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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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(d) 
(c) 

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. 



10 Chapter 1. General introduction 

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. 



Chapter 2 

Compositional dependence of 
the giant magnetoresistance 
in F e x R h i _ x thin films 

2.1 Introduction 

Giant magnetoresistance (GMR) in multilayers and spin valves has received a great 
deal of attention after the discovery of the effect in 1988 [36]. However, artificially 
layered structures are not the only materials to show these large magnetoresistance 
(MR) effects, certain intermetallic compounds can also show a considerable MR effect 
[37]. In this paper we focus on the intermetallic compound Fe-Rh. As early as 1974 
Schinkel et al. [5] measured an MR ratio of approximately 1700 % at 4.2 K for 
polycrystalline bulk Feo.505Rho.495, and Algarabel et al. [17] found for bulk Fe05Rho.5 
an MR ratio of ±90 % at room temperature. The change in the resistance is linked 
to the transition of the compound from the low-temperature antiferromagnetic (AF) 
to the high-temperature ferromagnetic (F) state. For stoichiometric FeRh at zero 
applied field and at zero pressure, this transition takes place at T F _ A F = 405 K [16]. 
A large number of papers have been published treating the magnetic transition of bulk 
Fe-Rh as a function of either temperature [38] or magnetic field [39,40] and dealing 
with its dependence on composition [41], heat treatment [42,43] and pressure [44,45]. 
The magnetic transition is accompanied by a change of the lattice parameters [46] 
and the elastic [16,47] and electrical-transport [5,17] properties. 

According to the phase diagram [48] shown in Fig. 2.1, at room temperature 
FexRhi_3; compounds have the CsCl-type structure (a' phase) for xFe > 0.485. For 
0.33 < xFe < 0.485 there is a two-phase region where both the a' phase and 7 
phase (fee solid solution of Fe and Rh) are present. In compounds containing 33 to 
55 at.% Fe, the a' phase shows a transformation between the low-temperature AF 
state and the high-temperature F state. At high temperatures, about 1600 K for 
xFe — 0.5 and 900 K for xFe = 0.8, there is a phase transition from the a' phase 

http://Feo.505Rho.495
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Figure 2.1: Phase diagram for Fe-Rh as given by Kubaschewski [48]. Boundaries 
between single-phase and two-phase regions are indicated with dashed lines. Magnetic 
transition temperatures are indicated with a dashed-dotted line. The two arrows in the 
upper part of the figure indicate the boundaries between the single-phase and two-phase 
regions as observed in our thin ßlms, as discussed in Section 2.4.1. 

to the 7 phase. Swartzendruber [49] has proposed a similar phase diagram, but with 
the boundary between the a' and the a'/7 two-phase region shifted to xpe — 0.47 at 
room temperature. 

Neutron-diffraction experiments [50-52] indicate that in the AF a' phase each Fe 
atom is surrounded by six Fe atoms with opposite spin direction. For an equiatomic 
FeRh compound, the magnetic moments of the Fe and Rh atoms are 3.3 (IB and 0 
fiB in the AF state, and in the F state they are 3.1 /iß and 1.0 HB, respectively. 
Values of magnetic moments for Fe and Rh atoms obtained from self-consistent total-
energy calculations [53,54] show a good agreement with these experimental results. 
Mössbauer spectroscopy [55] indicates that excess Fe atoms are positioned on Rh sites 
in the lattice, having a lower magnetic moment than Fe atoms on Fe sites. 

Although the transport and magnetic properties of bulk Fe-Rh are well known 
today, less research has been done on thin films. Lommel [56] observed the AF 
—> F phase transition in Fe-Rh thin films that were obtained by annealing Fe-Rh 
multilayers deposited by evaporation. Whereas the temperature hysteresis of the 
transition is only of the order of 10 K for bulk samples, he found a hysteresis of the 
order of 100 K for his thin films. The saturation magnetization above the transition 
temperature was observed to be only half of that of the bulk material, whereas well 
below the transition temperature part of the magnetization was found to be retained, 
suggesting that at all temperatures the films consisted of a mixture of AF and F 
phases. The AF —> F transition was observed to be accompanied by a decrease of the 
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resistance of approximately 40 %, less than half of the value (±90 %) reported in the 
bulk material [17]. Recently, Ohtani and Hatakeyama [57] observed a similarly large 
thermal hysteresis of the magnetic transition in sputter-deposited Fe-Rh films, and 
concluded from intensive structural investigations that it is related to the presence of 
a secondary fee (7) phase and to compositional fluctuations. In a second publication 
[58], the same authors showed that stress in the films and the stress distribution, 
strongly affect the magnetic-transition temperature and the hysteresis and steepness 
of the transition. No data on the magnetoresistance effect is given in [57] or [58]. 

We report on a study of the magnetoresistance of Fe^Rhi-^ thin films close to 
the equiatomic composition, prepared by co-evaporation of Fe and Rh and subsequent 
annealing. The purpose of our study was to establish the relationship between the 
film composition and the degree of completeness of the magnetic transition on the 
one hand, and the magnetoresistance on the other hand. This is one of the issues 
that is of interest when assessing the suitability of Fe-Rh films for applications in 
magnetic field sensors. Our experimental results support the earlier finding of an 
MR ratio that is smaller than the bulk value. In principle, this could be the result 
of structural differences in the F or AF phases as compared to the bulk compound 
(e.g. a difference in the degree of site disorder, or a different scattering rate at grain 
boundaries), leading to a difference in the spin dependence of scattering or in the spin-
flip scattering rate. However, we show that the effect is fully consistent with a model 
within which the MR ratio for films with different Fe contents is proportional to the 
ratio of the magnetization change upon the magnetic transition. We will show that 
data taken at different alloy compositions extrapolate to the same (full) MR ratio, 
which is found to be essentially the same as for bulk FeRh. This can be explained 
from the fact that the composition of the a' phase in the films responsible for the AF 
-» F transition, is the same in all cases, xFe = 0.505 ± 0.015. Films with a larger Fe 
content do not show the AF -> F transition. Films with 0.43 < xFe < 0.505 consist 
of a two-phase mixture of 7 and a' phases with the composition mentioned. This 
result was unexpected, as bulk phase diagrams suggest a single a' phase showing the 
AF -» F transition for approximately 0.485 < xFe < 0.55 [42,48,49]. 

In Section 2.2, we give an overview of the experimental procedure for fabrication 
and characterization of the thin films. In Section 2.3, we will present the results 
obtained using several characterization techniques, after different annealing treat
ments and also the results of magnetization and magnetoresistance measurements are 
presented. The influence of the microstructure and composition of the films on the 
magnetic and electrical-transport properties will be discussed in Section 2.4, in which 
an estimate of the full MR ratio is given. Finally, we will present a summary and 
conclusions in Section 2.5. 

2.2 Experimental procedure 

The films were fabricated by co-evaporation of Fe and Rh onto fused quartz sub
strates in a HV evaporation chamber with a background pressure of 10~6 Pa and a 
deposition rate of 0.5 nm/s. Deposition took place at room temperature or at 520 
K. The substrates were mechanically polished before deposition, no pre-deposition 
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cleaning (sputter-etch, chemical cleaning) was administered. The total thickness of 
the films was 100 nm. The composition of the films was determined using Rutherford 
Backscattering Spectroscopy (RBS). The Fe contents of the samples ranged between 
41 and 59 at.%, with an accuracy of ±0.5 at.%. 

To obtain the ordered a' crystal structure from the as-deposited disordered struc
tures, several annealing procedures were used during which the crystallographic tran
sitions were monitored. The resistance of the films was measured during annealing 
in vacuum (p < 10 - 4 Pa). When annealing in a Faraday balance the magnetization 
could be measured during the procedure, with the sample placed in a magnetic field 
of 400 kA/m and in a He atmosphere. For all procedures the heating rate was 10 
K/min. The maximum temperature was maintained from 1 minute up to 16 hours. 
The maximum temperatures reached during annealing were 970 K or lower. 

The films were characterized using X-ray Diffraction (XRD), Scanning Electron 
Microscopy (SEM) and Transmission Electron Microscopy (TEM). The amounts of 
the various crystallographically and magnetically distinct phases in the films were 
determined using 57Fe conversion electron Mössbauer spectroscopy with a source of 
57 Co in a Rh matrix. 

A Faraday balance and a SQUID magnetometer were used to measure the magne
tization as a function of temperature and magnetic field. The resistivity as a function 
of temperature and magnetic field was measured using a four-point method. 

2.3 Experimental results 

2.3.1 Crystal and grain structure before and after the anneal
ing treatment 

The as-deposited Fe^Rhi-^ films have a disordered 7 phase structure for xpe < 0.55 
and consist of a mixture of disordered bcc (a) and fee (7) phases for xpe > 0.55. The 
disordered a phase is not present in bulk materials of this composition. The a phase 
is ferromagnetic at room temperature and the 7 phase is paramagnetic. 

Figures 2.2(a,b) show the magnetization and the relative resistance, measured 
during the annealing procedure for two samples with 49.0 at.% Fe. When the film 
is heated, there is an upturn in the resistance curve at about 550 K and at the 
same temperature a finite magnetization develops. XRD shows a change from the 
disordered 7 to the disordered a phase. This crystallographic transition seems to be 
of a martensitic character, i.e. diffusionless. For films with less than 51 at.% Fe, this 
transition is not complete, there is some retained 7 phase even after annealing at 970 
K for 16 hours. The temperature at which the 7 —>• a transition takes place increases 
with increasing Rh content. At still higher temperatures, the a phase gradually 
transforms into the ordered a' phase, as is evidenced by the appearance of an (100) 
superlattice peak in the XRD spectrum. Annealing temperatures of 870 K or higher 
are needed to have a largely ordered crystal structure. In a film with xpe < 0.5, the 
a' phase becomes antiferromagnetic at low temperatures. For XFe = 0.49 the F —> 
AF transition sets in at 300 K and is completed around 80 K. 

SEM shows that there is considerable grain growth during annealing. For all 
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Figure 2.2: (a) Magnetization and (b) relative resistance during the anneal procedure 
for two samples with 49.0 at.% Fe. 

Figure 2.3: SEM surface images for two samples with (a) XFe 
0.588, both after annealing at 970 K for 4 hours. 

0.509 and (b) xFe 
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Figure 2.4: Compositional dependence of the perpendicular-to-plane (open circles) and 
in-plane (closed circles) lattice parameter of thin films at room temperature compared 
with the bulk lattice parameters [55] (crosses). The dashed lines are guides to the eye. 

compositions, the as-deposited films have grain sizes smaller than 10 nm. After an
nealing at 970 K for 4 hours, samples with 50.9 at.% Fe and 58.8 at.% Fe had average 
grain sizes of 80 and 130 nm, respectively (Fig. 2.3). The observation of an increase 
of the average grain size with Fe content is qualitatively consistent with the analysis 
of Ohtani and Hatakeyama [57] for 200 nm thick sputter-deposited films, but the in
crease in grain size they observe (from 30 nm at 46.0 at.% Fe to 400 nm at 54.6 at.% 
Fe after annealing at 870 K) is much larger than in our case, which could be due to 
the difference in deposition techniques. 

XRD has been used to determine the lattice parameters of the a' phase, both 
perpendicular and parallel to the plane of the film (Fig. 2.4). All measurements were 
performed at room temperature. The samples with xpe > 0.49 were in the F state. 
The samples with xpe < 0.49 were measured after cooling to 4.2 K and subsequent 
heating to room temperature, which results in predominantly AF ordering. However, 
a considerable part of the a' phase is still ferromagnetic, as will be explained later 
in part B of this section. It is reported that in bulk Fe-Rh samples there is a 0.3 % 
increase in lattice parameter at the AF —> F transition [39,46]. For our thin films only 
a single spectrum is visible. We note that the difference between the peak positions 
of the two spectra is insufficient, with respect to the broadness of the peaks, to be 
resolved. This is caused by the small grain sizes in our thin films. 

The in-plane lattice parameter was found to be larger than the lattice parameter 
perpendicular to the plane. For films with xpe < 0.49, the difference is 0.8 % and 
it decreases to 0.6 % for xpe = 0.588, indicating a considerable tensile stress in the 
film. We will discuss the implications of this stress for the magnetic transition later 
in Section 2.4.4. Figure 2.4 also includes the bulk lattice parameters, as reported in 
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Figure 2.5: Magnetization as a function of temperature for a sample with 49.2 at.% 
Fe during subsequent heating to 570, 720, 870 and 970 K. Between the heating cycles 
the sample is cooled down to 77 K and then heated to the next temperature, all in a 
magnetic field of 400 kA/m. 

the literature [55]. For xpe < 0.5, the bulk lattice parameter is for completely AF 
samples. 

2.3.2 Influence of annealing temperature and time on the mag
netic properties 

Samples were annealed for different periods of time at several temperatures to investi
gate the influence of the annealing procedure on the magnetic and transport behavior. 
Figure 2.5 shows the magnetization as a function of temperature for a sample with 
49.2 at.% Fe during heating to 570, 720, 870 and 970 K. The highest temperature in 
each cycle was maintained for no longer than one minute and the cooling and heating 
rate were both approximately 10 K/min. After each temperature cycle, the sample 
is cooled down to 77 K and then heated to the next temperature, all in a magnetic 
field of 400 kA/m. 

After heating to 570 K the sample is ferromagnetic at all temperatures, indicating 
the presence of disordered a phase. After heating to 720 K, a weak F —> AF tran
sition is visible upon cooling and the magnetization has increased indicating a start 
of the formation of the a' phase. After heating to 870 K, the amount of a' phase 
has increased, resulting in a higher saturation magnetization and a more pronounced 
magnetic transition. Heating to 970 K does not increase the magnetization, but the 
hysteresis of the magnetic transition has become larger, so large that a significant 
part of the sample remains ferromagnetic even when approaching 0 K. The transition 
temperature for the AF —> F transition, defined as the temperature at which the 
change of the magnetization with temperature shows a maximum as measured upon 
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increasing temperature, becomes higher. We have compared the transition tempera
tures for samples in the range 0.41 < xFe < 0.49 after annealing at 920 and 970 K. 
After annealing at 970 K, the average transition temperature is 340 ± 10 K, whereas 
after annealing at 920 K the observed transition temperatures fall in the range 270-
340 K. After annealing at 720 K, other annealing steps no longer have an influence on 
the Curie temperature of the samples. An average Curie temperature of 695 ± 8 K is 
found for samples in the range 0.4 < xFe < 0.5. For samples with excess Fe, the Curie 
temperature increases with increasing Fe content, to Tc = 860 K for xFe = 0.55. 

The time during which the maximum temperature was maintained, ranged be
tween 1 minute and 16 hours. No influence of the annealing time on the magnetic 
behavior was observed and also XRD did not show a distinct change in microstructure. 

2.3.3 Mössbauer spectroscopy 
57Fe-Mössbauer spectroscopy can be used to identify and quantify the presence of 
magnetically and crystallographically distinct phases in the films. Shirane et al. [55] 
have performed extensive Mössbauer spectroscopy on Fe-Rh bulk samples with dif
ferent compositions. They observed two distinct hyperfine fields for samples with 
0.5 < xFe < 0.8, corresponding to Fe atoms on Fe sites and on Rh sites in the lattice. 
The latter have a lower magnetic moment, but a higher hyperfine field. It is also 
possible to distinguish the AF and F phases on the basis of hyperfine spectra. More 
recently, Ohtani and Hatakeyama [57] have performed Mössbauer spectroscopy on 
sputter-deposited Fe-Rh thin films in the composition range 0.46 < xFe < 0.55. They 
find a variety of sextets, which are assigned to Fe atoms with 0, 2-6 and 8 Fe nearest 
neighbors in the a' phase. They also find two nonmagnetic 7 phases. 

We have performed 57Fe-Mössbauer spectroscopy on our films at room tempera
ture, after cooling to 4.2 K and after heating to 420 K, respectively. The films with 
xFe < 0.5 have been investigated with predominantly AF ordering, as well as with 
predominantly F ordering. This was done by making use of the hysteresis in the AF-F 
magnetic transition with increasing and decreasing temperature. Figure 2.6 shows the 
spectrum for a film containing 45.4 at.% Fe which has been heated to room temper
ature after cooling down to 4.2 K. There are two sextets and a singlet present in the 
spectrum. Using the results reported by Shirane et al. [55] these can be identified. 
The singlet belongs to the paramagnetic 7 phase. The two sextets belong to the AF 
and F phases with hyperfine fields of 25.4 and 27.5 T, respectively. 

The amounts of 7, a'(AF) and a'(F) phases are obtained from the ratios between 
the intensities of the singlet and the two sextets. The magnetization direction in the 
film can be determined from the ratios of the intensities of the peaks of a sextet. The 
ratio is 3 : £ : 1 : 1 : £ : 3, with £ = 4,0 or 2 for an in-plane, perpendicular or random 
magnetization direction. For the film in Fig. 2.6, we find £ = 3.3 for the F sextet and 
£ = 1.6 for the AF sextet, indicating that the magnetization is mostly in the plane of 
the film for the F phase and random for the AF phase. 

When the Mössbauer spectrum of the same sample is measured after cooling 
down from 420 K to room temperature, only the paramagnetic singlet and the sextet 
belonging to the F phase are found. This implies that at a temperature of 420 
K the AF -> F transition is complete and that the F -» AF transition starts at 
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Figure 2.6: Mössbauer spectrum for a him with 45.4 at.% Fe at room temperature after 
heating from 4.2 K, showing sextets for the a' (AF) and a' (F) phases and a singlet for 
the paramagnetic 7 phase. 

a temperature below room temperature. This is in agreement with the results of 
magnetization measurements on the same sample. 

All samples with xpe < 0.5 show the same set of subspectra as the film with 
xpt = 0.454 (shown in Fig. 2.6). The results of the fits are summarized in Table 
2.1, where the amounts of the respective phases are given. All samples, except for 
the one with 48.3 at.% Fe, show at decreasing temperature an F —> AF transition 
starting below room temperature, and therefore no a'(AF) phase is present after 
cooling from 420 K. The sample with 48.3 at.% Fe has had a different annealing 
treatment, which has resulted in a smaller hysteresis and an F 4 AF transition 
starting already above room temperature. We have measured average hyperfine fields 
of 25.3 T and 27.3 T and isomer shifts of 0.012 and 0.035 mm/s for the AF and 
F phases, respectively. These values do not change significantly with Fe content. 
There was no sextet belonging to Fe atoms on Rh sites visible in any of the samples 
measured. Therefore we conclude that not more than a few percent of the Fe atoms 
occupy such sites. The amount of disorder in these films is therefore very small. 

Samples with xpe > 0.5 are always ferromagnetic, so a heat treatment before 
the measurements as described above does not affect the Mössbauer spectrum. The 
spectrum of a sample containing 58.8 at.% Fe is shown in Fig. 2.7. Three different 
sextets (I, II, III) can now be distinguished. The hyperfine fields are listed in Table 
2.2. Making use of the analysis of the hyperfme-field distribution in Fe-rich bulk 
compounds, as given by Shirane et al. [55], we arrive at the following assignment of 
local environments to the Fe atoms giving rise to these three sextets. Sextets I and 
II result from Fe atoms on Fe sites, with between 0-1 and 2-3 Fe nearest neighbors, 
respectively. Sextet III is related to Fe atoms positioned on the Rh sites of the lattice 
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Table 2.1: Results of Mössbauer spectroscopy on Ulms with xFe < 0.5. 

Fe content 

(at.%) 

Amount of 
a'(AF) phase 

(%) 

Amount of 
Q ' ( F ) phase 

(%) 

Amount of 
7(P) phase 

(%) 

Temperature 
history 

45.4 44.2 
0 

36.3 
80.2 

19.5 
19.8 

4.2 K, heating 
420 K, cooling 

45.4 67.4 15.4 17.2 4.2 K, heating 

45.9 54.6 
0 

28.8 
82.4 

16.6 
17.6 

4.2 K, heating 
420 K, cooling 

48.3 84.5 
56.6 

0 
30.5 

15.5 
12.9 

4.2 K, heating 
420 K, cooling 

49.0 44.0 
0 

47.9 
87 

8.1 
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Figure 2.7: Mössbauer spectrum of a film with 58.8 at.% Fe at room temperature, 
showing sextets corresponding to Fe atoms with 0-1, 2-3 and 8 Fe nearest neighbors', 
indicated by I, II and III, respectively. 
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Table 2.2: Results of Mössbauer spectroscopy on films with i f e > 0.5. 

Fe content Subspectrum Bhf Amount Description 
(at.%) (T) (%)  

27.2 99.3 0 nn. Fe 
0 0.7 7 P phase 

27.8 100 0-1 nn. Fe 

28.6 32.5 0-1 nn. Fe 
30.8 53.3 2-3 nn. Fe 
39.9 14.2 8 nn. Fe 

51.2 I 
IV 

54.9 I 

58.8 I 
II 
III 

\ 
\ 

£S 20 — 
CD •• \ in 
o 

_cz \ • CL \ \ 
O 

~CD 10 \ 
cz \ en 
D 

F \ 
O \ 
O \ 

0 • . . . 
i i i 

40 45 50 55 
Fe content (at.%) 

60 

Figure 2.8: Compositional dependence of the amount of paramagnetic 7 phase deter
mined from Mössbauer spectroscopy. The dashed line is a guide to the eye. 

