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Abstract 
 

There is a demand for the use of precise magnetic sensors in cars. These magnetic sensors 

use exchange bias: an effect which occurs when a ferromagnetic (F) layer is in contact with 

an antiferromagnetic (AF) layer. This effect is used to set the magnetization of the F layer in 

a fixed direction. The exchange bias effect in current F/AF bilayers disappears at high 

temperatures and high magnetic fields often found in cars. 

This internship was part of a project aiming to increase the exchange bias stability of F/AF 

bilayers against high temperatures and high fields, and to understand the mechanisms 

responsible for these instabilities. An important factor in exchange bias and its stability is the 

magnetocrystalline anisotropy (MCA) of the antiferromagnetic layer. In this report the 

magnetocrystalline anisotropy of Co/PtMn bilayers was studied using two kinds of azimuthal 

angle dependent magnetometry measurements.  

Firstly, it was found that setting the exchange bias in different directions has no significant 

effect on the stabilities of the exchange bias against high temperatures and high magnetic 

fields. This is coherent with the polycrystallinity of the PtMn AF layer, where the 

magnetocrystalline anisotropies of the grains have no preferred direction. 

Secondly, it was found that the behaviour of the exchange bias in a rotating external field 

could be explained using a spin cluster model, which accounts for spin clusters in the PtMn 

AF layer. These spin clusters have an effect on the stability of the exchange bias and the 

spin cluster model can be used to get a better understanding of the origins of the instabilities 

of the exchange bias. Additionally, a magnetic history effect was found. This effect, however, 

cannot be explained using the spin cluster model. 
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1 Introduction 
 

Magnetic sensors are widely used in cars to measure, for example, the wheel speed, the 

engine oil level and the engine speed. There is a demand for more accurate magnetic 

sensors in cars, in order to develop greener cars. A possible way to achieve this accuracy is 

to make use of tunnel magnetoresistance (TMR). 

A magnetic sensor based on the TMR effect, consists of two ferromagnetic (F) layers 

separated by a thin insulating and non-magnetic spacer. When a current is sent through 

these layers, the resistance will depend on the angle between the magnetizations of the two 

F layers, because of the TMR effect. To use this structure as a magnetic sensor, one of the F 

layers has to be held fixed, while the other is left free to align with an external field. A way to 

keep one of the F layers fixed, is to couple the F layer to an antiferromagnetic (AF) layer. 

This coupling with the AF layer causes a shift in the hysteresis loop of the F layer, called the 

exchange bias. This exchange bias can, however, reduce or even disappear under high 

magnetic fields and high temperatures, as are typically found in cars. In order to use TMR 

based sensors in cars, a way to improve the stability of the exchange bias against high fields 

and high temperatures has to be found. 

An important factor in the exchange bias properties, including the stability, is the magnetic 

anisotropy of the AF layer. In this internship project, the magnetic anisotropy of Co/PtMn 

F/AF bilayers was studied. The Co/PtMn was chosen because it has a high stability of the 

exchange bias. Two types of azimuthal angle dependent measurements were done on this 

bilayers. The first type of measurement was used to find out whether setting the exchange 

bias at different angles would have an effect on the stability of the exchange bias. The 

second type of measurement was used to study the magnetic anisotropies of the F/AF 

bilayer by measuring the exchange bias under different in-plane orientations of the external 

field. This way the properties of the exchange bias in an F/AF bilayer could be better 

understood. 

This report starts by presenting some models describing exchange bias, especially the 

Meiklejohn-Bean and the Fulcomer-Charap models. The stability of the exchange bias 

against high fields and high temperatures will also be discussed in this theory chapter. Then 

the experimental setups that are used to do the measurements are described. Details of the 

simulations are given in the next chapter. This is followed by a presentation of the 

measurements and a discussion of the results in the last chapter.  
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2 Theory 
 

In this chapter the relevant theory of the exchange bias effect will be presented. First the 

general concept of exchange bias will be given and different models will be discussed. These 

concepts will later be used for simulations. Finally, we will describe the stability of the 

exchange bias against high temperature and high field perturbations. 

2.1 Exchange bias: an intuitive model 
 

Exchange bias is a coupling effect that occurs when an AF layer is in contact with an F layer. 

This effect has been described extensively in literature (see [2] for a review). The effect of 

the AF layer on the F layer can be seen by comparing the typical hysteresis loops of an F 

layer alone (Figure 2.1 (a)) and of an F/AF bilayer (Figure 2.1 (b)). The two main differences 

between the two loops are the shift of the hysteresis loop and the increase of the width of the 

hysteresis loop when the AF is in contact with the F layer. The magnitude of the shift is called 

the exchange bias field (Hex) and the coercive field (Hc) is defined as half of the width of the 

hysteresis loop at zero magnetization. The first effect, the hysteresis loop shift, is the 

targeted purpose of exchange bias. 

The exchange bias can be set by a field annealing process. First, the AF layer is heated up 

to a temperature higher than the Néel temperature TN of the antiferromagnetic layer. Above 

TN, the AF is in a paramagnetic state and its spins are randomly orientated as shown in 

Figure 2.2 (a). Then an external field, called the annealing field, is applied. The last step 

consists of cooling the system down to room temperature while applying the external field. 

During the cooling down, the field orients the direction of the F spins. The AF spins in contact 

with the F layer are exchange coupled to the F spins. This exchange interaction aligns the 

AF spins of the top monolayer with the F spins. The spins in the next monolayers will align 

themselves anti-parallel to the previous monolayer as in Figure 2.2 (b).  

 

The behaviour of the bilayer spins structure after annealing and during a hysteresis loop can 

be seen in Figure 2.3. As previously, an ideal spin structure is described, assuming a mono-

domain state for the F and AF layer. Because of the exchange coupling between the AF and 

F spins at the interface, a large negative external field is needed to switch the F 

magnetization, while the F spins will already switch back to their original direction when a 

small negative field is applied. 

