) and 3 parts Isopropanol for 40 

seconds. The sample was rinsed in Isopropanol for 20 seconds to stop the developing 

and then dried with nitrogen gas. After the materials depositions, the lift-off can be done 

removing in acetone for at least 4 hours. The sample was rinsed again in isopropanol 

and deionized water, and dried with blowing nitrogen gas. 
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 Etching 1.5.3.

 

Etching was employed in the fabrication of exchange biased cross junctions. The 

benefit of plasma etching is that the bilayer can be deposited at once without breaking 

vacuum and then only the top FM layer should be etched to obtain the cross. Therefore, 

the interface between AFM and FM layers will not be touched by any lithographic 

process. 

We used Oxford Plasmalab 80 reactive ion etching instrument. The base 

pressure was better than 1x10
-5

 Torr before starting the process. The process pressure 

was kept at 25 mTorr with 40 sccm Ar flow. The power was 200 W and the measured 

reflected voltage was 540 V. Under these conditions, the etching rate of Ni was found to 

be approximately 3 nm/minutes. 

We have found that the negative NR9-1500PY resist is good enough as a mask 

to etch 10 nm of Ni. Even though the etching time was less than 4 minutes, it is hard to 

remove the resist without sonication. Special care must be given during the sonication 

since the cross junction is extremely delicate. 

 

 Film growth 1.5.4.

 

The samples including in this dissertation are mainly grown in a Kurt J. Lesker 

electron beam evaporation system with a typical base pressure of 1x10
-7

 Torr. The 

system is equipped with a 4 hearth 7 kW Temescal electron beam gun, a liquid nitrogen 
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cold trap, a copper block heater, and a step motor controlled shadow mask. The sample 

holder is located right above the evaporating materials. This allows more directional 

deposition without hitting the patterned edges, improving the definition of the features. 

A sputtering system (Microscience) equipped with AC and DC power supplies 

was also used for various depositions, especially for the outer contacts and in-situ Ar 

ion milling. The sputtering chamber operates at a base pressure of ~ 2x10
-7

 Torr. Due to 

the nature of the sputtering technique materials can be deposited on all surfaces of the 

sample, including the walls of the resist. This can be a problem during the lift off 

process and produces fences at the edge of the features. A double layer resist with a less 

sensitive resist layer on the top and a more sensitive resist layer on the bottom was used 

to overcome this problem. 

For the fabrication of the cross junction both deposition methods were used. For 

lift off samples, first FeF2 layer was deposited in the evaporator. Afterwards, the sample 

was taken out from the chamber and a cross junction was shaped by photolithography. 

The sample then was introduced into the sputtering chamber and ~ 3 minutes of Ar ion 

milling was performed with 50 W and 4 mTorr pressure by applying a bias onto the 

sample holder. When sputtering Ni, the Ar gas was flowed through the chamber and 

pressure was maintained again at 4 mTorr while 100 W of power was applied to the 

target. Following the sample was taken out from the sputtering chamber for the lift off 

process. After the lift off for Ni and another photolithography for outer contacts, a Ti 

(10 nm) / Au (90 nm) deposition was performed in a different sputtering chamber (In 

fact, this second sputtering system is identical to one described above and called as 
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Microscience-II). Before Ti deposition, the Ar ion milling was also performed with the 

same parameters above. The Ti layer was deposited to achieve an adhesive layer for Au. 

More details for sample preparation can be found in Table 1 in Appendix A. 

The first Ar ion milling step is important for maintaining a clean FeF2 / Ni 

interface, which is critical for exchange bias. If this step was not performed, exchange 

bias was not observed. However, different samples prepared using the aforementioned 

recipe were not the same in terms of the exchange bias properties. This is probably 

related to our inability to control ion milling and to obtain similar interfaces in different 

samples. The second Ar ion milling before Ti deposition is also very important to 

remove the residual particulates from the photoresist and to eliminate the high contact 

resistance. 

In the other approach, a FeF2 / Ni stack was deposited as a bilayer in the 

evaporator without breaking the vacuum. Following the lithography and etching 

processes described above, the Ti / Au outer contacts were deposited in the 

Microscience-II sputtering system. The Ar milling and the deposition conditions were 

kept the same as in the first approach. We found that the samples grown as bilayers 

show very reproducible exchange bias properties. Therefore, in chapter 2 we include 

only the results from the samples that were made of etching process. More details for 

sample preparation can be found in Table 2 in Appendix A. 
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 Measurements 1.6.

 

The transport measurements were mostly performed in a Quantum Design 

DynaCool system. It has a cryogen free chamber with a superconducting magnet up to ± 

9 Tesla. The accessible temperature range is 1.8 K – 400 K. Electrical transport option 

allows measuring the AC and DC resistance with 1 nV sensitivity. A horizontal sample 

rotator can be used at angle ranges from -10 to 360 degrees (see Figure 7 (d)). The 

rotator has its own thermometer close by the sample chip for more accurate temperature 

reading. The system is combined with a pair of Keithley electronics (typically a 2182A 

nanovoltmeter and 6221 AC and DC current source) and a custom made switch board 

from Wimbush Science and Technology. The communication between electronics and 

the chamber is established using a custom designed LabVIEW program. 

The sample was connected to the sample holder using a double sided tape. In 

order to establish a good thermal conductivity, the sample is in direct contact with He 

gas flow. We used highly insulating substrates, i.e., MgF2, to avoid electrical shorts 

between the device and the system. Indium solder was used to connect the wires to the 

chip (sample holder). Sometimes the device was broken due to the heat induced by the 

soldering iron, especially on the sample side. Therefore, we have taken special care to 

not burn the sample, which can be done by using silver paste to mount the wires onto 

the sample (Figure 7 (b)). 

The chip fits onto the horizontal rotator as seen in (Figure 7 (c) and (d)). There 

is a separate thermometer at the bottom side of the chip (not seen). There are 14 
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channels coming out from the probe to access the contacts and the thermometer. The 

probe together with the vertical sample puck allows full circle rotation, either clockwise 

or counterclockwise directions, while the applied magnetic field always stays in the 

plane of the sample. The rotation is externally controlled by a motor through a 

goniometer with better than 1 degree precision. 

Before installing the probe into the chamber, all contacts were checked to make 

sure the devices have proper resistance between all contact pairs. A typical cross 

junction has ~ 500 Ω resistance between any two contacts at room temperature. In AMR 

measurements with the cross samples, only a combination of any two contacts can be 

used. Therefore, in such two probe configuration, there are additional inline 

contributions to the total device resistance, e.g., Au pads, sample wires, probe wires, 

switch board, etc. The switching between the contacts was done using the switch box 

without taking the probe out. 
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Figure 7. Various stages of sample preparation and mounting for transport 

measurements. (a) Patterned cross junction, (b) outer Au contacts with indium soldered 

wires, (c) vertical sample puck, and (d) horizontal sample rotator. The applied magnetic 

field is along the white arrow in (d) so that the field stays in the plane of the sample 

during the rotation. 
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2. Magnetization reversal in Ni/FeF2 cross junctions 

 

In this chapter, we will discuss the general exchange bias properties of our 

model exchange bias system, Ni/FeF2. We combined two magnetoresistance 

measurement techniques to study the magnetization reversal mechanism in a 

lithographically patterned conducting ferromagnetic (Ni) cross, coupled to an insulating 

antiferromagnetic film (FeF2). These two techniques are based on the planar Hall Effect 

(PHE) and anisotropic magnetoresistance (AMR), and together allow us to determine 

the magnetization reversal mechanism in exchange-coupled Ni/FeF2 crosses. We found 

that the PHE, in contrast to AMR, is very sensitive to the direction of rotation of the 

magnetization. We investigated the dependence of the reversal mechanism on the 

direction of the unidirectional anisotropy axis with respect to the applied magnetic field. 

Small deviations around the crystallographic easy axis revealed the presence of a tight 

angular distribution of anisotropy axes. These axes are slightly tilted in opposite 

directions around the average easy axis and determine the magnetization reversal 

mechanism. This is confirmed with simulations using the incomplete domain wall 

model [60, 61]. We show how to use PHE measurements as a precise tool to probe the 

angular distribution of the unidirectional anisotropy axes and the magnetization rotation 

direction (chirality). Furthermore, we studied the rotational dependence of the 

magnetization of Ni/FeF2 crosses. Clockwise (CW) and counterclockwise (CCW) 

rotations of the sample revealed a hysteretic magnetization switching around the most 
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unfavorable orientation: along the easy axis but opposite to the unidirectional 

anisotropy easy axis. A competition between the applied magnetic field and the 

unidirectional anisotropy determines the width of the angular hysteresis. We simulated 

the angular dependences of the PHE and AMR measurements using the same model and 

parameters as for the hysteresis loops. The experimental and simulated data are in 

excellent agreement for all geometries and magnetic field values. 

 Introduction 2.1.

 

Exchange bias is a result of the unidirectional magnetic anisotropy which is 

caused by interfacial exchange coupling, typically between a FM and an AFM layer [3]. 

There are several characteristic features associated with exchange bias, among which 

the best known are the shift of the center of magnetic hysteresis loop and the 

accompanying enhancement of magnetic coercivity [2]. These features can be 

determined either by direct measurement of magnetization or indirectly from 

magnetotransport measurements, e.g., from the AMR or the PHE. The measurements 

from SQUID or VSM techniques include the magnetic contribution of the substrate and 

the sample holder. Moreover, it is always a challenge to investigate the magnetization 

reversal process in nanomagnetic systems, such as wires and junctions, because the 

magnetic signal from such structures is relatively weak. Most conventional microscopy 

techniques are resolution limited. To solve this problems, magnetotransport 

measurements have commonly been used to characterize the magnetic properties in 
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various magnetic nanostructures [62-64], thin films [55, 65, 66], nanodots [67], 

nanowires [65, 68-71], nanopillars[72], nanoconstrictions[73], nanohole arrays[74], and 

other such systems. 

As compared with AMR, the PHE signal is more sensitive to changes in the 

local spin configuration and has much lower background voltage. Because of this, the 

PHE is mostly preferred in applications in sensor technologies, such as magnetic 

nanobead detection [75] and biosensors[76, 77]. It has been shown that using the PHE, 

a low field magnetic field sensor with a minimum detectable field that is less than 10 nT 

and four orders of magnitude less thermal noise than in AMR is possible [78]. Other 

advantages of the PHE geometry are the ability to sense the magnetization rotation 

direction as shown in exchange biased (Ga,Mn) As / MnO heterostructures [79] and the 

ability to determine the vortex chirality in a magnetic nanodot [80]. The PHE has been 

also used in the investigation of the reversal mechanism in magnetic nanowires [81-84], 

exchange coupled thin films [79, 85] and submicrometric wires [86]. However, AMR 

geometry has been more commonly used due to the specific geometry and fabrication 

requirements of the PHE measurements. 

We employ the PHE as a very sensitive technique to investigate the 

magnetization reversal in our prototypical exchange bias system, Ni/FeF2. In general, 

TM / FeF2 (TM refers to transition metals such as Ni, Fe, Co) systems are of particular 

interest due to the presence of features such as positive exchange bias [27], 

magnetization reversal asymmetry [44, 50, 87, 88], and anomalous temperature 

dependence [28]. These systems have been suggested for use in multi-digit storage 
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technologies because of the coexistence of positive and negative exchange bias [89]. 

Therefore, there is a significant interest in understanding the details of the 

magnetization reversal mechanism in such systems. It is possible to study the reversal of 

magnetic moments using the transverse magneto-optical Kerr effect [87] and vector 

vibrating sample magnetometry [90]. However, for small feature sizes these techniques 

require arrays of elements, while PHE can probe individual nanostructures. 

Furthermore, PHE has a unique advantage compared to more sophisticated 

experimental techniques like polarized neutron reflectivity [44] and standard AMR 

geometry [50] that were found to be insensitive to the direction of transverse magnetic 

moments. The disadvantage of the PHE technique is that a more complicated 

lithographical process is required for fabricating PHE devices. 

In this chapter, we present the PHE and AMR techniques used to determine the 

magnetization reversal mechanism in exchange-coupled Ni/FeF2 crosses. We found that 

there is a narrow distribution of unidirectional anisotropy axes, which corresponds to a 

distribution of pinned magnetic moment directions around the average crystallographic 

easy axis. Small angle variations around these axes change the magnetization rotation 

direction and produce opposing PHE signals. The rotational dependence of the 

magnetization of Ni/FeF2 crosses was studied at higher angles by CW and CCW 

rotations. An angular hysteretic behavior found depending on the strength of the applied 

magnetic field. The magnetic field and angular dependences of the PHE and AMR 

measurements were simulated for this patterned structure. Experimental and simulated 

data are in excellent agreement for all geometries and magnetic field values. 
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 Sample fabrication 2.2.

 

The Ni/FeF2 heterostructures were obtained after several film growth and 

lithography steps. Antiferromagnetic FeF2 was grown on a 5 mm x 10 mm (110) MgF2 

substrate by using an electron beam evaporator. Before deposition, a base pressure of 

1x10
-7

 Torr was achieved by pumping a turbo pump for at least 6 hours and using a 

liquid nitrogen cold trap. Next, the heater was set to 500 
°
C for an hour. This removed 

any residue (degassing) from the holder and substrates. The temperature was reduced to 

the FeF2 deposition temperature (300 
°
C) and kept for 30 minutes before the deposition. 

