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Chapter 1 

General introduction 

1.1 Introduction 
Until the beginning of the nineties, magnetic read heads and magnetic field sensors 
have been comprised almost exclusively of inductive coils and Hall sensors. These 
heads and sensors are designed to transduce (a change of) a magnetic field into an 
output voltage, which can be electronically processed. Magnetic field sensors are 
not only used for determination of the magnitude (change) of a magnetic field, pro
duced by, e.g., an electromagnet or the earth magnetic field, they are also suitable 
for position and rotation sensing. For example, in anti-lock braking systems (ABS) 
a (soft-)magnetic gear wheel, connected to the wheel of the car, disturbs the mag
netic field produced by a permanent magnet. This enables the magnetic sensor to 
determine whether or not the wheel is still moving. The fact that magnetic sensing is 
contact-less, gives a large freedom in the placement of the sensor and avoids problems 
with friction. 

Inductive coils and Hall sensors, which do not contain magnetic materials them
selves, nowadays tend to be replaced by magnetic (multi)layers, in which the magneti
zation directions, induced by the external magnetic field, determine the conductivity 
and therefore the output voltage of the devices. These magnetoresistive magnetic 
(multi) layers have the advantage that they are suited for miniaturization and that 
sensor devices which are based on such materials can determine the magnetic field 
amplitude and angle more accurately. So far, most commercial magnetoresistive sen
sors were based on single layer magnetic films, which show the so-called anisotropic 
magnetoresistance (AMR) effect. More recently, it has been recognized that multilay-
ered magnetic films showing the so-called giant magnetoresistance (GMR) effect can 
have a number of benefits, such as an increased output as measured under compara
ble conditions [I]. Lately, an increasing amount of applications of magnetic sensors 
involve high-temperature operation (car brakes, engine management), which reveals 
the limitations of magnetic multilayers presently used. The proper operation of these 
magnetic multilayers very often depends on the fact that the magnetic states of the 
separate layers are uniquely defined. These magnetic states are metastable, which 
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means there is a finite probability for the layers to go to a different magnetic state. 
Increasing the temperature will increase this probability. 

Part of this thesis comprises a study of one type of magnetic multilayers, namely 
exchange-biased spin valves. The operation of exchange-biased spin valves is explained 
in Section 1.3. These spin valves consist, in their simplest form, of two ferromagnetic 
layers that can rotate independently in a field. It is essential that the magnetization 
direction of one of these layers is uniquely defined. This is done by means of the 
exchange-biasing interaction between this ferromagnetic layer and a special (antifer-
romagnetic) exchange-biasing layer. The exchange-biasing interaction becomes less 
strong with increasing temperature, which will result in a larger probability for un
wanted switching or rotation of the magnetization direction of the ferromagnetic layer. 
In the last part of this thesis, the thermal stability of the exchange-biasing interaction 
is investigated for the exchange-biasing material Ir19Mn8i. Whereas many exchange-
biasing materials have been studied in the past decade, Ir-Mn (with approximately 20 
at.% Ir) has turned out to be a good candidate for the practical application in high-
temperature magnetic field sensors, in view of its good thermal stability. Apart from 
the practical importance, these investigations can give more insight into the mecha
nism of exchange biasing, which is still not thoroughly understood. Several models 
have been proposed, but it remains very difficult to verify them since all exchange-
biasing materials are antiferromagnets (or compensated ferrimagnets) and therefore 
have no macroscopic magnetization. The magnetic behavior of the antiferromagnetic 
layer can only be determined indirectly via the behavior of the ferromagnetic layer it 
is interacting with. 