 This results in a shift of the hysteresis loop in the negative direction, also called negative 

exchange bias field. 
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 (a) F layer (b) F layer exchange coupled to an AF layer

Figure 2.1: Typical hysteresis loops of an F layer alone (a) and an F layer exchange coupled to an AF layer (b).

 
 (a)  (b) 

Figure 2.2: Representation of the ideal spins structures of the F/AF bilayer at a temperature higher than the AF 
layer TN, but lower than the F layer TC (a) and after cooling the bilayer down under a field at a temperature below 
TN (b). The black arrows represent the F spins and the white arrows represent the AF spins. 
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Figure 2.3: Typical hysteresis loop of an F/AF bilayer. The ideal spin structures of the bilayer are represented at 
several positions of the hysteresis loop. The black arrows represent the F spins and the white arrows represent 
the AF spins. In the ideal case the external field has no effect on the AF spins. 

 

2.2 Meiklejohn-Bean model 
 

In this part, the Meiklejohn-Bean (MB) model will be presented. First an ideal situation will be 

assumed, then several assumptions will be supressed in order to approach a more realistic 

model. The main assumption of the MB model is to consider that the magnetization of the 

ferromagnetic layer is uniform (based on the Stoner-Wohlfarth model [2,3]). The total 

magnetic energy of the system is then estimated and minimized to obtain the stable 

magnetic configuration. 

An overview of all the angles used in this chapter and in the other parts of the report can be 

found in Figure 2.4. The direction of exchange bias setting, i.e. the direction of the annealing 

field, is used as the reference for all the angles. The anisotropies of both the F and AF layer 

(later explained in detail) are assumed to be in the same direction and parallel to the 

annealing field. The other angles are 𝜃 for the angle of the external field, 𝛽 for the angle of 

the magnetization of the F layer and 𝛼 for the angle of the AF spins at the interface, which 

are coupled to the F layer. 
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Figure 2.4: Overview of all the angles used in this report. The annealing field direction is taken as the reference 
direction. It is assumed that the magnetocrystalline anisotropy of both the F and AF layer are uniaxial and in the 
same direction as the cooling field. The angles 𝛼,𝛽 and 𝜃 are the angles of the AF spins at the interface, the 
magnetization of the F layer and the external field, respectively. 

 

2.2.1 Ideal Meiklejohn-Bean model 

 

The ideal Meiklejohn-Bean model is based on the following assumptions: 

 The F and AF layers are magnetically mono-domain 

 The F layer rotates coherently 

 The F/AF interface is atomically smooth 

 The AF layer spin structure is blocked. This means that the AF spins will always stay 

fixed and that the MCA of the AF layer is considered infinite 

 The spins of the AF layer at the interface with the F layer are pointed in the reference 

direction 

 The F and AF layers are coupled by an exchange interaction across the F/AF 

interface. The strength of this coupling is given by the exchange interaction energy 

per unit area 𝐽𝑒𝑥. 

The ideal spin structure presented in Figure 2.2 (b) can be used as a representation of these 

assumptions. The total magnetic energy (per unit area) of the F/AF bilayer depends on three 

effects: the external field force on the F layer, the magnetocrystalline energy of the F layer 

and the exchange coupling at the interface. 

The energy per unit area of the bilayer can be expressed as follows: 

𝐸𝑡𝑜𝑡 = −𝜇0𝐻𝑀𝐹𝑡𝐹 𝑐𝑜𝑠(𝜃 − 𝛽) + 𝐾𝐹𝑡𝐹 𝑠𝑖𝑛2 𝛽 − 𝐽𝑒𝑥 𝑐𝑜𝑠(𝛽), (2.1)  

with 𝜇0  the vacuum permeability, 𝐻  the strength of the external field, 𝑀𝐹  the saturation 

magnetization of the F layer, 𝐾𝐹 the anisotropic constant of the F layer, 𝑡𝐹 the thickness of 

the F layer, 𝐽𝑒𝑥 the interfacial exchange energy per unit area, 𝜃 the angle of the external field 

and 𝛽 the angle of the magnetization of the F layer. 

The first term in equation 2.1 describes the Zeeman energy contribution of the F layer in an 

external field. This contribution tries to align the F spins with the external field.  
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The second term is the MCA and gives the preferred directions of the magnetization. Here a 

uniaxial anisotropy is taken, which means that the magnetization is preferred along a certain 

axis, called the easy axis. The easy axis is assumed to be in the reference direction. The 

MCA is caused by spin-orbit coupling and is linked to the crystallographic structure of the 

layer [4,5]. 

The last term is the coupling energy. This energy contribution aligns the F spins with the AF 

interface layer.  

The exchange bias field and coercive field in the ideal MB model can be analytically 

determined using the assumption that the system is always in a state of minimal energy, so 
𝛿𝐸

𝛿𝛽
= 0 and  

𝛿2𝐸

𝛿𝛽2 > 0. In the case of 𝜃 = 0, meaning that the field is applied along the field 

cooling direction, 𝐻𝑒𝑥 and 𝐻𝐶 can be written as: 

𝐻𝑒𝑥 = −
𝐽𝑒𝑥

𝜇0𝑀𝐹𝑡𝐹
 and (2.2) 

𝐻𝐶 =
2𝐾𝐹

𝜇0𝑀𝐹
 . (2.3) 

Here the coercive field is only dependent on the properties of the F layer and not on the 

exchange coupling. The exchange bias field can also be analytically found for any angle of 

the external field: 

𝐻𝑒𝑥 = −
𝐽𝑒𝑥𝑐𝑜𝑠𝜃

𝜇0𝑀𝐹𝑡𝐹
. (2.4) 

So in this ideal case, the exchange bias field depends as a cosine on the external field 

orientation. The coercive field is only dependent on the F layer. Nevertheless, the coercive 

field is experimentally found to be much higher that the coercive field of the F layer alone. 