100 nm of FeF2 and 10 nm of Ni were deposited with a rate of 1 Å/s at 300 
°
C and 150 

°
C, respectively. During the deposition, special care was given to keep the maximum 

pressure of the chamber below 6x10
-7

 Torr. Under these conditions, FeF2 and Ni are 

grown epitaxially and into a textured polycrystalline film, respectively. 

The cross junction was fabricated by a combination of standard 

photolithography and etching techniques (Figure 8). A second photolithography step 

and a deposition step were required to obtain the top Ti (10 nm)/Au (90 nm) contacts 

for the transport measurements. In this step, a 10 nm layer of Ti was deposited to obtain 

an adhesive layer for the Au. The top contacts were deposited in a sputtering chamber 

with 2 x 10
-7

 Torr base pressure. The argon gas flow was set to 4 mTorr during the 

entire deposition process. 3 minutes of argon ion milling was performed in-situ by 

applying a 50 watt RF bias to the sample holder right before the Ti deposition. This 
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milling removed the photoresist residue. The details of lithography steps were given in 

chapter 1. 

 

 

Figure 8. A microscope image of a cross junction used in AMR and PHE 

measurements. The black background is FeF2 and silver cross is Ni. Ni/FeF2 bilayer was 

deposited in an electron beam evaporator and the cross was shaped by photolithography 

and etching processes. The photoresist was used as a mask during etching. 

 Magnetic characterization of Ni/ FeF2 bilayers 2.3.

 

In order to check the magnetic and exchange bias properties of the sample 

obtained from magnetotransport measurements, a ~ 5 mm x 5 mm ‘sister sample’ was 

grown at the same time. This was kept as a reference sample without doing any further 

lithography processes. Figure 9 (a) and (b) show VSM measurements of a FeF2 (100 

nm) / Ni (10 nm) bilayer at 300 K and 5 K, respectively. The hysteresis loop at 300 K 

shows a square shape with a remnant ratio of Mr / Ms = ~ 1 and coercive field of 30 Oe 
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(here, Mr and Ms refer to remnant and saturation magnetization, respectively). The 

measurement at 5 K was recorded after 50 Oe field cooling. It shows a reversible 

magnetization rotation and there is no loop opening within our experimental uncertainty 

(Figure 9 (b)). The magnetic field was swept from the positive to negative saturation 

with a speed of 20 Oe/s. The diamagnetic contribution from the substrate was corrected 

by subtracting a negative linear slope -1. The exchange bias field is ~ - 1.6 kOe. The 

lack of a coercive field and a clear large loop shift shows that our archetypical exchange 

bias samples represent an ideal system to study exchange bias and related properties. 

The asymmetry in the magnetic reversal at 5 K will be discussed later on this chapter. 

We simulated the VSM data with the incomplete domain wall model (introduced 

in chapter 1) at 5 K where the magnetization rotation mechanism is reversible. 

Simulated M(H) curves are shown in Figure 10, compared with experimental data taken 

at 5 K. The parameters used in the model were: 83.1 10AFA    erg/cm, 

81.35 10AFK    erg/cm
3
 [18, 91], 0.92AF FMJ    erg/cm

2
, 5.6FMJ   erg/cm

2
 as 

obtained from the fit of the M(H) curve. 35 10FMK    erg/cm
3
 was obtained from hard 

axis hysteresis loop and mi was calculated from the Ni magnetization 484NiM   

emu/cm
3
 using i Ni FMm M t  . 
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Figure 9. Hysteresis loops for a FeF2 (70 nm) / Ni (10 nm) bilayer at 300 K (a) and 5 K 

after 50 Oe field cooling (b). 

 

The thickness of each FM sublayer FMt  was taken as 1 nm. The simulation 

followed the shape of the hysteresis loops very well showing both a fast decay in the 

magnetization approaching the exchange bias field and a slow saturation at negative 

fields. The model predicts a reversible magnetization reversal mechanism, which was 

confirmed by VSM measurement. The exchange bias value is in good agreement. We 

used the same parameters to explain the PHE and AMR measurements of the cross 

junction. 
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 Initial magnetic characterization and magnetoresistance measurements 2.4.

 

In our prototypical exchange bias system (Ni/FeF2), FeF2 is an insulating 

material and therefore the magnetoresistance measurements probe only the 

ferromagnetic Ni layer. 

 

Figure 10. Comparison of the simulated data and the VSM data at 5 K after 50 Oe field 

cooling. The solid blue line is calculated from the model introduced in chapter 1, using 

the parameters given earlier in this chapter. The open red circles are the VSM data. 

 

Hence, the contribution of the AFM bulk is excluded. Measurements above the 

Neel temperature of FeF2 enable us to study the reversal of Ni in the absence of the 

exchange coupling. Conversely, measurements below this temperature enable us to 

study the presence of exchange coupling. We chose Ni as a high anisotropy 
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ferromagnetic material and a thickness of 10 nm to minimize the effect of the spin 

configuration in out-of-plane direction (see chapter 4 for the effect of FM layer). 

However, the asymmetry in the reversal process indicates the presence of in-depth FM 

domain walls [44, 45]. This implies that the magnetoresistance measurements in our 

FeF2 / Ni heterojunctions can be used to probe the FM layer, although these 

measurements are strongly governed by the interfacial properties. 

Figure 11 shows a photograph of one of the measured samples with soldered 

conducting wires. There are two identical but independent devices (grown and patterned 

at the same time) on the same sample. The numbers on the contacts represent the 

channel numbers for the transport probe. Up to eight contacts can be connected 

simultaneously to the sample, but only two to four of those contacts were used for any 

given measurement. We can switch between different contacts by selecting the 

corresponding channel on the switch board (see chapter 1 for more details). A typical 

sample showed ~ 500 Ω resistance between any two contacts at room temperature. 

During the PHE measurements, typically 1 mA current was passed from contact 5 to 7 

or 3 to 9. The voltage values were recorded automatically between contacts 3 and 9 or 5 

and 7. Hence, the electrical potential difference between transverse contacts was 

dominated by the PHE at the junction, which is given in equation(1.15). 
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Figure 11. A photograph of a measured sample. Two independent devices are shown as 

device 1 (top) and device 2 (bottom). The numbers correspond the channel numbers on 

the transport probe. The applied magnetic field is along the long axis of the sample 

which is also the AFM easy axis as indicated with a red arrow. The conducting wires 

are soldered to Au pads with Indium (includes 10 % of silver). 

 

Figure 12 (a) and (b) show magnetoresistance measurements at room 

temperature for current parallel and perpendicular to the applied field, respectively. 

Before starting the measurements, a + 1 kOe field was applied along the axis of the wire 

and parallel to the film plane. This was determined to be sufficiently large to saturate 

the magnetization in the positive direction. The field was swept from positive to 

negative saturation at a speed of 10 Oe/s and then back to positive saturation at the same 

speed. 
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Figure 12. Initial characterization of the sample. (a) and (b) are the magnetic field 

dependence of the sample at room temperature for current parallel and perpendicular to 

the applied field, respectively. (c) is a typical temperature dependence and (d) shows the 

angular dependence of the AMR configuration with 1 kOe applied field. 

 

During the field sweeps, the behavior of the resistance was reversible and 

reproducible until the sweep passed the resistance minimum (or maximum, for the case 

of current perpendicular to field), which occurred at approximately ± 40 Oe. Once this 

field was passed the behavior becomes hysteretic. Since hysteresis is associated with the 

presence of domain walls, this indicates that domain walls first formed in the sample at 

± 40 Oe. This field also corresponds to the coercive field of the device. 



39 

 

 

The VSM measurement of the “sister” sample introduced in chapter 2.3 shows 

very sharp switching with a ~ 30 Oe coercive field (see Figure 9). The difference 

between the VSM and AMR measurements could be associated with patterning (the 

shape of the cross). At the intersection of the arms of the cross, the shape anisotropy 

from each arm will be in competition and induce a new total magnetic anisotropy, 

which requires a higher coercive field compared to the film. This is further supported by 

the shape of the AMR curves which show a slow approach to the minimum (or 

maximum) and sharp switching afterwards, suggesting the magnetization reversal 

occurs by a combination of rotation and domain wall motion related mechanisms 

induced by the cross shape. 

The AMR signal was recorded during 50 Oe field cooling (Figure 12 (c)). This 

temperature dependence is typical for a metal and there is no anomalous feature across 

the Neel temperature of FeF2. To find the exact easy axis of the device, prior to field 

cooling, the sample was rotated in a 1 kOe applied field and AMR signal was recorded 

(Figure 12 (d)). The angular dependence shows a 4-fold symmetry, which is expected 

since the applied field is high enough to keep the magnetization direction along the field 

axis. Therefore, the angle between the current and the magnetization direction changes 

as the sample is rotated. The easy axis was found to be at 107° with respect to the 

measurement zero. This initial angular test at room temperature allows us to determine 

the easy axis of the device and perform the field cooling at a precisely known angle, 

which is necessary to determine the dependence of exchange bias on cooling angles. 
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Before field cooling, a 1 kOe magnetic field was applied to saturate the cross 

junction along the FM easy axis of the sample, which coincides with the wire and AFM 

easy axes. The field was reduced to 50 Oe (the cooling field) and kept at this value 

during cooling to 5 K with a typical rate of 4 K/minute. The first measurement was 

started after 2 hours to obtain ~ 1 mK thermal stability. 

 Direction of magnetization rotation sense 2.5.

 

Figure 13 shows the PHE measurement of the cross junction after it is field 

cooled to 5 K. These PHE measurements represent the zero degree case (respect to the 

easy axis) since they were obtained right after cooling without any rotation. The 

measurement started with the field at positive saturation (10 kOe). The field was swept 

with a 20 Oe/s speed first towards the negative saturation (red, downward) and then 

back to the positive saturation (black, upward) to complete the cycle. The junction 

shows a -1.64 kOe exchange bias field, in good agreement with the VSM data from the 

‘sister sample’ (see Figure 10). Running this cycle more than 5 times gave very similar 

curves with only a few minor changes in the noise level. The details of the PHE signal 

and its interpretations were given in chapter 1. Significant difference between upward 

and downward sweeps is remarkable. Here, we will discuss the main features of the data 

obtained from the PHE measurements in comparison to AMR (Figure 14). AMR 

measurements were done just after the PHE by changing the contact leads without other 

changes in the sample or magnetic field orientation. 
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Figure 13. PHE measurement at 5 K after 50 Oe field cooling. The inset is an enlarged 

view around the switching fields. The black and red symbols correspond to upward and 

downward sweeps, respectively. 

 

Both upward and downward AMR curves for zero degrees respect to the easy 

axis are included in Figure 14 (a). The resistance changes by ~ 1.2 % with respect to the 

saturation value. The remnant resistance at zero field is about the same as the resistance 

at the positive saturation, which indicates that a strong coupling has been established at 

the interface. The asymmetric reversal is clearly seen from the relatively sharp decrease 

on the right hand branch while slow approach to the saturation on the left. The general 

shapes of the curves, which are determined by the change in the magnetization direction 
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respect to the current, are in a very good agreement with VSM measurements (see 

Figure 10). There is virtually no coercivity between upward and downward sweeps. 

This indicates the magnetization reversal occurs via rotation of magnetic moments. The 

small angle variations ( ± 4°) around the easy axis appear as small changes only on the 

high field side of the loops, i.e. as a slower approach to negative saturation (Figure 14 

(a)). This can be explained considering the required applied field varies to achieve the 

negative saturation depending on the angle between the applied field and the easy axis. 

On the other hand, in the case of 0°, the presence and absence of the significant 

difference between upward and downward sweeps in PHE and AMR measurements, 

respectively, can only be explained by a change in the magnetization rotation direction 

(see chapter 1 for more details about the sensitivity to the direction of rotation for each 

technique). The signal shape of the PHE measurements (Figure 13) proves that the 

magnetization reversal occurs in a full circle rotation. However, the magnetization is 

expected to have an equal probability of rotating CW or CCW directions if neither one 

is energetically favorable. Repeating the same measurement several times results in 

similar data. Moreover, there is a large difference in the intensities (the relative change 

in the resistance values) between the 0° and ± 4° in the PHE measurements (see Figure 

14). This indicates that there should be an additional mechanism to reduce only the PHE 

signal at 0°. The origin of the change in the magnetization rotation directions (chirality) 

between upward and downward sweeps and the intensity decrease at 0° needs to be 

further considered. 
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Figure 14. Comparison of AMR and PHE measurements for the small angle variations 

(±4°) around the easy axis (0°). Both upward and downward sweeps are included for 

each angle. The PHE curves clearly show the differences in rotation directions. 

 

To explain these measurements we assume the presence of two different 

directions of pinned moments, which are slightly tilted from the average 
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crystallographic easy axis in opposite direction as seen in Figure 15. Directions of 

pinned moments are indicated using the blue and red arrows with easy axis 1 and 2 

labels (EA1 and EA2, Figure 15 (b)). The average crystallographic easy axis is shown 

with the green arrow and labeled as unidirectional anisotropy axis (UA). The direction 

of the external magnetic field is fixed (the black arrow). This assumption does not 

exclude the presence of moments, which are at zero degrees or other possible directions, 

but it is used to simplify the problem. We further assume that the average distribution of 

the moments that are aligned in the EA1 direction is higher than in EA2. If the magnetic 

field is applied at a small angle (±4°, Figure 15 (a) and (c)), the magnetic moments in 

each easy axis are forced to follow the same rotation direction (CW or CCW; depending 

on the angle of the applied field). When the field is reversed, the magnetic moments in 

both axes rotate back following the opposite rotation direction. This is due to the strong 

unidirectional anisotropy that forces the moments to be aligned only in one direction. 