(with 8 Fe nearest neighbors). The excess amount of 8.8 at.% Fe in this sample should 
result in 15 % of the total amount of Fe atoms being positioned on a Rh site. This 
compares well with the experimental value of 14 %. 

Two other samples with xFe > 0.5 have been investigated; the results are sum
marized in Table 2.2 as well. The film with 51.2 at.% Fe still contains a small amount 
of 7 phase. The spectra for both samples do not show a well resolved sextet related 
to Fe atoms on Rh sites, though it should be present. This is probably due to the fact 
that the intensities of the peaks are too low to be distinguished from the noise level. 
The compositional dependence of the hyperfine fields at atoms giving rise to sextet I 
(0-1 Fe nearest neighbors) agrees very well with the results given in [55]. 

The amount of 7 phase, obtained from Mössbauer spectroscopy, is plotted in Fig. 
2.8 as a function of the Fe content in the samples. It is clear that the amount of 7 
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Figure 2.9: Measured saturation magnetization for thin ßlms (open symbols), compared 
with the result of a model calculation (dashed line) and experimental values for bulk 
samples (closed symbols), all at 300 K. 

phase increases when the Fe content decreases. 

2.3.4 Saturation magnetization 

In Fig. 2.9, the compositional dependence of the saturation magnetization at 300 K 
is shown. The results for samples with xpe < 0.5 were obtained after heating the 
sample to a temperature where the AF -> F transition is completed (about 450 K or 
above) and subsequent cooling to 300 K, where a relatively small field was enough 
to saturate the magnetization. Samples with XFe > 0.5, which show no magnetic 
transition, were heated from low temperatures to 300 K. Subsequently, a magnetic 
field was applied that was large enough to saturate the magnetization. 

For our thin films with xpe < 0.5, the values can be compared to the values given 
by Hofer and Cucka [41] for bulk Fe-Rh compounds with excess Rh. The values for 
these bulk compounds and our thin films compare reasonably well. For 0.5 < xpe < 
0.6, the few experimental results for the saturation magnetization reported in the 
literature are less systematic (see Table 4 in Ref. [49]). Instead of using these data, 
we calculate the saturation magnetization using the magnetic moments of the Fe and 
Rh atoms obtained by Shirane et al. [51] from neutron-diffraction experiments at 298 
K. For 0.52 < xpe < 0.6, they find mpe = 3.1 HB and mFe = 2.5 fiß for Fe atoms on 
Fe and on Rh sites of the lattice, respectively. The magnetic moment for Rh atoms 
(on Rh sites) is m Rh = 1.0 ^ ß . The resulting saturation magnetization (dashed line 
in Fig. 2.9) compares quite well with our experimental results in this composition 
range, from which we can conclude that there is no substantial amount of disorder in 
our films, since disorder would decrease the saturation magnetization. 
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Figure 2.10: (a) Magnetization and (b) resistivity as a function of applied magnetic 
field for a thin film with x = 0.490 at 225 K (squares), 275 K (bullets) and 325 K 
(crosses). 

2.3.5 Magnetization and magnetoresistance measurements 

Both magnetization and resistance were measured as a function of magnetic field. 
Before each measurement the films were cooled to 4.2 K and then heated to the desired 
temperature, so as to create a well defined temperature history. After stabilization at 
the desired temperature the magnetic field was varied between 0 and 4400 kA/m. In 
Figs. 2.10(a,b) the magnetization and resistivity loops for a sample with 49.0 at.% Fe 
at different temperatures are given. The magnetization curves are compensated for 
the diamagnetic contributions from the substrate and the sample holder. Because of 
the hysteresis in the magnetization versus temperature loops described earlier, part 
of the sample is ferromagnetic even at the lowest temperatures. This F fraction is 
saturated at low fields, as can be seen in Fig. 2.10(a) for the magnetization curve at 
225 K. Increasing the field causes the spins in the AF fraction to rotate over a small 
angle towards the field direction, resulting in a slow increase of the magnetization and 
the resistance. At a certain magnetic field there is an upturn in the magnetization 
curve and the resistance starts to decrease. This is the start of the AF -» F transition, 
and with increasing field the film will become more and more ferromagnetic. At 225 
K, far below the transition temperature of this film, the maximum available field of 
4400 kA/m is not large enough to have a complete magnetic transition. 

With increasing temperature, the magnetic field necessary to start the AF -> F 
transition decreases, as can be seen in the resistance as a function of magnetic field 
at 275 K (Fig. 2.10(b)), where the smallest fields are already sufficient to start the 
AF -> F transition and decrease the resistance. At 275 K, an MR ratio of (p0 -
/9Hmax)/PHmax = 58 % is obtained, which is the highest MR ratio we have measured so 
far in our films. A field of 4400 kA/m is still insufficient to fully saturate the sample at 
this temperature. At 325 K, a temperature above the transition temperature, the film 
is mostly ferromagnetic even at low fields. The transition is completed at a magnetic 
field of about 2500 kA/m. Further increase of the magnetic field has almost no effect 
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on magnetization and resistivity. When the magnetic field is decreased again, a large 
hysteresis is observed at all temperatures, resulting in a larger F fraction after the 
field sweep than before. Other films with different compositions were also investigated 
and showed the same behavior. 

2.4 Discussion 

2.4.1 Compositional dependence of phases observed 

The results of our measurements of the compositional dependence of the lattice param
eters, the Mössbauer spectrum and the saturation magnetization of annealed Fe-Rh 
thin films lead to the following conclusions regarding the occurrence of the various 
phases around the equiatomic composition: 
(i) For 0.51 < xpe < 0.59, the films are single phase, consisting of the ordered a' 
phase. 
(ii) For 0.41 < xpe < 0.51, the films consist of an Q ' / T two-phase mixture. 
The phase boundary between the single-phase a' region and the two-phase a ' / 7 region 
is, from the various experimental results obtained, located at xpe = 0.505 ± 0.015. 
The uncertainty is in part the result of the uncertainty in the determination of the 
composition by RBS (±0.005), but is also related to the measurement accuracies and 
the sample-to-sample variations observed. From the compositional variation of the 
saturation magnetization (Fig. 2.9), the phase boundary between the single-phase 7 
region and the two-phase a ' / 7 region is estimated to be located at xpe = 0.32 ± 0.03. 

When comparing these results with the bulk Fe-Rh phase diagram, one should 
remember that the films have been annealed at temperatures up to 970 K, and subse
quently cooled with a relatively high rate. Hence, the phases observed are expected to 
be more closely related to the phase diagram at the temperature of annealing than to 
the phase diagram at room temperature. We have indicated the boundaries between 
the single-phase and two-phase regions, given above, by arrows in the upper part of 
the phase diagram presented in Fig. 2.1. The boundary between the single-phase a' 
region and the two-phase a' / 7 region is for our films located at an Fe content that is 
approximately 2 at.% higher than in the bulk phase diagram given by Kubaschewski 
(Fig. 2.1, see also Section 2.1). On the other hand, in a recent publication Takahashi 
and Oshima [42] have relocated the phase boundary to the Fe-rich side, varying from 
xpe ~ 0.52 at 700 K to xpe ~ 0.51 at 1000 K. Our results tend to support this latter 
finding. However, we emphasize that one has to be careful when interpreting thin-film 
results in terms of the phase diagram, in view of the possible occurrence of stress at 
the temperature of annealing. A discussion of the strain observed in the films is given 
in Section 2.4.2. 

The boundary between the single-phase 7 region and the two-phase a ' / 7 region 
is for our films, within the experimental accuracy, in agreement with the boundary 
at xFe = 0.33, as given in Fig. 2.1. Our result is also not significantly different 
from the results given by Swartzendruber [49], who has reported a slight temperature 
dependence of this phase boundary: the boundary is positioned at xpe ~ 0.31 at 700 
K, increasing to xpe ~ 0.35 at 1000 K. 
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2.4.2 Stress 
In Fig. 2.4 we have presented evidence for the occurrence of tensile stress from 
the observation of a difference between the in-plane lattice parameter (ay) and the 
perpendicular-to-plane lattice parameter (a±). In the absence of measurements of the 
temperature dependence of the strain, we can only present a limited discussion of its 
origin. Stress can be produced during the growth of the films, and, upon heating the 
samples, it can result from the phase transformations taking place, as well as from 
a difference between the thermal-expansion coefficients of the film and the substrate. 
However, if the stress that results from these processes is relaxed by annealing during 
a sufficiently long period of time, the strain observed at room temperature is expected 
to originate predominantly from the effect of different thermal-expansion coefficients 
of the film and the substrate upon cooling to room temperature. 

Assuming that full relaxation has taken place at the annealing temperature, that 
the strain is homogeneous throughout the film and that there is perfect clamping of the 
film to the substrate, a first estimate of the strain can be obtained from literature data 
on the thermal expansion [47]. In the case of cooling from 970 K to room temperature, 
bulk FeRh shows a linear contraction of approximately 0.54 % (neglecting the effect of 
a possible F -> AF transition near room temperature), whereas fused silica glass shows 
a linear contraction of only approximately 0.04 % [59]. At room temperature, ay is 
then expected to be approximately 0.5 % larger than the bulk lattice FeRh parameter. 
Assuming that the elastic properties of the film are isotropic, it is commonly observed 
for metals that the change of a x is as large, but of the opposite sign as the change of ay. 
This would result in a difference between ay and a± of approximately 1 %, and a bulk 
value of the lattice parameter equal to the average of ay and a±. The experimental 
values of the lattice parameter difference are smaller, 0.8 % for xFe < 0.49, decreasing 
to approximately 0.6 % for xFe = 0.588 (see Fig. 2.4). As expected, the bulk lattice 
parameter (a) is in between ay and a± for xFe > 0.49, although (ay - a) and (a±_ - a) 
are dependent on the composition, and not equal to each other for all compositions 
investigated. We conclude that the strain observed has the same sign and order of 
magnitude as expected on the basis of the simplifying assumptions given above, but 
that these assumptions do not give a fully quantitative description of the observations. 

Due to clamping to the substrate, the strain will be larger in the region close to 
the substrate-film interface than at the top of the film. At the top of the film internal 
stress can relax more easily, especially at grain boundaries, which will cause gaps to 
appear between grains. A TEM cross-sectional image of a film with xFe = 0.454, 
shown in Fig. 2.11, provides an indication of the formation of such gaps at the film 
surface. The resulting relaxation is expected to contribute to the small discrepancy 
between the calculated and experimental difference of the parallel and perpendicular 
lattice parameters, discussed above. 

2.4.3 Dependence of the magnetic transition on composition 

The Mössbauer spectra have revealed that all films investigated that consist only of a' 
phase (xpe > 0.505), are ferromagnetic, whereas in the films consisting of a two-phase 
a'/j mixture, the a' phase was observed to show an AF -» F transition at a certain 
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Figure 2.11: Cross-section TEM image of a film with x = 0.454, showing a crack at the 
film surface and evidence of the presence of strain inside the grains. 

temperature. A first implication of these facts is that in this system single-phase 
Fe-Rh having the a' structure and showing an F -> AF transition upon cooling is not 
present or not resolved experimentally whereas, in contrast, bulk systems of single-
phase a ' showing the F ->• AF transition are present in an extended composition 
range [42,48,49]. A second implication is that for films in the mixed-phase region the 
composition of the a' phase is independent of the overall film composition, being equal 
to the composition at the phase boundary. As a result, one expects that, in the absence 
of effects resulting from microstructural differences and strain, the temperature or (at 
a fixed temperature) the applied magnetic field at which the magnetic transitions take 
place are not dependent on the overall film composition. 

This conclusion is supported by the observed variation of the AF ->• F transition 
temperature and of the Curie temperature, with the overall film composition, as shown 
in Fig. 2.12. For films annealed at 970 K, the transition temperature is 340 ± 10 K, 
with no significant composition dependence, whereas for films annealed at 920 K the 
observed transition temperatures fall in the range 270-340 K. Although there is a 
sample-to-sample variation, we again observe no significant composition dependence. 
Also the observed Curie temperature is constant in the range 0.4 < xpe < 0.5. 

We cannot exclude the possibility that the tendency of films annealed at 920 K 
to show a lower transition temperature than films annealed at 970 K results from the 
combined effect of a slight difference in the composition of the a' phase obtained after 
annealing at these two temperatures (but still within the range 0.49 < xFe < 0.52) and 
a strong composition dependence of the transition temperature. All reports on bulk 
systems show indeed a strong composition dependence of the transition temperature 
[42,48,49]. 
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Figure 2.12: Composition dependence of Tc (bullets) and of the transition temperature 
of the a' phase in Fe-Rh films for two annealing temperatures, 920 (squares) and 970 
K (triangles). The dashed line gives the boundary between the single-phase a' region 
and the two-phase a' + 7 region at ifc = 0.505 ± 0.015. Within the experimental 
accuracy, this line forms also the border line between ßlms that are predominantly AF 
or completely F at low temperatures. 

A dependence of the final composition on the annealing temperature may be a 
thermodynamic effect, i.e. due to a dependence of the phase boundary on the temper
ature, or a kinetic effect, i.e. due to slow diffusion of Rh atoms towards the 7 phase 
precipitates that are formed at the same time [42]. As a result, the Rh concentration 
across the grains in the film would show a gradient, and the average Rh concentration 
in the a' phase will slowly decrease. Assuming that the transition temperature is 
dependent on the Rh concentration, this could then explain the observed wide tran
sition with temperature, and the dependence of the transition temperature on the 
annealing temperature. For bulk samples, with much larger grain sizes, an increase 
of the transition temperature at prolonged annealing is observed [42]. For our thin 
films, we do not see such an effect, although we cannot exclude that this will be more 
evident upon employing longer annealing times than we have used so far. 

The absence of consensus about the bulk phase diagram and about the composi
tion dependence of the F to AF transition temperature, presently makes it impossible 
to give a more detailed discussion. A further complication is the possible effect of 
strain and of the microstructure. This is the subject of the next subsection. 
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2.4.4 Effect on the magnetic transition of strain and microstruc
ture 

Whereas for bulk systems the hysteresis in the transition between the F and AF state 
upon a change of temperature or of the applied field is relatively small [5,38,39,41], 
the hysteresis is much larger for thin films. Ohtani and Hatakeyama [58] have already 
shown that peeling a Fe-Rh film from a Si(>2 substrate causes a decrease of the 
hysteresis, accompanied by an increase in the transition temperature and a steepening 
of the magnetic transition. At the same time, they observe a tensile stress before 
peeling (as we have observed in our films) and a volume increase after peeling. The 
observed decrease of the hysteresis indicates that nucleation and pinning processes 
depend on strain. The fact that the hysteresis was not completely removed indicates 
that these processes are in addition related to the occurrence of defects such as, e.g., 
grain boundaries. 

High-pressure experiments on bulk systems have shown a decrease of the hystere
sis and a decrease of the AF —> F transition temperature with increasing pressure 
[44,45]. From first-principles band-structure calculations also an increase of transi
tion temperature has been predicted [53]. We note that in a more detailed discussion 
one has to take into account that both within the experiments and the calculations 
the lattice remains cubic, whereas in the thin films the lattice is expanded as well as 
deformed. 

Evidence for microstructural effects on the magnetic transition has been reported 
by Yokoyama et al. [60], who have pointed out that the temperature interval in which 
the AF —» F transition takes place increases with increasing grain size. In our films 
the grain sizes vary from 10 to 200 nm, affecting the width of the transition, and 
possibly (as a result of grain-to-grain variations of the strain) the hysteresis. 

2.4.5 Magnetoresistance ratio 

A number of factors are expected to affect the MR ratio of our Fe-Rh thin films. 
Firstly, the MR ratio depends largely on the microstructure and the composition of 
the film. For instance, grain boundaries are regions of decreased crystallographic 
ordering and a source of spin-independent scattering. Since the compound Fe-Rh 
needs to be almost perfectly ordered to show the magnetic transition, it is very likely 
that the disordered grain boundaries do not contribute to the MR effect. Reduction 
of the relative contribution of grain-boundary scattering to the total resistance by 
increasing the grain size will then result in a higher MR ratio. Secondly, for 0.3 < 
XFe < 0.51, part of the film consists of the paramagnetic 7 phase, as is shown by 
Mössbauer spectroscopy, which does not contribute to the change in resistance. The 
total resistance and therefore also the MR ratio are affected by the resistance of the 
7 phase and the amount present. Thirdly, the F fraction, which remains even after 
cooling to the lowest temperatures, does not take part in the magnetic transition. 
And finally, even at room temperature the maximum available magnetic field of 4400 
kA/m is not enough to completely saturate the magnetization, which means that the 
maximum possible (full) MR ratio cannot be obtained directly. The full MR ratio 
can be estimated by correcting for the two latter effects as described below. 
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Figure 2.13: (a) Magnetoresistance ratio at 300 K as a function of the relative change 
of magnetization for films with different compositions. The dashed line is a least-squares 
fit through all data points. At AM/M s a t = 1, AR/R = 85 ± 6 %. (b) The full MR ratio 
as a function of temperature. 

In Fig. 2.13(a) the MR ratios measured at 300 K are plotted as a function of the 
relative change of magnetization for several samples with different compositions. The 
change of magnetization (AM) and resistance (AR) is determined as the difference 
between the magnetization and resistance before and after the field sweep to 4400 
kA/m, measured at 800 kA/m (see Fig. 2.10). Hereby the influences of the F and AF 
fractions as described in Section 2.3.5 are removed. AM is divided by the saturation 
magnetization (Msat) as calculated from the values of the magnetic moments given 
in Ref. [51] and assuming that there is no 7 phase present (see also Section 2.3.4). 
To obtain the MR ratio (AR/R), AR is divided by the lowest resistance at 300 K 
at H = 4400 kA/m (see Fig. 2.10(b)). However, the resistance at total saturation of 
the magnetic transition will still be smaller, resulting in a larger AR/R. For some 
samples, several data points could be obtained by making use of the temperature 
hysteresis. For such a purpose, the sample was heated first to different temperatures 
and then cooled down to 300 K. With this method, the F fraction is varied and 
different magnetization changes and resistance ratios are obtained for the same sample 
at the same temperature. Before every temperature cycle, the sample is cooled down 
to 4.2 K in zero field to remove all effects from previous temperature or field loops. 

A straight line has been fitted through all datapoints and then extrapolated to 
AM/M s a t = 1, from which an estimate of the full MR ratio, AR/R = 85 ± 6 %, is 
obtained. Extrapolation will eliminate the influence of the nonmagnetic 7 phase and 
the insufficient magnetic field on the total magnetization change. The value of AR/R 
for our films is not significantly different from the value obtained by Algarabel et al. 
[17], 90 % at 295 K for a bulk sample with x = 0.50. As mentioned before, the different 
amounts of 7 phase and the different grain sizes in the films may have an influence on 
the total resistance and therefore on the MR ratio, but this is not evident from this 
plot, as data points for various compositions fall essentially on the same line. The 
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same procedure can be followed at other temperatures (see Fig. 2.13(b)), which shows 
an increase of the full MR ratio with decreasing temperature. A linear extrapolation 
gives a full MR ratio of approximately 400 % at 0 K. However, we note that there is 
no physical basis for this linear extrapolation to 0 K, and the temperature interval 
for which data are available is relatively narrow. 

Another way to estimate the full MR ratio at low temperatures is by comparing 
the resistivities of F (xFe > 0.5) and predominantly AF (xFe < 0.5) samples. We have 
only used the results from samples with a small amount of 7 phase (0.48 < xFe < 0.5), 
in order to almost eliminate a possible influence of the 7 phase on the MR ratio. The 
effect of the low-resistance F fraction in the predominantly AF films is corrected for by 
plotting the low-temperature resistivity of the samples as a function of the magnetiza
tion and extrapolating to zero magnetization (complete antiferromagnetism). Using 
this method the resistivity of a completely AF sample is found to be 39 ± 5 /idem. 
The average resistivity for the F samples (xFe > 0.5) is 5 /xftcm, and a full MR ratio 
of 680 ± 100 % is obtained at 4.2 K. Schinkel et al. [5] obtained MR ratios in bulk 
samples of 1700 % for xFe = 0.505 and 700 % for xFe = 0.502 at 4.2 K. 

2.5 Conclusions 

We have shown that a remarkably good agreement exists between the extrapolated full 
MR ratio in our thin films and the measured MR ratio in bulk samples, in particular 
around room temperature. An extrapolation method was used for obtaining the full 
MR ratio because the films studied generally contain an F fraction that does not 
contribute to the resistance change. This is caused by a large temperature hysteresis 
in the magnetic transition. So far we have measured a maximum MR ratio of 58 % 
for a thin film with x = 0.49 in a magnetic field of 4400 kA/m at 275 K. 