This could be explained by the fact that the AF layer spin structure is not blocked, contrary to 

the hypothesis of the previous part. An extension of the model considering that the MCA of 

the AF layer is finite will be presented in the next paragraph. 

 

2.2.2 More realistic Meiklejohn-Bean model 

 

As explained above, the AF spins are not fixed as assumed in the ideal MB model, but they 

can deviate from the annealing direction. The external field does not have an influence on 

the AF layer, but the exchange coupling does. Indeed, when the F magnetization is reversed, 

a torque is applied on the AF spin structure due to the interfacial coupling. In the more 

realistic MB model, a high uniaxial anisotropy in the AF layer is assumed. The AF easy axis 

is considered to be the annealing field direction. The angle 𝛼 is defined as the angle between 

the magnetization of the AF layer interface and the reference direction (see Figure 2.4). 

When the AF spins at the interface rotate because of the exchange coupling, the whole AF 

layer rotates: the AF spin structure is kept intact. The energy per unit area according to the 

more realistic MB model can be written as: 

𝐸𝑡𝑜𝑡 = −𝜇0𝐻𝑀𝐹𝑡𝐹 𝑐𝑜𝑠(𝜃 − 𝛽) + 𝐾𝐹𝑡𝐹 𝑠𝑖𝑛2 𝛽 + 𝐾𝐴𝐹𝑡𝐴𝐹 𝑠𝑖𝑛2 𝛼 − 𝐽𝑒𝑥 𝑐𝑜𝑠(𝛽 − 𝛼), (2.5) 
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with 𝐾𝐴𝐹 the magnetocrystalline anisotropic constant of the AF layer and 𝛼 the angle of the 

magnetization of the AF layer interface. An extra term describing the uniaxial MCA energy of 

the AF layer is now present, as well as a dependency of the exchange coupling term on the 

orientation of the AF spins. 

The magnitude of the deviation from the annealing direction of the AF spin structure is linked 

to the strength of the exchange coupling energy compared to the MCA energy and can be 

characterized by the ratio 𝑅: 

𝑅 =
𝐾𝐴𝐹𝑡𝐴𝐹

𝐽𝑒𝑥
. (2.6) 

If the ratio is high, the rotation of the AF layer can be neglected and the ideal MB model can 

be used. If the ratio is much lower than one, the exchange coupling is stronger than the 

magnetocrystalline anisotropy. The MCA is then so low that the AF spins can rotate and 

follow the F magnetization from the annealing field direction to a reversed direction. This 

results in a suppression of the exchange bias field (shift of the hysteresis cycle); instead a 

coercive field will appear. 

 

2.2.3 Fulcomer-Charap model 

 

In the previous models, it was assumed that the AF layer was in a single domain state. 

However sputtered stacks are polycrystalline. The polycrystallinity of the AF layer allows to 

explain the behaviour of the exchange bias against high temperatures and fields and also the 

increased coercive field (compared to a non-coupled F layer) [6]. To model the AF layer 

polycrystallinity, the AF layer will be divided into smaller areas called grains, with different 

magnetization directions (as shown in Figure 4.1). The F layer is still assumed to be in a 

single domain state and the grains are considered small enough so that the F layer feels the 

average of the exchange coupling with the different grains. The assumptions made in the 

granular Fulcomer-Charap (FC) model are summarized below: 

 AF layer is polycrystalline and divided into a number of grains 

 There is no interaction between these grains 

 The F layer is in a single domain state and rotates rigidly as a whole 

 The F layer and AF grains are coupled by an exchange interaction across the 

interface 

The energy per unit area according to the FC model is given by: 

𝐸𝑡𝑜𝑡 = −𝜇0𝐻𝑀𝐹𝑡𝐹 𝑐𝑜𝑠(𝜃 − 𝛽) + 𝐾𝐹𝑡𝐹 𝑠𝑖𝑛2 𝛽 + ∑ [𝐾𝐴𝐹,𝑖
𝑁
𝑖=1 𝑓𝑖𝑠𝑖 𝑠𝑖𝑛2 𝛼𝑖 − 𝐽𝑒𝑥𝑓𝑖𝑐𝑜𝑠(𝛽 − 𝛼𝑖)], (2.7) 

with 𝐾𝐴𝐹,𝑖  the anisotropic constant of the grain 𝑖 , 𝑓𝑖  the fraction of the area of the grain 𝑖 

relative to the total area, 𝑠𝑖 the thickness of the grain 𝑖 and 𝛼𝑖 the magnetization angle of the 

grain 𝑖. The summation is over the total number of AF grains which are identified with the 

index 𝑖. 
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The energy of a certain AF grain is then given by: 

𝐾𝐴𝐹,𝑖𝑓𝑖𝑠𝑖 𝑠𝑖𝑛2 𝛼𝑖 − 𝐽𝑒𝑥𝑓𝑖𝑐𝑜𝑠(𝛽 − 𝛼𝑖). (2.8) 

 

 

Figure 2.5: A schematic representation of the F/AF bilayer, with a polycrystalline AF layer. The AF layer consists 
of grains, each with their own magnetization. 

 

2.3 How to measure the stability of exchange bias 
 

In this part, the stability of the exchange bias will be looked at. When high temperatures or 

high magnetic fields are applied, the exchange bias of an F/AF bilayer can decrease or even 

be reversed. Both the stability against temperature and against field will be discussed. The 

exchange bias can decrease at high temperatures, because the MCA of the AF layer will be 

decreased. If the ratio between the MCA and exchange coupling of a certain grain is smaller 

than one, it does not contribute to the exchange bias anymore and the exchange bias will 

decrease. The temperature at which this happens is called the blocking temperature 𝑇𝐵 and 

can apply for separate grains or the layer as a whole.  