Therefore, a semicircular rotation of magnetic moments occurs during a full magnetic 

field cycle. 

When the magnetic field is applied at zero degrees, the moments in two easy 

axes are forced to rotate in opposite directions (CW or CCW) as seen in Figure 15 (b). 

In this case, the projection of the applied field simply determines the preferred rotation 

direction. Similarly, when the applied field is reversed, moments in the both easy axes 

return to the initial positions by rotating in the same direction as they did previously. 

Therefore, the moments in each of the easy axes complete a full circle rotation. The 
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average PHE signal that we measure in our experiments arises from the sum of these 

two individual rotations. 

 

Figure 15. Schematic of the rotation directions for pinned moments. It is shown for two 

easy axis directions as indicated with the blue (EA1) and the red (EA2) arrows. These 

two directions are slightly tilted from the crystallographic easy axis (the green arrow 

(UA); unidirectional anisotropy axis). Magnetic field direction is fixed (along the black 

arrow). The dashed black arcs show the preferred rotation direction of the magnetic 

moments between two saturations. The small angle variations between the applied field 

and the crystallographic easy axis is shown for - 4° (a), 0° (b), and + 4° (c). 

 

This intuitive picture can be used to explain all of the features that we see in the 

experimental data (Figure 14). (i) There should be no difference of the PHE signal 

between the upward and downward sweeps if the sample is tilted from the applied field 
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axis. This is due to half a circle rotation of the magnetic moments which is energetically 

favorable. (ii) Positive tilt angles (+ 4°) produce an opposite phase signal compared to 

the negative tilt angles (- 4°) because of the change in the direction of rotation. (iii) 

When the applied field is at zero degrees, the two networks simultaneously rotate in 

opposite directions and the measured signal intensity is much lower due to the sum of 

two opposite signals. In other words, the scattering from moments rotating in two 

opposite directions partially cancels and only the remaining signal is measured. (iv) 

When the applied field is at 0°, there is a phase difference between the upward and 

downward sweeps since the majority of magnetic moments rotate in a full circle 

between the two saturations, but in opposing directions. 

It is worth noting that there is no need to introduce two different easy axes of the 

pinned magnetic moments to explain the behavior for nonzero angles (± 4°). However, 

the zero degrees behavior cannot be explained without assuming the presence of the two 

easy axes. To check this assumption, we simulated the PHE curves (Figure 16) with 

using the same model and parameters as in the section 2.3. 

We included the two easy axis directions for the FM moments which are tilted 

±4° from the unidirectional anisotropy axis direction (this is also our reference direction 

at zero degrees). The simulated curves for ±4° were obtained by changing the applied 

magnetic field directions to ±5°. The contribution from the pinned moment network in 

each tilted direction was assumed to be 50 %. The simulation represents all main 

features and shows excellent agreement with the data for ±4°. Simulation for zero 
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degrees successfully reproduces the decrease of the signal intensity. However, it shows 

curves with slight differences between upward and downward sweeps.  

 

Figure 16. Simulation of PHE measurements for the small angle variations (±4°) around 

the easy axis (0°). The resistance values are normalized to the maximum resistance 

value. Both upward and downward sweeps are included for each angle. The PHE curves 

for ±4° clearly show the differences in rotation directions. The simulation is in a good 

agreement with the data (Figure 14(b)), including the significant decrease in the 

resistance amplitude for 0°. 

 

In order to catch irreversibility, we changed the initial angular directions (β1 and 

β2) and the contribution ratio of each pinned moments (fraction) as seen in Figure 17. 

Here β1 and β2 represent the angles between the unidirectional anisotropy axis and the 
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two different easy axis directions of the pinned moments. The fraction is the 

contribution of the negative tilted moments to the PHE signal. If the contribution from 

one of the direction is increased (as in Figure 17(d)), we always obtained a reversible 

behavior (both upward and downward branches are the same). In this case, for example, 

both branches are similar to the up branch in Figure 13. The irreversibility appears 

when β1 and β2 are very similar but with opposite sign (as in Figure 17(a), (b), and (c)). 

Further varying the fraction (the relative contribution of each pinned moment direction) 

only appears to be a change in the average rotation direction of the moments (PHE 

sign). 

We can conclude that the simulations using the incomplete domain wall model 

successfully reproduce the experimental data, except a very fine details at exact zero 

degrees. The assumption of the presence of an easy axis distribution for the pinned 

magnetic moments, which are slightly tilted from the average unidirectional anisotropy 

axis, is required to obtain the significant decrease in the signal intensity. Furthermore, 

the irreversibility at zero degrees can only be explained with this assumption. These 

measurements and simulations revealed that the magnetization rotation direction and the 

distribution of the easy axis can be probed by PHE technique. These details are not 

present in AMR measurements. 
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Figure 17. Simulations for PHE signals in the case of two slightly tilted magnetic 

moment directions. β1 and β2 represent the angles between the unidirectional anisotropy 

axis and the two different easy axis directions of the pinned moments. The fraction is 

the contribution of the negative tilted moments to the PHE. In each case, both upward 

(black) and downward (red) curves are included. 

 Dependence of magnetic field sweeps at higher angles 2.6.

 

In the previous section, small angle deviations reveal the importance of the 

applied field angle with respect to the unidirectional anisotropy axis and the presence of 

more than one magnetic easy axis directions. We further investigated the change in the 

reversal mechanism at higher angles. Figure 18 shows the PHE measurements as a 
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function of magnetic field for some selected angles. Applying the field even two 

degrees away from the easy axis is enough to induce a preferred direction of rotation to 

magnetic moments. Further rotations away from the wire axis do not affect the preferred 

direction of rotation and both upward and downward branches follow the same curves. 

The amount of exchange bias field decreases following to the projection of the applied 

field along the unidirectional anisotropy axis and becomes zero at 90°. This is expected 

since it corresponds to perpendicular direction to the unidirectional anisotropy axis. The 

shape of the PHE curves at 45° is exactly the same as the AMR curves. If the sample is 

rotated in opposite direction (from 0 to - 90°), a symmetric behavior around the y-axis 

was observed (not shown). 

Slight differences between upward and downward sweeps can be seen in the 

intensity of the PHE signals for up to ± 5° (Figure 14 and Figure 18). These slight 

differences disappear above ~ 5° in our samples so at high angles the two branches 

become identical (Figure 18). This implies that the angular distribution range of the 

direction of the pinned magnetic moments is approximately ± 5°. This leads to another 

important conclusion that the PHE signal can be used to probe the angular distributions 

of the pinned magnetic easy axes directions. 
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Figure 18. PHE measurements as a function of magnetic field for high angles. The 

curves are vertically shifted for clarity. These measurements were taken at 5 K after 50 

Oe field cooling. Both upward (blue) and downward (red) sweeps are shown for each 

angle.  

 

The magnetization reversal in a similar exchange bias system (Fe/MnF2) has 

been studied by magneto-optical Kerr effect technique, which can also simultaneously 

probe both the longitudinal and the transverse components of the magnetization [87]. It 

was found that the transverse component of the magnetization changes its sign within a 

few degrees (±3°) around the unidirectional anisotropy axis. This measurement further 

supports our experimental results and interpretations. The transport measurements, 

unlike to magneto-optical Kerr effect, can be done in nanoscale devices - with the price 



52 

 

 

of a device fabrication and can be used to map the whole magnetization reversal 

process. 

 Rotational dependence: competing anisotropies 2.7.

 

The magnetization reversal mechanism of the cross junction was further 

investigated using rotational measurements (Figure 19). These measurements differ 

from the field sweeps. In this method, instead of sweeping the magnetic field between 

the two saturations, the sample was rotated in a fixed applied magnetic field. The 

magnetic moments do not completely switch, but they rotate around the easy axis and 

allow mapping the angular and magnetic field dependence of the exchange bias 

anisotropy. 

In order to perform an accurate angular study, the sample was rotated towards an 

index point in the CCW direction. This index point was used to calibrate the goniometer 

prior to measurements and it is located at negative ten degrees of the goniometer. This 

calibration was repeated after every complete cycle. A complete cycle of the 

measurement was from 0° to 360° in the CW direction and then back from 360° to 0° in 

the CCW direction. The easy axis of the sample, which is also the wire axis, was found 

to be at 107° on the goniometer. The magnetic field was applied along this angle during 

the cooling, establishing a strong unidirectional anisotropy axis. 

In Figure 19, PHE and AMR measurements are compared at selected applied 

fields. The change in the resistance values during a rotation around a fixed magnetic 
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field shows that the direction of the magnetization varies. The magnitude of this 

variation is determined by the competition between the applied field and the effective 

magnetic anisotropy in the sample, which is dominated by the exchange bias anisotropy. 

The jumps in the resistance values and the hysteretic angular behavior around 284° (± 

5°) imply a sudden change in the corresponding magnetization when the projection of 

the magnetic field overcomes the exchange bias field. The rotational dependence for 

different applied fields can be analyzed in three cases. 

(i) For a high enough applied field (in this case > ± 5 kOe), the 

magnetization always remains in the applied field direction during 

rotation (not shown). Therefore, the change of the angle between the 

magnetization and current produces a PHE signal similar to Figure 12 

(d). 

(ii) For a small applied field (< ± 0.3 kOe), the magnetization direction is not 

significantly affected by the applied field. Instead, it remained along its 

own axis because of the effective anisotropies and only negligible 

changes in the resistance were recorded (not shown). 

(iii) When the applied field is in the range of the exchange bias field, the 

direction of the magnetization is determined by the competition between 

the effective anisotropy and the applied field (Figure 19). 
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Figure 19. Rotational dependence of PHE (left) and AMR (right) signals for some 

selected applied fields and for both CW (blue symbols) and CCW (green symbols) 

directions. 
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Figure 20. Simulated rotational dependence of PHE (left) and AMR (right) signals for 

some selected applied fields and for both CW (blue symbols) and CCW (green 

symbols) directions 
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In order to understand the reason for the abrupt changes in the resistance values, 

rotational effects on the magnetization were simulated using the same model. In these 

simulations, we used the same parameters that were presented in section 2.3. To account 

for the experimental uncertainties in the goniometer, we ran the simulations from - 30 to 

370 degrees. The resistance values were normalized, so that the PHE and AMR values 

varied between ± 0.5 and 0 to + 1, respectively. The simulation results are in excellent 

agreement with the experimental data as seen in Figure 20. 17° shift in the angle values 

in the experimental data agrees with the shift found from the calibration of the 

goniometer. 

The simulations show all major experimental features such as abrupt jumps 

around 270° and a coercive behavior between CW and CCW sweeps. The hysteretic 

behavior seems slightly narrower for 1.2 kOe and 1.4 kOe and wider for 2 kOe applied 

fields in the simulations. This can be related to the contribution of the shape anisotropy 

in the actual sample. 

In addition to the PHE and AMR signals, the simulations provide the 

longitudinal and transverse components of the magnetization. Therefore, we can 

calculate the angle (Φ) between the average magnetization and the unidirectional 

anisotropy axis during the rotations. Please notice that we are using an average 

magnetization and Φ to refer its angular position relative to the unidirectional 

anisotropy axis. There is no need to assume more than one pinned magnetization 

direction to simulate the rotational dependencies since the angular distribution is 

averaging out. Figure 21 shows all individual components during the CW rotation for a 
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1.4 kOe applied field. As the sample rotated within the applied field, the AMR signal 

(Figure 21 (b)) is governed by the longitudinal component of the magnetization while 

the PHE signal (Figure 21 (c)) is dominated by the transverse component of the 

magnetization. 

Here, Θ is the angle between the applied magnetic field and the current direction 

(the current is restricted to flow through the unidirectional anisotropy axis, i.e., current 

axis). We define Φ as the angle between the average magnetization and the 

unidirectional anisotropy axis. Since the position of the average magnetization relative 

to the current axis can be either forward or backward, the values for Φ can be positive 

or negative. The positive values correspond to the magnetization vector away from the 

current axis in the CCW direction, while the negative values correspond to those in the 

CW direction. The change of Φ from positive to negative at 270° explains the sign 

change in the PHE signal from positive to negative. Similarly, AMR response appears 

as a narrow peak at the same angle. Therefore, the abrupt change in the PHE and AMR 

signals is due to the change in the magnetization direction with respect to the current 

axis. This is illustrated in Figure 22. 
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Figure 21. Simulation results for the rotation in CW direction in a 1.4 kOe applied field. 

The transverse (red circles) and longitudinal (black squares) components of the 

magnetization (a), AMR (blue triangles, (b)) and PHE (purple inverse triangles, (c)) 

signals, and angular variation of Φ (green diamonds(d)) are shown as a function of Θ. 
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A schematic representation for the change of the angle between the current axis 

and the average magnetization is depicted in Figure 22. This sketch shows only the 

position of the magnetization and the wire axis near the jumps in the rotational curves 

for 1.4 kOe applied field. When the sample reached Θ = 270° (Figure 22 (a)), the vector 

sum of the applied field and the exchange bias field forced the magnetization to 

abruptly rotate around the current axis (Figure 22 (b)). Since the relative orientation 

between the magnetization and the current axis changes, the PHE signal shows an 

abrupt jump in value, from positive to negative (Figure 21 (c)). For CCW rotations, the 

same mechanism happens and causes a jump from negative to positive instead. 

However, this time the jump happens at different angle, since the vector sum requires 

that the current axis pass around 270° in the other direction (Figure 22(d)). Therefore, 

there is a hysteretic behavior between CW and CCW rotations. 