A good thermal stability of the magnetic-switching properties is not the only 
important aspect to be looked at for high-temperature applications. There is also 
the potential problem of atomic diffusion in multilayers, since it destroys the layered 
structure. A solution to this problem would be to use single layer films. Some inter-
metallic compounds, i.e. ordered compounds of two or more metallic materials, are 
interesting candidates. In these compounds, an external field can induce a transition 
between different magnetic states, accompanied by a considerable change in the con
ductivity (see also Section 1.2). Such a compound is Fe-Rh, which will be investigated 
in the first part of this thesis. The advantage of these materials is that once a stable 
crystallographic configuration has been reached, further atomic diffusion or crystal-
lographic transition will not occur until very high temperatures. As it turns out, 
Fe-Rh is not such a good candidate for magnetoresistive sensors, since the transition 
in a magnetic field was found to depend strongly on temperature and microstructure. 
These problems will also be present in other intermetallic compounds. Therefore, the 
research was concentrated more on exchange-biased spin valves and exchange biasing 
as mentioned above. 

The compound Fe-Rh is ordered in such a way, with separate layers of magnetic 
Fe atoms and nonmagnetic Rh atoms, that it can be viewed as a 'natural' multi
layer. This would make it possible to compare the electron-transport properties of 
this intermetallic compound with that of 'artificial' multilayers, such as spin valves. 
In magnetic multilayers it is often assumed that conduction electrons have differ
ent transport properties, according to the direction of their spin. Magnetoresistance 
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effects in intermetallic compounds or magnetic multilayers can however also be ex
plained by assuming a change in the electronic structure of the materials [2]. An 
issue of dispute in magnetic multilayers is also whether the spin-dependent scattering 
would take place only at the layer interfaces and outer boundaries or in the bulk of the 
layers as well [3,4]. A novel method presented in this thesis might give more insight 
into these issues. The method comprises the measurement of the difference in trans
mission of infrared light through thin metallic films showing the AMR or GMR effect, 
in low and high resistance states. The complex refractive index in these materials is 
related to their resistance. 

In the following paragraphs, a brief introduction will be given about the exchange-
biased spin valve and exchange-biasing interaction, as well as the giant magnetoresis-
tance effect in spin valves and intermetallic compounds. At the end of this chapter, 
an outline of this thesis will be presented. 

1.2 Magnetoresistance in intermetallic compounds 

Decades before the discovery of the giant magnetoresistance effect in magnetic multi
layers, similar types of resistivity changes were observed in intermetallic compounds 
[5-7]. These compounds show a transition between different magnetic states, accom
panied by a resistance change. It is not essential that the magnetic transition is 
between an antiferromagnetic and a ferromagnetic state. In many compounds there 
is just a rearrangement of atomic magnetic moments, e.g. in uranium compounds like 
UNiGa and UNiGe [8]. Other well-known intermetallic compounds showing a magne
toresistance effect are: SmMn2Ge2 [9], Hf1_;cTaa;Fe2 [10] and Fe3(Gai_a:Al:c)4 [11]. In 
this discussion metal to insulator transitions in so-called colossal magnetoresistance 
materials (see, e.g. [12]) are neglected, as well as paramagnetic to ferromagnetic tran
sitions in materials like RC02 (i?=rare-earth metal), where a magnetic field suppresses 
the spin fluctuations [13]. 

The resistivity change triggered by the magnetic transition can be influenced 
from two different mechanisms. First, in antiferromagnets, the magnetic periodicity 
can be different from the crystallographic one, which can lead to the appearance 
of gaps on the Fermi surface and to a reduction of the effective number of charge 
carriers [14,15]. Second, when the electron-scattering probability in the intermetallic 
compound is spin-dependent, a situation similar to that in magnetic multilayers will 
occur. Most of the intermetallic compounds showing a magnetoresistance effect, are 
'natural' multilayers, which would make it even more interesting to make a qualitative 
comparison with 'artificial' multilayers. 