When the F/AF bilayer is exposed to high magnetic fields in the opposite direction of the 

magnetization of the AF spins at the interface, the relaxation effect can occur. With the 

relaxation effect, the AF grains can be switched using thermal energy and the exchange bias 

will decrease over time. 

 

2.3.1 Stability against high temperatures 

 

When the temperature of an F/AF bilayer is increased, the exchange bias is decreased, due 

to a decrease of the MCA of the AF layer. What happens when the temperature increases, is 

that the MCA of the AF layer decreases. When the ratio between the MCA and the exchange 

coupling of the AF layer is smaller than one, the exchange bias disappears. The F/AF bilayer 

contains AF grains with different properties, so with different temperatures at which they stop 

contributing to the exchange bias. When heating up the bilayer, more and more grains will 

stop contributing to the exchange bias, until the exchange bias disappears. The temperature 

where the exchange bias is zero is called the maximal blocking temperature. We assume 

that this critical point to be at the intersection between the maximal linear slope and the line 

𝐻𝑒𝑥 = 0 𝑂𝑒 (as in Figure 2.6). 
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Figure 2.6: Typical measurement of the stability against temperature. The blocking temperature taken to be at the 

intersection of the maximal linear slope and a line 𝐻𝑒𝑥 = 0 𝑂𝑒. 

 

2.3.2 Stability against high magnetic fields 

 

The relaxation effect is a thermal effect that occurs when an external field is applied in the 

opposite direction to the annealing field. In this case the exchange bias field decreases first 

and is then reversed [6]. To describe this effect, the granular MB model will be used, to see 

how the stable grains will switch over time. Because the unstable grains are unaffected by 

the external fields and do not contribute to the exchange bias field, only the stable grains are 

important for the relaxation effect. In Figure 2.7 a schematic of the relaxation process is 

shown. At the beginning, the AF spins at the interface (bottom layer in Figure 2.7) are aligned 

with the F spins (top layer). Then a large external field is applied in the opposite direction, 

causing the F spins to switch. Due to the coupling at the interface and thermal excitation, the 

AF grains will progressively switch over time, resulting in a decrease and reversal of the 

exchange bias field. 

 

 

Figure 2.7: Schematic of the relaxation process. After the F layer magnetization switching, the AF grain spin 
structure switches over time. 
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The AF grain switching could be explained by considering the energy of the AF grains. If it is 

assumed that the angle of the F spins is fixed, the energy of the AF grains is given by 

(derived from equation 2.8): 

𝐸𝐴𝐹 = 𝐾𝐴𝐹,𝑠𝑡𝑎𝑏𝑙𝑒𝑡𝐴𝐹 𝑠𝑖𝑛2 𝛼 − 𝐽𝑒𝑥 𝑐𝑜𝑠(𝛽 − 𝛼), (2.9) 

with 𝐾𝐴𝐹,𝑠𝑡𝑎𝑏𝑙𝑒 , 𝑡𝐴𝐹  and 𝛼  the anisotropic constant, the thickness and the angle of the 

magnetization of a certain stable AF grain, respectively. In Figure 2.8, this energy is 

calculated as function of the AF spin orientation and for two configurations of the F layer 

magnetization: just after the field cooling (𝛽 = 0) and when a large external field is applied to 

reverse the F magnetization (𝛽 = 𝜋). Assume that at 𝑡 = 0, the F magnetization direction is at 

𝛽 = 0. Thus all the stable AF grains are in the lowest energy state 𝛼 = 0. At 𝑡 = 0 the F spins 

reverse to 𝛽 = 𝜋  and the AF spins will be in the metastable state 𝛼 = 0. The AF spins can 

switch from the metastable state 𝛼 = 0 to the lowest energy state 𝛼 = 𝜋 by thermal activation. 

The probability of the AF grains overcoming the energy barrier between 𝛼 = 0 and 𝛼 = 𝜋 is 

dependent on the magnitude of the energy barrier and the temperature. Over time more and 

more AF grains will overcome the energy barrier and the exchange bias field will decrease. 

This is described in detail in literature [7]. 

 

 (a) 𝛽 = 0 (b) 𝛽 =  𝜋 

Figure 2.8: Energy per unit area of an AF grain as function of the angle 𝛼, by assuming ferromagnetic exchange 
coupling between the AF grain and the F layer. Two cases are studied: when the F layer and the AF interface 
spins are parallel (a) and when they are anti-parallel (b). 

Measuring the relaxation effect consists of registering the variation of the exchange bias field 

normalized by 𝐻𝑒𝑥(0) (maximal exchange bias field obtained just after the setting) versus 

time (see Figure 2.9). A logarithmic relation is usually obtained in the case of the presence of 

AF grains with a broad distribution of barrier energy, i.e. of properties like volume and 

anisotropy: 

𝐻𝑒𝑥(𝑡)

𝐻𝑒𝑥(0)
= 𝑎 − 𝛾𝑙𝑛 (𝑡), (2.10) 

𝛾 is called the decay rate and characterizes the exchange bias stability against field. The 

decay rate is dependent on the magnitude of the energy barrier and on the temperature. 
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Figure 2.9: Typical measurement of the relaxation effect. The exchange bias linearly decreases versus 
logarithmic time. The decay rate is then the slope of this curve. 
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2.4 Conclusion 
 

In this chapter, the theory of exchange bias, due to the coupling at the interface between an 

F and an AF layer, is discussed. A simple MB model, only considering the effect of an 

external field on the ferromagnetic layer and the exchange coupling was used to explain the 

exchange bias field. Nevertheless, an AF magnetocrystalline anisotropy as well as an AF 

polycrystalline layer has to be taken into account to explain the exchange bias behaviour 

versus temperature and field and the increase of the coercive field. 

In addition to the models, the stability of the exchange bias was discussed. The exchange 

bias field of an F/AF bilayer is decreased by high temperatures and high external fields. Both 

processes were analysed and a way to measure and characterize the stability in both 

conditions were shown. The stability against high temperatures is characterized by the 

blocking temperature and the stability against high field is characterized by the decay rate. 