The extrapolated full MR ratio does not depend significantly on the alloy com
position, within the composition range studied. This could be explained from the 
observation from XRD, Mössbauer spectroscopy and magnetization studies that the 
composition of the part of the films showing the AF -> F transition is independent 
of the overall Fe content, viz. xFe = 0.505 ± 0.015. This is the film composition 
at the phase boundary between the single-phase a' region and the two-phase a ' / 7 
region. Only samples within the two-phase region (xFe < 0.505) show the AF -»• F 
transition. No magnetic transition is found for samples with 0.505 < xFe < 0.55, in 
contrast to suggestions from bulk phase diagrams [42,48,49]. Although it cannot be 
ruled out that the occurrence of phases as observed in our Fe-Rh films is influenced 
by the effect of stress or a certain degree of compositional inhomogeneity, our results 
certainly suggest that the Fe-Rh phase diagram should be the subject of a future 
study. Inconsistencies between previously published Fe-Rh phase diagrams, in partic
ular concerning the stoichiometry range in which a' FexRh i_ : r is, as a single phase, 
AF at low temperatures, provide an additional motivation for such a study. 

There are differences between the magnetic transition in bulk samples and thin 
films. The magnetic transition in thin films takes place in a wider temperature in
terval and shows a larger temperature and field hysteresis. These differences can be 
caused by stress present in the film, possibly showing grain-to-grain variations, or by 
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compositional variations due to different amounts of excess Rh still present in the a' 
phase due to insufficient annealing times. 

In principle, intermetallic compounds such as Fe-Rh, showing an AF -»• F transi
tion that is accompanied by a large magnetoresistance effect, could be of interest for 
applications in magnetic field sensors. A potential advantage of intermetallic com
pounds with respect to giant magnetoresistance multilayer materials such as exchange-
biased spin valves is their intrinsic thermal stability. For sensors, the use of thin films 
is highly preferred, making it possible to use wafer processing techniques for pattern
ing the material, e.g. in the form of long stripes with a high resistance. However, we 
presently regard Fe-Rh films as unsuitable for such applications. Firstly, our results 
confirm the presence of a large thermal and magnetic hysteresis, already reported 
earlier for thin film structures that were prepared using different methods [56-58], 
and we have no indication at present that it may be possible to decrease this effect 
substantially. Secondly, the magnetic fields required for switching at temperatures 
around room temperature are relatively large (see Fig. 2.10(b)). However, our finding 
that the MR ratio is proportional to the ratio of the magnetization change and the 
saturation magnetization in the F phase makes it possible to apply Fe-Rh films in 
studies of the fundamental origin of the MR effect. 

The observation that the full MR ratio, as obtained for thin films is very close to 
the value of ±90 % observed for bulk materials [17] suggests that in these films, and in 
the bulk samples, the MR effect is due to intrinsic spin-dependent scattering processes 
(e.g. electron-phonon and electron-magnon scattering). This finding may stimulate 
first-principles calculations of the MR effect at room temperature based on the band 
structure of perfectly ordered FeRh. First calculations, assuming a relaxation time 
independent of spin and configuration type (F or AF), have been reported by Gomez 
et al. [61], whose predictions for the MR ratio for diffusive and ballistic transport 
amount to ±600 and 400 %, respectively. Our results suggest that the difference with 
the experimental MR ratio at room temperature is unlikely to be due to the neglect 
of structural disorder. 

We find an increase of the full MR ratio from room temperature to 250 K, and 
(Section 2.4.5) a further increase to a full MR ratio of 680 ± 100 % at 4.2 K. As, at 
4.2 K, the effect of defects on the scattering probability is much larger than at room 
temperature, it is perhaps not very surprising that the latter result is significantly 
smaller than the bulk value of ±1700 % reported in [5]. In contrast, results on bulk 
systems displayed in [17] show an unexpected maximum of the MR ratio of almost 
200 % around 250 K, below which the MR ratio drops to approximately 85 % at 200 
K. It would therefore be of much interest to extend the study of the MR ratio of thin 
film and bulk systems by performing experiments down to 4.2 K in high magnetic 
fields, of the order 32 MA/m (B = 40 T). 





Chapter 3 

Magnetic linear dichroism of 
infrared light in 
ferromagnetic alloy films 

3.1 Introduction 

The electrical conductivity of ferromagnetic materials is often viewed as resulting from 
the sum of parallel contributions of electrons with opposite spin directions. This so-
called two-current model has provided excellent descriptions of the dependence of the 
residual resistivity of dilute binary and ternary ferromagnetic alloys on composition 
[62,63] and of the giant magnetoresistance of metallic multilayers with the current 
perpendicular to the planes (CPP-GMR) [2,64]. Both types of studies yield the 
separate majority-spin and minority-spin resistivities of ferromagnetic metals, p^ and 
p^. However, knowledge of the spin-resolved resistivities is insufficient to describe 
transport in thin films with the current in the plane (CIP) of the film. In this CIP 
geometry, transport effects depend critically on the spin-dependent electron mean 
free paths, A^ and A^, in each of the layers that comprise the film. Model treatments 
of the CIP-GMR effect in multilayers, almost invariably using the free-electronlike 
Drude model, have been employed to extract A1" and A^ from the experimental data 
[3,4,65,66]. Room-temperature experiments give conflicting results as to whether 
or not there is spin-dependent bulk scattering in ferromagnetic materials [3,4]. It 
would be of much interest to be able to critically test the validity of this model for 
ferromagnetic materials, and to be able to explicitly obtain the spin-dependent mean 
free paths and relaxation times. 

In this chapter we report the discovery of a novel magnetic-linear-dichroism ef
fect in ferromagnetic alloys at room temperature, and on its analysis on the basis of 
a Drude-type two-current model containing a small set of parameters. For thin alloy 
films we have observed a wavelength-dependent difference between the transmission 
of infrared light that is polarized perpendicular or parallel with respect to the (in-
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plane) magnetization direction of the films. And we provide strong evidence that the 
effect is related to the (DC) anisotropic magnetoresistance (AMR) of these films. The 
relationship is in a certain sense analogous to that between the recently discovered 
magnetorefractive effect in (Ni80Fe2o/Cu/Co/Cu)N multilayers and the GMR effect 
[67], however with the crucial difference that the latter effect is polarization indepen
dent. Analysis of the magnetorefractive effect in multilayers have been carried out 
using relaxation times averaged over all layers [67]. In contrast, studies of the mag
netic linear dichroism of single layers avoid this averaging problem, making it possible 
to obtain material-specific relaxation times. 

We remark that the novel magnetic-linear-dichroism effect reported here, is of 
an entirely different origin than the Cotton-Mouton effect, observed for nonmagnetic 
materials in a transverse magnetic field. 

In this chapter, the theory of refraction of infrared light in a thin metallic film 
is developed first, after which the experimental results are presented. Finally, the 
experimental results will be analyzed using a simple model introduced previously. 

3.2 Refraction of light in a thin metallic film 

In this section, the equation for the transmission of light through a thin conductive 
film will be derived. The theory applies both to single metallic layers, such as the 
ferromagnetic alloy layers showing the AMR effect, treated in this chapter, as to 
metallic multilayers, such as the spin valves discussed in Chapter 4. 

Starting from Maxwell's equations, one can derive the general wave equation [68]: 

. , - , d2E dJ ,n . 
V2E + n0eQer—=ii0— (3.1) 

with eo the permittivity of vacuum, er the relative permittivity of the medium and 
Ho the vacuum permeability. The medium is assumed to be isotropic and linear, with 
constant magnetization. The current density depends on the electric field 

J = aE (3.2) 

with a the conductivity tensor. 
In accordance with the experimental situation, the direction of propagation is 

now taken to be the positive z-direction and the polarization is perpendicular to 
the propagation direction (see Fig. 3.1), which results in an electric field inside the 
medium of 

(Ex\ 
E = Ey exp(iw£)exp( — ikz) (3.3) 

V o J 
with u) = Tp the frequency of oscillation, where Ao is the wavelength outside the 
medium and c the speed of light. The wavenumber inside the conducting film is 

k = T-S <3-4> 
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Figure 3.1: Configuration for the direction of propagation and polarization of the light 
in the experimental situation. 

with A the wavelength inside the film and 6 the skin depth, which is defined as 
the distance over which the amplitude of the light decreases with a factor e. The 
frequency of the infrared light is so low, that interband transitions can be neglected; 
only intraband transitions are assumed possible. Substitution of Eq. 3.2 and Eq. 3.3 
into Eq. 3.1, gives a set of decoupled wave equations for the different polarization 
directions of the light. The complex wavenumber k can be determined from these 
equations 

ia(u!,6) 
e0to 

(3.5) 

The conductivity a{u>) will be determined using the linearized Boltzmann equa
tion in the relaxation-time approximation 

df df _- , dv - (df (3.6) 

with ƒ = f(v,r,t) the electron-distribution function. The medium is assumed to 
behave as a free electron gas. The electric field in the medium will be induced by 
infrared radiation. Therefore it is essential to include the time-dependent term in this 
equation. At equilibrium, a Fermi-Dirac distribution function / 0 = 1/{1 + exp[(/x -
eF)/kT]} is assumed. Using the relaxation-time approximation, the variation of the 
electron distribution g can be calculated after rewriting Eq. 3.6 into 

g (3.7) 

in which r is the relaxation time for the electron collisions and e the electron charge. 
A constant electric field throughout the film thickness d can be assumed when the 
wavelength and skin depth in the metal are much larger than the thickness d. As 
shown in Fig. 3.1, È is in the plane of the film (xy plane) and the propagation is in 
the ^-direction perpendicular to the plane of the film. Fourier transforming Eq. 3.7 
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will then result in two equations for g, using the boundary conditions g{z = 0) = 0 
for vz > 0 and g(z = d) = 0 for vz < 0: 

,_ s (Exvx + EyVy)r dfo 
qlv.z.w) = e : r— yy ' 1 + iujT de 

1 + tWT 
1 — exp I z for vz > 0, (3.8) 

and 

I C1 „ , _1_ T? », W Pit- r / 1 -J- l'/.i-r V 

for wz < 0, (3.9) 
s (Exvx+EyVy)T dfo 1 + i0JT l A\ 

1 - exp (z - a) 

with vx,vy,vz the x,y,z components of the Fermi velocity. When the electron-
distribution function deviates from its equilibrium state an AC current is induced 
in the medium, with a current density given by 

J(z,cü) = - e ( ^ y jd3vvg(v,z,uj) (3.10) 

The average current density inside a thin film in the ^-direction due to a constant 
and linearly polarized electric field can be calculated by integrating the local current 
density (Eq. 3.10) over the entire film thickness: 

i fd ne^T 1 
Jx=jJ (Jxx(z) + Jxy{z) + Jxz(z)) dz = m 1 + iuTEx, (3.11) 

with m the electron mass. Jxi is the current density in the x-direction due to an 
electric field in the i-direction. This approximated equation can be used when the 
film thickness d is larger than the mean free path, VFT. We neglect non-diagonal 
elements in the conductivity tensor 

(3.12) 

so we assume tha t Jxy — 0 and Jxz - 0. Due to symmetry, axx = ayy. The frequency-
dependent conductivity is given by 

(rxx(ui) = ——— (3.13) 
1 + IU1T 

with <Jo = ne^r/m the DC conductivity. 
The energy flux of the electromagnetic radiation per unit area inside a layer is 

given by 

S = | f i e ( l x f f * ) , (3.14) 

with the conjugate of the magnetic field 

H * ^ ^ - ^ . (3.15) 
LJjJL 
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The transmission coefficient for light going from one semi-infinite halfspace (A) to the 
other (B), 

TAB = fp (3.16) 

is calculated by assuming continuity of electromagnetic fields and energy conservation 
across the AB interface, where SB and SA are the energy flux of the transmitted and 
incoming light, respectively. The electric field of the incoming and transmitted light 
is given by Eq. 3.3 with k = )ZA and ks, respectively. For the reflected light the 
propagation is in the negative z-direction and — ikAZ has to be replaced by +ikAZ in 
Eq. 3.3. Inside a conducting film there is an exponential decay of the amplitude of 
the electric field due to the finite skin depth. The total transmission coefficient over 
a single conducting film with thickness d in vacuum is 

T = 16 
fcfco -y] 

(k + k0)
2 

without taking into account internal multiple reflections. As can be seen from Eq. 3.5 
the wavenumber depends on the conductivity of the film. Changing the conductivity 
will therefore change the transmission coefficient of the light. 

Taking into account internal multiple reflections in the metallic layer, with some 
simple mathematics Eq. 3.17 changes to 

T' = 16 kkn 

(fc+fco)2 \ x p ( - f ) x . j l + M=i-exp(^) 

fifcW&fflffi,«. (*(),„(=*•) 
4fcn (|fc|2-fcg) 

ö \k+k0\
4 2 s i n ( ^ d ) e x p ( ^ ) } ' (3.18) 

In Figs. 3.2(a,b) the total transmission is given for single-layer films with a thickness 
of 10 and 30 nm, respectively, with and without including internal multiple reflections. 
The films are assumed to be flat on atomic scale and the light is incident along the 
normal of the plane of the film. The figure shows that internal multiple reflections 
can become important for thinner films. Interface and surface roughness will decrease 
the effect of internal reflections. In the model introduced in Section 3.5, internal 
reflections will be neglected, partly to keep the model as simple as possible and partly 
because including multiple reflections does not result in large changes of the calculated 
dichroism effect. 

3.3 Experimental set-up 

Four different ferromagnetic materials have been studied: Ni80Fe20 and Co90Feio, 
which are frequently used in magneto-electronic devices, Ni8oCo2o, which has a higher 
AMR ratio than Ni80Fe2o, and Fe88Vi2, which was selected because of the reported 
qualitatively different angular dependence of the spin-dependent conductivity as com
pared to the other materials mentioned [63]. The films were fabricated using DC-
magnetron sputtering with a background pressure of 3 x 10~4 Pa, an Ar pressure of 
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Figure 3.2: Transmission of single-layer metallic ßlms with a thickness of (a) 10 nm 
and (b) 30 nm with and without including internal reflections (dashed and full lines 
respectively). The electron mean free path is 10 nm and the conductivity is cr0 = 6.1 x 106 

(Qm)'1 for both Rim thicknesses. 

e •*- interface 

N2 gas SiO^ Si Ta metal Ta N2 gas 

Figure 3.3: A schematic representation of the total layer stack as used in the experi
ments and as it will later be used to model the transmission and the dichroism effect. 
The layer thicknesses are not to scale. 

0.9 P a during deposition and a substrate-target distance of 7 cm. The layer stack is 
shown in Fig. 3.3. On Si substrates polished on both sides, a 3 nm thick Ta buffer 
layer was deposited, which induces a strong (111) texture in the fcc-type magnetic 
layers. Then, the ferromagnetic layer was deposited, with a thickness tha t ranged 
between 3 and 50 nm. Finally, a protective Ta cap layer with a thickness of 3 nm was 
deposited. All layers were deposited at room temperature . The resistance and the 
AMR ratio of the films were measured separately using four-point methods. The film 
thicknesses were determined with Rutherford backscattering spectroscopy, assuming 

bulk densities. 
The infrared transmission was measured using a Bio-Rad 175C spectrometer 

equipped with a Mercury-Cadmium-Telluride (MCT) detector at normal incidence 
of the light. We measured in a wavelength range of 2.5 to 20 /im (4000 - 500 c m - 1 ) 
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Figure 3.4: (a) Transmission and (b) relative transmission change as a function of 
wavelength for 8 nm (bullets), 11 nm (crosses) and 19 nm (triangles) M80Fe2o layers. 

with a resolution of 8 cm""1. A polaroid filter with an efficiency of 98.5 % was placed 
between the sample and the detector, so that only light with a fixed linear polariza
tion was detected. The magnetization of the films was saturated by the application 
of a magnetic field and could be rotated to any arbitrary angle 0 with respect to 
the polarization angle which was kept fixed. The sample chamber was flushed with 
nitrogen gas to reduce the influence of water vapor and CO2 on the transmission 
spectrum. The transmission coefficients given are normalized with respect to the 
transmission through an uncovered Si substrate. All experiments were carried out at 
room temperature. 

3.4 Experimental results 

Figure 3.4 gives an overview of results obtained for NigoFe-20 films. As shown in 
Fig. 3.4(a) the transmission decreases monotonically with increasing wavelength and 
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Figure 3.5: Relative transmission change, AT/T = (T(6) -T(90°))/T(90°) for different 
angles 8 between the polarization direction of the light and the magnetization direction 
in the film. 

film thickness. The curves shown here have been measured with the magnetization 
direction perpendicular to the polarization direction. Figure 3.4(b) shows the relative 
change of the transmission, 

AT T(9) - T(90°) 
T(90°) 

(3.19) 

caused by the magnetic-linear-dichroism effect, with 9 the angle between the magne
tization and polarization direction, at 9 = 0°. The relative transmission change is 
small but significant. It increases with increasing film thickness until a maximum is 
reached at approximately 19 nm NisoFe2o- The AT/T curve shows a minimum at a 
wavelength of approximately 8 /im. For wavelengths above 15 /xm, the statistical er
rors are relatively large due to the low amount of transmitted light in this wavelength 
range. 

The relative transmission change, (AT/T)(9), is found to decrease monotonically 
at each wavelength from 9 = 0° to 90° with increasing 9, similar to the DC AMR effect, 
as shown in Fig. 3.5. Within experimental error, (AT/T)(9 = 0°) = 2 x (AT/T)(9 = 
45°). In Fig. 3.5, the influence of an unstable background was removed by normalizing 
all curves to AT/T = 0 at a wavelength of 2.5 /Jin. 

As shown in Fig. 3.6, the magnetic-linear-dichroism effect is also observed for the 
other alloys studied. For CogoFeio and NigoCo2o, the wavelength dependence of the 
relative transmission change is similar as for NigoFe2o, but the size of the change is 
smaller and larger, respectively. In contrast, the small effect observed for Fe8sVi2 
films shows a markedly different wavelength dependence. 
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Figure 3.6: Relative transmission change for 18 nm CogoFeio (crosses), 26 nm N180C020 
(bullets) and 10 nm Fe8sVi2 (triangles) films. 

3.5 Model of the linear-dichroism effect 

In our t rea tment we follow the model of Jacquet and Valet [67], who have de
duced equations for the refractive index of a conducting film, including a frequency-
dependent conductivity. They assume this conductivity also to be spin dependent. 
Using this model to analyze their da ta on the so-called magnetorefractive effect in 
multilayers showing the G M R effect, they were able to deduce different spin-dependent 
t ranspor t parameters for their multilayer films. In Section 3.2, the conductivity was 
taken spin independent. However, as explained in Section 1.4, the GMR and AMR 
effect in thin films can be explained by the so-called two-current model, where current 
is viewed as the sum of contributions from spin-up and spin-down electrons through 
two separate, parallel conduction paths . We will model the linear-dichroism effect in 
terms of a frequency- and angular-dependent conductivity a(u,6), which is a sum of 
contributions from majority- and minority-spin electrons: 

a(uj,0) =at(iO,e)+ai(uJ,e) = 
n^e2T^(9) 

+ 
n^e2T^(9) 

m î ( l + ï u > T t ( 0 ) ) m±(l+i(jJT±{6)) 
(3.20) 

in which n^, n^ and m^, rn^ are the spin-dependent effective electron density and mass, 
respectively. For now it is assumed tha t n? = n^ and rn^ = m}. Later in this section 
the influence of a variation of these parameters will be discussed. Within a complete 
(first-principles) theory of the AMR effect, such a separation of the conductance into 
majority and minority terms is not possible, as spin-orbit interaction mixes the two 
spin currents. Equat ion 3.20 can therefore only be viewed as a phenomenological 
expression, of which the usefulness is determined by the descriptive and predictive 
quality of models based on this expression. 



42 Chapter 3. Magnetic linear dichroism of infrared. 

3 0 0 0 -

1 ~ 2000 -

1000 -

0 5 10 15 

Wavelength (/xm) 

Figure 3.7: Wavelength and skin depth for a model system as described in the text as 
a function of the wavelength (V = 1 x 10" s). 

It is assumed that the conduction electrons behave as a free electron gas. The 
relaxation time r is given by 

r tU) JU) (1 a™ cos2 9). (3.21) 

We will use the parameters a t , a1 and the ratio a = T^/T^ to fit the experimental 
AT/T curves as will be shown later. The form of Eq. 3.21 leads to a cos2 9 depen
dence of the (DC) AMR effect which, to a good approximation, is also the angular 
dependence of the linear-dichroism effect as found from this model. The DC AMR 
ratio follows from these parameters 

AR 
~R 

R\\ — Ri 

R±_ 

aa* + a^ 

a+1 
(3.22) 

It is assumed that cr(u,6) can be treated as constant over the film thickness d. 
This assumption is justified when the wavelength and the skin depth inside the film are 
much larger than the metallic-layer thickness (A,<5 > d). In Fig. 3.7, the wavelength 
and skin depth inside the model system, which will be explained below, are shown as 
a function of the wavelength outside the film. This graph shows that for the case of 
the wavelength inside the metallic film A the condition is met, but the skin depth S 
is only 4 to 5 times larger than the film thickness, so it is probable that for thicker 
films it will be necessary to include the anomalous skin effect [69]. However, for the 
sake of simplicity this complication will be neglected. 