The intermetallic compound studied in Chapter 2 of this thesis, is Fe^Rl i i^ . 
This (bulk) compound shows a transition between an antiferromagnetic and a fer
romagnetic state which can be induced by heating above the critical temperature 
( T F - A F = 405 K for Fe5oRh5o [16]) or, for temperatures below the critical temper
ature, by the application of a magnetic field. The transition is accompanied by a 
resistance decrease, which was found to be approximately 90 % at room temperature 
[17]. Intermetallic compounds are usually formed by melting together the constituent 
materials and subsequently annealing at high temperatures for several days. However, 
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Figure 1.1: (a) Basic layout of an exchange-biased spin valve, with AF = antiferromag-
netic layer, F = ferromagnetic layer, NM = nonmagnetic layer. The arrows indicate the 
magnetization direction, (b) Resistance as a function of magnetic held for an exchange-
biased spin valve. The arrows indicate the direction of the magnetization in the free and 
the pinned layer. 

for most applications thin films are required. Depositing intermetallic compounds in 
the form of thin films can have severe consequences for the microstructural and mag
netic properties of these compounds. Careful examination of the relation between the 
microstructure and the magnetoresistance effect is therefore essential. In Chapter 2 
much emphasis is laid on these thin-film aspects. 

A possible application for intermetallic compounds would be as magnetic field sen
sors t ha t can withstand high temperatures . Using intermetallic compounds instead of 
multilayers, has the advantage tha t intermetallic compounds are mostly much more 
thermodynamical ly stable. When the material has obtained a ground state crys-
tallographic s tructure, microstructural changes will take place at much higher tem
peratures than those at which atomic diffusion in multilayers will become a serious 
problem (approximately 550 K). However, the magnetic transition in intermetallic 
compounds is found to be tempera ture dependent and at temperatures far below the 
critical tempera ture , very large magnetic fields are required to induce the magnetic 
transit ion, up to 5 orders of magnitude larger than in exchange-biased spin valves. 
This makes intermetallic compounds less suitable for application in magnetic field 
sensors. 

1.3 The exchange-biased spin valve 

The basic layout of the exchange-biased spin valve is given in Fig. 1.1(a). This layout 
was first described by Dieny et al. [18-20], for a review see [21] or [22]. The spin 
valve consists of two ferromagnetic (F) layers, mostly of a Ni-Co-Fe alloy, separated 
by a nonmagnetic (NM) layer, mostly Cu. The spacer layer ensures tha t there is 
no direct magnetic interaction between the two F layers. On top of one of the F 
layers, an antiferromagnetic (AF) layer is deposited. There is an exchange-biasing 
interaction between the adjacent AF and F layers, which results in a shift of the 
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magnetic hysteresis loop of the 'pinned' F layer. Until recently, the AF layers mostly 
consisted of Fe5oMn5o or NiO. However, these materials are more and more replaced 
by other AF materials, such as Ir-Mn. Exchange biasing with Iri9Mn8i is investigated 
in Chapters 5 and 6 of this thesis. An introduction of the exchange-biasing interaction 
is given in Section 1.5. 

The resistance of a spin valve as a function of magnetic field is given in Fig. 1.1(b). 
At a negative magnetic field, the magnetization directions of both F layers point into 
the direction of the magnetic field. At small fields the magnetization direction of the 
free (nonbiased) layer will rotate, whereas the pinned (biased) layer will still have 
its magnetization in the original direction (negative field direction) resulting in an 
antiparallel alignment and a high resistance. The increase of the resistance is called 
the giant magnetoresistance (GMR) effect. This effect will be explained in more detail 
in the next section. For an 8 nm Ni80Fe20/2.5 nm Cu/6 nm Ni80Fe2o/8 nm Fe5oMn5o 
spin valve, a GMR ratio of approximately 4 % is found at room temperature [23]. 
Only at a much higher field, i.e. at the exchange-biasing field, the pinned layer will 
reverse, causing the resistance to decrease again. At decreasing magnetic field, first 
the magnetization of the pinned layer will rotate back to the negative field direction. 
The assumption of rotation at zero field for the free F layer, as is depicted in Fig. 
1.1(b), is only true when there is no coupling between the two F layers or when the 
two F layers have crossed anisotropy axes [24]. 

The asymmetry of the magnetoresistance curve of an exchange-biased spin valve 
has the advantage that the resistance state is always uniquely defined. And the fastest 
change of the resistance is at or close to zero field, which enables operation of devices 
at very low fields. 