The angle at which the jump happens depends on the strength of the applied 

field, because it is the applied field which horizontally forces the magnetization, causing 

it to switch. The vector sum of the applied field and anisotropy fields determines the 

angle. For a 1.4 kOe applied field, the average magnetization does not switch from one 

direction to the other, since the field is not strong enough. Instead, the magnetization 

changes its direction with respect to the current axis in a manner determined by the 

competition between the applied field and anisotropy fields. 

One apparent different between the sample rotation and the magnetic field 

sweeping is that the former does not probe a whole magnetization reversal. Instead, the 

average magnetization slightly deviates around the current axis and causes changes in 
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the PHE and AMR signals. For higher applied fields, the magnetization is forced to 

follow the external field and we see a 4-fold symmetric angular behavior. These 

measurements probe the average magnetization (spin configuration of the FM layer) 

and confirm the coherent rotations of magnetic moments. The validity of the incomplete 

domain wall model in our samples is also confirmed by this data. 

 

 

Figure 22. Illustration for the magnetization and switching directions around Θ = 270° 

for both CW (top) and CCW (bottom) directions at 1.4 kOe applied field. The direction 

of the applied magnetic field and angles represent the experimental situation. The 

current goes through the wire axis (blue arrow). The magnetization (red arrow) switches 

from (a) to (b) as the sample is rotated in CW direction, while (c) to (d) in CCW 

direction. 
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 Conclusion 2.8.

 

The magnetization reversal mechanism in lithographically patterned exchange 

bias Ni/FeF2 cross junctions was studied by two magnetoresistance measurement 

techniques. We unambiguously showed that PHE measurements can be used to 

distinguish the rotation direction of the magnetization. On the other hand AMR is not 

able to do this. The sensitivity and the ability to distinguish relative magnetization 

orientations of the PHE measurements imply a distribution of unidirectional anisotropy 

axes around the crystallographic easy axis. These unidirectional anisotropy axes 

correspond to a distribution of pinned magnetic moment directions around the 

crystallographic easy axis and determine the direction of the magnetization rotation. 

The rotational dependence of the magnetization of Ni/FeF2 crosses was studied by CW 

and CCW rotations. A competition between the established unidirectional anisotropy 

and the applied field determines the magnetization direction with respect to the current 

axis. Changes in the magnetization direction around the current axis produce abrupt 

changes in the PHE signal. An angular hysteretic behavior was observed when the 

applied field in the range of the exchange bias field. All of the experimental features 

were explained using a simulation, based on incomplete domain walls that are formed in 

the FM layer due to exchange bias. 
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3. Role of the antiferromagnetic bulk 

 

Exchange bias is mainly governed by the FM/AFM interface. However, the 

interfacial properties between two dissimilar magnetic materials is not free from the 

bulk related properties and can be affected by the magnetic configurations throughout 

the bulk. In this chapter, we investigate the AFM bulk and its effect on exchange bias. 

 Introduction 3.1.

 

As of today, the details of the mechanism leading to exchange bias are not fully 

established and contradicting experimental and theoretical studies are reported. One of 

the controversies is whether the AFM bulk needs to be considered in the establishment 

and magnitude of the exchange bias [8, 11]. Extensive and sometimes contradicting 

models consider the interface and AFM bulk with different importance [8, 15, 48, 61, 

92-94]. For example, models that are based on AFM domain walls either perpendicular 

[95] or parallel [48] to the interface are in direct contrast to the domain state model [96, 

97], which considers the entire bulk of the antiferromagnet. A generally accepted 

picture is that the unidirectional anisotropy is due to uncompensated AFM spins, whose 

density governs the bias [4, 98]. 
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Dependence of exchange bias on AFM bulk properties has been experimentally 

investigated in experiments using FM/AFM/FM trilayers [11, 99] or diluted AFM 

materials [12, 97]. However, inserting magnetic or non-magnetic impurity layers at 

different locations away from the interface reveals that the effect can extend only up to 

few nm into the bulk [100]. Furthermore, neutron scattering experiments indicate the 

magnitude of exchange bias is not influenced by the AFM domain size [101], contrary 

to several other observations in which the AFM domain size is important [19, 20]. 

Experiments using either polarized x-ray [46, 102] or neutron scattering [46, 47] 

observe a finite magnetization in the AFM bulk, but the effect on exchange bias remains 

elusive. Although these reports display contributions of the magnetic structure beyond 

the interface, the importance of AFM bulk is still far from being uniquely established 

and accepted [9]. 

Many of the experimental disagreements arise because exchange bias depends 

simultaneously on several extrinsic and intrinsic parameters of the materials and 

measurement conditions. It has been shown that sample specific morphologies, such as 

roughness [17, 18], grain size [19-21], crystallinity [22, 23], interlayer diffusion [24], 

and defects [25, 26] are crucial for the effect. The magnitude and sign of the exchange 

bias further can be altered by different magnetic field history and cooling procedures 

[27, 28]. In consequence, establishing a unifying theory taking into account all of the 

above parameters might be very difficult. Similarly, a clarifying experiment is required 

to simultaneously detect and separate contributions from interface and bulk, which is in 



65 

 

 

general not established. For example, studies as a function of the AFM layer thickness 

[103, 104] or dilution of the antiferromagnet [12] do not relate bulk and interface. 

In this chapter we will present an experiment designed to detect simultaneously 

and separate the contributions from all layers involved in exchange bias. Beyond the 

existing investigations of the AFM bulk contribution, we employ post growth 

modification of the antiferromagnet at controlled depth in fixed magnetic conditions. In 

contrast to previous studies we present an approach which is not influenced by intrinsic 

sample morphologies because the sample, and therefore all structural parameters, and 

the measurement protocol are the exact same. Therefore we avoid comparisons of 

different roughness, grain size, crystallinity, interlayer diffusion, and defects, except of 

those intentionally introduced at pre-determined location within a single sample. 

Furthermore, we avoid altering the magnitude and sign of exchange bias by different 

magnetic field history and cooling procedures. Our observations demonstrate the bulk 

of the antiferromagnet is a crucial ingredient for establishing exchange bias. 

More specifically, we investigate the contribution of AFM bulk by controlled 

defect creation using light-ion bombardment [105]. The impinging ions create defects 

whose location depends on the energy [106]. In order to investigate defects 

preferentially created in the antiferromagnet, the FM layer is located below the AFM 

layer and the bombardment is done from top. The penetration depth of ions, and 

therefore the depth at which defect formation takes place, is controlled by varying Au 

capping layer thicknesses.[107]. Direct comparison of the exchange bias before and 
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after the bombardment as a function of Au thickness enables a separation of the 

magnetic contribution of interfacial and bulk defects. 

 Sample fabrication 3.2.

 

In order to create defects selectively at different part of the exchange bias 

bilayer system, the depth of bombardment ions needs to be controlled. This can be 

appropriately done either by changing the energy of bombardment ions or by keeping 

all bombardment parameters (such as energy and dose) are the same and varying 

thickness of capping layer to stop ions at different depths. The later one was chosen to 

avoid possible bombardment related effects and avoid systematic errors. All samples 

were bombarded at the same time under the same conditions and the only parameter 

which affects the ion penetration depth is the capping layer (Au) thickness on different 

samples. Therefore, the stopping range of the ions is solely determined by the Au layer 

thickness (tAu). 

Several sets of Ni (10 nm)/FeF2 (70 nm) bilayers with constant thickness were 

grown simultaneously by electron-beam evaporation on (0001) Al2O3 substrates. 

Substrates were cleaned with acetone and methanol in ultrasonic cleaner for 15 minutes 

each before loading into the chamber. Substrates were heated to 500 °C for 1 hour prior 

to deposition, and then cooled to Ni growth temperature (~150 °C). The temperature 

was again increased (10 °C/min.) and kept at ~300 °C during FeF2 deposition. The Au 

capping layer was deposited after the temperature reduced below 50 °C. By using a 



67 

 

 

shadow mask with translational movement, the samples were exposed to Au for 

different times, leading to a controlled variation of the Au thickness (Figure 23). The 

base pressure remained below 10
-6

 Torr during the deposition of all layers. The Ni 

thickness of 10 nm was chosen after studying a range of FM thicknesses (within 5 to 35 

nm of Ni in more than 50 samples) in order to obtain a fully biased hysteresis loop. The 

thickness of FeF2 was chosen to 70 nm, which is thicker than the typical AFM domain 

size of FeF2 (~30 nm [101]). 

All samples were investigated using SQUID and VSM magnetometers, as well 

as x-ray diffraction and reflectometry in order to determine the structure. 

 

 

Figure 23. Schematic of the experimental approach: in-situ sample growth of varying 

capping layer thickness and following He-ion bombardment. He-ions penetrate and 

create defects at different depths as the capping layer thickness changes. 
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 Ion bombardment and simulations 3.3.

 

Following the initial structural and magnetic investigation, all samples were 

bombarded with He ions using a fixed 9 kV acceleration voltage in a home built setup 

[108] at a current of 300 nA. The acceleration voltage was chosen based on SRIM 

(Stopping and Range of Ions in Matter) [109] simulations to obtain an  ion penetration 

into the FM layer for thin Au (Figure 24).  

 

Figure 24. SRIM simulation of vacancy creation per Ion and Å as a function of Au 

thickness for 9kV acceleration voltage and 1.0x10
15

 ions/cm
2
 dose. 
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The ion bombardment was carried out at a base pressure of 2.5×10
-6 

Torr at 

room temperature, i.e. well above the Néel temperature of FeF2 (TN = 79 K). A constant 

ion dose across the sample was achieved by defocussing of the beam by an electrostatic 

Einzel-lens and feeding it through an aperture. This leads to a beam spot of 2.5×2.5 

mm², which was scanned over the samples in lines. The centers of adjacent lines were 

displaced by 250 µm. The exposure time of the samples to the ion beam was controlled 

for each line to achieve the desired dose.  

We have designed two different experiments. First, we used a fixed low ion dose 

(1.0x10
15 

ions/cm
2
) to determine the effect of defects on exchange bias and to avoid 

structural changes. This allows us to compare differences in magnetic properties of 

varying Au capping layer thickness. Second, we chose three critical thicknesses (20, 40 

and 60 nm) and varied the ion dose (varied the number of defects). Hence, we 

investigate the individual contributions from different regions; the FM layer, the 

FM/AFM interface, and the AFM layer.  

 Structural analysis 3.4.

 

An exhaustive structural analysis of x-ray diffraction and reflectivity of all 

samples before and after the bombardment has been performed. The high angle 

diffraction reveals highly textured FeF2 with (110) aligned with the direction normal to 

the surface and indicates a predominant orientation of the FeF2 along the (110) (Figure 

25). However, other diffraction lines can also be observed with less intensity. Only FeF2 
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diffraction lines are marked in Figure 25. For all Au thicknesses, both (111) and (200) 

reflections were observed, indicating a polycrystalline growth of Au. Diffraction of 10 

nm Ni is not observed due to overlapping Au and substrate reflections. No change in 

crystalline orientation or diffraction profile of any material within the stack was 

observed after the bombardment. 

 

Figure 25. High angle x-ray diffraction data for four different samples with 0, 30, 20, 

and 120 nm Au thicknesses. FeF2 diffraction lines are marked in the graph. 

 

Figure 26 shows x-ray reflectivity measurement and fit of the sample with 10 

nm Au capping before the bombardment. The fitting was performed using MOTOFIT 

[110], designed to fit slab models to a range of datasets with the same initial parameter 

set. Layer thicknesses (t) and interface roughness (σ) obtained from the fitting are 8.4 

nm and 0.4 nm for Ni, 66 nm and 1.1 nm for FeF2, 10.9 nm and 1.5 nm for Au, 
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respectively. The FM/AFM interface establishing EBH  has the lowest roughness of the 

structure, since the Ni layer is grown directly on the substrate. 

 

 

Figure 26. Example XRR measurement for tAu= 10 nm before the bombardment (red) 

and fit (black). Inset: corresponding scattering length density (SLD) profile. 

 

Similar structural analysis has been performed for all samples after the 

bombardment. Figure 27 shows XRR measurement and fit of another sample with 50 

nm Au capping before and after the bombardment. Layer thicknesses (t) and interface 

roughness (σ) obtained from the fitting are 8.6 nm and 0.4 nm for Ni and 66 nm and 1.2 

nm for FeF2. Typical differences in the reflectivity profiles of as grown and bombarded 
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samples are on the scale shown in the inset of Figure 27. The deviations are well 

accounted for by only minor adjustments of structural parameters by few Å. 

 

 

Figure 27. Example XRR measurement for tAu= 50 nm before and after bombardment 

and fit (lines). Inset: Enlarged view of the differences in the reflectivities due to the 

bombardment. 

 

Results from structural analysis as a function of Au thickness are shown in 

Figure 28 for more samples within the range of up to 150 nm Au. The Ni (FeF2) layer 

thickness shows a ±0.2 nm (±4 nm) variation from sample to sample. The deviation 

from the nominal layer thicknesses amounts less than 10 % for all samples, except of 

the sample with 100 nm Au capping. This can be related to a large uncertainty in the 

fitting for this thickness combination only. XRR fitting results of the samples after 
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bombardment are included in Figure 28. We observe no evidence of structural changes 

in either interface roughness or sample structure due to the bombardment. 

 

 

Figure 28. Layer thickness and roughness parameter obtained from XRR fits. FeF2 and 

Ni parameters are plotted over the fitted Au thickness. Lines are guide to the eye. 

 

 Magnetic characterization 3.5.