The blocking temperature and the decay rate can be used to compare the stability of different 

bilayers. 
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3 Experimental setup: Vibrating Sample 

Magnetometer  
 

In this work, we used Vibrating Sample Magnetometers (VSM) to measure the magnetization 

of the samples versus temperature and field.  

A VSM is composed of a magnetic field source (superconducting coil or electromagnet), a 

device to vary the temperature (cryostat or oven) and a system to measure the 

magnetization. The detection of the sample magnetization is based on the measurement of 

the flux induced by the sample inside a pickup coil. In the case of a VSM, the sample 

vibrates and the flux derivative, proportional to the magnetic moment, is measured with a 

synchronal detection. A gradiometer configuration using two pick-up coils allows removing 

the contribution of the external magnetic fields. A schematic depicting the principle of the 

VSM is presented in Figure 3.1.  

 

Figure 3.1:Schematic of a VSM. A sample vibrates in the middle of two pickup coils mounted in a gradiometer 
configuration. The differential output signal is proportional to the magnetization of the sample. 

We used two different instruments: a MicroSense Model 10 Mark II VSM and a Quantum 

Design MPMS SQUID VSM, which have specific properties. 

The MicroSense VSM allows a measurement of the parallel and transverse component of the 

in plane magnetization, with different orientations of the applied field. This is possible due to 

the presence of eight pickup coils and a rotatable electromagnet as presented in Figure 3.2. 
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Figure 3.2: Schematic top view of the MicroSense VSM. The 8 pickup coils are fixed but the electromagnet can 
rotate allowing the measurement of the parallel and transverse component of the magnetization for different field 
orientations. 

 

The VSM/SQUID permits the measurement of the magnetization component along a fixed 

field direction but under varying temperature and with a high sensitivity. The configuration is 

similar to Figure 3.1, with a field applied along the z direction. A field up to 6T can be applied  

with a superconducting coil. A SQUID (Superconducting Quantum Interference Device) 

magnetometer [7], inductively coupled to the pickup coils is used to measure the signal. A 

sensitivity (up to 10-8 emu), two order of magnitude higher, is obtained by using the SQUID 

instead of the lock-in detectors. The sample is placed inside a cryostat equipped with an 

oven module which allows measurement between 300K and 1000K. We did all the blocking 

temperature and relaxation measurement with this option, as will be described in a later part. 

 

Figure 3.3: Schematic of a SQUID inductively coupled to the pickup coils in a 2-order gradiometer configuration 
adapted from [8].  

 

 



15 
 

4 Simulation 
 

In this chapter the concept of the simulation of the F/AF bilayer will be given. The simulations 

were used to calculate the exchange bias field and the coercive field at varying angles of the 

external field based on the spin cluster model. The simulations are based on the assumption 

that the system will always be in a magnetic state of relative minimal energy. This can be 

used to simulate a hysteresis loop under a certain angle and then 𝐻𝑒𝑥  and 𝐻𝐶  can be 

extracted from this hysteresis loop. 

 

4.1 Concept of the simulation 
 

Now the simulations of a hysteresis loop will be looked at in more detail. First of all, all the 

constants like the thickness of the layer and the saturation magnetization of the F layer are 

assumed to be known. Also the angle of the external field is set in the beginning. The only 

variables that will change during the simulation of the hysteresis loop is the strength of the 

external field, the angle of the magnetization of the F layer (𝛽) and the angle of the interface 

AF layer (𝛼). Also the energy function and its derivatives versus 𝛽 and 𝛼 have to be defined 

and are dependent on which model is used. The stable magnetic state of the F/AF bilayer is 

completely determined by the couple of angles (𝛽, 𝛼). In this report, the spin cluster model is 

used, which will be explained in chapter 5.3.1. The energy function corresponding to this 

model (equation 5.3) is: 

𝐸𝑡𝑜𝑡 =

−𝜇0𝐻𝑀𝐹𝑡𝐹 cos(𝜃 − 𝛽) + [𝐾𝐹𝑡𝐹 + (1 − 𝑓)𝐾𝐴𝐹,𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒𝑡𝐴𝐹 ]sin2 𝛽 + 𝑓𝐾𝐴𝐹,𝑠𝑡𝑎𝑏𝑙𝑒𝑡𝐴𝐹 sin2 𝛼 −

𝑓𝐽𝑒𝑥cos (𝛽 − 𝛼). 

 

Then the hysteresis loop starts with setting the field to a sufficient high value. The state of the 

system can be calculated by minimizing the magnetic energy function using the energy 

function and its derivatives. This will give the 𝛼 and 𝛽 for a field in the hysteresis loop. It is 

assumed that the total magnetization of the F layer is constant, so the parallel and 

perpendicular magnetization components can be calculated using the determined 𝛽 with the 

following equations: 

𝑀∥ = 𝑀𝐹 cos(𝛽) and 

𝑀⊥ = 𝑀𝐹sin (𝛽), 

 with 𝑀∥ and 𝑀⊥ the parallel and perpendicular component of the magnetization respectively 

and 𝑀𝐹 the saturation magnetization of the F layer. 

 

This process of minimization is repeated, while the value of the field strength is swept from 

the maximum value to the maximum value in the negative direction and back to the starting 
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value. This gives a simulation of the parallel and perpendicular magnetization during one 

hysteresis loop. In this minimization process, the magnetic history has to be taken into 

account: the resulting angles of a minimization are used as a starting point for the next 

minimization at a slightly different external field.  

When the hysteresis loops are simulated, the exchange bias field and coercive field can be 

extracted from the parallel magnetization cycle. The hysteresis loop can repeatedly be 

simulated for different external field orientations to get the dependency of the exchange bias 

and coercive field on the external field orientation. 