1.4 The giant magnetoresistance effect and the two-
current model 

In this section, the GMR effect as it occurs in spin valves is explained with the 
two-current model. In this model, the total current is carried by spin-up or spin-
down electrons along two parallel conduction paths. The GMR effect occurs when 
the conduction electrons with different spin directions have different scattering rates, 
depending on the local magnetization direction. A schematical representation of the 
electron current paths in a F/NM/F layer structure is given in Fig. 1.2 for parallel 
and antiparallel F layer magnetization directions. It is assumed that electrons with 
their spin directions parallel to the local magnetization direction (majority electrons) 
have a lower scattering rate than electrons with their spin direction antiparallel to 
the local magnetization direction (minority electrons). This is the situation for most 
of the systems studied in this thesis. 

The GMR ratio is defined as 

AR _ RAP - RP 

R RP ' U ' i j 

with i?AP(P) the resistivity for antiparallel (parallel) alignment of the F layer magneti
zation directions. Here, a geometry is considered in which the current is perpendicular 
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Figure 1.2: Schematic representation of electron transport in the ferromagnetic and 
nonmagnetic layers of a spin valve for (a) parallel and (b) antiparallel alignment of the F 
layer magnetization directions. The trajectories of the spin-up and spin-down electrons 
are indicated by the dashed lines. 

to the plane of the film, assuming that the resistance of the nonmagnetic layer is so 
low it can be neglected. For the antiparallel configuration, the spin-up electrons are 
majority electrons in one F layer and minority electrons in the other. This is also 
true for spin-down electrons, resulting in equal resistances for the two spin directions, 
Rt = R^. Then the total resistance is: 

RAP = 
1 1 

m + Rï R+ + R-
(1.2) 

with R+,(~) the resistance for majority (minority) electrons. For a parallel config
uration, the spin-up electrons are majority electrons through the entire layer stack, 
whereas spin-down electrons are minority electrons everywhere. This results in a total 
resistance 

1 1 
Rv = + 2R+ 2R 

(1.3) 

The magnetoresistance ratio can now be determined as a function of the majority-
and minority-spin resistances by substituting Eqs. 1.2 and 1.3 into Eq. 1.1: 

AR _ (R+ + R_)2 - 4R+R-

R 4R+R-
(1.4) 

which is always larger than zero when R+ ^ R_. 
In the above equations, spin-flip or spin-independent scattering have been totally 

ignored, and no distinction has been made between scattering at interfaces and bulk 
scattering. The term 'spin valve' is related to the fact that the layer stack acts as a 
spin-selective valve. 
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Spin-dependent transport in thin films showing the AMR and GMR effect will be 
treated more thoroughly in Chapters 3 and 4. In these chapters, the transmission of 
infrared light through these magnetoresistive materials is investigated. As the complex 
refraction index of metallic films will depend on their resistance, the transmission 
can change due to the magnetoresistance effect in these materials. In films showing 
the AMR effect, the resistance depends on the angle between the current and the 
magnetization direction [25] and the transmission is measured using polarized light at 
varying angles to the magnetization direction. The results can be analyzed in terms of 
a complex refraction index which includes a spin-dependent conductivity. For the case 
treated in Chapters 3 and 4, the current is in the plane of the film. This means that 
for multilayer films a much more complex model has to be used to calculate the total 
resistance, solving the Boltzmann transport equations for all separate layers, with 
the appropriate boundary conditions [26]. However, a simple empirical approach has 
been chosen to avoid lengthy calculations, as will be explained in Chapters 3 and 4. 

1.5 Exchange-biasing interaction 

The exchange-biasing interaction that exists between certain AF and F materials is 
used to 'pin' the magnetization direction of an F layer inside an exchange-biased spin 
valve. The exchange-biasing effect was discovered in 1956 by Meiklejohn and Bean 
[27], who observed a shift of the magnetization loop of oxidized Co particles. Im
mediately they suggested there had to be an exchange coupling between the spins of 
the antiferromagnetic CoO surface layer and the ferromagnetic Co inside the parti
cles [28], similar to the exchange interaction aligning the magnetic moments inside a 
ferromagnetic material. 