In the remainder of this section, this theory will be applied to a model system. 
The layer stack used is equal to that of the experimental situation as described in 
Section 3.3. The metallic layer is taken to have a thickness of 10 nm, equal to the 
average mean free path. The electron density is equal ton = 2.17x 1028 m~3, resulting 
from a Fermi velocity «F = 100 x 106 m/s and an electron mass me = 9.11 x 1031 
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Figure 3.8: Relative transmission change for the model system as described in the text 
with a = 3, a^ — 0.04 and a^ = —0.03 (full curve), together with the curves for o^ = 0 
or a? = 0 (dashed curves). 

kg, assuming a free electron gas behavior. The relaxation time is calculated from the 
mean free path A, with T = A/vp. The linear-dichroism effect is introduced via an 
angular dependence of the relaxation time as given in Eq. 3.21. The relative dielectric 
constant of the material er is taken equal to 10. However, the value of this parameter 
does not have a large influence on the calculated transmission coefficients. 

By means of example, the parameters a1", a^, a are taken to be 0.04, -0.03 and 
3, respectively. The average relaxation time is 1 x 10 ~14 s, which results in r j = 
1.5 x 10"14 s and T£ = 0.5 x 10~14 s. In Fig. 3.8, the resulting AT/T curve is 
given together with curves obtained when taking a? = 0 or a^ = 0, respectively, in 
other words either spin-up or spin-down electrons are assumed to have no angular 
dependence of their relaxation times. For small af and a^, the total AT/T curve is, 
to a good approximation, equal to the sum of the two separate curves. 

In Fig. 3.9 it is shown how the cross-over point, between positive and negative 
AT/T , changes when either a^ is varied with a^ = 0 or a^ is varied with a^ = 0, 
keeping the other parameters constant. 

In Fig. 3.10, the variation of AT/T with a variation of a, a1" and a^ is shown. 
Either a^ = 0 and a1" or a are varied (Figs. 3.10(a) and (c)), or a1" = 0 with variation 
a*- or a (Figs. 3.10(b) and (d)). Adding two curves obtained for equal a, one with 
a} = 0 and the other with a} = 0, the result will be a curve similar to the resultant 
full curve in Fig. 3.8. As shown in Fig. 3.10, changing either of the model parameters 
results directly in a change of the calculated relative transmission change. 

From the model as described above and the examples given, we conclude that 
the magnetic-linear-dichroism effect is a very sensitive method to analyze the spin-
dependent electron transport. 
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Figure 3.11: Measured transmission of CogoFeio layers of different thicknesses (full 
lines). Also given in the figure is the transmission found by extrapolation towards zero 
CogoFeio thickness. The CogoFeio-layer thicknesses (in nm's) are given next to the 
respective curves. 

3.6 Analysis of the experimental results 

In Fig. 3.3, a schematic representation of the total layer stack is given that was used in 
the experiments and that now will be used to model the transmission and the relative 
transmission change. It consists of a partly oxidized Si substrate, with a 3 nm Ta 
layer, a metallic layer and a Ta-oxide layer on top. The whole layer is placed in an 
atmosphere of N2 gas. 

An uncovered Si substrate is found to have a transmission of 56 % in this wave
length range. This is higher than expected, as normally es; « 12, which would result 
in T « 49 %. This discrepancy is probably due to the re-oxidation of the bare Si sur
faces. The Si substrate on which the layers are deposited is dipped in an HF-solution 
before depositing the layers, to remove the native oxide. The bare lower interface 
however, can re-oxidize. The Si-oxide layer is modeled as a layer with esiOx = 9. 

The transmission as a function of wavelength for a single Ta layer on a Si substrate 
was determined by extrapolating the experimental transmission of the layer stacks 
with 5 nm Ta/ tp Co9oFeio/3 nm Ta-oxide towards zero Co9oFeio-layer thickness 
which is shown in Fig. 3.11. It shows that for zero CogoFeio-layer thickness (a single 
Ta layer), the transmission is almost independent of wavelength. A similar result has 
been found in a measurement of a single 3.5 nm thick Ta layer, where a transmission of 
65 % was found. It is very likely that such a thin layer is almost completely oxidized. 
This is however not the case when the Ta layer is deposited below the metallic layer. 
We conclude that the transmission of a Ta layer, metallic or oxidic, can be assumed 
as independent of wavelength in the wavelength range used in these experiments. In 
the analysis of the experimental results, the Ta layers will be described by an effective 
dielectric constant exa = 35. 
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Table 3.1: Expérimentai values for thickness, resistivity and AMR ratio (numbers be
tween brackets give the calculated AMR ratios) of JVigoFe2o, NisoCoio, CogoFeio and 
Fe88^i2 films, together with the calculated values for TQ , a, a1" and a1. 

Thickness p AMR % r,} a a t a^ 
(nm) (nOm) exp/(calc) (fs)  

Ni80Fe20 290 1.3 (0.8) 6.7 1.5 0.035 -0.033 
230 1.7 (1.4) 8.5 1.5 0.056 -0.050 
210 2.1 (2.1) 11 2.5 0.040 -0.027 

170 3.6 (3.6) 14 2.8 0.060 -0.031 

160 1.3 (1.3) 16 3.5 0.021 -0.014 

200 0.5 (0.2) 15 11 0.001 0.007 

The effect on the transmission due to the displacement of electrons in closed 
shells, as represented by tr « 1 - 10, is very weak for the highly conducting films used 
in our study and as the results of our analysis do not strongly depend on er, we will 
neglect this term in Eq. 3.5 from now on. 

In a first analysis of the experimental data, when assuming m1" = m^ = me = 
9.1 x 10~31 kg, and n1" = n^, the best fits were found for an electron density n1" = 
nl = 1.08 x 1028 m" 3 and n* '/m1' - n^/m1 = 1.19 x 1058 m~3kg_ 1 (resulting in 
v-p = 1.00 x 106 m/s). The results of the fits are given in Table 3.1, together with 
the AMR ratio that follows from these parameters, using Eq. 3.22 at u = 0. The low 
measured resistivities are indicative of the good structural quality of the films. The 
experimental AMR ratio and the value obtained from the fit parameters are in fair 
agreement, for Ni80Fe2o in particular for the thickest films, for which the effect of the 
presence of the Ta layer is less pronounced. The relative transmission change as well 
as the AMR effect increase with thickness (up to a certain maximum). This is most 
likely the result of the decreasing importance of spin-independent scattering at the 
interfaces with the Ta layers, and/or at grain boundaries or other defects within the 
Ni80Fe2o film [70]. For Ni80Fe20, Co90Feio and Ni80Co2o, it is found that a1" and a^ 
have opposite sign, whereas for Fe88Vi2 a* and a^ have equal sign. These results are in 
qualitative agreement with the conclusions of Dorleijn [63], who determined the values 
of the angular dependencies using resistivity measurements on dilute ternary Ni-based 
and Fe-based alloys. Note that the use of the present method is not restricted to dilute 
systems. The parameters n^/rri^ = n^/m^ can only be varied in a small range (±5 %) 
around the values used above, when requiring a good fit to the experimental AT/T 
curve, the AMR ratio and the experimental film resistivity. The resulting relative 
uncertainties of the parameters a, o1" and a^ are approximately 10 %. 

In Fig. 3.12 the experimental transmission and relative transmission change of 
a 19 nm Ni8oFe2o film are given together with the fits obtained from the model. It 
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Figure 3.12: (a) Transmission and (b) relative transmission change for a 19 nm NigoFe2o 
Rim, together with fits from the model described in the text (full lines). Also shown are 
the curves for either â  = 0 or a1* = 0 and a^,a^ = 0 equal to the fitted value, respectively 
(dashed lines). 

is shown that the wavelength dependence of AT/T can be explained quite well, and 
that the transmission above approximately 7 /zm wavelength is well described by the 
model, but that the fit is not satisfactory at shorter wavelengths. Figure 3.12 also 
shows the transmission change that is obtained when either a} — 0 or a^ = 0, i.e. 
when either majority or minority electrons do not exhibit an angular dependence of 
the relaxation time. When a} and er1- are small (< 0.1), as is the case in the example 
shown, the total transmission change is to a good approximation the sum of the 
separate curves. This result shows immediately the effect of the two separate spin 
directions on the total linear-dichroism effect. 

Subsequent analysis of the data showed that when allowing n1"/m^ ^ n^/m^, 
a much larger range of values is possible for these parameters. Figure 3.13 shows 
a contourpiot of the AMR ratio calculated from the best fits as a function of the 
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Figure 3.13: Contourpiot of the AMR ratio which is calculated from the fitted pa
rameters a, a} and a^, as a function of the parameters n' /m and rr/rrr for a 19 nm 
Ni$oFe2o layer, with an experimental AMR ratio of 2.1 %. The dashed lines in the plot 
are lines of constant AMR ratio. From top to bottom: 0.5, 1.0, 1.5, 2.1, 3, 4 and 8 %. 
The full section of the line at 2.1 % indicates the region where the transmission curve is 
fitted best along with all the other experimental results. 

parameters n^/m^ and n^/m^ for a 19 nm Ni8oFe2o layer. The dashed lines in the 
plot are lines of constant AMR ratio. From top to bottom: 0.5, 1.0, 1.5, 2.1, 3, 4 and 8 
%. For each material investigated there is an approximate linear relationship between 
the values of nf jrn} and n^/m^, for which the best fit to all experimental results is 
obtained. For a 19 nm NisoFe2o layer, the fit is consistent with the experimental 
AMR ratio of 2.1 % for 0.5 x 1058 < n±/ml < 2.5 x 1058 m ^ k g " 1 when ri*/ml = 
—0.30 x n^/m^ + 1.54 x 1058 m _ 3 kg _ 1 . At the same time, a remains approximately 
constant at 2.5 ± 0.2, a^ increases from 0.031 to 0.067 and a\ becomes less negative, 
changing from -0.06 to -0.015. The fits also show that the smallest values of n^/m^ 
give the best fit of the transmission as a function of wavelength (full section of line in 
the figure). 

3.7 Conclusions 

The analysis of the magnetic-linear-dichroism effect provides a sensitive new method 
for studying spin-polarized electron transport in metal films. Within the model used, 
electron transport in all films studied is to be considered as spin dependent at room 
temperature. At present no direct quantitative comparison can be made with the 
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results reported elsewhere. For Ni8oFe2o the analysis of the CIP-GMR effect of spin 
valves at room temperature has yielded A^/A^ > 7.7 [3] (using a rather indirect 
method for obtaining A+). The analysis of the CPP-GMR effect at 4.2 K has yielded 
p^/pï « 7.5±2;6) when taking spin-flip scattering into account as well [71]. The value 
of a = TQ/TQ as obtained from our study at room temperature for 19 nm Ni8oFe2o 
is significantly smaller. However, when comparing TQ/TQ with p^/p^ or A^/A^, a 
possibly spin-dependent Fermi velocity has to be included. 

In order to investigate the origin of the disagreement at small wavelengths be
tween the calculated and experimental transmission curve, refinements of the model 
would be of much interest, e.g. including the effect of multiple internal reflections of 
the infrared light in the layers, the decay of the infrared light intensity in the lay
ers, and spin-flip scattering [72]. Experimentally, interesting extensions would be the 
performance of in situ experiments (for which the films need not be covered with Ta 
protective layers), temperature-dependent studies, studies of the effect in the reflec
tion mode, the performance of spatially resolved studies, and the extension to larger 
wavelengths. 

In conclusion, we have found a novel magnetic-linear-dichroism effect for infrared 
light in ferromagnetic alloys. It has been found that the amount of infrared light 
transmitted through Ni80Fe20, Ni80Co2o, Cog0Feio and Fe88Vi2 thin films depends 
on the angle between the polarization direction of the light and the magnetization 
direction of the film. The magnetic-linear-dichroism effect has been analyzed in terms 
of a two-current Drude-type model for the (frequency-dependent) conductivity. Anal
ysis of the measurements with this model produces the spin- and angular-dependent 
relaxation times. 





Chapter 4 

Magnetorefractive and 
magnetic-linear-dichroism 
effect in exchange-biased spin 
valves 

4.1 Introduction 

Recently, two novel effects have been discovered in the transmission of infrared light 
through magnetic thin films. Jacquet and Valet [67] have shown that the transmission 
of infrared light through (Ni80Fe2o/Cu/Co/Cu)N multilayers changes upon a change 
of the angle between the magnetization directions of the Ni80Fe2o and Co layers. The 
DC conduction of such systems shows the giant magnetoresistance (GMR) effect. Us
ing a simple Drude-type model for the electrical conduction including spin-dependent 
relaxation times, the authors were able to analyze the experimentally observed wave
length dependence of the relative transmission change. It was shown that the change 
of the relative magnetization directions leads to a change of the refractive index of 
the film. Hence, this change was appropriately named a magnetorefractive effect [67]. 

In the previous chapter, the discovery of a second effect in the transmission of 
infrared light through thin films has been reported, viz. a novel magnetic-linear-
dichroism effect. The transmission of linearly polarized infrared light through thin 
ferromagnetic alloy films was found to depend on the angle between the magnetization 
direction in the film and the polarization direction of the light. The in-plane compo
nents of the complex refractive index (r}x and r}y) are generally different, leading to 
the observed dichroism effect. 

Whereas the magnetorefractive effect for multilayers is related to the GMR effect, 
the linear-dichroism effect for alloy films is related to the anisotropic magnetoresis
tance (AMR) effect. Indeed, we have been able to analyze the wavelength dependence 
of the magnetic-linear-dichroism effect using a Drude model including spin-dependent 
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and angular-dependent relaxation times. The spin and angular dependencies deduced 
for Ni80Fe2o, Ni80Co2o, Co9oFei0 and Fe88Vi2 are in qualitative agreement with re
sults obtained from DC transport experiments using dilute ternary alloys [62,63]. 

In this chapter, the transmission of infrared light through so-called exchange-
biased spin valves will be investigated. Spin valves consist of two ferromagnetic (F) 
layers separated by a nonmagnetic (NM) layer. One of the F layers is free to rotate, 
whereas the other F layer has its magnetization direction pinned by an antiferro-
magnetic (AF) exchange-biasing layer. This configuration enables the F layers to 
be switched between a high-resistance, antiparallel magnetization state and a low-
resistance, parallel magnetization state (see also Section 1.3). Using exchange-biased 
spin valves instead of multilayers has the advantage that also in the antiparallel mag
netization state the two F layers are monodomain, which is often not true for mul
tilayers. This means that, in contrast to multilayers, for spin valves the magnetic 
state is always accurately known when switching between parallel and antiparallel 
configuration. We show that the change in conductivity results in a change of the 
transmission of nonpolarized infrared light through these spin-valve films, the magne
torefractive effect. Together with the magnetorefractive effect we will also show the 
existence of a magnetic-linear-dichroism effect in these spin valves. For these spin 
valves F = Ni80Fe20 and NM = Cu and in order to investigate the effect of the AF 
layer, two different AF materials were investigated, Fe5oMn5o and NiO. 

We will analyze the magnetorefractive effect in terms of a Drude-type model 
using spin-dependent relaxation times. The relaxation times are averaged over the 
two F layers and the NM layer. It is found that the experimental data can be quite 
accurately described by this simple model. The fits indicate larger relaxation times 
and a stronger spin dependence for the electron transport in NiO spin valves. This 
would be consistent with other experimental results which have been interpreted in 
terms of specular reflection of electrons at metal/NiO interfaces [73-75]. 

4.2 Experimental set-up 

We have studied two different types of exchange-biased spin valves: 
(I) Si(100) / 3.5 nm Ta/8 nm Ni80Fe20/tcu Cu/6 nm Ni80Fe20/10 nm Fe5oMn50/5 
nm Ta, and 
(II) Si(100) / 40 nm NiO/4.5 nm Ni80Fe20/tcu Cu/8 nm Ni80Fe20/3.5 nm Ta. 
The essential difference between the two types of spin valves is the AF layer, which 
is metallic (Fe5oMn5o) in the first case and insulating (NiO) in the second case. 

The films were fabricated using DC-magnetron sputtering with a background 
pressure of 1 x 10"6 Pa, except for the NiO layers which were fabricated using RF 
sputtering. An Ar pressure of 0.7 Pa (5 mTorr) was used during deposition with 
a substrate-target distance of 110 mm. The films were deposited on Si substrates 
polished on both sides, which were dipped in a 2 % HF solution just before deposition 
to remove the oxidic skin. The films with Fe5oMn5o contain a Ta seed layer in order 
to induce a strong (111) texture in the fee-type layers on top of it. This is very 
beneficial for the soft magnetic properties of the free magnetic layer. The Cu spacer 
layer thickness ranged from 1.1 to 6.0 nm. Finally, a protective Ta cap layer with a 
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Figure 4.1: Transmission for 8 nm Nis0Fe2o/tcu Cu/6 nm Ni80Fe2o/10 nm Fe5oMn5o 
spin valves with either 2.6 nm Cu (squares) or 4.0 nm Cu (bullets) with parallel magne
tizations of the free and pinned Nig0Fe2o layers. 

thickness of 3.5 nm (sample I) or 5 nm (sample II) was deposited. During deposition 
all films were placed in a magnetic field to induce magnetocrystalline anisotropy in 
the free magnetic layer and exchange anisotropy of the pinned magnetic layer due to 
the exchange-biasing interaction with the AF layer. All layers were deposited at room 
temperature. 

The infrared transmission was measured using a Bio-Rad 175C spectrometer 
equipped with a Mercury-Cadmium-Telluride (MCT) detector. We measured in a 
wavelength range of 2.5 to 22.5 fim (4000 - 440 cm"1) with a resolution of 8 cm - 1 . 
For the linear-dichroism experiments a polaroid filter with an efficiency of 98.5 % was 
placed between the sample and the detector so that only light with a fixed linear 
polarization was detected. The magnetization of the free layer was saturated by the 
application of a magnetic field and could be rotated to any arbitrary angle 6. The 
exchange-biasing field (~ 22 kA/m for both types of spin valves) is much larger than 
the applied field. Therefore, the magnetization direction of the pinned layer is, even 
for e = 90°, only slightly affected. The sample chamber was flushed with nitrogen 
gas to reduce the influence of water vapor and C 0 2 on the transmission spectrum. 
The transmission coefficients given are normalized with respect to the transmission 
through an uncovered Si substrate. All experiments were carried out at room tem
perature. The resistance and the GMR ratio of the films were measured using a 
four-point method. All experiments were performed at room temperature. 
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Figure 4.2: Relative transmission change for 8 nm NisoFe2o/tcu Cu/6 nm NisoFe2o/10 
nm Fe5oMn5o spin valves with 2.6, 3.0 and 4.0 nm Cu. The lines are guides to the eye. 

4.3 Experimental results 

Figure 4.1 shows the transmission spectra of 8 nm NigoFe2o/tcu Cu/6 nm Nig0Fe2o/10 
nm Fe5oMn5o spin valves in the parallel magnetization state with either 2.6 or 4.0 nm 
Cu as the nonmagnetic spacer layer. The transmission as a function of wavelength of 
the spin valves with NiO as the biasing layer is found to be similar, however a few 
percent larger for equal Cu-layer thicknesses, which is the result of the fact that the 
total thickness of the conducting layers is smaller for spin valves with (insulating) 
NiO. 

Figure 4.2 shows the relative transmission change AT/T for Fe5oMn50-biased 
spin valves with different Cu-layer thicknesses. The measured resistivities and GMR 
ratios of these films are summarized in Table 4.1 given later in this chapter. The 
resistivities given in Table 4.1 are the values for the two F layers and the Cu layer. 
The Ta seed layer and the FesoMnso layer are treated as shunting layers with a 
resistivity of 1.6 x 10~6 urn. The Ta capping layer is assumed to be completely 
oxidized and therefore nonconducting. The magnetorefractive effect causes a change 
of the transmission when the magnetization directions of the F layers are changed 
from an antiparallel to a parallel configuration, resulting in a relative transmission 
change, 

T A p - T p (4.1) 
AT 
T TP 

The relative transmission change shows a very distinct behavior as a function of 
wavelength. At small wavelengths the effect is very small. Around a wavelength of 10 
/im there is a negative minimum and at wavelengths between 15 and 20 /im there is 
a cross-over from negative to positive AT/T. In the limit of infinite wavelengths, the 
relative transmission change should become equal to the DC GMR effect (AT/T = 
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Figure 4 .3: Relative transmission change for 40 nm NiO/4.5 nm NigoFe2o/tcu Cu/8 
nm Ni&oFe2o spin valves with 1.6, 2.6, 3.6 and 6.0 nm Cu, respectively. The lines are 
guides to the eye. 