 

For the magnetic characterizations the following experimental protocol was 

fixed for all samples for consistency. A +200 mT magnetic field was applied parallel to 

the film plane at 200 K, above the Néel temperature of FeF2. This establishes fully 
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reproducible magnetic initial conditions. The field was decreased to +20 mT, which was 

determined strong enough to keep the Ni saturated during cooling to measurement 

temperature. On the other hand, the cooling field was chosen low enough in order not to 

induce positive exchange bias, which arises at higher cooling fields [27, 111]. 

Hysteresis loops were recorded scanning the magnetic field starting from positive to 

negative saturation direction. The data has been corrected for a linear diamagnetic slope 

from the substrate. Exchange bias is determined for each sample individually by the 

offset of the loop center along the applied field axis. 

Figure 29 shows two different samples with 0 and 60 nm of Au capping layers. 

In both curves, the measurements before and after the bombardment were included. The 

left curves belongs 7 by 10 mm sample size and were obtained from SQUID 

magnetometry at 10 K, whereas the right curves belongs to 3 by 4 mm sample size and 

were obtained from VSM measurements at 20 K. Both samples were bombarded at the 

same time with the same parameters (9 kV, 1.0x10
15

 ions/cm
2
). In both cases, exchange 

bias was decreased by about 18 %. This indicates that the change in the exchange bias is 

about the same no matter if the ions create damages at the interface or not. 

The magnetization value for SQUID sample is higher since the measured sample 

size is bigger. It is worth to mention that the exchange bias values show no significant 

changes below 40 K (see Figure 36); therefore comparison of EBH  between 10 K and 

20 K is reasonable and excludes thermal effects. We do not observe a training effect for 

any of the samples measured with above described protocol. 
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Figure 29. Comparison of hysteresis loops before and after the ion bombardment for 0 

and 60 nm of Au samples, measured in two different systems (SQUID and VSM). 

 

Figure 30 shows examples of magnetic hysteresis loops at 10 K of the sample 

with 30 nm Au capping layer before and after the ion bombardment. The curves are 

normalized to the maximum saturation value. A shift of v

EBH = 66.5 mT was recorded 

before the bombardment, which decreased to b

EBH = 40.9 mT after the bombardment. 

This corresponds to a decrease of v v b v/ ( ) /EB EB EB EB EBH H H H H   = 38 % for this 

sample. v

EBH and b

EBH  refer to exchange bias fields for the virgin and bombarded 

sample, respectively. 

Magnetization values for all samples are consistent within 2 % for the samples 

grown in the same deposition. Although samples were grown simultaneously, 

differences in the Ni volume (due to slight variation in the deposition rate at different 

positions on the holder) or different domain formation in the AFM layer can arise and 

explain the variation. The contribution of magnetic moments from free Fe or some other 
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possible intrinsic contributions from AFM layer can also differ from sample to sample. 

To exclude these kinds of inevitable variations between samples, we compare only 

identical sample before and after the bombardment and normalize the change in EBH  

due to bombardment to the value before the bombardment.  

 

Figure 30. Example of a SQUID measurements for as-grown (black squares) and 

bombarded (red circles) sample with tAu = 30 nm. Both curves are obtained at 10 K after 

20 mT field cooling from 200 K. The He-ion bombardment decreases the loop shift by 

~38 %. The magnetization values are normalized to saturation. 

 Au thickness (depth) dependence 3.6.

 

The relative change v/EB EBH H   as a function of Au thickness is summarized in 

Figure 31. This plot includes 18 samples deposited in 3 different sets. Each set 

comprises thick and thin Au layers. Two sets were measured with VSM (black squares 

and red circles) at 20 K and one set was measured in a SQUID magnetometer (blue 
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triangles) at 10 K. Experimental errors of ~10 % were estimated based on sample 

mounting and diamagnetic background corrections. The vertical lines mark the regions 

affected by ion bombardment extracted from Figure 24 (see also Figure 32). Without 

capping layer, the initial decrease of amounts to ~20 %. With increasing Au thickness, 

the change shows a peak of 35 % at tAu= 20 – 30 nm. Beyond tAu = 40 nm, a plateau at 

~20 % is observed over 40 nm. Above tAu = 80 nm the change gradually vanishes. 

 

Figure 31. Relative change of exchange bias field as a function of the Au thickness for 

three sets of samples. Set one and two were measured with VSM at 20 K (black squares 

and red circles, respectively). The third set (blue triangles) was measured with SQUID 

magnetometer at 10 K. The line is a guide to the eye. Vertical lines obtained from 

Figure 24 indicate separation of affected regions due to bombardment. 
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In order to explain this data, the number of vacancies obtained from SRIM 

simulations (Figure 24) were separately integrated over the interface and FeF2 thickness 

and plotted in Figure 32. There is no penetration into the AFM layer above 80 nm (± 10 

nm) Au. The FM/AFM interface is only affected up to 40 nm (± 5 nm) Au. Therefore, 

the observation of a finite change in v/EB EBH H  well above tAu = 40 nm shows that the 

bulk of the AFM layer must have an influence on exchange bias. 

 

Figure 32. Number of vacancies from Figure 24 integrated over the interface (black 

squares) and FeF2 thickness (red triangles). Above 80 nm (± 10 nm) Au no penetration 

of ions into AFM layer takes place. The FM/AFM interface is only affected up to 40 nm 

(± 5 nm) Au. 

 

According to the SRIM simulations, no defects are created at or near the 

FM/AFM interface above this critical thickness (green line in Figure 31). Only the 
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defect creation in the bulk extends to tAu = 80 nm, which agrees with the observed 

plateau of v/EB EBH H . Above tAu = 80 nm (yellow line in Figure 31), ions do not 

penetrate through the Au and therefore no defects are created in FeF2 and the change in 

exchange bias vanishes as expected. The observation of the AFM bulk affecting EBH  is 

independent of the detailed mechanism leading to the change in EBH . 

 Dose dependence 3.7.

 

In order to investigate the dependence of number of defects at different depths, 

we employed He-ion bombardment with different doses. We kept the same energy 

(9kV) and only varied the bombardment dose for three chosen capping layer thicknesses 

(20, 40, and 60 nm of Au). According to SRIM simulations, the bombarding ions can 

penetrate all the way into the FM layer for 20 nm of Au (Figure 24). However, there is 

no penetration into the FM layer for 40 and 60 nm of Au. The entire AFM layer and 

some slight effects at the interface can be expected for 40 nm Au. The interface will not 

be affected due to the bombardment for 60 nm of Au sample. 

Figure 33 shows the total number of vacancies only in the entire AFM layer 

(top) and only in the FM/AFM interface (bottom) as a function of Au thickness (left) 

and as a function of bombardment dose (right). In both the interface and the AFM bulk, 

the number of vacancies increases with decreasing the thickness of gold and with 

increasing the bombardment dose, as expected. 
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Figure 33. Integrated vacancies as a function of Au thickness (left) and bombardment 

dose (right). The values are obtained from Figure 24 and multiplied for different doses. 

The integration is calculated considering only FeF2 (top) and only Ni/FeF2 interface 

(bottom). 

 

Since the bombardment dose was varied by two orders of magnitude, some 

structural changes might be expected. The room temperature hysteresis loops can be 

compared to each other to understand whether the FM layer is affected by the 

bombardment or not. The effect of exchange bias can be excluded at room temperature 

since FeF2 is in the paramagnetic state above 80 K. 

Figure 34 shows comparison of hysteresis loops at 300 K for three different Au 

thicknesses. These samples were bombarded with the highest dose (1.0x10
15 

 ions/cm
2
) 

of the batch, therefore most likely to be more affected by the bombardment. Samples 

with 20 and 40 nm of Au capping layer clearly show wider hysteresis loops after the 

bombardment. The change in Hc due to bombardment is more significant for 20 nm of 

Au (left). A small change can be seen for 40 nm of Au (middle), whereas the change in 
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the 60 nm Au sample can be negligible (right). The widening of the hysteresis loops for 

20 nm and 40 nm Au samples can be explained by taking into account the defect 

creation in Ni layer. With this high dose, there are possible scenarios: i) the number of 

defects is enough to create pinning sites (domain walls) in the FM and ii) the interface 

mixing is high enough and causes larger roughness for the 10 nm Ni layer. In addition 

these two situations can also simultaneously present. Therefore a higher magnetic field 

is required to switch the magnetization. 

 

Figure 34. Hysteresis loops before and after the bombardment with the highest dose at 

300 K for three gold thicknesses. 

 

Contrary to expectations from simulation (Figure 33), the experimental data 

shows a complete different behavior, especially for doses higher than 1.0x10
15 

 ions/cm
2
 

(Figure 35). In order to analyze Figure 35 in detail, we can separate the results in two 

regions; low and high dose regions. In low dose region (< 10
15

 ions/cm
2
), the change in 

the exchange bias due to the bombardment is higher for thinner Au, as expected from 
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the simulation. In other words, the biggest change up to 30 % occurs in 20 nm Au, 

while the change as high as 20 % and 15 % occurs for 40 nm and 60 nm of Au samples, 

respectively. In high dose region (> 10
15

 ions/cm
2
), the change in the exchange bias is 

decreasing to 10 % for 20 nm Au, while increasing up to 80 % and 65 % for 40 nm and 

60 nm Au samples, respectively. In conclusion, the change in the exchange bias for 

thinner Au is higher at low bombardment dose and lower for high bombardment dose, 

contrary to linear dependence in the simulation (Figure 33). 

 

Figure 35. The change in the exchange bias as a function of bombardment dose for three 

Au thicknesses. The data is obtained from individual hysteresis loops for each sample 

before and after the bombardment upon field cooling to 5K. The error bars are 

statistically obtained from different samples for repeated doses and same thicknesses. 

Notice that the X-axis is on a log scale. 
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The effect on the change of the exchange bias for different capping layer 

thicknesses indicates the presence of more than one mechanism which dominates the 

overall behavior. For example, in the case of thin capping layer (20 nm), the entering 

ions create defects in all three regions; in the AFM bulk, at the FM/AFM interface, and 

in the FM layer. Therefore, the contributions of each individual part may differ and we 

can only measure the average of all. For thicker capping layer (60 nm) the ions can 

create defects only in the part of the AFM layer that is away from the interface. 

 Decoupling of coercive and exchange bias fields 3.8.

 

In order to show typical temperature dependence, exchange bias and coercive 

field values for 40 nm Au extracted from each individual hysteresis loops and plotted in 

Figure 36. There is no exchange bias above 80 K which is established during the field 

cooling across the Neel temperature of FeF2 (~79 K). A rapid increase on exchange bias 

field from the transition to 40 K is observed. The EBH  reaches its maximum value at 

around 40 K and flattens of upon further cooling. The coercive field mostly behaves as 

expected from a FM film except a slight change that can be attributed to the AFM 

transition around 80 K. 
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Figure 36. Temperature dependence of coercive field and exchange bias field for 40 nm 

Au samples. The data taken after the bombardment with 1.5x10
16

 ions/cm
2
 was also 

included for comparison. 

 

The extracted exchange bias and coercive field values for the same 40 nm Au 

sample after the bombardment with 1.5x10
16

 ions/cm
2
 are added into Figure 36. 

Although the exchange bias field is decreased to 80 % with this highest bombardment 

dose (see also Figure 35), the coercive field remains the same after the bombardment. 

Similar behavior is observed for all samples. For 60 nm Au, the change in exchange 

bias field is ~60 % for the same bombardment dose. These findings reveal two 

important conclusions: i) the exchange bias and coercive fields are decoupled and ii) 

exchange bias field can be fully suppressed without affecting the interface. 
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 Discussion 3.9.

 

Since the bombardment took place well above the Néel temperature and 

measurement protocols are kept the same, time and temperature dependent effects [105, 

112] or changes in the frozen-in AFM structure [113] can be neglected. The change in 

the EBH  with Au thickness (Figure 31), in other words the depth dependence of defects, 

is independent of the microscopic or macroscopic sample morphology since only the Au 

layer is used to manipulate the ion penetration depth and therefore the damage profile. 

In addition, we used low dose light-ion bombardment for the depth dependence of 

defects; therefore the damage is low enough not to be detected by XRR and XRD 

(Figure 25 and Figure 27). 

The influence of the AFM bulk on exchange bias is further supported by 

considerations regarding the length scales in the experiment (Figure 31). For Au 

thicknesses less than ~ 30 nm, which include a defect creation at the interface in 

addition to the FeF2 bulk, v/EB EBH H  peaks at 35 %. The width of this interface related 

maximum is 20 nm. The plateau immediately after the peak extends for 50 nm with a 

change of v/EB EBH H  = 20 %. Such a constant exchange bias reduction over almost 

three times the peak width is unlikely even considering an asymmetric damage profile 

of the interface. Consequently, the plateau in v/EB EBH H  is only explained by 

contributions from the bulk of the antiferromagnet. 
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The dose dependence for fixed Au thicknesses reveals the importance of the 

number (or intensity) of defects as well as their locations. Unexpected lower change in 

the EBH  for 20 nm whereas higher change for 40 nm Au by high-dose ion 

bombardment (Figure 35) suggests that possible mechanisms and individual 

contributions of involving parts on exchange bias needs to be separately considered. 