 

4.2 Key points of the minimization 
 

Some important details of the minimization will be discussed. First of all, the minimization 

algorithm should find a local minimum, not the global minimum. This is the reason why the 

starting point is important and why the derivatives of the energy function are needed. For 

example with an energy function like in Figure 4.1, the starting point determines which of the 

two local minimums is found. The local minimization algorithm used in the simulations in this 

report is a truncated Newton algorithm, but any local minimization algorithm is adequate. 

The next important details are the boundaries. The boundaries of the minimization for a 

certain starting angle 𝛽0 should be set to 𝛽0 − 180° and 𝛽0 + 180° for the lower and upper 

boundary respectively and the same for 𝛼 if it is used. This restricts the minimization to one 

full circle, otherwise problems might occur, where the angle changes more than 360° at once. 

At last, a problem can appear when the starting point of the minimization is at a maximum of 

the energy function (for example Figure 4.1), where the derivative is exactly 0. If the 

derivative is exactly 0, the minimization function might return the local maximum, instead of 

the local minimum. To avoid this problem, the starting point will be moved slightly when the 

derivative of the energy function at the starting point is very small. When the derivative is 

positive, the starting point is moved to the left and when the derivative is negative, the 

starting point is moved to the right. This way the starting point will be moved away from the 

maximum to the local minimum, while a starting point close to a local minimum will be moved 

back to the minimum. 
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Figure 4.1: A possible energy function with two local minimums. The local minimum, which is returned by the 
optimization, is dependent on the starting  When the starting point of the optimization is too close at one of the 
two maxima, that maximum might be returned instead of a local minimum. This energy function is only dependent 
on one angle instead of two for demonstration purposes. 
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5 Results and discussion 
 

We focus in this internship project on two main goals. The first goal was to find out whether 

setting the exchange bias in different direction would have an effect on the stability of the 

exchange bias. In other words, check if the MCA of the AF grains is randomly oriented over 

all the grains. The second goal was to study the magnetic anisotropies of the F/AF bilayers 

by measuring the exchange bias field and coercive field versus the in-plane orientation of the 

external field. 

 

5.1 Studied samples 
 

Two different types of samples have been used during this project (see Figure 5.1). The first 

type of sample has a Co ferromagnetic layer of 5nm and a PtMn antiferromagnetic layer of 

30nm. Two 10nm Ta layers are also present. The bottom one, called the buffer layer, is used 

to help and control the growth of the PtMn above it. The top Ta layer, called the protective 

layer, prevents oxidation of the cobalt layer. These four layers are grown on a B-doped Si 

(001) substrate using a magnetron sputter machine. This sample has been chosen because 

it has the optimized growth condition and possesses the highest exchange bias stability and 

the lowest spin cluster density. The second type of sample is similar to the previous one but 

with a 15nm PtMn layer thickness instead of a 30nm PtMn layer. A larger spin cluster density 

has been measured in this sample as well as a degradation of the exchange bias stability [9]. 

Because the samples are grown using a sputter machine, both the F layer and the AF layer 

are polycrystalline. 

All the sample annealings are done with the oven module of the VSM/SQUID during 30 

minutes under a field of 1T at a temperature of 660K. 

     

 (a)  (b)   

Figure 5.1: Schematic of the two different types of samples used in this report.  
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5.2 Study 1: Random orientation of  the AF grains MCA? 
 

As explained previously, the first goal of the project is to find out whether an annealing of the 

sample in different directions has an effect on the stability of the exchange bias. No 

differences are expected in the exchange bias after annealing it in different directions. Indeed, 

the AF layer is polycrystalline with grains randomly oriented in different crystallographic 

orientations [6]. Thus it is expected that the AF grains would have a random direction of their 

uniaxial MCA, which would mean that annealing in different directions would have no 

consequence/effect on the exchange bias. However, if a preferential orientation is present, 

the annealing direction could have an effect on the stability of the exchange bias. This could 

be useful for optimizing the stability of the exchange bias. 

To measure this, we wanted to anneal a sample in a certain direction, measure the blocking 

temperature and decay rate and then anneal the sample again in the perpendicular direction 

and measure the blocking and decay rate again. The problem with this procedure, however, 

is that the measurement of the blocking temperature needs to apply high temperatures, 

where diffusion of molecules occurs and thus a degradation of the sample. To overcome this 

problem, we cut the sample in two rectangular parts (see Figure 5.2). One part is annealed 

and measured with the field applied along the short sample axis and the other part is 

annealed and measured with the field applied along the long sample axis. The 

measurements were done on a sample with a 30nm PtMn AF layer (Figure 5.1 (a)) with the 

VSM/SQUID. 

 

 

Figure 5.2: The sample is cut along the dashed line to create two rectangular parts of the same sample. They are 
then annealed and measured under a field applied in two perpendicular directions (configuration 1 and 2), as 
indicated with the arrow. 

 

First the decay rate was measured. This is done by annealing the sample and then setting 

the temperature to 370K. The starting exchange bias field is then obtained by measuring a 

hysteresis loop. When this is done, an external bias field of 1T in the opposite direction of the 
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annealing is set and every hour the exchange bias field is obtained by measuring a 

hysteresis loop. This has been done for 13 hours and the results can be seen in Figure 5.3. 

The decay rate is calculated using a logarithmic fit. For sample in configuration 1, a decay 

rate of 3,2±0,8 %/dec is found, whereas a decay rate of 4,3±0,4 %/dec is found for 

configuration 2. 
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Figure 5.3: Relaxation measurement of the parallel and perpendicular annealed parts of the sample (configuration 

1 and 2 of Figure 5.2). A logarithmic fit (
𝐻𝑒𝑥

𝐻𝑒𝑥(0)
= 𝑎 − 𝛾𝑙𝑛 (𝑡)) is used to extract the decay rates. 

After the relaxation measurement, the measurements of the blocking temperature are done. 