Ap/p), which can be deduced from the expressions for the transmission and the 
wavenumber inside the metallic film at UJ = 0 (Eq. 3.17 and Eq. 3.5). Preliminary 
experiments with wavelengths up to 40 pm on an 8 nm Ni80Fe2o/2.6 nm Cu/6 nm 
Ni80Fe2o/10 nm Fe5oMn5o spin valve showed a further increase of AT/T, although 
even at a wavelength of 40 pm the expected high-wavelength limiting value (AT/T = 
Ap/p) was not yet reached. 

In Section 4.4 the experimental results will be analyzed using a simple model in 
which the complex refractive index of the metallic layer depends on the conductivity 
of the materials. Since the GMR effect changes the conductivity of the films when the 
magnetization direction of the F layers is changed, the refractive index will change 
accordingly. Fits of the relative transmission change for the different spin-valve struc
tures are obtained by varying the spin-dependent parameters in the conductivity. 

Figure 4.3 shows the relative transmission change for NiO-biased spin valves. It 
shows similar features as described above for Fe5oMn5o-biased spin valves. The value 
of AT/T at the minimum is more negative for the three spin valves with the thinnest 
Cu layers, which is consistent with the fact that samples with the same Cu-layer 
thickness have a larger GMR ratio than Fe5oMn5o spin valves, as will be shown in 
Section 4.4. 

Figure 4.4 shows the configuration used for measuring the transmission of linearly 
polarized light, with different angles between the magnetization directions of the free 
and pinned layers, which can be used to investigate the magnetic-linear-dichroism 
effect in spin valves. Figure 4.5(a) shows the results for an 8 nm Ni80Fe2o/2.6 nm Cu/6 
nm Ni80Fe2o/10 nm Fe5oMn50 spin valve as measured by detecting the transmitted 
light with its polarization direction parallel to the (fixed) magnetization direction of 
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Figure 4.4: Magnetization configuration for the free and pinned layers in a spin valve. 
The magnetization direction of the free layer is assumed to rotate with respect to the 
magnetization direction of the pinned layer. 

the pinned layer. The angle 9 between the magnetization directions of the free layer 
and the pinned layer was varied by the application of a magnetic field. The size of the 
relative transmission change can be compared to the DC relative resistance change in 
equal configuration. To a first approximation, the resistance is given by: 

R = Ro- A i W sin2 9 + ^ [ 1 - cost?], (4.2) 

where the second and third terms in the equation are contributions resulting from 
the AMR effect and the GMR effect, respectively. Figure 4.5(b) shows that there is 
a linear relationship between the relative resistance change AR/R and AT/T at 10 
/xm for the four cases defined in Fig. 4.5(a), using the definition of AT/T as given in 
the inset of the figure, and the analogous definition of AR/R. 

In measuring the relative transmission change as presented in Figs. 4.2 and 4.3, 
the angle 9 is varied between 0° and 180°. If 9 is varied from 90° to 270° no change in 
the transmission should be observed, if only the magnetization of the free layer would 
rotate. However, in Fig. 4.5(a) it is shown that (T27o - T90)/T90 is non-zero. Also, 
the difference in resistance is found to be non-zero in this configuration. This can be 
due to a small misalignment. 

Figure 4.5(a) also gives the curves for 9 changing from 180° to 90° and from 90° 
to 0°. The relative transmission change for these two measurement is clearly not the 
same. This is due to the AMR effect in the F layers. Subtracting the two measured 
curves will give the true AMR-related magnetic-linear-dichroism effect. The sum of 
the two curves is equal to the magnetorefractive effect. For this sample the DC GMR 
ratio is 3.6 % and the DC AMR ratio is 0.5 %. Figure 4.5(b) shows there is a linear 
relation between the relative transmission change and the relative resistance change. 

In the analysis in Section 4.4 we will restrict ourselves to the case where 9 is 
varied between 180° and 0°. 

4.4 Model and discussion 

To model the total transmission of the spin valve, the film is treated as a stack of sev
eral effectively nonconducting layers (i.e. with a refractive index which is independent 
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Figure 4.5: (a) Relative transmission change in an 8 nm NisoFe2o/2.6 nm Cu/6 nm 
NigoFe2o/10 nm Fe5oMn50 spin valve. The angle between the magnetization direction 
of the free magnetic layer and the polarization direction of the light was varied between 
0 and 270° (To, T90, ï iso, Ï270, as shown in the legend), (b) The relation between the 
relative transmission change at a wavelength of 10 fim and the relative resistance change 
AR/R as measured from DC electrical-transport measurements. 

of frequency in the frequency range considered) plus one single conducting layer. The 
treatment of the Si substrate and the Ta seed and cap layer is the same as in Section 
3.6. For the Si substrate, the NiO layer and the Ta layers, we have assumed a real 
refractive index independent of frequency. From the literature the relative dielectric 
constant of Si has taken to be esi = 12 [76]. However, analyzing the transmission 
spectrum of an uncovered Si substrate gives an effective dielectric constant equal to 
9. We have used this value in analyzing the experimental data. The discrepancy may 
be due to the fact that on the uncovered surface of the Si substrate again an oxidic 
skin is formed after the HF dip. A single NiO layer deposited on a Si substrate was 
found to have a transmission spectrum almost the same as an uncovered Si substrate. 
Therefore we assume eNio = 9. The variation of the transmission in the 2.5 - 22.5 
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/im wavelength range through a single Ta film is found to be small enough to jus
tify the assumption of a wavelength-independent transmission spectrum. An effective 
relative dielectric constant exa ~ 35 is deduced from the experimental data (see Sec
tion 3.6). The metallic layers (the two F layers and the Cu layer) in both types of 
spin valves were treated as a single layer with a refractive index which is wavelength 
dependent. For the Fe5oMn5o-biased spin valves, the FesoMnso layer is treated as a 
metallic shunting layer, which means that these spin valves are treated as consisting 
of two adjacent conducting layers. 

The expressions for the wavenumber inside the metallic film and the transmission 
through a metallic film have already been derived in Section 3.2. From Eq. 3.5, using 
k = rjko, the equation of the complex refractive index rj can be deduced: 

/ i<j(u>) ,. , 
n = \UT - - i - A 4.3 

y e0u> 

with eo the dielectric constant in vacuum and eT the relative dielectric constant of the 
metal, the contribution due to the bound electrons. Similar as in Section 3.6, er is 
again neglected in the analysis. 

To model the magnetorefractive effect we assume the conductivity to be the sum 
of contributions from spin-up (f) and spin-down (l) electrons 

ta)e2 rtU)/mt(4.) 

* M = S 1 • IT) • (4-4) 
t.4. 

in which r, n and m are the spin-dependent relaxation time, electron density and 
electron mass, respectively. The layer thicknesses are typically of the order of or 
smaller than the electron mean free path and electrons will cross the interfaces between 
the different layers, partially without scattering. In that case a model such as treated 
by Camley and Barnas [26] has to be used for calculating the proper layer-averaged 
relaxation time over the two F layers and the nonmagnetic layer. Jacquet and Valet 
[67] used a more simple approach, viz. a weighted average over one multilayer period 
of the reciprocal of the relaxation times, 

Udz ' 
L J r(z) 

(4.5) 

with L the thickness of one multilayer period and z the coordinate along the thickness 
direction. This is a good approximation for very thin layers (layer thickness <C mean 
free path) and no interface scattering. For our spin valves, the layer thicknesses 
are too large and a much more elaborate model has to be used for obtaining the 
effective relaxation times, where the Boltzmann transport equations are solved for all 
separate layers with the appropriate boundary conditions, as mentioned above [26]. 
We have not carried out such calculations and have, instead, regarded the effective 
spin-dependent relaxation times as empirical parameters that can be obtained from 
an analysis of the experimental AT/T curve. 

For the parallel configuration of the F-layer magnetization directions, we intro
duce the spin-asymmetry parameter a P , which is defined as the ratio between the 
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Table 4 .1 : Experimental results for pp and GMR ratio, together with the fit parameters 
n/rn, Tp, r^ p , ap and ü A P for both types of spin valves. The average resistivity of the 
magnetoresistive layers pp is calculated from the measured resistivity, assuming that the 
FesoMnso and lower Ta layer are shunting iaj'ers with a resistivity of 1.6 x 10~6 Um. 

t C u PP GMR ratio n/m T P T A P a p Q A P 
31 (nm) (nlim) (%) ( m ^ k g - 1 ) (fs) (fs) 

Fe50Mn5o spin valves 
2.6 246 3.6 2.4 xlO58 8.3 6.6 1.70 1.08 
3.0 240 2.9 2.4 " 8.3 6.8 1.61 1.07 
4.0 199 2.6 2.6 " 9.2 7.6 1.58 1.07 

NiO spin valves 
1.6 235 6.4 2.0 " 10.8 8.4 1.86 1.18 
2.6 181 5.0 2.4 " 11.6 9.3 1.78 1.17 
3.6 172 4.1 2.3 " 12.6 10.2 1.74 1.16 
6.0 153 2.7 2.3 " 13.7 11.6 1.58 1.13 

spin-up and spin-down effective relaxation times, Qp = Tp/rf,. Similarly, for the an
tiparallel configuration the spin-asymmetry parameter is defined as Q A P = T A P / T A P > 
where the spin-up direction is defined as the majority-spin direction of the free mag
netic layer. When the thickness of the free and pinned F layers would have been 
equal, r ^ p would have been equal to r A p . However, as the free layer is thicker than 
the pinned layer for all samples studied, one has, most generally, r ^ p ^ r ^ p and 
Q A P T^ 1- For the samples studied, one expects tha t Qp > 1 and tha t Qp > Q A P > 1, 
because for NisoFe2o the relaxation time of the majority-spin electrons is expected to 
be larger than for the minority-spin electrons. Using the method of calculating the 
weighted average over different layers we obtain the relation between a p and Q A P 

tp + tfQp 
"AP = 7E—7 • (4-6) 

U + tpQp 

The experimental AT/T curves have been fitted by a variation of n/m, r p and 
a p , taking care tha t the relation between a p and Q A P (Eq. 4.6) is maintained. These 
parameters are chosen such tha t the calculated resistivity and GMR ratio are equal to 
the measured values. The calculated parameters n/m, r p , r ^ p , a p and O A P for spin 
valves with Fe5oMn50 and NiO as biasing layers and different Cu-layer thicknesses are 
given in Table 4 .1 . 

In Table 4.1 it is shown tha t the fit parameters for both types of spin valves are 
qualitatively the same, which is not surprising since the magnetoresistive layer consists 
of Ni8oFe2o and Cu for both types of spin valves. The relaxation times are found to 
increase with increasing Cu-layer thickness for both types of spin valves. This can be 
due to the fact tha t the highly conducting Cu layer forms an increasing fraction of 
the total layer stack at increasing Cu-layer thicknesses. The average relaxation t ime 
will then increase. Also, at thicker Cu layers, the effect on the average relaxation t ime 
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from diffusive scattering at the outer boundaries will decrease. Relaxation times are 
found to be larger for NiO spin valves than for Fe5oMn50 spin valves, for all Cu-layer 
thicknesses. The lower overall layer thickness in NiO spin valves, as compared to 
Fe5oMn50 spin valves with the same Cu-layer thickness, should lead to a relatively 
stronger decrease of the layer-averaged relaxation time due to scattering at the outer 
boundaries, unless the type of electron scattering is specular, instead of diffusive. The 
occurrence of specular electron reflection at the interface between metallic layers and 
NiO, has been reported previously [73,74], whereas the scattering at the interface 
with Fe5oMn50 is usually assumed to be diffusive. Specular reflection would also 
result in a larger spin-asymmetry parameter a P for NiO-biased spin valves, which 
is indeed the case for the films with thin Cu-layer thicknesses. When the Cu-layer 
thickness increases, aP decreases as is expected because scattering in the Cu layer is 
spin independent. 

Extrapolation towards zero Cu-layer thickness would result in the spin-asymmetry 
parameter of a single Ni80Fe2o layer, modified (decreased) by the diffusive scattering 
at the interface with the AF and Ta layers, if this scattering is spin-independent. 
From a linear extrapolation we obtain for NiO- and Fe5oMn5o-biased spin valves a 
spin-asymmetry parameter aP of 1.95 ± 0.05 and 1.87 ± 0.15, respectively. These 
values of aP can be considered as representative for NiO/12.5 nm Ni80Fe2o/ Ta and 
Ta/14 nm Ni80Fe20/ Fe50Mn5o films. It is of interest to make a comparison with 
the results as obtained independently from the analysis of the linear-dichroism effect 
performed in the previous chapter, which yielded a = 1.5 and a = 2.5 for 11 nm and 
19 nm Ni80Fe2o films, respectively, in between Ta buffer and cover layers. It may be 
concluded that the magnetic-linear-dichroism experiments are comparable with the 
results from the magnetorefractive experiments, obtained by extrapolation of ap to 
zero Cu-layer thickness for spin valves. 

Figures 4.6(a,b) show the measured transmission and AT/T curves for an 8 nm 
Ni80Fe20/2.6 nm Cu/6 nm Ni80Fe20/10 nm Fe5oMn5o spin valve together with the fits 
obtained from the model described above. It can be seen that for larger wavelengths 
the fits are good, however for smaller wavelengths the fits are less satisfactory. Also 
given in Fig. 4.6(b) are the AT/T curves obtained when either r^ = r£ p or rp- = r^p. 
This means that either the spin-up or spin-down electron scattering does not depend 
on the angle between the magnetization directions of the free and pinned layer; the 
calculated relative transmission change is a result of either spin-up or spin-down 
electrons. In a first a pproximation, the total AT/T curve is equal to the sum of 
these two partial curves. 

The analyses show that the magnetorefractive effect can provide more informa
tion about the spin-polarized electron-transport properties of GMR spin valves. In 
the analysis we have used parameters that are averaged over the two F layers and 
the nonmagnetic layer. To be able to make a quantitative comparison with other 
experiments it will be necessary to include the electron-transport properties of the 
individual layers and the interfaces between the different layers. 
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Figure 4.6: (a) Transmission and (b) reJative transmission change for an 8 nm 
NigoFe2o/2.6 nm Cu/6 nm NigoFe2o/10 nm FesoMn5o spin valve together with the fits 
obtained from the model and the relative transmission change as obtained for either 

î T 
or T„ = r . 

4.5 Conclusions 

It has been found tha t the transmission of infrared light through an exchange-biased 
spin valve depends on the relative magnetization directions of the two F layers. Both 
the magnetorefractive effect (where the F layers are switched parallel and antiparallel, 
respectively, with unpolarized light) and the magnetic-linear-dichroism effect (where 
the angle between magnetization and polarization direction is changed) are observed. 
It has been found tha t there is a linear relationship between the DC relative resistance 
change measured and the value of the relative transmission change at the negative min
imum. The results were analyzed with a Drude-type two-current model, which pro
duced averaged spin-dependent relaxation times. For NiO-biased spin valves, larger 
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relaxation times and larger spin-asymmetry parameters are found than for Fe5oMn5o-
biased spin valves. This may be an indication of the existence of specular reflection 
at the NiO/NigoFe2o interface. As expected, the relaxation times increase and spin-
asymmetry parameters decrease with increasing Cu-layer thicknesses, which is caused 
by the larger and spin-independent relaxation times in the Cu layer and a decreasing 
influence of scattering at the outer boundaries. The extrapolation of the values of 
the spin-asymmetry parameter of Ni80Fe2o to zero Cu-layer thickness produces values 
that are very comparable with the values found in Chapter 3 for single NigoFe2o films. 

One can conclude that measuring the magnetorefractive effect is a good method 
for the determination of the spin-dependent transport properties, although a more 
elaborate model will be needed to describe the experimental results more accurately. 



Chapter 5 

Thermal stability of IrigMn^i 
as exchange-biasing material 

5.1 Introduction 

In this chapter, the thermal stability of the exchange-biasing interaction in ferromag-
netic/antiferromagnetic (F/AF) bilayers with the AF material Ir^Mngi is investi
gated. In recent years the exchange-biasing interaction between certain AF and F 
layers has received a great deal of attention, mainly because of the application in 
giant-magnetoresistance spin valves. Ir-Mn, with approximately 20 at.% Ir, has been 
found to have a relatively high interfacial exchange energy ( Jeb = 0.19 mJ/m 2 ) , which 
decreases to zero at the relatively high temperature of approximately 520 K, after de
position at room temperature and without any post-deposition annealing [77,78]. 
This makes the material very well suited for high-temperature applications. In other 
exchange-biasing materials like Fe5oMn5o or NiO the exchange-biasing field, defined 
as the shift of the magnetization curve along the field axis, decreases to zero at ap
proximately 420 and 470 K [79,80], respectively. This so-called blocking temperature, 
TB, is higher for materials like Pd-Pt-Mn [81,82] or Ni-Mn [79,83] as compared to TB 

of Fe5oMn5o and NiO, but these require relatively long annealing treatments at high 
temperatures or high-temperature deposition to induce the proper crystallographic 
phase. 

Despite extensive theoretical and experimental research, there is still no con
clusive model that can explain the exchange-biasing interaction between AF and F 
materials. Assuming a monodomain AF layer and a perfectly smooth interface where 
the atomic moments of the AF interface layer are completely uncompensated, an 
exchange-biasing interaction has been calculated for Fe-Mn that is about two orders 
of magnitude higher than indicated by experimental results [29]. For rough interfaces 
or (partly) compensated AF interface layers, which is a more realistic assumption, 
the same model would predict a strong decrease of the average exchange-biasing field 
to zero. In other models the occurrence of domain walls in either the AF or F layers 
is taken into account and more accurate predictions are made about the value of the 
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exchange-biasing field [30-32]. However, there are many experimental results that do 
not agree with the predictions of these models. 

We have investigated the influence of the F-layer material (Ni8oFe2o or Co90Feio), 
the layer configuration (AF or F layer on top), the AF-layer thickness and the film 
microstructure on the exchange-biasing interaction with IrigMn8i in AF/F bilayers. 
Not only the exchange-biasing interaction at room temperature was investigated, the 
behavior at higher temperatures was also monitored. 

We find that the exchange-biasing field in the temperature range of interest de
pends strongly on the AF-layer thickness. The same dependence is found for the 
degree of (111) texture in the Iri9Mn8i layer, which indicates that the degree of (111) 
texture in the Ir19Mn8i layer has the strongest influence on the exchange-biasing 
interaction. Heating and cooling of different types of exchange-biased films at tem
peratures above room temperature shows irreversible changes in the exchange-biasing 
field. Since no evidence is found for atomic diffusion between the F and the AF layer 
we ascribe the change in Heb(T) to an irreversible change of the magnetic structure 
of the AF layer. 

5.2 Experimental set-up 

Bilayers of Ni80Fe2o or Co90Feio and Ir19Mn8i were deposited onto Si(100) substrates 
by means of DC magnetron sputtering (base pressure ~ 10"5 Pa). Ir19Mn8i was 
sputtered from a Mn target with Ir chips attached to it. The Ir-Mn composition has 
been chosen on the basis of analyzing the measured exchange-biasing field of films 
with Ir-Mn layers containing between 17 and 30 at.% Ir. In this composition range, a 
monotonie decrease of the exchange-biasing interaction was found with increasing Ir 
content. This is in agreement to what has been reported by Hoshino et al. [84] and 
Fuke et al. [85], who find the highest exchange-biasing fields for Ir-Mn biasing layers 
with approximately 20 at.% Ir. 

The Ar pressure was typically 0.67 Pa (5 mTorr) during deposition. All films 
were deposited at room temperature and were situated in a magnetic field of 20 
kA/m during deposition to align the F layer, thereby inducing exchange anisotropy. 
Two different configurations were deposited: 
top: Si(100)/3.5 nm Ta/ i F nm F/iAF nm Ir19Mn81/5 nm Ta, and 
bottom: Si(100)/3.5 nm Ta/2 nm Ni80Fe20/iAF nm Ir1 9Mn8 i / tF nm F/5 nm Ta. 
The thicknesses of the F and AF layers (tF and £ A F) both ranged between 2 and 30 nm. 
Ta was used as a seed layer to induce (111) texture in the F layer (top configuration) or 
the 2 nm Ni80Fe2o buffer layer (bottom configuration). The Ni80Fe20 buffer layer was 
used to promote (111) texture in the Iri9Mn8i layer deposited on top of it. Although 
in an earlier study no distinct relationship between the degree of (111) texture and 
the exchange-biasing field has been observed [78], it is still relevant to the application 
in spin valves, in which growth of a free magnetic layer with (111) texture leads to 
good soft magnetic properties. Also, a series of samples was deposited without the 
Ta seed layer to investigate the role of this layer for the exchange-biasing interaction. 
A Ta layer was used as a capping layer to protect the other layers against oxidation. 