Although an enhancement of EBH  is expected [114], we observe that defect 

creation always decreases the magnitude of EBH . This can be related to a diminished 

AFM order and reduced AFM anisotropy, which can lead to an increased number of 

freely rotatable Fe moments. Those moments do not further contribute to the density of 

pinned uncompensated moments, which further decreases EBH  [46, 98, 101, 102]. In 

addition, this reduces the AFM domain size, which was reported to decrease the 

exchange bias in FexZn1-xF2 [115]. We note that according to the domain state model 

[96, 97] EBH  increases with the number of uncompensated moments, which has been 

experimentally supported by measurements of CoxMg1-xO [96, 97] and FexZn1-xF2 [116, 

117]. This does not contradict our results but highlights that exchange bias crucially 

depends on the type of defect created, i.e. pinned or unpinned uncompensated 

magnetization. The existence of uncompensated magnetization in the AFM bulk [46, 

47] and intrinsic exchange bias, i.e., exchange bias observed in the system without a 

ferromagnet, [118] has been shown previously, but our results unambiguously show 

contributions to the exchange bias. 
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Below tAu = 40 nm, defect creation in the AFM bulk, at the FM/AFM interface 

and in the FM needs to be taken into account simultaneously. Within the FM layer 

defects alter the magnetic domain structure, leading to pinning sites for FM domains 

[119]. Our experiments do not show an enhanced coercivity by bombardment with 

doses lower than 10x10
15

 ions/cm
2
. Above this dose, the coercivity of Ni is enhanced 

for 20 nm and 40 nm Au samples, but not for 60 nm of Au (see Figure 34). This also 

gives further support to the simulation results which show that the FM layer is affected 

up to 40 nm of Au. Such enhanced coercivity upon ion bombardment was observed for 

FeMn/FeNi exchange bias system [120], but not for NiO/FeNi [105] and therefore 

appears to depend on the specific sample morphology. 

It has recently been shown that the lateral and in-depth domain landscape of the 

FM strongly influences the exchange bias [60, 111]. Previous studies on FeF2 show a 

decrease of EBH  with increasing interface roughness [22]. In our study, XRR results 

show that chemical profiles are unaltered by bombardment on sub-nm length scales for 

low doses (Figure 28). In the case of high doses, contrary to expectations, it seems the 

bombardment causes a decrease in the interlayer roughness, which would increase the 

exchange bias field. It is difficult to ascertain the effect of changes in roughness in our 

samples since the structural analysis for high dose bombardment has not completed by 

the time of writing this thesis. Nevertheless, the exchange bias field for samples with 

polycrystalline AFM layers appear to be less sensitive to roughness [21]. 

Magnetic defects near the interface increase the areal density of uncompensated 

moments. This is expected to enhance EBH  [4, 98, 100]. In radiation damage 
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experiments, however, increasing number of defects close to the interface decreases the 

EBH  [114]. Therefore, the balance between enhancement and decrease of EBH  is 

complex and is expected to highly depend on the ratio between defects in the FM, 

interface and AFM bulk. This is experimentally supported in our studies by the dose 

dependency for three Au thicknesses, where radiation damage selectively creates 

defects of different amounts within these regions (Figure 35). 

Below a certain amount of defects (< ~1.0x10
15

 ions/cm
2
), contribution from the 

FM seems not to be significant (Figure 35). This can be due to strong exchange 

interaction within the FM layer. However, even small amount of defects created above 

Neel temperature is enough to alter the magnetic structure in the antiferromagnet since 

the point defects can cause a different domain formation upon cooling. It has been 

shown that the amplitude and direction of the exchange bias field can be controlled with 

applying external magnetic field [114] if the AFM order was established during the 

bombardment. This indicates the importance of the magnetic state of antiferromagnet 

during defect creation, in addition the structural parameters. It can also be attributed to 

the ion induced chemical disordering of antiferromagnets is much easier than the 

ferromagnets. 

Independent of all possible scenarios, the AFM bulk, the individual 

contributions of different components and the amount of defects have to be considered 

to explain all experimental observations. 

Investigation of the change in the coercive field, which is another important 

parameter in an exchange bias system, shows no significant change upon bombardment 
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(Figure 36). The coercive field and its typical enhancement across the transition are 

believed to be intimately related to the microscopic origin of exchange bias [121-123]. 

However, our results demonstrate that there is no direct correlation between EBH  and 

CH  (Figure 36), similar to previous reports [11, 124, 125]. The temperature dependence 

of coercive field before and after the bombardment does not show a difference and 

remains almost the same for all samples above 40 nm Au. Although the sample which is 

bombarded with the highest dose shows 80 % of change in EBH , the temperature 

evolution of coercivity is not affected by the bombardment (Figure 36). This clearly 

proves that the mechanism responsible for coercivity and exchange bias must be 

decoupled and independent. Another important conclusion is that the exchange bias 

field can be fully suppressed without affecting the interface, since the interface and the 

FM layer remains unaltered for thick Au samples. 

 Conclusion 3.10.

 

In summary, we have shown that the AFM bulk has a direct influence on the 

absolute magnitude of exchange bias. The location of defects created by light-ion 

bombardment has been controlled by varying an inert capping layer thickness. A change 

in exchange bias is observed with defects only formed in the FeF2 bulk, at Au 

thicknesses where the interface is unaffected. A maximum change of exchange bias is 

observed if defects are created throughout the bulk of AFM layer and at the FM/AFM 

interface. In a separate experiment, the number of defects created by ion bombardment 
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at certain location was controlled by varying the bombardment dose. With highest dose 

and lower Au thickness, a slight change is observed in CH  which indicates a change in 

the FM (or FM/AFM interface). Above certain amount of defects, this change in the FM 

becomes important and enhances the exchange bias. This can be attributed to a balance 

of several mechanisms. The temperature dependence of CH  before and after the 

bombardment reveals the independent mechanisms responsible for coercivity and 

exchange bias. The importance of AFM bulk on exchange bias is further supported by 

demonstrating the EBH  can be fully suppressed without affecting the interface. 
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4. Role of the ferromagnetic spin structure 

 

In this chapter we present the effect of FM spin structure on exchange bias, 

which has not been thoroughly investigated. Magnetization measurements of AFM/soft-

FM exchange bias bilayers with different FM layer thicknesses reveal a strong deviation 

from the inverse proportionality dependence. Furthermore, it is shown that this 

deviation depends on the strength of the exchange coupling, which varies with 

temperature. The incomplete domain wall model quantitatively explains the 

experimental results and the observed deviation from the inverse proportionality. These 

results reveal the active role of the FM spin structure and imply a new paradigm of the 

exchange bias phenomenon. 

 Introduction 4.1.

 

Recent observations of different ground states in FM materials such as 

skyrmions not only indicate new possible applications but also demonstrate the 

importance of spin textures within the FM [126, 127]. One of the most fundamental 

interactions which govern such spin formation is the exchange coupling between similar 

or dissimilar atoms. In addition to self-formation, it is possible to engineer controlled 

spin structures by choosing the materials and physical parameters. For example in 
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magnetically hard/soft bilayers, the exchange interaction triggers spring-like 

(incomplete, i.e., non 180°) domain walls in the soft layer [16, 128-130]. 

In the case of exchange bias, an analogue to hard/soft FM bilayers, the FM spin 

configuration perpendicular to the interface can be affected by the exchange coupling. 

However, since the exchange interaction is short ranged, only the spins close to the 

interface are taken into account. Therefore, the effect of the spin configuration along the 

whole thickness of the FM layer has been ignored. All theoretical models to date 

propose the dependence of EBH  with the magnetization ( FMM ) and the thickness of the 

FM layer ( FMt ) as 

 EB

FM FM

H
M t


 . (4.1) 

Here,   refers to the interfacial exchange energy density and includes the 

exchange parameter ( exJ ) and the spins of the interfacial atoms ( FMS  and AFS ) [4, 14, 

15]. From this equation, the exchange bias field is mainly defined by the three 

constituents, i) the spin structure of the AFM layer, ii) the spin configuration at the 

FM/AFM interface, and iii) the thickness and magnetization of the FM layer. The first 

two contributions, the AFM bulk and the FM/AFM interface, set   on equation (4.1). 

Thus, the magnitude of EBH  can be predicted for any given FMM  and FMt . 

Experimental results have confirmed this thickness dependence in different magnetic 

systems [131-133]. However, in these references there is no consideration given to the 

FM spin configuration which can vary along the FM film thickness, particularly in soft 

FM materials. 
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In this chapter we show that the spin configuration along the FM layer thickness 

plays a crucial role to determine the magnitude of the exchange bias field. It has been 

assumed till now that the exchange interfacial energy density   is the only parameter 

which sets EBH  for a given material and thickness. Here we prove the active role of the 

FM spin configuration on the effect. The inverse dependence of EBH  with FMt  is no 

longer valid under certain magnetization reversal mechanisms. Moreover, spin 

configuration of the FM layer does not only break the inverse dependence with the FM 

thickness, but also give rise to an anomalous temperature dependence of EBH . The 

evolution of the FM spin configuration can yield an increase of EBH  as temperature 

raises, contrary to conventional exchange bias systems where higher temperatures 

decrease the exchange coupling and therefore decrease EBH . These facts add an extra 

degree of freedom in the design of exchange bias -based devices and insights on the 

nature of the exchange bias phenomenon. 

 Sample fabrication 4.2.

 

In order to investigate the effect of magnetic structure in FM, the thickness of 

the FM can be varied while keeping the other parameters are the same. FeF2 (70 nm) / 

Py ( FMt ) / Al (4 nm) films were deposited by electron beam evaporation with 1 Å/s 

deposition rate, at a base pressure of 2x10
-7

 Torr. Six FM thicknesses ( FMt = 15, 30, 50, 

70, 100 and 140 nm) were prepared in one deposition using a stepper motor-controlled 
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shutter, in order to avoid run-to-run differences. The MgF2 (110) single crystal 

substrates were heated to 500 ºC for 1 hour before the deposition. Then the temperature 

was reduced to 300 ºC which is also the deposition temperature for FeF2. Under these 

conditions, FeF2 was grown epitaxially. The textured Permalloy (Py), the FM layer, was 

deposited at 150 ºC. To prevent the oxidization, 4 nm of Al capping layer was deposited 

after reducing the temperature below 50 ºC. 

 Magnetic characterization 4.3.

 

All samples were measured using a SQUID magnetometer. Above the Néel 

temperature of FeF2 (TN = 79 K), Py shows a well-defined magnetic easy axis parallel 

to the AFM easy axis of FeF2, which is along [001] direction. The following 

experimental protocol was used for all samples to obtain truly comparable 

measurements. Samples were saturated at 150 K with 1000 Oe external field applied 

along the easy axis. 1000 Oe was chosen to be enough to saturate various thicknesses of 

Py. Then the magnetic field was reduced to the cooling field HFC = 50 Oe and kept 

during cooling to 10 K, the lowest measurement temperature. After measuring a 

magnetic hysteresis loop at 10 K, the sample temperature was raised up to 70 K at  H = 

0 and a second loop was measured at this temperature. 10 K and 70 K were chosen in 

order to compare either a strong or a weak exchange coupling established, respectively. 

Figure 37 shows hysteresis loops at 10 K and 70 K after 50 Oe field cooling for 

three Py thicknesses; 15, 70, and 140 nm. The magnetic field was always swept from 
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positive to negative saturation. The magnetization values were normalized to the 

saturation after a diamagnetic correction by subtracting a linear slope. For all 

thicknesses, the magnetization reversal mechanism is reversible with a slow approach to 

the negative saturation at 10 K, whereas it is irreversible at 70 K featuring square loops 

with a sharp magnetization reversal. Similar magnetic behavior was observed for any 

FMt . These remarkable changes in reversibility with temperature indicate the formation 

of different spin configurations in the FM layer, which is induced by the temperature 

dependent AFM-FM exchange interaction. 

 

Figure 37. Hysteresis loops for FeF2 (70 nm) / Py (15, 70, and 140 nm) films at T = 10 

K (top) and T = 70 K (bottom). Symbols are the experimental data and the lines 

between symbols are guide to the eye. 
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Figure 38. The obtained exchange bias fields as a function of the thickness of FM layers 

at 10 K and 70 K (black circles and green triangles, respectively). Dashed blue lines 

represent the expected behavior from equation (4.1). The solid red line is calculated 

from the model. 

 

Similar hysteresis loops after following exactly the same experimental protocol 

were measured for all six FM thicknesses and the exchange bias fields were obtained. 

Figure 38 shows exchange bias fields as a function of the thickness of FM layer in a 

logarithmic scale for both 10 K and 70 K. In this logarithmic scale the dependence of 

exchange bias field on FM thickness  EB FMH t  given by formula (4.1) appears as a 

straight line with a negative slope -1. Dashed blue lines plot this 1/ FMt  dependence for 

two different   values (  values are changed in order to induce the temperature effect 

since the temperature does not appear in the equation). At 70 K, the obtained 
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 EB FMH t  values follow the blue dashed line, i.e., the well-known 1/ FMt  dependence 

(equation(4.1)). However, it significantly deviates from this law at 10 K for the same 

samples. The experimentally obtained EBH  values gradually diverge from this line as 

FMt  increases, giving a much lower EBH  than predicted by equation (4.1). 

The dashed blue line for 10 K can also cross a different data point. However the 

whole data points never fits on a single linear line. The line is drawn in such a way that 

the lowest Py thickness fits on it. Therefore, increasing the thickness of FM layer yields 

much lower exchange bias field than the expected from formula (4.1). This is a 

reasonable approach since the deviation is more likely in thicker samples and it is 

supported in our model. The deviation found in the data and model is an evident proof 

that the exchange bias field is determined by not only the spin configuration at the 

FM/AFM interface or the FM layer thickness, but also the spin configuration along the 

FM thickness. 

 Temperature dependence 4.4.

 

The influence of FM spin structure does not only appear on the thickness 

dependence of EBH , but also gives rise to an anomalous temperature dependence. 