In Figs. 1.3(a-d) different magnetic-moment configurations, suggested to occur 
at the AF-F interface, are shown. Figures 1.3(a-c) show an ideally planar interface, 
the interface in Fig. 1.3(d) has atomic roughness. Every time the interface spins 
are not correctly aligned (assuming F coupling), this is indicated by 'X'. An often 
used phenomenological expression for the exchange-biasing field, Heb, is obtained 
by balancing the applied field pressure (2fi0HebAdstF) on a ferromagnetic film with 
thickness tF and saturation magnetization Ms, and the interfacial-energy difference 
ACT: 

Heb = ^kr¥-
 (L5) 

Assuming an ideally planar and fully uncompensated interface, as shown in Fig. 
1.3(a), an exchange-biasing field can be calculated on the basis of typical values for 
the nearest-neighbor^ exchange-coupling energy Jki, assuming a Heisenberg exchange 
model (Ekti = -JkiSk.Si). As calculated for example for Fe-Mn [29] this is about two 
orders of magnitude larger than found in experiments, whereas a fully compensated 
interface (Fig. 1.3(b)) would produce a zero exchange-biasing field. 

It has been suggested [30], that planar domain walls will form inside the AF or 
F layer to accommodate the misalignment of the spins at the AF/F interface (Fig. 
1.3(c)). The expression for the exchange-biasing field would then be determined by 
the AF or F domain wall energy. For some systems this gives a much better estimate. 
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Figure 1.3: Different magnetic-moment configurations suggested for the AF-F interface, 
(a) Ideally planar, uncompensated interface; (b) ideally planar, compensated interface; 
(c) ideally planar, uncompensated interface with planar domain wall in the AF layer; 
(d) rough, partly compensated interface. Every time the interface spins are not correctly 
aligned this is indicated by 'X '. 

However, exchange-biasing interaction has also been found for F and AF layers with 
thicknesses less than the domain wall thickness. Note that for AF layers the domain 
wall thicknesses are unknown since the magnetic anisotropy and exchange parameters 
are not accurately known. 

Malozemoff [31,32] has introduced a model in which the domain walls are perpen
dicular to the interface plane. This model is appropriate to rough and compensated 
interfaces (Fig. 1.3(d)). Here, it is assumed that domain walls are formed in the AF 
layer whenever it is energetically favorable. The exchange-biasing field is determined 
by the domain-wall energy. This model will be treated in more detail in Section 5.4.3. 

Other groups have performed micromagnetic calculations and have come up with 
different domain patterns, e.g. closure domains [33] or with different interfacial spin 
arrangements, e.g. where the spins of the AF layer are perpendicular to the spins of the 
F layer [34]. For every new exchange-biasing material or layer configuration, it will be 
interesting to see how the exchange-biasing interaction depends on the magnetic and 
crystallographic structure of the layers and how it is influenced by the microstructure, 
such as the interface roughness or the grain sizes. 

The exchange-biasing interaction decreases with increasing temperature, until it 
becomes zero at the so-called blocking temperature, TB. In a model introduced by 
Fulcomer and Charap [35], it is assumed that the AF layer consists of non-interacting 
particles, which have to overcome an energy barrier to switch the direction of the 
exchange-biasing interaction. With increasing temperature the thermal energy of the 
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particles increases and the height of the energy barrier decreases, due to decreasing 
magnetic interactions in the AF layer and at the interface. At the blocking tem
perature the energy-barrier height will have decreased to zero and there will be no 
constraint any more for any particular direction of the exchange-biasing field, which 
results in an effective zero exchange-biasing interaction. In Chapter 5 it is investi
gated how the exchange-biasing interaction decreases with increasing temperature for 
samples with a variety of microstructures and AF layer thicknesses. All this is per
formed for films biased with the material Ir19Mn8i. This material is very interesting 
for high-temperature applications since it has a high blocking temperature. 