First the samples are annealed to set the exchange bias again. Then the temperature is 

increased from 300K to 760K, and every 20K a hysteresis loop is measured to determine the 

exchange bias field. As explained previously in part 2.3.1, the maximal 𝑇𝐵 (blocking 

temperature) corresponds to the temperature of exchange bias disappearance (see Figure 

5.4). The maximal 𝑇𝐵 measured in configuration 1 is 700±70K and 680±70K for configuration 

2. 
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 (a) parallel annealed (b) perpendicular annealed 

Figure 5.4: Maximal blocking temperature measurement of the parallel and perpendicular annealed sample parts. 

The blocking temperature is taken to be at the intersection of the maximal linear slope and a line 𝐻𝑒𝑥 = 0 𝑂𝑒. 
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A large difference was found between the exchange bias field of the samples in the different 

configurations, measured right after the annealing at room temperature. For the parallel 

annealed part, an exchange bias field of 350Oe was found, compared to an exchange bias 

field of 250Oe of the perpendicular annealed part. This difference can partially be explained 

by inhomogeneity of the sample. Even though the samples in the different configurations are 

part of the same sample, the properties and the interface state will differ, resulting in a 

different exchange bias field. 

Another reason for the difference might be a reproducibility error. The exchange bias fields 

right after the annealing from the relaxation measurement are 360Oe and 310Oe for the 

parallel and perpendicular annealed samples, respectively. There is a large variation seen in 

the exchange bias field of the perpendicular annealed part after the two annealings, which 

suggests an error with the reproducibility of the annealing, for example a problem with the 

oven sample holder. 

There was no significant difference found between the stabilities of the two configurations. 

Both the blocking temperature and the decay rate of the two configurations are close to each 

other and the results give no reason to think that the direction of the annealing of a sample 

has an influence on the stability against high temperatures or high fields. This means that the 

MCA of the grains of the AF layer seem to have random directions as expected. 

 

5.3 Study 2: magnetic anisotropies of the F/AF bilayer 
 

During the project, we also wanted to study the magnetic anisotropies of the F/AF bilayer by 

measuring the hysteresis loop at different in-plane magnetic field directions, with the 

MicroSense VSM. The exchange bias field and the coercive field change versus the external 

field orientation could thus be determined. We also work on simulations in order to better 

understand the behaviour of the exchange bias field and coercive field measured. The detail 

of the simulations will be presented in the next chapter. 

 

5.3.1 Optimized exchange bias bilayer: Co(5nm)/PtMn(30nm) 

 

First the sample with a 30nm PtMn AF layer (Figure 5.1 (a)) is measured. For varied 

orientations of the external field, the hysteresis loop of the bilayer is measured using the 

MicroSense VSM. The exchange bias field (𝐻𝑒𝑥) and the coercive field (𝐻𝐶) are extracted 

from the hysteresis loops and are plotted against the external field in-plane orientation in 

Figure 5.5. 
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Figure 5.5: Measurement of the Co(5nm)/PtMn(30nm) bilayer. The exchange bias field and coercive field plotted 
against orientation of the external field applied during the hysteresis cycles.  

As described in part 2.2.1, the exchange bias field behaves as a cosine of the external field 

angle in the most ideal model of the F/AF bilayer. The coercive field in this ideal model is 

only dependent on the MCA of the F layer. The Co layer in the measured bilayer is 

polycrystalline, meaning that the MCA of the F layer can be neglected. The behavior of 𝐻𝑒𝑥 

and 𝐻𝐶 in the most ideal case can be seen in Figure 5.5, where a cosine is fitted through the 

exchange bias field and the coercive field is constant for all the orientations. The 

experimental data deviates from the ideal model around 0° and 180°. A plateau with a small 

peak is observed in the exchange bias around 0° and 180°. Large peaks at 0° and at 180° 

are observed in the coercive field contrary to what is expected. 

The differences between the experimental data and the ideal model might be related to the 

fact that there are spin clusters in the PtMn AF layer or at the PtMn/Co interface [9]. These 

spin clusters are unstable at room temperature. To account for these spin clusters, the 

granular FC model (described in 2.2.3) is modified into a spin cluster model. It will then be 

assumed that there are two types of AF grains: grains that are stable (normal PtMn grains) 

and unstable (spin clusters) at room temperature. For both these type of grains, the energy 

contribution can be found. 

From equation 2.8 it follows that the energy contribution of all the stable grains is: 

𝐸𝑠𝑡𝑎𝑏𝑙𝑒 = 𝑓𝐾𝐴𝐹,𝑠𝑡𝑎𝑏𝑙𝑒𝑡𝐴𝐹 sin2 𝛼 − 𝑓𝐽𝑒𝑥cos (𝛽 − 𝛼), (5.1) 

with 𝑓 the fraction of the stable grains relative to the total area, 𝐾𝐴𝐹,𝑠𝑡𝑎𝑏𝑙𝑒 the MCA of the 

stable grains and 𝛼 the angle of the stable grains. 
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We propose that the unstable grains have a much lower MCA. Because of this, they will 

follow the magnetization of the F layer. For the unstable grains it is assumed that the 

magnetization direction is the same as from the F layer, giving: 

𝐸𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒 = (1 − 𝑓)𝐾𝐴𝐹,𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒𝑡𝐴𝐹 sin2 𝛽, (5.2) 

with 𝐾𝐴𝐹,𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒 the MCA of the unstable grains. 