Figure 39 shows hysteresis loops at different temperatures for the 140FMt  nm sample. 

The sample was cooled to 10 K in 50 Oe cooling field and the first loop was recorded at 

this temperature. The other loops were consecutively measured every 5 or 10 K towards 

the higher temperatures. The plots are divided into two temperature ranges, 10 to 50 K 
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(top) and 55 to 75 K (bottom), in order to highlight the change in the reversal 

mechanism and the evolution of EBH . 

 

Figure 39. Hysteresis loops for tPy = 140 nm sample after 50 Oe field cooling. The 

temperature ranges from 10 K to 50 K (top), 55 K to 75 K (bottom). 
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Between 10 and 50 K, the shape of the hysteresis loops does not change and the 

magnetization reversal mechanism is mainly reversible with a slow approach to the 

negative saturation. Above 55 K, the irreversibility which is associated with loop 

opening and sharp switching appears. Besides this change in the reversal mechanism 

with temperature, the most surprising result is that the loop shift is not decreasing as the 

temperature increases. This anomalous temperature dependence is opposite to expected 

behavior since the exchange coupling weakens at higher temperatures. 

 

Figure 40. Temperature dependence of the exchange bias field for FeF2 (70 nm) / Py 

(140 nm). 

 

In order to study this unexpected behavior in more detail, the absolute values of 

exchange bias field (
EBH ) for 140FMt   nm were extracted from Figure 39 and plotted 

in Figure 40. The 
EBH  gradually increases by 36 %  up to 60 K and then decreases. 
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However, the exchange coupling at the interface and therefore EBH  is expected to 

decrease with increasing temperature as has been observed in many exchange bias 

systems even in bilayers with the same antiferromagnet, FeF2 [11, 43, 134]. Therefore, 

this anomalous behavior indicates the importance of the thermal evolution of the FM 

spin structure. 

 Discussion 4.5.

 

In order to explain these findings, we used the incomplete domain wall model 

which is based on incoherent rotations of FM spins (see Chapter 1.3 for more details). 

The hysteresis loops were simulated for all thicknesses at 10 K where the magnetization 

rotation mechanism is reversible (Figure 41). The parameters used for this simulation 

were: 83.1 10AFA    erg/cm and 81.35 10AFK    erg/cm
3
 [18, 91], 2AF FMJ    

erg/cm
2
 and 18FMJ   erg/cm

2
 as obtained from a fit of all M(H) curves. 34 10FMK    

erg/cm
3
 was obtained from the saturation field along the hard axis of the FM layer, and 

mi was calculated from the Permalloy magnetization 800NiFeM   emu/cm
3
 as 

i NiFe FMm M t  . The thickness of each FM sublayer FMt  was taken as 1 nm. All the 

parameters were kept constant for all the FM thicknesses simulated. Only the number of 

sublayers N was varied to attain FM FMt N t  . 
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Figure 41. Comparison of hysteresis loops for all Py thicknesses at 10 K after 50 Oe 

field cooling. Solid blue lines are calculated from the model using the parameters given 

in the text. Open red triangles are experimental data. 

 

Simulated M(H) curves are shown in Figure 41 together with experimental data 

at 10 K. The simulation follows very well the shape of the hysteresis loops; the fast 

decay of the magnetization approaching the exchange bias field and the slow saturation 

at negative fields. The model predicts a reversible magnetization reversal mechanism 
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even for the thickest sample, 140Pyt   nm, which was confirmed by SQUID 

measurement. The exchange bias values are in a good agreement for all thicknesses. 

The simulated hysteresis loop for 15Pyt   nm is slightly different in positive branch and 

follows much sharper switching than the data. This could be explained considering the 

crystallographic properties of this particular sample, which maybe different than the 

others. 

In Figure 38, the theoretical dependence of  EB FMH t  (solid red line) extracted 

from the simulated  M H  curves is compared with experimental values at 10 K (solid 

black dots). The agreement is excellent, quantitatively obtained the deviation of the 

exchange bias field from the inverse proportionality (dashed blue line). Therefore, we 

can conclude that the in-depth spin configuration induced by exchange interaction on 

the FM is responsible for the deviation in the magnitude of the exchange bias field. 

Although incomplete domain walls were studied in FeF2/Fe thin films [61], no 

deviation from 1/ FMt  was observed. In fact, the exchange bias field was predicted to 

follow the inverse proportionality rule in equation (4.1). In order to observe such a 

deviation, the FM material must be magnetically soft. It is worth to mention that we 

have also investigated Ni/FeF2 bilayer. In this case, the deviation for thick Ni is much 

smaller than for Py. Moreover, the magnetization reversal mechanism for Ni samples is 

irreversible above ~30 nm thickness even at low temperatures (~10 K). This indicates 

the observed deviation is related to the magneto crystalline anisotropy strength of the 
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material. As a result, the effect of the spin structure along the FM thickness on 

exchange bias systems is much more important for the soft magnetic materials. 

The reversal mechanism is different at higher temperatures. The square shape of 

the hysteresis loops at 70 K suggests a nucleation of opposite FM domains with domain 

walls perpendicular to the FM/AFM interface. Reversing the applied magnetic field 

causes a domain wall motion, which is seen as irreversibility, rather than a rotation. 

This domain structure formation in the FM for all thicknesses yields a 1/ FMt  

dependence as shown in Figure 38 at 70 K, and as it was proved in many other systems 

[135]. 

The thermal evolution of the FM spin structure could explain the anomalous 

temperature dependence of EBH  in Figure 40. When the exchange bias field is strong 

enough, i.e. at low temperatures, the magnetization reversal occurs by incoherent 

rotation of the planar FM sublayers, creating a spring-like domain wall parallel to the 

FM/AFM interface. This FM spin configuration yields a much lower magnitude of EBH  

than predicted by equation (4.1), as seen more noticeable in thicker FM samples. 

However, the magnetization reversal at higher temperature is dominated by nucleation 

of inverse domains and domain wall motion. This mechanism follows equation (4.1), 

and leads to a higher magnitude of EBH  with respect to the parallel domain wall 

mechanism. Consequently, EBH  increases with temperature as the FM spin 

configuration evolves between these two mechanisms. It is worth to mention that the 

exchange interaction decreases as temperature increases. Thus, a reduced value of EBH  
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is expected as temperature rises. However, the thermal evolution of the FM spin 

structure can overturn this trend and may cause a higher exchange bias field. 

 Conclusion 4.6.

 

In summary, the dependence of exchange bias on the FM thickness was 

investigated. Two important conclusions are revealed by the experimental results: i) 

deviation from the inverse proportionality of  EB FMH t  and ii) the enhancement of 

EBH  with increasing temperature. The incomplete domain wall model explains these 

experimental findings and points out the importance of the FM spin structure in the 

exchange bias phenomenon. Therefore, we can conclude that any theory on exchange 

bias must take into account the spin structure along the FM, besides the interface and 

AFM bulk. The active role of FM spin structure perpendicular to the interface could be 

used in the design of exchange coupling-based devices or hard/soft heterostructures for 

ultra-high density storage media. 
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5. Other studies 

 

During my PhD research, I have been strongly encouraged to study on many 

different subjects in parallel. Involving in several collaborations and projects yields 

much more than the ones summarized in previous chapters. This chapter consists of 

brief descriptions of these other projects. 

 Search for new superconductors 5.1.

 

One of the most fundamental discoveries in condensed matter physics from the 

last century is the appearance of superconducting state of matter [136]. Superconducting 

materials exhibit zero electrical resistance and expel the magnetic field (Meissner 

effect), when cooled down below a critical temperature (TC). The physical origin of the 

transition from the normal to the superconducting state is only partially understood. 

Conventional superconductivity, which applies mainly to low temperature 

superconductors, can be described microscopically by BCS theory [137]. However, the 

mechanisms behind high temperature superconductivity [138] and the new emerging 

Fe-based superconductors [139] are still under debate. 

Synthesizing novel superconductors has been an ongoing challenge in the field 

since their discovery. A comprehensive theory that describes how to synthesize new 

superconductors is still missing, in spite of the enormous theoretical effort [140-142] 
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that has gone into understanding their behavior. Nevertheless, some interesting 

correlations between normal and superconducting state properties do exist [143]. 

Furthermore, superconducting materials, in general, are very complex and exist only in 

a small region of a multielement metallurgical phase diagram. Therefore 

superconductors are hard to find as they may be embedded in non-superconducting 

materials or they just may be overlooked. The latter was demonstrated by the discovery 

of superconductivity in MgB2 in 2001 [144], almost fifty years after the material was 

synthesized. 

In order to increase the chances of finding new superconducting materials, a 

combinatorial search can be used [33]. This method is based on the synthesis of 

inhomogeneous samples consisting of several phases with different stoichiometries. The 

use of a technique that can detect superconductivity selectively and with very high 

sensitivity would enable probing of all present phases in a sample at the same time. We 

have significantly advanced the methods for detecting superconductivity by developing 

a highly sensitive and selective microwave technique.  

 Magnetic field modulated microwave spectroscopy 5.2.

 

Microwave absorption of a material drastically changes when the material cross 

a superconducting transition. However, a change in the microwave absorption 

associated with other type of transitions could also be possible. Since the search for 

“new superconducting materials” involves a very broad range of temperature scans, the 
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ability of distinguishing the superconducting from non-superconducting transitions is 

crucial. This especially comes into prominence when an “unknown” material is 

investigated. In our studies, we used Magnetic Field Modulated Microwave 

Spectroscopy (MFMMS) as a powerful technique in the search for new 

superconductors. MFMMS measures reflected microwave power as a function of 

temperature. The modulation induced by the external ac magnetic field enables the use 

of phase locked detection with the consequent sensitivity enhancement. We highlight 

the main advantages of MFMMS in terms of its sensitivity and selectivity when 

combining with low field scans. 

MFMMS uses a customized X-band Electron Paramagnetic Resonance (EPR) 

apparatus. It includes a microwave circuit, a phase sensitive detector, an electromagnet, 

a cavity resonator, and a flow cryostat. The cryostat allows sweeping the sample 

temperature between 3.8 K and 300 K. The dual-mode cavity can be used to produce 

two resonances at 9.4 and 9.6 GHz that correspond to modes where the microwave 

magnetic field is perpendicular (TE012 mode) or parallel (TE102 mode) to modulation 

field, respectively. An automatic frequency controller continuously adjusts the 

microwave frequency to the resonance frequency of the cavity. The sample is placed at 

the center of the cavity where electric field component of the microwaves is minimum 

and magnetic field component is maximum. More details about the technique and its 

applications to superconducting and non-superconducting materials can be found in our 

review article [Accepted, Reports on Progress in Physics (2014), in press]. 
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We have analyzed more than two thousands samples to date, including several 

different types of superconducting and non-superconducting phases. Besides 

extensively reported in the review article, we have two more publications. We identified 

a known superconducting phase in a new compound [33]. We also found a new 

magnetic phase in Pr-Si-C system [34]. 

 Search for superconductivity in exotic materials 5.3.

 

Since material synthesis is the bottleneck in the search for new superconductors 

we have extended our searches beyond artificially prepared materials to naturally 

stabilized ones. Extraterrestrial materials are particular interesting. The analysis of 

extra-terrestrial materials allows measurement of materials that cannot be synthesized in 

the laboratory. It is now well recognized that in many meteoritic classes there are pre-

solar grains of oxides (Al2O3, MgAl2O4, CaAl12O19, TiO2 , Mg(Cr,Al)2O4 as well as 

SiC, diamonds, graphite, Si3N4, and deuterium enriched organics [20-22]. These 

molecules have been formed under some of the most intense physico-chemical 

environments in the Universe, including supernovae and stellar outflows. These 

meteorites are some of the oldest, most pristine objects in the solar system and have 

been created under a wide range of pressure, temperature, and chemistry, ranging from 

highly reduced (e.g. iron meteorites) to highly oxidized meteorites containing organic 

material (carbonaceous chondrites). It is during such severe processes when the 

formation of exotic chemical species may be created and may constitute the components 
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of micrometeorites. Note that the conditions under which these form in many cases are 

not attainable under ordinary laboratory conditions and therefore they provide a unique 

source of exotic materials. 

We have found no evidence for superconductivity in the 65 micrometeorite 

investigated to date. In most of them, MFMMS measurements indicate the presence of 

magnetite. The search for new superconducting phases in exotic materials is still an 

ongoing project [in press]. 

 Superconducting vortex pinning in conformal crystals 5.4.

 

At the intersection of magnetism and superconductivity, we have investigated 

the superconducting vortex pinning in conformal crystal geometry [35]. Vortex 

dynamics in superconducting thin films with artificial pinning centers have been of 

great interest. A central problem in these studies is how to improve the critical current 

density of a superconducting device by choosing a suitable artificial pinning center 

distribution. 

In our studies, we compared the magnetoresistance of a conformal crystal and a 

randomly diluted artificial pinning center pattern with that of a triangular reference 

lattice. We have found that in both cases the magnetoresistance below the first matching 

field of the triangular reference lattice is significantly reduced. For the conformal 

crystal, the magnetoresistance is below the noise floor indicating highly effective vortex 

pinning over a wide magnetic field range. Further, we have discovered that for 
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asymmetric patterns the magnetoresistance curves are mostly symmetric. This implies 

that the enhanced vortex pinning is due to the commensurability with a stripe in the 

non-uniform artificial pinning center pattern and not due to a rearrangement and 

compression of the whole vortex lattice 

 Competing correlation length scales in exchange coupled nanostructures 5.5.