At temperatures below the blocking temperature, the direction of the exchange-
biasing interaction can be switched by placing a biased sample in a field antiparallel 
to the initial exchange-biasing direction. Models for relaxation will be discussed in 
more detail in Chapter 6 and again the model of Fulcomer and Charap [35] will be 
used. In Chapter 6, the relaxation behavior of Ir19Mn8i biased layers is investigated 
at temperatures between room temperature and the blocking temperature. Apart 
from the fact that studying the relaxation behavior can learn us more about the 
phenomenon of exchange biasing, it is also of practical importance. For the proper 
operation of an exchange-biased spin valve it is imperative that the exchange-biasing 
direction is uniquely defined, rotation or reversal of this direction will make the spin 
valve useless. 

1.6 Outline of the thesis 
The present thesis can roughly be divided into three different parts. The majority of 
the work presented here has been or will be published as separate papers. 

Chapter 2 is the first part of the thesis, where the magnetoresistance effect in thin 
films of the intermetallic compound Fe^Rhi-j, is investigated. This compound shows 
a transition from antiferromagnetism to ferromagnetism at temperatures around room 
temperature, which makes it of interest to investigate whether thin Fe-Rh films are 
a good candidate for practical applications. Furthermore, the compound is a 'nat
ural multilayer', which offers the possibility of comparison with the electrical (spin-
dependent) transport mechanism of artificial multilayers. First, the dependence of the 
magnetic transition on the preparational method and the Fe content is determined. 
Then, the relation between the change in magnetization and resistance is investigated, 
taking into account microstructure and atomic composition. 

The second part of this thesis comprises Chapters 3 and 4. In Chapter 3, the dis
covery of a novel magnetic-linear-dichroism effect is presented. This effect is observed 
when measuring the difference between the transmission of linearly polarized infrared 
light through ferromagnetic films, which show the anisotropic magnetoresistance ef
fect, with the polarization parallel and perpendicular to the magnetization direction. 
These directions correspond to a state of high and low resistance, respectively. A 
related effect is measured in exchange-biased spin valves, showing the GMR effect. 
The transmission of unpolarized light is shown to depend on the alignment of the 
magnetic layers (parallel or antiparallel). This magnetorefractive effect is analyzed in 
terms of complex refractive indices, that depend on a spin-dependent conductivity. 
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The analysis gives more insight into the material-specific relaxation times for spin-up 
and spin-down electrons. For GMR spin valves the analysis of the experimental data 
lead to spin-dependent relaxation times that are averaged over the entire layer stack 
of the spin valve. 

Chapters 5 and 6 form the third part of this thesis. Annealing experiments 
on exchange-biased spin valves revealed that the decrease of the exchange-biasing 
interaction with temperature of the traditional exchange-biasing materials such as 
Fe5oMn5o and NiO is a more important factor in the thermal stability than atomic 
diffusion. Novel exchange-biasing materials will be needed to improve the thermal 
stability. Recently, the exchange-biasing material Ir-Mn was discovered. It gives a 
non-zero exchange-biasing field up to temperatures of about 520 to 560 K. In Chap
ter 5, the exchange-biasing interaction of Iri9Mn8i/Ni8oFe2o and IrigMngi/CogoFeio 
bilayers is investigated as a function of temperature. It is found that the strength of 
the exchange-biasing interaction and the thermal stability depend on the layer con
figuration (AF layer deposited on top of or below the F layer). Also investigated are 
the effects on the exchange-biasing interaction of the strength of the (111) texture, 
grain sizes in the bilayers and the AF layer thickness. The experimental results are 
compared with theoretical models for the domain structure in the AF layer. 

In Chapter 6, the thermal stability of exchange biasing with IrigMnsi is investi
gated by means of relaxation experiments. The AF/F bilayers are placed in a magnetic 
field which is antiparallel or at a 90° angle to the initial exchange-biasing direction. A 
decrease and subsequent reversal or a 90° degree rotation of the exchange-biasing field 
are found. The experimental results are analyzed using different relaxation functions. 