The composition and the layer thicknesses of the films were determined by means 
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Figure 5.1: Tie Kerr rotation as a measure of the magnetization as a function of 
magnetic field for a 2 nm Mg0Fe2o/4 nm IrigMngi/20 nm Co9oFeio film. The switching 
ßelds Hi and H2, the exchange-biasing field Heb and the coercive field Hc are indicated 
in the figure. 

of Rutherford backscattering spectroscopy. The Ir content was 19±1 at.%. Hysteresis 
loops were measured in a SQUID magnetometer, in a vibrating sample magnetometer 
or by means of the magneto-optical Kerr effect. 

5.3 Experimental results 

Firstly, Heb is determined for F = Ni80Fe2o and F = Co90Feio for both configurations. 
Figure 5.1 gives the magnetization loop of a 4 nm IrigMn8i/20 nm Co90Feio bottom 
configuration film as measured by means of the magneto-optical Kerr effect. The 
relevant quantities are defined in the figure. The exchange-biasing field is defined as 
the midpoint between the two points where the magnetization is zero at increasing 
and decreasing field (Hi and H2): Heb = (Hi+H2)/2. The coercive field is defined as 
Hc = (Hi - H2)/2. From Heb of the individual films the interfacial exchange energy 
(Jeb) was determined with the phenomenological relation 

J, eb ^oHehMstp, (5.1) 

where Ms is the saturation magnetization of the F layer. 
The values of Heb, the calculated Jeb and the coercive fields (Hc) are listed in 

Table 5.1 for films with 20 nm CogoFeio or 30 nm Ni80Fe2o as the biased layer and 
with a 10 or 30 nm thick Iri9Mn8i layer. For F = Co90Feio, a larger Jeb and a much 
larger coercive field are found as compared to F = Ni80Fe20. It is found that as-
deposited films in the bottom configuration have a slightly smaller exchange-biasing 
interaction than as-deposited films in the top configuration. 
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Table 5.1: Results for exchange interaction and coercivity at 300 K for bilayers with 30 
nm NkoFe2o or 20 nm Cogo-Feio, each for the top and bottom configuration and 10 or 30 
nm IrigMngi. The numbers between brackets give Heb after cooling from 620 K. 

F-layer <AF configuration Heb Jeb Hc 

(nm) (kA/m) (mJ/m2) (kA/m) 
Ni80Fe2o 30 top 3.5 (0.8) 0.10 0.6 

10 top 3.0 (1.3) 0.09 0.4 
30 bottom 2.2 (1.3) 0.06 0.3 
10 bottom 2.3 (2.5) 0.07 0.7 

Co90Feio 30 top 3.2 (0.9) 0.12 2.2 
10 top 3.6 (1.7) 0.13 2.5 
30 bottom 3.0 (1.6) 0.11 2.4 
10 bottom 3.1 (3.3) 0.11 1.7 

Figure 5.2 shows Heb(T) for <AF nm IrigMn8i/20 nm Co9oFe10 bottom configu
ration films with *AF ranging between 2 and 30 nm. The as-deposited films have been 
slowly heated and cooled (<2 K/min) in an external field parallel to the exchange-
biasing direction. The maximum temperature is approximately 460 K, except for films 
with 2 nm and 30 nm Iri9Mn8i, which were heated to 400 K and 620 K, respectively. 
The whole procedure took place in vacuum (p < 5 x 10~3 Pa). It is shown in Fig. 
5.2 that a 2 nm Iri9Mn8i layer does not produce an exchange-biasing interaction at 
room temperature in the as-deposited state. However, at cooling from 400 K, a finite 
Heb appears around 300 K at decreasing temperature. A film with 4 nm Ir19Mn81 

does already show a large Heb at room temperature in the as-deposited state, even 
larger than what is found for samples with *AF > 6 nm. However, Heb decreases 
strongly with increasing temperature until it is zero at a blocking temperature of ap
proximately 450 K. At decreasing temperature a strong increase of Heb as compared 
to the as-deposited sample is found. Reheating the sample with £AF = 4 nm to 460 
K does not lead to any further change of Heb-

Heb measured at 460 K increases with increasing Ir19Mn8i-layer thickness until 
£AF = 8 nm, above which the value remains the same. This indicates an increase of 
the blocking temperature for increasing Ir19Mn81-layer thickness. Extrapolation of 
Heb(T) at increasing temperature for £AF = 6 and 8 nm leads to TB = 490 K and 550 
K, respectively. Samples with 10 and 30 nm Iri9Mn8i have been heated to 620 K as 
well, and for both samples a blocking temperature of 560 ± 20 K was found. Also, 
samples with 30 nm Ni80Fe2o, instead of 20 nm Co90Fei0, as the biased layer and 
£AF = 10 or 30 nm have been heated to 620 K. These samples show similar behavior 
at heating and cooling as the ones with 20 nm Co90Fei0. The blocking temperature is 
equal (TB = 560 ± 20 K) and the exchange-biasing field as a function of temperature 
normalized to the value at 300 K, Heb(T)/Heb{300), shows the same behavior. Only 
Hc is smaller when Ni80Fe2o is used as the biased layer. 

The measured blocking temperatures are larger than those reported previously 
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Figure 5.2: Exchange-biasing field as a function of temperature for £AF nm Iri^Mngi/20 
nm CogoFeio films having the bottom configuration with (a) £AF = 30, 10 and 8 nm and 
with (b) tAF = 6, 4 and 2 nm. Values for increasing and decreasing temperature are 
shown as open and solid symbols, respectively. 

by Devasahayam et al. [78], who report TB = 520 K for £AF > 40 nm and they report 
a strong decrease of TB for thinner Ir-Mn layers with approximately 20 at.% Ir. 

Using plan-view transmission electron microscopy (TEM), images of the grain 
structure could be obtained and selected area electron diffraction (SAED) was per
formed on films with varying Iri9Mn8i-layer thicknesses deposited on Si3N4 mem
branes (TEM windows). The films had the layer stack: Si3N4 / 5 nm Ta/2 nm 
Ni80Fe2o/iAF nm Iri9Mn8 i /5 nm Ta. It is not trivial to obtain a quantitative mea
sure of the fraction of the IrigMngi layer that is (111) textured. The intensity of 
the rings obtained from SEAD for the different films are not comparable since the 
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Figure 5.3: Relative intensity of the IrigMngi diffraction ring as a function of the 
IngMnsi-layer thickness for SiîN* / 5 nm Ta/2 nm NiSoFe2o/tAF nm Ir^Mnsi/5 nm Ta 
films. 

IrigMngi-layer thickness is varied. However, the intensity of the (220) ring of the 2 nm 
Ni8oFe2o buffer layer, which is also present, can be used as calibration. We therefore 
very carefully determined the intensity of the (220) IrigMn8i ring with respect to the 
(220) Ni8oFe2o ring. The relative intensity obtained is normalized by the values for 
the layer thicknesses. The results are shown in Fig. 5.3. A more detailed description 
of the analysis can be found in [86]. In Fig. 5.3 can be seen that a 5 nm Iri9Mn8i 
layer with Ta and Ni8oFe2o underlayers has the strongest (111) texture. The (111) 
texture becomes weaker for thicker IrigMn8i films. For the film with 30 nm IrigMn81, 
the (220) ring of IrigMn8i obscures the (220) Ni80Fe2o ring which obstructs the ac
curate determination of its relative intensity. However, our analysis of other visible 
diffraction rings shows that the degree of (111) texture for 30 nm IrigMnsi layer has 
certainly decreased further as compared to a 10 nm IrigMn8i layer. The thickness 
of the Ni8oFe2o underlayer was found to have no further influence on the texture of 
the Ir19Mn8i layer, as long as it is equal to or larger than 2 nm. During heating no 
change in texture was found. No evidence was found for the presence of an ordered 
crystallographic phase (IrMn3) in the layer [87]. 

Using plan-view TEM we have also analyzed the average grain sizes in the films 
discussed above. The average grain size can not be determined with large accuracy, 
because of the presence of different layers which obscure the picture. However, it is 
clear that the average grain size increases with increasing IrigMn8i-layer thickness. 
The largest increase is observed when going from 2 to 4 nm layer thickness. For 
<AF > 6 nm, no further increase can be observed and the estimated grain sizes are 
approximately 10 nm. 

The samples for which H^T) was measured during heating to 460 K, as shown 
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Figure 5.4: Exchange-biasing field at room temperature as function of IrigMngi-layer 
thickness for as-deposited films and after cooling down from 460 K, 580 K or 620 K in a 
field parallel to the exchange-biasing direction. Cooling down from 580 K was performed 
in a relatively high magnetic field of 2 MA/m. 

in Fig. 5.2, were subsequently heated to 580 K (in air), also in a field parallel to 
the exchange-biasing direction. The highest temperature was maintained for not 
more than a few seconds before cooling down again. Figure 5.4 shows Heb at room 
temperature for the samples in the as-deposited state, and after heating to 460 K and 
580 K, respectively. Also included are the results for the films with 10 and 30 nm 
IrigMngi that were heated to 620 K. After heating, there is an increase of Heb for 2 
nm < <AF < 8 nm and a decrease of Heb for £AF = 30 nm. For £AF = 10 nm, Heb is 
almost unchanged after heating to 460 K, but an increase is found after heating to 580 
K. Heating to 460 and 620 K and subsequent cooling down took place in a field high 
enough to saturate the magnetization of the F layer, approximately 15 kA/m, whereas 
heating to 580 K was performed in a field of 2 MA/m. For a 4 nm Ir19Mn8i/20 nm 
CogoFeio film after cooling from 580 K, the calculated exchange energy, Jeb = 0.23 
mj /m 2 , is the highest value reported so far for Ir-Mn. Cooling from 460 K for the 
same film leads to Jeb = 0.20 mJ/m2 . Comparing the results for a film with 10 nm 
Iri9Mn8i, heating to 580 K (and cooling down) in a 'large' field results in a larger 
exchange-biasing field than heating to 620 K in a 'low' field. It is possible that the 
large field of 2 MA/m has an influence on the magnetic moments in the AF layer 
itself, which apparently has a beneficial influence on the exchange-biasing interaction. 

Figure 5.5 shows the coercive field Hc as a function of temperature for the films 
of which Heb(T) is shown in Fig. 5.2. It shows a very large Hc at 300 K for a film with 
2 nm IrigMn8i, which decreases strongly when £AF is increased to 6 nm. For £AF > 6 
nm there is again an increase of Hc. The iîc(T)-curve has a very distinct shape for 
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Figure 5.5: Coercive ßeld Hc as a function of temperature for £AF nm Iri9Mn8i/20 nm 
CogoFeio films fiaving tfie bottom configuration with (a) *AF = 30, iO and g nm and with 
(b) (AF = 6, 4 and 2 nm. Values for increasing and decreasing temperature are shown 
as open and solid symbols, respectively. 

samples with £AF < 6 nm, with a maximum of Hc which seems to coincide with the 
blocking tempera ture . These findings are in agreement with the results of Jungblut 
et al. [88] for MBE-grown Ni 8 0Fe 2o/ Fe5 0Mn5o bilayers. They find a maximum of the 
coercive field as a function of the Fe5oMn50-layer thickness around the onset of the 
exchange-biasing interaction. The increase of the coercivity is probably due to the 
occurrence of regions in the AF layer, tha t do have an interaction with the F layer, 
but in which the AF spin configuration does not remain stable when the F layer is 
reversed. This leads to a uniaxial anisotropy instead of a unidirectional anisotropy. 

To investigate whether or not atomic diffusion is an important factor in the change 
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Figure 5.6: Exchange-biasing ßeld at 300 K normalized to the value at t = 0, after 
heating to 320, 340, 360, 380 and 400 K for Rims with 30 nm Ir19Mn8i and F = JVi80Fe2o 
in the top configuration (squares) and bottom configuration (triangles). The lines are 
guides to the eye. The inset shows the time-temperature profile to which the films were 
subjected. 

of Heb after annealing, films with 30 nm Iri9Mn8i and F = Ni80Fe2o in the top and 
bottom configuration were heated cyclically to 320, 340, 360, 380 and 400 K and 
subsequently cooled to 300 K to determine Heb, the external field being at all times 
in the parallel direction. Generally, these temperatures are considered too low for 
atomic diffusion to occur in these materials. Heh after heating is shown in Fig. 5.6 as 
a function of the heating temperature, after normalization to the as-deposited value. 
The time-temperature profile is given in the inset of Fig. 5.6. For the top configuration 
the decrease of exchange-biasing field already sets in above 340 K. For the bottom 
configuration a significant decrease of Heb is not observed up to 400 K. 

In order to investigate whether or not atomic diffusion has occurred we have also 
performed a sputter-Auger analysis, which gave no evidence for diffusion across the 
interfaces. However, the depth resolution of this technique (1 nm) does not allow 
to exclude some interface mixing, which could result in a change of the exchange 
interaction between the layers. 

To investigate the influence of the degree of (111) texture on the exchange-biasing 
field and the thermal stability, films without the Ta seed layer were deposited. The 2 
nm Ni80Fe2o buffer layer was still present. TEM analysis of 2 nm Ni80Fe2o/iAF nm 
Iri9Mn8 i /5 nm Ta, deposited on Si3N4 membranes (TEM windows), showed that a 
film with 2 nm Iri9Mn8i does have a weak (111) texture. Films with thicker Ir19Mn81 

layers (4 < £AF < 10 nm) are all randomly oriented. In films with a Ta seed layer 
present, a clear (111) texture was observed. The average grain size in the films is 
affected by the removal of the Ta seed layer as well. TEM images show that for films 
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Figure 5.7: (a) Heh and (b) Hc as a function of temperature for £AF nm IrigMngi/20 
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and decreasing temperature are shown as open and solid symbols, respectively, (c) i/eb 
at room temperature for films in the as-deposited state and after cooling down from 460 
K. 



5.4. Discussion 73 

without the Ta seed layer, the average grain size increases monotonically with an 
increasing IrigMngi-layer thickness, up to an average grain size of approximately 5 
nm for a film with 10 nm Ir^Mngi. For films with a Ta seed layer the average grain 
size shows no significant increase for <AF > 6 nm, the average grain size for a film 
with 10 nm IrigMngi is approximately 10 nm. 

Figures 5.7(a,b) show Heb(T) and HC{T) for Si(100) / 2 nm Ni80Fe2o/tAF nm 
IrigMngi/20 nm CogoFeio/5 nm Ta films without a Ta seed layer. For clarity, we 
have only included the curves for £AF = 4, 6 and 8 nm. For £AF = 2 nm, no exchange-
biasing field is found in this temperature range and HC(T) ranges between 1.6 and 
1 kA/m. Comparison with Figs. 5.2 and 5.5 reveals that the values of Heb(T) are 
much lower for films without the Ta seed layer. On the other hand Hc has increased 
for all films, except for the film with 2 nm IrigMngi- Also the distinct shape of the 
HC(T) curve with a maximum around the blocking temperature is no longer found. 
The blocking temperatures are strongly decreased for the films without Ta seed layer. 
Figure 5.7(c) shows the exchange-biasing field at room temperature for films in the 
as-deposited state and after cooling down from 460 K. 

5.4 Discussion 

5.4.1 Top/ bottom configuration 

The first unexpected result found for IrigMngi is the existence of a considerable 
exchange-biasing field when the AF layer is deposited below the F layer (bottom con
figuration). Usually it is assumed that the exchange-biasing interaction is induced 
by depositing an AF layer on top of a magnetically saturated F layer. The magnetic 
moments of the AF atoms at the interface are then assumed to arrange such that the 
magnetization of the F layer is maintained by the interaction between the interfacial 
atoms, even after the saturating magnetic field has been removed. Obviously, when 
the AF layer is deposited first, the arrangement of the magnetic moments of the AF 
atoms at the interface will not match the proper arrangement to induce a unidirec
tional biasing in the F layer deposited on top. Indeed, in films in which the Fe50Mn5o 
biasing layer was deposited below the ferromagnetic layer, the films need to be field 
cooled from above the blocking temperature to induce the proper exchange-biasing 
interaction [21,29]. 

In Fig. 5.8, a comparison is made between Heb(T) for the top and bottom con
figuration of films with 10 nm Iri9Mn8i as the biasing layer and 30 nm Ni80Fe2o as 
the biased layer. It is shown that the top configuration has the highest iîeb in the 
as-deposited state. After cooling the films from 620 K, Heb for the top configuration 
has decreased dramatically, whereas for the bottom configuration Heb has increased 
slightly, however still being lower than the as-deposited value for the top configu
ration. It is uncertain whether the different behavior of these two configurations is 
caused by magnetic or microstructural differences. It is possible that the degree of 
(111) texture varies over the IrigMngi layer, which would result in a difference in 
(111) texture at the two interfaces of the AF layer. This is in agreement with the 
measurements shown in Fig. 5.3, where we found a decrease of the degree of (111) 
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Figure 5.8: Het, as a function of temperature for Elms with 30 nm NisoFe2o as the 
biased layer and with 10 nm thick IrigMnsi biasing layer in both the top and bottom 
configuration. Values for increasing and decreasing temperatures are indicated by open 
and solid symbols, respectively. 

texture for £AF > 5 nm, which leads us to conclude that the part of the IrigMnsi 
layer which is deposited after the first 5 nm, has a (111) texture which is less strong 
than in the first 5 nm and which decreases monotonically with increasing thickness. 
Similar behavior of He\>(T) has been found if Ni80Fe-2o is replaced by CogoFe1()-

Apparently, the IrigMngi layer forms such a magnetic domain structure during 
deposition that exchange-biasing interaction is present directly during deposition of 
the F layer. At higher temperatures the magnetic structure in the AF layer is able to 
relax to a state of lower energy, which is maintained when cooling again, resulting in 
the different values for Heb. 

5.4.2 Microstructural influence on the exchange-biasing inter
action 

Regarding the influence of the (111) texture and grain size on the exchange-biasing 
field, conflicting opinions have been given in the literature. Hoshino et al. [84] and 
Nakatani et al. [89] both ascribe an increase of the exchange-biasing field to an 
increase of the (111) texture and to an increase in grain size. Devasahayam et al. [78] 
have reported a decrease of the exchange-biasing field together with an increase of the 
(111) texture. They influenced the (111) texture by varying the sputter parameters of 
their RF sputter-deposition procedure. We have however observed that a variation of 
the sputter parameters in our DC-magnetron sputter deposition may have an influence 
on the Ir content of the films, which will also have an influence on the exchange-biasing 
interaction. Ro et al. [90] conclude from experiments with different buffer layers that 
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Figure 5.9: Schematic representation of the average grain size as a function of the 
IrigMnai-layer thickness for films with and without a Ta seed layer compared with the 
exchange-biasing fields at room temperature after cooling from 460 K. 

the grain size and not the (111) texture in the Ir-Mn layer determines the exchange-
biasing interaction. 

With TEM analysis the (111) texture and the average grain sizes were determined 
for films with and without a Ta seed layer (see Section 5.3). The strength of the (111) 
texture as a function of IrigMngi-layer thickness is presented in Fig. 5.3. Figure 5.9 
gives a schematic representation of the grain size in the IrigMngi layer compared to 
the exchange-biasing field at room temperature after cooling from 460 K, as a function 
of the IrigMnsi-layer thickness. It is shown that for films without a Ta seed layer 
both the exchange-biasing field and the grain size increase with increasing IrigMnsi-
layer thickness. Adding the Ta seed layer results in a exchange-biasing field that is 
peaked around 4 nm IrigMngi, whereas the grain size still increases monotonically. 
On the other hand, a strong resemblance is found between the behavior of the (111) 
texture and Heb as a function of IrigMngi-layer thickness. This suggests that the 
(111) texture is a more important factor than the grain size for the exchange-biasing 
interaction in the IrigMnsi layer. 

5.4.3 Exchange biasing as a function of AF-layer thickness 

In Fig. 5.10 we have shown the dependence of the exchange-biasing field on the thick
ness of the AF layer predicted by the model of Malozemoff [32]. He has introduced 
a local random interface energy which, if large enough, will make it favorable for 
the AF layer to create domains, with domain walls that are perpendicular to the 
interface. Due to the fact that the domains have a finite size, the random field per 
domain area is not zero, not even for rough or compensated interfaces. At a certain 
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Figure 5.10: Schematic representation of the exchange-biasing Held as a function of the 
AF layer thickness as found by the model of Malozemoff [32]. 

thickness <AF,I the domain wall energy and the random interface energy balance and 
below this thickness a domain pattern in the AF layer and a finite i/eb will appear. 
For £AF,2 < ^AF < *AF,I the domain area at the interface will remain constant and 
of the order of the square of the AF domain-wall thickness [32]. In this region the 
exchange-biasing field will remain constant as well. For £AF < ^AF,2 the domain 
size depends linearly on the AF-layer thickness and the exchange-biasing field will 
increase with decreasing £AF- There is also a lower limit to the AF-layer thickness. 
For <AF < £AF,3 the domain structure is no longer stable. Domain walls are no longer 
sufficiently pinned and will move through the material when the F layer is reversed. 
We note that the effect of thermal fluctuations on exchange biasing is not included in 
this model, so it is essentially only valid at 0 K. 