 

Geometric confinement of magnetic structures down to critical length scales 

such as the FM exchange length or the domain wall width results in intriguing new 

phenomena not observed in the corresponding bulk material. In this regard, a proximity 

effect such as the exchange bias phenomenon is of particular interest.  

In this study, we demonstrated that dimensional constraints of the FM 

correlation length can drastically affect the AFM domain structure. We used 

photoemission electron microscopy (PEEM) combined with X-ray magnetic circular 

dichroism (XMCD) techniques for direct observations of the spin configuration at both 

sides of the FM/AFM interface. The measurements revealed that the final spin structure 

is determined by the competing balance between the two dissimilar magnetic length 

scales. Direct imaging the spin configurations at both sides of the interface offers a 

unique advantage of probing the role of domain size and the competing interfacial 

exchange-coupling and lateral contributions. 

It is widely accepted that the FM layer does not actively contribute to the 

domain formation in the antiferromagnet. However, we demonstrate that if the FM layer 
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is sufficiently thin (below about 10 nm) the competing interactions with the proximal 

AFM system lead to tunable configurations of coexisting exchange bias domains with 

opposite orientations. This is due to the different length scales of the two dissimilar 

magnetic materials. The FM order was further geometrically constrained by antidot 

patterning. This leads additional positive exchange bias domain formations below a 

critical antidot interspace (in the order of a few FeF2 crystal domains). 

These remarkable findings revealed that the AFM domain formation can be 

affected by the FM layer. This brings another aspect to the understanding of the origin 

of exchange bias. A manuscript was written and it is still circulating among co-authors 

at this time. 

 Phase coexistence in V2O3/Ni bilayers 5.6.

 

It is possible to tune novel functionalities in hybrid materials by the transfer of 

the properties of one material into another or by new phases that may appear at the 

interfaces between dissimilar materials [145]. For example, unexpected magnetic 

properties are known to be induced in magnetic thin films when in proximity with 

complex oxides undergoing phase transitions [146]. This is more extreme when 

different lengths scales are competing in each material [147]. 

In this manner we have studied the magnetization dynamics in Ni/V2O3 bilayers 

by employing the ferromagnetic resonance technique. We have found a drastic 

modification of the magnetization dynamics of Ni films caused by the first order 
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structural phase transition of V2O3. Ferromagnetic resonance measurements across the 

structural phase transition show diverse features that cannot be interpreted solely by 

magneto-elastic effects. We have found two well-defined resonance modes for Ni and 

an increase in the line width of each mode across the structural phase transition. The 

temperature dependence of the intensity of the peaks suggests that the two resonances 

arise from the coexistence of the two V2O3 crystallographic phase domains in contact 

with the magnetic Ni domains. Our results highlight the strong coupling of the lattice 

dynamics of a complex oxide to the magnetization dynamics of a ferromagnet in 

proximity. The existence of similar effects can be extended in other hybrid materials 

with structural phase transitions. At this stage, we are still writing a manuscript 

regarding these remarkable findings. 

 Investigation of exchange bias in complex oxide heterostructures 5.7.

 

Many studies imply that very regular and smooth interfaces generally do not 

exhibit exchange bias [148]. This is a very important observation since the tendency has 

been to try to enhance the exchange bias by improving interface quality. However, the 

key may be precisely in the opposite direction although the type of defects needed to 

increase the exchange bias is not known. 

Recently, we have studied the influence of defects on enhanced coercivity and 

possible exchange bias in the (La,Sr)CaMnO3 (LSMO) films. We used 100 nm thick 

single crystal LSMO films which was grown on SrTiO3 substrates and introduced 
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defects using alumina masks and O- ion bombardment. The alumina mask was prepared 

by anodization technique and transferred on surface of the samples. The masks contain 

60 nm diameter holes with 110 nm spacing through which O- ions can pass and create 

cascades of defects in laterally confined regions of the LSMO film. We compared the 

magnetic properties of the samples before and after the bombardment. We have found 

that the irradiation reduces the sample magnetization and enhances coercivity. The 

coercivity enhancement is dramatically higher at low temperatures. These observations 

are consistent with the possibility that ion irradiation increases AFM interactions in the 

portion of the LSMO film and exchange coupling between FM and partially AFM 

regions. Alternatively, ion irradiation may affect magnetic anisotropy. 

Although the existing results are consistent within a set of samples, we are 

preparing more samples to confirm the previous results and obtain more data points for 

better understanding. This is an ongoing project at this time. 
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6. Summary 

 

Due to the short range of the exchange interaction, the exchange bias 

phenomenon has been mostly considered as an interfacial effect. The importance and 

contribution of the magnetic structure in regions away from the interface remain 

ambiguous. In this dissertation, we studied the individual contributions of each region 

on exchange bias. We considered the exchange bias effect in magnetic thin films as 

mainly defined by the three components of the spin structure; i) at the FM/AFM 

interface, ii) in the AFM layer, and iii) in the FM layer. We studied these three 

ingredients individually using different experimental approaches and found that the 

exchange bias is significantly affected by the bulk of AFM and FM layers. 

In order to understand the general properties of our model exchange bias system, 

Ni/FeF2, we performed magnetoresistance measurements by using a cross shaped 

ferromagnetic nano-junction (chapter 2). The advantage of having a cross shaped 

junction is that longitudinal and transverse components of the magnetization could be 

simultaneously measured via magnetoresistance response. Therefore, a combination of 

these measurements allowed us to study all main features of the magnetization reversal 

mechanism from a single measurement setup. In addition to the general features of the 

exchange bias system, we unambiguously showed that PHE measurements can be used 

to distinguish the rotation direction of the magnetization. We found the presence of a 

distribution of unidirectional anisotropy axes around the crystallographic easy axis. 
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These unidirectional anisotropy axes determine the direction of the magnetization 

rotation. Furthermore, the rotational dependence of the magnetization was used to 

investigate the spin configuration of crosses by rotating the sample in the CW and CCW 

directions. We observed an angular hysteretic behavior when the applied field in the 

range of the exchange bias field. We simulated all of the experimental features using a 

model based on incomplete domain walls that are formed due to exchange bias. 

In chapter 3, we presented an experimental approach which allowed us to 

separate and investigate the individual contributions of the AFM bulk and interface on 

exchange bias. We used He-ion bombardment to create defects and therefore control 

both magnitude and direction of the exchange bias field. We employed two different 

approaches: i) the defects were selectively created either in the bulk of the AFM layer 

or at the FM/AFM interface by varying the capping layer thickness, and ii) the number 

of defects at a certain depth was controlled by varying the ion dose. We have obtained 

the penetration depth profiles of bombardment ions and the number of vacancies 

(defects) from SRIM (Stopping and Range of Ions in Matter) simulations. We 

performed extensive structural and magnetic characterizations before and after the 

bombardment to investigate the effect of the selectively created defects at different 

locations on the exchange bias. These results unambiguously revealed that the AFM 

bulk is an important ingredient in establishing and controlling the exchange bias. 

Therefore, the AFM bulk has to be included in any theoretical considerations. 

Moreover, the ion dose dependency revealed two important conclusions: i) the 

exchange bias can be significantly affected only by creating defects in the bulk of the 
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AFM layer – without altering the interface, and ii) the exchange bias field and the 

coercive field are decoupled and can behave independently. 

As a third ingredient, we studied the effect of the FM layer on exchange bias in 

chapter 4. We investigated the influence of the FM thickness and the temperature on 

spin configuration within the ferromagnet. We prepared several Permalloy / FeF2 films 

with varying the thickness of the FM layer in-situ and investigated with magnetization 

measurements. All these measurements revealed the active role of the spin structure 

within the ferromagnet. In contrast to the widely accepted inverse proportionality rule 

with the thickness of the ferromagnet, we found a deviation from 1/tFM dependence due 

to the spin structure in the ferromagnet. The model based on incomplete domain walls 

parallel to the FM/AFM interface quantitatively accounts for the experimental results 

and, in particular, for the deviation from the inverse proportionality law. 

As well as the above mentioned three constituents of the exchange bias 

phenomenon we have studied many other projects in parallel. We included a summary 

of these other studies in chapter 5. We have explored new superconducting materials 

using a microwave absorption technique called Magnetic Field Modulated Microwave 

Spectroscopy (MFMMS). We showed that MFMMS is a very sensitive and selective 

technique and can be used in the search for new superconducting materials. We 

identified a known superconducting phase in a new La-C compound. We also found a 

new magnetic phase in Pr-Si-C system. We have also investigated the superconducting 

vortex pinning in conformal crystal geometry using magnetic nanodots. 
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There are ongoing projects by the time of writing this dissertation. We have 

applied the MFMMS technique in the search for superconductivity in meteorites and 

micro-meteorites. We are still collecting data from different meteorites and writing a 

manuscript regarding possible superconducting phases in exotic materials. We have also 

investigated electrical and magnetic properties of La-Sr-Mn-O thin films, in which 

possible intrinsic exchange bias induced by the oxygen irradiation through a porous 

alumina mask. In a separate experiment, we have employed photoemission electron 

microscopy combined with X-ray magnetic circular dichroism techniques for direct 

observations of the spin configuration at both sides of the Ni/FeF2 interface. We found 

that the final spin structure is determined by the competing balance between the two 

dissimilar magnetic length scales. 

To summarize, we built this dissertation around the three pillars of the exchange 

bias: the interface, the antiferromagnet, and the ferromagnet. We have performed clear 

cut experiments to address directly many crucial issues in the exchange bias 

phenomenon: the dependence of exchange bias on interfacial and bulk AFM and FM 

spins. The study shows that the exchange bias is significantly affected by the bulk of 

AFM and FM layers. Since the exchange bias has a key role for many nanomagnetism 

and spintronics related applications, this study will have a high impact in the 

community and extend some long-standing controversies in magnetism.
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Appendix 

 

Table 1. Sample preparation steps for cross junction: lift-off 

1. Substrate MgF2, 5 mm by 10 mm 

2. Cleaning 10 min. Acetone, 10 min. Methanol, 10 min. 

DI water (x2) – in ultrasonic bath 

3. Deposition Electron-beam evaporator, 100 nm FeF2 

4. Spin coating  S1818, 5000 RPM, 1 min. 

5. Baking Hot plate, 115 
°
C, 1 min. 

6. Photolithography 

(cross) 

UV exposure, 3.5 min. 

7. Developing AZ developer 1:1 DI water, 40 s 

rinse with DI water 20 s, dry with N2 

8. Visual check Optical microscope 

9. Ion milling 4 mTorr Ar, 50 W, 3 min. 

10. Deposition Sputter, 10 nm Ni, 4 mTorr Ar, 100 W, ~ 2 

Å/s 

11. Lift-off Acetone, 2 – 4 hours 

12. Cleaning 2 min. Isopropanol, 2 min. DI water (+ low 

power ultrasonic bath if needed) 

13. Visual check Optical microscope and SEM 

14. Spin coating  S1818, 5000 RPM, 1 min. 

15. Baking Hot plate, 115 
°
C, 1 min. 

16. Photolithography 

(contacts) 

UV exposure, 3.5 min. 

17. Developing AZ developer 1:1 DI water, 40 s 

20 s rinse with DI water, dry with N2 

18. Visual check Optical microscope 

19. Ion milling 4 mTorr Ar, 50 W, 3 min. 

20. Deposition Sputter, Ti (10 nm) / Au (90 nm), 4 mTorr 

Ar, 100 W 

21. Lift-off Acetone, 2 – 4 hours 

22. Cleaning 2 min. Isopropanol, 2 min. DI water(+ low 

power ultrasonic bath if needed) 

23. Visual check Optical microscope 
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Table 2. Sample preparation steps for cross junction: etching 

1. Substrate MgF2, 5 mm by 10 mm 

2. Cleaning 10 min. Acetone, 10 min. Methanol, 10 

min. DI water (x2) – in ultrasonic bath 

3. Deposition Electron-beam evaporator, 100 nm FeF2 + 

10 nm Ni 

4. Spin coating  NR9-1500PY, 4000 RPM, 40 s 

5. Pre-baking Hot plate, 150 
°
C, 1 min. 

6. Photolithography (cross) UV exposure, 3.5 min. 

7. Post-baking Hot plate, 100 
°
C, 1 min. 

8. Developing RD-6 developer, 40 s 

rinse with DI water 20 s (x2), dry with N2 

9. Visual check Optical microscope 

10. Reactive Ion Etching 25 mTorr, 40 sccm Ar, 200 W, 540 V, ~ 4 

min. 

11. Visual check Optical microscope 

12. Mask (resist) removal Acetone, 2 – 4 hours 

13. Cleaning 2 min. Isopropanol, 2 min. DI water(+ low 

power ultrasonic bath if needed) 

14 Visual check Optical microscope + SEM 

15. Spin coating  S1818, 5000 RPM, 1 min. 

16. Baking Hot plate, 115 
°
C, 1 min. 

17 Photolithography 

(contacts) 

UV exposure, 3.5 min. 

18. Developing AZ developer 1:1 DI water, 40 s 

20 s rinse with DI water, dry with N2 

19. Visual check Optical microscope 

20. Ion milling 4 mTorr Ar, 50 W, 3 min. 

21. Deposition Sputter, Ti (10 nm) / Au (90 nm), 4 mTorr 

Ar, 100 W 

22. Lift-off Acetone, 2 – 4 hours 

23. Cleaning 2 min. Isopropanol, 2 min. DI water(+ low 

power ultrasonic bath if needed) 

24. Visual check Optical microscope 
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