In total, the energy function of this spin cluster model is given by: 

𝐸𝑡𝑜𝑡 =

−𝜇0𝐻𝑀𝐹𝑡𝐹 cos(𝜃 − 𝛽) + [𝐾𝐹𝑡𝐹 + (1 − 𝑓)𝐾𝐴𝐹,𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒𝑡𝐴𝐹 ]sin2 𝛽 + 𝑓𝐾𝐴𝐹,𝑠𝑡𝑎𝑏𝑙𝑒𝑡𝐴𝐹 sin2 𝛼 −

𝑓𝐽𝑒𝑥cos (𝛽 − 𝛼). (5.3) 

 

To see whether this spin cluster model can explain the experimental data, simulations have 

been done using the energy function of equation (4.3). The details of the simulations will be 

given in the next chapter. Several ratios between stable and unstable grains (𝑓 being the 

fraction of area of the stable grains relative to the total area) have been used as input 

parameters. The simulated exchange bias field and coercive field versus the external field 

orientation can be seen in Figure 5.6. When looking at the graph for 𝑓 = 0.8,  the coercive 

field shows a large peak at 0° and 180º, and a dip of the exchange bias field cosine is 

observed around 0° and 180°. This model seems to be an improvement of the ideal model 

and can qualitatively explain the general behavior of 𝐻𝑒𝑥 and 𝐻𝐶 in a rotating external field.  
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 (a)  𝑓 = 0.78 (b) 𝑓 = 0.8 

 

 (c) 𝑓 = 0.85 

 

5.3.2 Degraded exchange bias bilayer: Co(5nm)/PtMn(15nm) 

 

To verify that the spin cluster model can be used to explain the behavior of our F/AF bilayers, 

a second sample is measured. The thickness of the PtMn layer in this second sample has 

been reduced from 30nm to 15nm.This reduction of the AF layer thickness increases the spin 

cluster density [9]. In the spin cluster model, a higher spin cluster density means more 

unstable grains, thus a lower 𝑓. We thus expect, as seen in Figure 5.6, that the 𝐻𝐶 peak 

becomes higher and that the 𝐻𝑒𝑥 dip becomes larger.  

Figure 5.6: Simulations of the spin cluster model for different values of 𝑓, the fraction of the area of stable 
grains relative to the total area. The exchange bias field (grey) and the coercive field (black) have been plotted 
against the external field orientation. 
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Figure 5.7: Measurement of the second bilayer Co(5nm)/PtMn(15nm). The exchange bias field and coercive field 
are extracted from hysteresis cycles measured at different field orientations and plotted against the external field 
orientation. The angle of the external field is clockwise rotated. 

 

In Figure 5.7, the azimuthal measurement performed on the second sample is presented. As 

expected, the 𝐻𝑒𝑥 dip is larger. The increase of the HC peak is not seen as predicted. This 

might be related to the fact that the peaks are not centered at 0° and 180°. More unexpected 

behavior is observed. The graph shows asymmetry in the 𝐻𝐶 and 𝐻𝑒𝑥 curves, which was not 

found in the measurement of the first sample and cannot be explained with the spin cluster 

model, which is symmetrical. To find the origin of this asymmetry, a second measurement on 

this sample was done (see Figure 5.8). In the first measurement, the field was rotated 

clockwise, whereas it now is rotated counterclockwise. The measurement looks to be a 

mirror image around 0° of the clockwise measurement. The 𝐻𝐶-peaks are shifted from the 

symmetrical position at 0° and 180° towards the external field rotation. The exchange bias 

field is also mirrored as can be seen by the dip around 40° in the first and -40° in the second 

measurement. From these measurements it looks like a memory effect is present in this 

sample, whereby the magnetic history has an effect on the measurement. This memory 

effect might be related to the unstable grains, given that they are responsible for the 𝐻𝐶-peak 

and that the effect was observed on a sample with a lot of unstable grains. Another 

possibility is that the origin of this asymmetry is related to the AF stable grains. In the 

Co(5nm)/PtMn(15nm), the small PtMn thickness induces a decrease of the stable grain 

stability. This effect was not investigated in more detail in this report, but might be interesting 

for further research. 
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Figure 5.8: Measurements of the second sample, with a 5nm PtMn AF layer. The exchange bias field and 
coercive field plotted against the angle of the external field. The data is extracted from hysteresis loop 
measurements at varying angles. The dark squares and circles are from the measurement, in which the angle of 
the external field is rotated counterclockwise. The data from Figure 5.7, from the measurement in which the 
external field angle is rotated clockwise, is added as the light squares and circles. 
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6 Conclusion 
 

In this chapter, the conclusions of the research are presented, followed by a brief outlook on 

possibilities for further research.  

Firstly, the effect of the direction of the annealing on the stability of the exchange bias was 

measured. Two samples were annealed in two perpendicular direction and the blocking 

temperature and decay rate were measured in the same directions. The blocking 

temperature and decay rate were not significantly different for the different directions of the 

annealing. From this, it can be concluded that the MCA of the grains in the polycrystalline AF 

layer are randomly oriented, as expected. 

Secondly, the behavior of the exchange bias field and the coercive field when varying the 

external field orientation was measured for two different samples. From the comparison of 

these measurements with simulations, it can be concluded that the spin cluster model is a 

good way to describe the behavior of this F/AF bilayer.   

An unexpected magnetic history effect was found. Unfortunately we did not have time to 

investigate this effect, but it might be interesting for further research. 

More measurements of sample with different thicknesses of the AF layer can be done to 

confirm the trends observed. This way the relation between the magnetic history effect and 

the amount of unstable grains might be identified. 

Another possibility is to do multiple hysteresis loops per angle of the external field and see 

whether this has an effect on the history effect. 

Another type of measurement that can be done is a torque measurement, which consists of 

measuring the magnetization of the bilayer at a constant field by varying its orientation. Using 

this method, the magnitude of the unidirectional anisotropy, the exchange bias, and the 

uniaxial anisotropy, the MCA, can be found. According to equation 4.3 from the spin cluster 

model, these values equal 𝑓𝐽𝑒𝑥 and 𝐾𝐹𝑡𝐹 + (1 − 𝑓)𝐾𝐴𝐹,𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒𝑡𝐴𝐹. From this the exact ratio 

between the stable and unstable grains 𝑓 can be obtained. This can be used to do better 

simulations and more quantitative comparisons between the measurements and the model 

might be possible. 
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