We can compare the predictions for Heb(tAF) with the results of our measure
ments as shown in Figs. 5.4 and 5.7(c). We note that these measurements were 
performed at room temperature instead of 0 K, which will influence the values of 
the exchange-biasing field for different IrigMnsi-layer thicknesses, due to the finite-
size effect. However, assuming that the curves for ü eb at decreasing temperature 
can be smoothly extrapolated to 0 K, one expects that the basic features of Figs. 
5.4 and 5.7(c) will not change dramatically. Figure 5.4 shows a dependence of the 
exchange-biasing field at room temperature on the thickness of the AF layer which is 
very similar to the behavior found from the model of Malozemoff (Fig. 5.10). Since 
we are dealing with films with the bottom configuration, it is best to consider the 
exchange-biasing field measured after cooling down to room temperature from above 
the blocking temperature. However, for films without the Ta seed layer, Heb after 
cooling from above TB, is increasing monotonically with increasing IrigMngi-layer 
thickness (see Fig. 5.7(c)). This behavior is not consistent with the model of Mal
ozemoff, which suggests strongly that the thickness of the AF layer is not the main 
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Figure 5.11: Blocking temperature as a function of the lr\gMn%\-layer thickness for 
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finite-size model with parameters given in the text. 

factor in the value of the exchange-biasing field

s ' . 4 Blocking t empera tu re as a function of Ir i9Mn8 1- layer 
thickness 

Figure 5.11 shows the blocking temperatures as a function of the AF-layer thickness of 
films with and without the Ta seed layer. Solid symbols give measured values, whereas 
open symbols indicate extrapolated values as found from Figs. 5.2 and 5.7(a). We 
have found a blocking temperature of 560 K for (111) textured films with 10 or 30 nm 
IrigMngi. Below an Ir i 9Mn 8 i - layer thickness of 10 nm, the blocking tempera ture is 
decreased. For films without a Ta seed layer a lower blocking tempera ture is observed 
than for films with a Ta seed layer and the same Ir i9Mn8 i - layer thickness. The values 
of the two different film types are fitted using finite-size scaling [91-93], where the 
blocking tempera ture as a function of the AF-layer thickness is given by 

J B ( O O ) - ? B ( * A F ) 

T B ( O O ) 
tAF J 

(5.2) 

in which TB(OO) indicates the blocking temperature for bulk samples which we as
sumed to be 560 K for both sample types. The correlation length £0 is related to 
the length over which the magnetic interactions extend inside a material [91, 93]. For 
ordered ferromagnetic materials the correlation should be of the order of the atomic 
spacing [91,93]. From the fit, £0 is found to be 1.2 nm for films with a Ta seed layer 
and 1.7 nm for films without. The shift exponent, (5, is 1.5 and 1.2 for films with and 
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without a Ta seed layer, respectively. However, the calculated parameters for films 
without a Ta seed layer are very uncertain due to the fact that there are no measure
ments available for films with thick IrigMnsi layers (£AF > 10 nm). Devasahayam et 
al. [78] have found that the blocking temperatures of Ni-Fe/Ir-Mn bilayers decrease 
strongly when the Ir-Mn thickness decreases below 40 nm. They find a larger correla
tion length, £ = 3.0 nm, and a similar shift exponent, ö = 1.5. A complicating factor 
in the analysis of the blocking temperatures could be the variation in (111) texture 
as a function of IrigMn8i-layer thickness. 

Analyzing Fig. 5.2, we observe a difference in the shape of the Heb(T) curve at 
increasing and decreasing temperature. At increasing temperature the decrease of i7eb 
is almost linear, whereas at decreasing temperature the Heb(T) curve is more convex. 
According to the model of Fulcomer and Charap [35] the monotonous decrease of 
the exchange biasing with temperature occurs due to the fact that the AF exchange-
biasing layer consists of different regions which have different blocking temperatures, 
which depend on the size of the regions. At increasing temperature more and more of 
these regions will lose their exchange-biasing interaction, which results in an overall 
decrease of the exchange-biasing field. The width of the distribution of region sizes 
will determine the shape of the Heb(T) curve. This would indicate that after heating, 
our films are more homogeneous, the distribution of blocking temperatures is less 
wide as compared to the as-deposited situation [94,95]. 

5.5 Conclusions 

We have fabricated exchange-biased layers with Iri9Mn8i as the biasing layer and 
Ni80Fe2o or Co9oFe10 as the ferromagnetic biased layer both in the top and bottom 
configuration and with or without a Ta seed layer. 

The highest interfacial exchange energy, Jeh = 0.23 mJ/m2 , has been found for a 
3.5 nm Ta/2 nm Ni80Fe2o/4 nm Iri9Mn8i/20 nm Co90Fei0 film in the bottom config
uration after cooling from 580 K in a high field parallel to the exchange-biasing direc
tion. In general, taking Co9oFe10 as the F layer gives a higher interfacial exchange-
biasing energy than with taking Ni80Fe2o- No difference is observed between the two 
types of F layers concerning the thermal stability. 

Iri9Mn8i has been found to be a remarkable exchange-biasing material in the sense 
that as-deposited films with the bottom configuration show already a considerable 
exchange-biasing field. Heating and subsequent cooling changes the exchange-biasing 
field both for top and bottom configuration. For films with the bottom configura
tion the exchange-biasing field has been found to increase for small Iri9Mn8i-layer 
thicknesses (< 10 nm) and to decrease for thicknesses larger than 10 nm. Subsequent 
annealing did not result in any further change of i/eb as a function of temperature. 
Since no evidence has been found for the occurrence of atomic diffusion or any other 
change in the microstructure during annealing, it is concluded that the change of Heh 

is caused by a change of the magnetic (domain) structure in the Iri9Mn81 layer. It will 
also be very interesting to investigate this for films with the top configuration. Fur
thermore, preliminary results indicate that the exchange-biasing field might depend 
on the value of the external field during cooling. More experiments will be needed to 
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clarify this matter. 
Films with the bottom configuration were deposited with and without the Ta seed 

layer. Removal of the Ta seed layer results in a strong decrease of the (111) texture 
and the average grain size in the Iri9Mn8i layer. Analysis of the dependence of the 
exchange-biasing field, the average grain size and the (111) texture on the Ir lgMn8i-
layer thickness leads to the conclusion that the degree of (111) texture is the most 
important factor determining the exchange-biasing field. However, conflicting reports 
are found in literature about the influence of grain size and (111) texture. Further 
investigation will therefore be very interesting. It would be very useful to deposit 
the films on single crystalline substrates, thereby creating a distinct crystallographic 
orientation at the AF/F interface. 

A blocking temperature of 560 ± 20 K has been found for films with 10 and 
30 nm Iri9Mn8i, both in top and bottom configuration. For smaller Ir19Mn8i-layer 
thicknesses T-& decreases. Removing the Ta seed layer was also found to decrease 
the blocking temperature. In view of the high blocking temperature and the high 
interfacial exchange energy, it can be concluded that Ir19Mn8i is a good candidate 
for the biasing layer in spin valves used for high-temperature applications. 

However, for high-temperature applications the exchange-biasing layers will be 
heated for much longer periods than used now. Applying fields at an angle with the 
initial exchange-biasing field direction will cause a rotation of this direction. In the 
next chapter, this relaxation behavior will be investigated. 





Chapter 6 

Relaxation of the 
exchange-biasing interaction 
for I r igMngi / NigoFe2o and 
I r i gMng i / Co9oFeio bilayers 

6.1 Introduction 

In the previous chapter, the thermal stability of ferromagnetic (F) layers exchange 
biased with Ir19Mn8i was investigated by heating the films in an external field which 
is parallel to the exchange-biasing field. When the as-deposited films were heated for 
the first time to temperatures around or above the blocking temperature TB in an 
external field parallel to the exchange-biasing direction, a change of the behavior of the 
exchange-biasing field Heb(T), after heating, was found. This was assumed to be due 
to a change in the magnetic (domain) structure of the antiferromagnetic (AF) layer. 
In this chapter, it is investigated how the films behave when placed in an external 
field parallel or antiparallel to the initial exchange-biasing direction for longer periods 
of time at elevated temperatures. The initial exchange-biasing direction is defined as 
the direction of the exchange-biasing field in the as-deposited film. A relaxation of 
the exchange-biasing field towards the direction of the external field is observed. This 
is also observed when the external field is perpendicular (in the plane of the film) to 
the initial exchange-biasing direction. 

This relaxation behavior is an important factor in the lifetime of exchange-biased 
spin valves, used in read heads and other sensors. Especially magnetic sensors will 
be used more and more in high-temperature environments, where relaxation rates are 
increased and the F-layer magnetization switches at lower fields with respect to the 
fields needed at room temperature. 

In the following sections, the relaxation behavior of films biased with IrigMngi 
is investigated at different temperatures for different F-layer materials (Co90Feio and 
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Ni80Fe2o) and for different AF-layer thicknesses. We observe that the relaxation rate 
increases with increasing temperature or with decreasing Iri9Mn8i-layer thickness. 

Hempstead et al. [96] have investigated Ni8oFe2o/ Fe50Mn5o bilayers and have 
found that the direction of the exchange-biasing interaction starts to rotate when a 
perpendicular external magnetic field is applied. The speed of rotation was found to 
increase with temperature. Van der Heijden et al. [80] have performed a study of 
the relaxation behavior of Ni66Coi8Fei6/ Fe5oMn5o and NiO/ Ni66Coi8Fei6 bilayers, 
where the samples were placed in an external field antiparallel to the initial exchange-
biasing direction. For both types of samples, a decrease of Heb and, at high enough 
temperatures, a reversal of the exchange-biasing direction was found after waiting 
long periods of time. 

From the analysis of the experimental results it is found that different procedures 
for switching the magnetic field or a difference in temperature history influence the 
relaxation behavior. Again, this is an indication that the magnetic-domain structure 
of the AF layer changes irreversibly during heating or magnetic switching. The exper
imental results are analyzed using different relaxation functions. The results on films 
with Iri9Mn8i are compared to the relaxation behavior of samples with Fe5oMn5o or 
Pd3oPt2oMn5o as the biasing layer. 

Fulcomer and Charap [35] have introduced a two-level model, in which the (stag
gered) magnetization of the AF layer can switch between two directions only after 
crossing an energy barrier. Relaxation rates will therefore depend on the height of 
the barrier and the thermal energy. The AF layer is assumed to consist of indepen
dent particles which have a certain barrier-height distribution [35], which results in 
a wide distribution of relaxation times. The two-level model will be explained more 
thoroughly in Section 6.2. An infinitely wide distribution of relaxation times is shown 
to result in the so-called stretched exponential. This phenomenological expression 
has proved to be very useful, which was already known within many other areas of 
physics where relaxation effects play a role [97-99]. 

As is already explained in the previous chapter, the exchange-biasing effect is still 
not very well understood. Since the relaxation behavior of exchange-biasing materials 
is directly related to the magnetic structures of the F/AF interface and the AF layer 
itself, investigation of the relaxation will give more insight into the phenomenon of 
exchange biasing. 

6.2 Overview of theoretical models 

In the first part of this section, the model for relaxation of the exchange-biasing 
interaction, as introduced by Fulcomer and Charap [35], is explained. As will be 
discussed later, this model is probably far from ideal for our systems. However, other 
mesoscopic models for relaxation of exchange-biasing interaction are still lacking. 
Fulcomer and Charap have treated their AF layer, exchange coupled to an adjacent 
F layer, as an assembly of non-interacting particles or domains. The AF particles as 
well as the F layer are monodomain with uniaxial anisotropy constants KAF and KF, 
respectively. The total energy per unit area of such an AF/F bilayer is given by 

E = KFtF sin2 O + KAFtAF sin2 cp - Hn0MstF - Eeb cos(0 - <j>), (6.1) 
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Figure 6.1: (a) Configuration of magnetization and field directions in an AF/F bilayer. 
(b) Schematic representation of the energy per unit area as a function of the angle (j> 
between the reference direction and the staggered magnetization direction of the AF 
layer with the F-layer magnetization direction along 6 = 0 and 6 = n. The exchange-
biasing energy and the maximum energy per unit area are indicated in the figure. 

in which tp and f AF are the F- and AF-layer thicknesses, respectively. The first two 
terms represent the anisotropy energy of the AF and F layers. It is assumed that 
the easy axes of the F and AF layer are parallel to a reference direction, see Fig. 
6.1(a). The third term in Eq. 6.1 is the Zeeman energy due to the externally applied 
field H, acting on the F-layer saturation magnetization Ms, assuming that the F-
layer magnetization is always parallel to the applied field. The last term represents 
the exchange-biasing energy per unit area. The angles between the reference direction 
and the (staggered) magnetization directions of the F and AF layer are given by 8 and 
<f>, respectively. In Fig. 6.1(b), the energy as a function of the staggered magnetization 
direction of the AF layer is plotted for the case where the F-layer magnetization is 
parallel (8 = 0) or antiparallel (8 = n) to the reference direction. It shows that the 
total energy has a global and a local minimum at 0 = 0 or <j> = n. For the particle 
(domain) to move from the local to the global minimum it has to overcome an energy 
barrier 

AE2 = En Eeb — -rvAF^AF + 
E2 

E eb 
4KAFtAF 

and between the global and the local minimum there is an energy barrier 

AEi — EmAX + .Eeb = -K'AF^AF + 
AKKvtAF 

+ E eh-

(6.2) 

(6.3) 



84 Chapter 6. Relaxation of the exchange-biasing.... 

Both of the energy-barrier heights are given per unit interface area. Moving between 
the two minima means that the staggered magnetization direction rotates by an angle 
ir, reversing the direction of the exchange-biasing interaction for that domain. 

When, for example, an equilibrium situation is reached for 8 = 0, the majority of 
the AF domains will have its staggered magnetization direction parallel to the F-layer 
magnetization direction at 4> = 0. Reversing the F layer magnetization direction to 
8 = IT, there is no longer an equilibrium situation and AF domains will relax from 
(j) — 0 to <p = 7T. The relaxation rate depends on the height of the energy barriers 
between the two minima at <j> = 0 and <ƒ> = IT and on the thermal energy, kßT. The 
relaxation rate is the reciprocal of the relaxation time r 

1 
T 

A£i A f-AE2 t 
(6.4) 

with A the interface area of one domain, v0 the characteristic frequency for domain 
reversal and AE2 and AEi are given by Eqs. 6.2 and 6.3, respectively. The effective 
interfacial exchange energy Jeb, introduced in Section 5.3 (Eq. 5.1), is calculated 
from the difference between the populations of the two energy minima, N(<fi = 0) and 
N(cp = 7T), as follows: 

Jeb = Eeh [N{<j> = 0) - N{4> = IT)} . (6.5) 

In equilibrium, the energy minima populations are given by the Boltzmann distribu
tion function, 

AW = °> = : T I F T ' (6-6) 

with AT = N((j> = 0) + N{(f> = Ti-). 
The relaxation of the exchange-biasing field is related to the rate of change of 

the population of the two energy minima [35]. The time-dependent exchange-biasing 
field in the case of non-interacting, equal domains in the AF layer, is given by 

Heb(t) = iïeb.oo + (#eb,0 - #eb,oo)exp f - - J . (6.7) 

When the time elapses from t = 0 to t -> oo, the exchange-biasing field will change 
from #eb,o to Feb,co- Analysis of the experimental data clearly shows that Heh(t) 
can not be described by a single exponential function, such as given in Eq. 6.7. 

Van der Heijden et al. [100] have explained results of relaxation experiments on 
NiO/ Ni66Coi8Fei6 films with relaxation rates depending on the domain sizes, using 
the relaxation rate given in Eq. 6.4. They assume a log-normal distribution of domain 
diameters I 

m ' ^ ^ 
in [lf Imean) 

2cr2 
(6.8) 

with Imean the mean domain size and a the width of the distribution. The energy-
barrier height per unit interface area is assumed to be independent of the domain 
size. The assumption of non-interacting domains, should also be applicable to this 
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situation. It is usually assumed that one domain in the NiO layer coincides with 
one columnar grain [80,101], which is due to the fact that the antiferromagnetic 
spin structure is not maintained in the disordered grain boundaries. As long as the 
thickness and the grain diameter of the NiO layer are smaller than the domain wall 
thickness, the assumption that the grains are monodomain will be correct. If it is 
possible for domain walls to be formed in the AF layer it will be much easier for the 
AF layer to switch the staggered magnetization direction (the height of the energy 
barrier in Fig. 6.1(b) will decrease). In contrast to oxidic exchange-biasing layers, 
metallic AF layers of random substitutional alloys, like Ir-Mn or Fe-Mn, will probably 
have magnetic interactions inside and across grain boundaries. It is therefore very 
unlikely for domains to be confined to one single grain or for domains to be non-
interacting. Grain boundaries however are still very likely to induce the formation of 
new domain walls or to act as pinning sites of domain walls [102]. 

Due to the lack of satisfactory theoretical models, an empirical method is chosen 
to evaluate the experimental results. The experimental results will be analyzed using 
three different approaches: 
The first approach is very similar to the model used by Van der Heijden et al. [80], 
where the relaxation time depends on the barrier heights, thermal energy and domain 
size (with a distribution given by Eq. 6.8). However, in this case no information is 
available about domain sizes or barrier heights. To avoid having too many unknown 
variables, a much simpler approach is adopted, which will still give equally useful 
results. The reciprocal of the relaxation time, 

1 / A£\ 
exp — — , (6.9) T(A£) " V T 

depends on the sample temperature and on the barrier height A£, expressed in K. 
This equation is deduced from Eq. 6.4, assuming that the barrier height between the 
global and the local minimum, AEi is much larger than AE2 and the first term in 
Eq. 6.4 will be neglected. The energy barrier height per unit interface AE2 can be 
calculated from 

AE2 = ^-(A£ + Tlnu0). (6.10) 

In the analysis of the experimental data presented later, it is found that A£ does 
not depend on temperature in the experimental temperature range. However, AE2 

can still depend on temperature due to the second term on the right in Eq. 6.10. 
The exact relation will depend on the value of u0. Measurements at extremely short 
times may give more information about the value of z/0, which should be related to 
the attempt frequency of magnetic moment reversal. 

If a log-normal distribution of barrier heights 

\n2(A£/A£mean 

2a2 

is assumed, the exchange-biasing field as a function of time is given by 

F ( A £ ) = = e X P (6.11) 

Heh{t) = HebiO0 + (Hebfi - ffeb.oo) f P(A£)exp f - _ l _ J dA£. (6.12) 
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Fitting the experimental data with Eq. 6.12 gives the mean value for the energy 
barrier height A£mean and the width of the distribution a. Note that the parameter 
A£ does not necessarily have to be a measure of the domain size. 

In the second approach a log-normal distribution of relaxation times is taken (re
placing A£ with r in Eq. 6.11), which will avoid all assumptions about the dependence 
of the relaxation rate on other parameters. Fitting the experimental results will now 
give the values for r m e a n and a . 

Using the second approach to analyze the experimental results, often a very wide 
distribution of relaxation times is obtained. In this situation, a third approach proves 
to provide good fits: the stretched exponential function, in which the exchange-biasing 
field as a function of time is given by 

Heb(t) = #eb,oo + (#eb,0 - #eb,oo) exp - f - J . (6.13) 

An initial fast decrease is followed by a long tail of increasingly slow decrease. The 
relaxation time r and the fractional exponent ß are more or less related to the mean 
relaxation time and the width of the distribution as found by the second approach 
[103,104]. The stretched exponential function has been found to describe the re
laxation behavior of a wide variety of physical systems, such as charge transport in 
polymers [105] and other disordered (dielectric) materials [98,106,107], relaxation 
of magnetic moments in spin glasses close to the transition temperature [97,108] or 
strain relaxation in glasses [109]. These systems have in common that they are all 
disordered. 

Other common empirical relations have been used to describe relaxation behavior, 
such as the logarithmic decay (lni), which is often used to describe the magnetic 
aftereffects, e.g. [110]. Also the power law decay (t~a) is used regularly. These decay 
functions are approximations of a more elaborate model as described by Chamberlin 
and Haines [104]. 

6.3 Experimental set-up 

For the relaxation experiments the same types of samples were used as in the previous 
chapter. The films had the following composition: 
Si(100)/3.5 nm Ta/2 nm Ni80Fe2o/iAF nm Ir19Mn8i/£F nm F/5 nm Ta, 
where the biasing IrigMn8i layer is below the F layer, the so-called bottom configura
tion. All layers were deposited onto Si(100) substrates using DC magnetron sputtering 
(base pressure ~ 10~5 Pa). The Ar pressure was typically 0.67 Pa (5 mTorr) during 
deposition. All films were deposited at room temperature and were situated in a 
magnetic field of 20 kA/m during deposition to align the F layer, thereby inducing 
exchange anisotropy. The Ta seed layer and the 2 nm Ni8oFe2o buffer layer were used 
to promote a (111) texture in the Iri9Mn8i layer. IrigMn8i was sputtered from a 
Mn target with Ir chips attached to it. The F layer consisted of either Ni80Fe2o or 
CogoFeio- A Ta layer was used as a capping layer to protect the other layers against 
oxidation. To avoid long notations, only the F layer and the IrigMn8i layer will be 
mentioned in the following sections. 
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All experiments took place in vacuum (p < 5 x 10~3 Pa). A heating rod was used 
to heat the sample. The sample temperature was monitored using a Pt thermometer 
placed on the same Cu block as the sample. Temperatures could range between room 
temperature and 460 K. The exchange-biasing field is determined from the magneti
zation vs. field curves as was described already in Section 5.3. The magnetization of 
the samples is measured using the magneto-optical Kerr effect. 

Relaxation of exchange biasing was measured using three different procedures: 

(i) The as-deposited sample is heated to a preset temperature with the magnetic 
field in the parallel direction. After stabilization of the final temperature, the 
magnetic field is reversed 180° to the antiparallel direction and, by carrying 
out a very quick field loop using the magneto-optical Kerr effect, a decrease of 
Heb is observed. In some experiments, the field is reversed again after a certain 
period of time and as a result # eb is observed to increase. 

(ii) The as-deposited sample is heated to a preset temperature with the magnetic 
field in the parallel direction. After stabilization of the final temperature, the 
magnetic field is kept in the parallel direction, which will result in an increase 
of ifeb with time. After a certain period of time, the external field is reversed 
180° to the antiparallel direction. A decrease of He\, is then observed. 

(iii) The as-deposited sample is heated to a preset temperature in zero magnetic 
field. After stabilization of the final temperature, the external field, which is at 
90° of the initial exchange-biasing direction, is switched on. A rotation of the 
exchange-biasing direction towards the external field direction is observed. 

In all cases the external magnetic field is large enough to saturate the ferromag
netic layer in the direction of the external field. Relaxation experiments were per
formed at different temperatures. Measurement of the magnetization vs. field loop 
takes only 12 sec, which is to avoid relaxation behavior during the measurement. 
The external magnetic field was never large enough to have any direct influence on 
the direction of the magnetic moments in the antiferromagnetic layer. No previous 
annealing treatment was given to the samples. 

6.4 Experimental results and discussion 

The fit parameters obtained from the different models for all experiments treated in 
this chapter are given in Tables 6.2 and 6.3 at the end of this section. In the figures 
included in this chapter we will only mention the parameters r and ß as obtained 
from the stretched exponential function (Eq. 6.13). The relaxation time r is always 
given in minutes. 

First, the influence of the various experimental procedures, as described in the pre
vious section, is investigated. Figure 6.2 shows the relaxation of a 30 nm Iri9Mn8 i /6 
nm Ni8oFe2o film at 450 K when following either procedure (i) or procedure (ii). It 
clearly shows that the two procedures give different results. When first applying a 
field in the parallel direction, the subsequent relaxation of ffeb is slower than when 
the field is directly reversed. The fits of the data as obtained from the stretched 
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Figure 6.2: Comparison of relaxation of the exchange-biasing interaction for two bilay-
ers with 30 nm IrlsMngi/6 nm NiaoFe2o in bottom configuration for T = 450 K, following 
procedure (i) or (ii). The fits using the stretched exponential model and the calculated 
parameters are given in the picture. 

Table 6.1: Fit parameters for the measurement shown in Fig. 6.2 as determined by 
fitting the data with three different relaxation functions. 

barrier-height 
distribution 

^&mean °~ 

(K) 

relaxation-time 
distribution 

Tjnean 0~ 

(min) 

stretched 
exponential 

ß 
(min) 

procedure (i) 

procedure (ii) 

2700 0.60 

4600 0.47 

350 4.5 

23000 3.6 

1200 0.29 

31000 0.37 

exponential function are also shown in the figure. The fit parameters r and /3, are 
given in Table 6.1, together with the fit parameters obtained from the two other 
relaxation functions introduced in Section 6.2. All fitting procedures show that by 
previous annealing in a parallel field (procedure (ii)), the distribution of relaxation 
times becomes narrower (ß increases and a decreases) and the 'average' relaxation 
time increases dramatically. 

We conclude from the results shown in Fig. 6.2 that it is better to follow procedure 
(ii), because then the sample is more close to an equilibrium state at the moment 
when the relaxation experiment in antiparallel field is started. Since the experiments 
are performed on films with the bottom configuration, it is very likely that during 
deposition of the F layer at room temperature, the AF layer below can not reach a 
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Figure 6.3: Relaxation of the exchange-biasing interaction for a 10 nm iri9Mn8i/6 nm 
Nig0Fe2o film in bottom configuration at 350, 400 and 450 K, following procedure (ii). 
The time axis for each experiment is shifted, to let the switch from parallel to antiparallel 
direction of the external field take place at t=0. The lines are ßts of the experimental 
data obtained from the stretched exponential model, the calculated parameters are also 
given in the figure. 

low-energy domain configuration. Heating the as-deposited films in a parallel field 
for a longer period of time will enable the domain configuration to relax towards an 
equilibrium state, which is not possible when following procedure (i). 

The relaxation behavior as a function of sample temperature is shown in Fig. 6.3 
for a 10 nm Ir19Mn81/6 nm Ni80Fe2o film subjected to procedure (ii). The time axis 
is shifted, to have the relaxation in antiparallel field start at t = 0. As expected, 
the relaxation is faster at higher temperatures. There is a strong decrease of the 
relaxation time r for increasing temperature. The fractional exponent ß is found to 
be approximately constant in this temperature range. Similar behavior is found for 
samples with 30 and 4 nm Ir19Mn81-layer thickness with either Ni80Fe2o or Co90Fe10 

as the biased layer. A constant fractional exponent ß indicates that the distribution 
of relaxation times does not depend strongly on temperature. The reduction of the 
relaxation time can be explained by the increase of the thermal energy and also by a 
decrease of the anisotropy and exchange energy with temperature. Using the fitting 
function given in Eq. 6.12 to analyze the data in Fig. 6.3, i.e. the relaxation rate 
depends on temperature and energy-barrier height, the parameters A£mean and a 
are found to be almost equal for all temperatures (see also Table 6.2). As mentioned 
before, this does not necessarily mean that the barrier height AE2, which is related 
to the exchange and anisotropy energies, is independent of temperature. This is only 
true when u0 « 1. Also for other samples it is found that A£ is independent of 
temperature, except for a film with 4 nm Iri9Mn8i. 

The relaxation behavior of samples in a parallel field as a function of temperature 
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Figure 6.4: Relaxation of samples with 4 nm IrigMnsi/20 nm CogoFeio at 350 K in 
antiparallel field. The samples are annealed in parallel held at temperatures of 350 
and 400 K, respectively. The lines are fits using the stretched exponential function 
assuming iïeb.oo = — #eb,o- The calculated parameters are also given in the figure. The 
parameters indicated by 400* are calculated using the assumption that AHeb = 5.5 
kA/m, as explained in the text. 

is further investigated by the following experiment. Samples with 4 nm Iri9Mn81/20 
nm CogoFeio are heated to 350 or 400 K and kept at that temperature in a parallel field 
for approximately 4200 minutes. For the sample heated to 400 K, the temperature 
was then decreased back to 350 K. For both samples, the field was subsequently 
reversed to the antiparallel direction. The relaxation behavior is shown in Fig. 6.4. 
The sample that has been at 400 K has a higher initial exchange-biasing field, viz. 
.Heb = 4.10 kA/m in contrast to Heb = 2.75 kA/m for the sample heated at 350 
K, and it has a much slower relaxation rate than the sample that was only heated 
to 350 K. For the analysis of the data, it is assumed that total relaxation is possible 
from iïeb.o to -f/eb.oo = — r7eb,o- The calculated parameters for the two curves are 
significantly different as shown in the figure. 

It can not be excluded that for the sample that was kept at 400 K in parallel 
field, total relaxation (ffeb,oo = -Heh>0) is no longer possible at 350 K since the AF 
domains which could freely rotate at 400 K are frozen in at 350 K, i.e. the thermal 
energy applied is too low to overcome the energy barrier. The domains formed at 
350 K should however be able to rotate at that temperature. Therefore, the sample 
annealed at 400 K should show the same maximum possible change in H& as the 
sample annealed at 350 K, viz. 5.5 kA/m (fit parameters indicated by 400* in the 
figure). Analysis of the measurements with this assumption still does not result in 
similar parameters r and ß for both samples. This shows that annealing at a higher 
temperature leads to a different magnetic state, which has a different He\> and different 



6.4. Experimental results and discussion 91 

1.0 -1 W(nm) T(min) ß 
\ 4 260 0.30 
V « . 10 9500 0.40 

0.5 

0.0 

8 *éV , n 10 10000 0.41 
-8 V . -°.T.. 30 33000 0.40 
8 °>8-. . . 

8 0 0 ° " » - » - # * J 

% 10 nm ^ ^ ó * » * , , , , , 

0.5 

0.0 
O 

-0.5 
O 

- ° ° ° o ° o ° 0 o ° o 0 „ 4 nm 
O o ° o o o o o 0 o 0 o 

" ° o o o o o ° o 
-1 0 I I I I 

0 1000 2000 3000 4000 
Time (min) 

Figure 6.5: Relaxation of Heb at 400 K for £AF IrigMnsi/20 nm CogoFeio films with 
*AF = 4 and 10 nm (open symbols) and for £AF IrigMngi/6 nm Nig0Fe20 films with £AF = 
10 and 30 nm (solid symbols). The calculated parameters from the stretched exponential 
function are also given in the figure. 

relaxation behavior. 
In Fig. 6.5 it is shown that the relaxation rate is also influenced by the IrigMnsi-

layer thickness. A 10 nm IrigMnsi/ 6 nm Ni80Fe2o film shows a much faster relaxation 
than a film with 30 nm IrigMnsi. A 4 nm IrigMnsi / 20 nm CognFein film shows faster 
relaxation than a 10 nm IrigMnsi/ 20 nm Co90Feio film. Comparing the results for 
the films with 10 nm IrigMnsi, it is concluded that there is no difference in relaxation 
behavior between films with either CognFein or NisoFe2o as the biased layer. This 
is also concluded from measurements of the exchange-biasing field as a function of 
temperature as discussed in the previous chapter. For the experimental results shown 
in Fig. 6.5 the temperature was 400 K, but similar results follow from experiments at 
350 and 450 K. One has to note that the blocking temperature for films with 4 nm 
IrigMnsi has decreased to 450 K, whereas for 10 and 30 nm IrigMn8i the blocking 
temperature is 560 K. Furthermore, TEM analysis indicated a decrease of the degree of 
(111) texture and an increase of the average grain sizes with increasing IrigMnsi layer 
thickness (see also Chapter 5). A quantitative analysis of the results will therefore be 
very difficult. 

Figure 6.6 shows the relaxation of ifeb of a 10 nm IrigMnsi/6 nm NisoFe2o film 
towards the direction of the external field, which is at 90° of the initial exchange-
biasing direction, using procedure (in). For a similar sample, the relaxation behavior 
is determined with the external field at 180° of the initial exchange-biasing direction 
following procedure (%). To facilitate the comparison, the measured values of the 
exchange-biasing field with the external field at 180°, are reversed. The experimental 
results are fitted with the stretched exponential function using not only r and ß as 
variables, but also ffeb,<x>, since in this case He\3t00 7̂  — Heb,o- It is found that the 
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4000 

Figure 6.6: Relaxation of exchange-biasing interaction for 10 nm Iri9Mn8i/6 nm 
NisoFao film at 450 K with the field perpendicular and antiparallel to the initial 
exchange-biasing direction (procedure (i) and (iii)). The curve for the external field 
at 180° is inverted to facilitate comparison. The lines are fits from the stretched ex
ponential function. The calculated parameters: tfeb,oo, r and ß are given in the plot 
together with the measured r/eb,o-

relaxation rates do not differ much for the two configurations of the external field 
direction. A possible effect that could lead to a relatively larger relaxation time over 
180° could come from the fact that in this case the AF spins can rotate along two 
directions (left and right handed), leading to frustation. The fact that relaxation 
over 90° (where this problem can not occur) has a rate comparable to that over 180°, 
indicates that spin frustation is not an important effect in the relaxation behavior. 

In Figs. 6.7(a-c), the relaxation behavior of bilayers with Pd30Pt2oMn5o at 450 K, 
Fe5oMn5o at 375 K and Ir19Mn8i at 400 K are compared. Completely different values 
are found for the fit parameters r and ß when comparing Pd3oPt2oMn5o and Iri9Mn8i . 
The AF material Pd30Pt2oMn50 is very different from Iri9Mn8i. It has to be annealed 
at at least 250 °C for 1 hour, which induces a crystallographic transition from a face-
centered cubic to a face-centered tetragonal (fct) crystal structure. Only the fct phase 
shows exchange-biasing interaction. After annealing, only part of the Pd30Pt2oMn5o 
layer was found to have obtained the fct phase [81,111,112]. We therefore assume 
that the Pd3oPt2oMn5o layer consists of small areas that may induce an exchange 
anisotropy in the F layer and that these areas are surrounded by a non-interacting 
fee phase. This will give rise to a situation very similar to that of non-interacting 
monodomain particles assumed in the model of Fulcomer and Charap. The difference 
in crystallographic structure between Pd3oPt2oMn5o and Iri9Mn8i probably leads to 
a different behavior of Heb as a function of temperature and to a different relaxation 
behavior. 
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Figure 6.7: (a) Relaxation of a 25 nm Pd30Pt2oMn5o/4 nm Ni$0Fe2o Rim in antiparallel 
and subsequent parallel field at 450 K. (b) Relaxation of a 30 nm IrigMngi/6 nm NisoFe2o 
film in antiparallel and subsequent parallel field at 400 K. (c) Relaxation of a 10 nm 
Fe5oMnso/20 nm CogoFeio film in antiparallel and subsequent parallel field at 375 K. 
The lines are fits to the stretched exponential function, the obtained parameters are 
given in the plot. 
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Table 6.2: Fit parameters obtained when using the different relaxation functions in
troduced in Section 6.2. The results given are both for bilayers with NigoFe2o and with 
CogoFeio. The procedure followed is indicated by (i) or (ii) (see also Section 6.3). All 
ßts are performed assuming that iïeb,oo = —-Heb.o-

barrier-height relaxation-time stretched 
distribution distribution exponential 

<AF F̂ proc. T L±£"inean (7 Tmean a T ß 
(nm) (nm) (K) (K) (min) (min) 
F layer: Ni80 Fe20 

10 6 ii 350 3600 0.40 28000 3.3 33000 0.41 
10 6 ii 400 3550 0.39 7500 3.0 10300 0.41 

10 6 ii 450 3600 0.39 3500 2.9 5400 0.39 
30 6 i 375 2600 0.78 1300 5.5 3600 0.27 
30 6 i 400 2600 0.70 750 4.5 1700 0.30 
30 6 i 450 2700 0.60 350 4.5 1200 0.29 
30 6 ii 350 4400 0.55 90000 4.0 77000 0.39 
30 6 ii 400 4350 0.50 32000 3.6 33000 0.40 
30 6 ii 450 4600 0.47 23000 3.6 31000 0.37 
F layer: Cogc Fe10 

4 20 ii 350 2600 0.50 2000 3.6 3900 0.33 
4 20 ii 400 2050 0.35 190 2.5 260 0.30 
10 6 i 450 2500 0.30 300 1.8 390 0.41 
10 20 ii 400 3500 0.38 7000 3.0 9500 0.40 

A significant difference between the behavior of Pd3oPt2oMn5o on one side and 
IrigMn8i and Fe50Mn5o on the other is found when the external field is reversed back 
parallel to the intitial exchange-biasing direction after relaxation in the antiparallel 
direction. For Pd3oPt2oMnso, the relaxation in the parallel direction is found to be 
almost the same as the inverted curve of relaxation in the antiparallel direction. For 
Iri9Mn8i and Fe5oMn50 the relaxation for a parallel direction is very different from 
the antiparallel direction. We note that Van der Heijden et al. [100] have found that 
NiO behaves similarly to Pd30Pt2oMn5o in the sense that the relaxation in a parallel 
field is the same as the inverted relaxation in a previous antiparallel field for this 
material as well. 

6.5 Summary and conclusions 

First of all, one has to remark that all results presented in this chapter are for bottom 
type bilayers. Preliminary results do show similar behavior in top bilayers, but more 
experiments will be needed. 

The relaxation rate increases with increasing temperature or decreasing AF-layer 
thickness. The relaxation behavior does not depend on whether the F-layer material is 
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Table 6.3: Fit parameters for measurements where it is found that Heh)0a ƒ -Hebfi, 
which means that Heh,oo is now also taken as a variable. The results have only been 
analyzed using the stretched exponential relaxation function. 

t\F t¥ proc. 
(nm) (nm) (i, iii) 

T 
(K) 

#eb ,0 
(kA/m) (kA/m) 

T 

(min) 
ß 

F layer: Ni80Fe2o 
10 6 i 
10 6 iii 

450 
450 

5.04 
0 

-6.88 
7.80 

460 
750 

0.34 
0.35 

F layer: Co90Fei0 

30 6 i 450 4.42 -5.41 230 0.40 

Ni80Fe2o or Co90Fei0. The temperature and field history of the films before relaxation 
are found to influence the relaxation rate. This indicates that during heating of an 
Iri9Mn8i biasing layer in a (parallel) magnetic field there is an irreversible change of 
magnetic-domain structure in the F layer. 

The thickest Iri9Mn8i layers have the slowest relaxation rate and therefore the 
longest lifetime in high-temperature applications. E.g. for a 10 nm Iri9Mn81/20 
nm Co90Feio film it takes approximately 4000 minutes at 400 K for the exchange-
biasing field to change direction in an antiparallel external field, whereas for a 4 nm 
Iri9Mn8 i /20 nm Co90Fei0 film this will take only 90 minutes (see Fig. 6.5). In prac
tical applications, the exchange-biasing layers will only be heated for a short period 
of time when in use, and the lifetime will be much longer than the reversal time men
tioned above. Furthermore, methods will be used for increasing the stability of the 
magnetization direction of the biased layers, e.g. by making use of so-called artificial 
antiferromagnets (AAF). Of course, for practical applications biasing materials will 
be selected on the basis of the blocking temperature and the absolute value of the 
exchange-biasing field, as well. Minimizing the thickness of the biasing layer is im
portant because it acts as a shunting layer of the ferromagnetic layers in a spin valve, 
reducing the GMR effect. As mentioned before, the degree of (111) texture changes 
as a function of the thickness of the Iri9Mn81 layer, which could also have an influence 
on the relaxation behavior. Depositing the bilayers onto single crystalline substrates 
would give an opportunity to investigate the Iri9Mn8i thickness dependence for sam
ples which are microstructurally equivalent, and to study the influence of the different 
types of texture. 

Different relaxation functions have been used to analyze our experimental results. 
Using a log-normal distribution of relaxation times, often a very wide distribution has 
to be used to be able to fit the experimental data. Therefore, it is in practice well 
possible to use the stretched exponential function. In fact, all three fitting functions 
described in this chapter fit the experimental results quite well. A more detailed 
theoretical model that describes the relaxation phenomena in exchange-biasing films 
is still lacking. 

It is observed that Pd3oPt2oMn5o and NiO show similar relaxation behavior in 
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the sense that for both materials the relaxation in parallel field is equal to the in
verted curve for relaxation in antiparallel field [100]. Different types of materials like 
Iri9Mn8i and Fe5oMn5o show different relaxation behavior. This could be due to the 
fact that Pd3oPt2oMn5o and NiO consist of non-interacting monodomain particles, 
whereas Iri9Mn8i and Fe5oMn5o form continuous multidomain layers. 

The results presented in this chapter give more insight into the parameters that 
govern the relaxation behavior of Ir i9Mn8 i / Co90Feio and Ir i9Mn8 i / Ni8oFe2o bi-
layers. However, more experiments will be needed for a conclusive picture of the 
mechanism of exchange biasing and to assess the suitability of the exchange-biasing 
layer for practical applications. Not only for Iri9Mn8i, but also for other exchange-
biasing materials. 



References 

[1] K.-M. H. Lenssen, H. W. van Kesteren, T. G. S. M. Rijks, J. C. S. Kools, M. C. 
de Nooijer, R. Coehoorn, and W. Folkerts, Sensors and Actuators A 60, 90 
(1997). 

[2] M. A. M. Gijs and G. E. W. Bauer, Adv. Phys. 46, 285 (1997). 

[3] B. A. Gurney, V. S. Speriosu, J.-P. Nozieres, H. Lefakis, D. R. Wilhoit, and 
O. U. Need, Phys. Rev. Lett. 71, 4023 (1993). 

[4] G. J. Strijkers, M. M. H. Willekens, H. J. M. Swagten, and W. J. M. de Jonge, 
Phys. Rev. B 54, 9365 (1996). 

[5] C. J. Schinkel, R. Hartog, and F. H. A. M. Hochstenbach, J. Phys. F: Metal 
Phys. 4, 1412 (1974). 

[6] N. P. Grazhdankina and K. P. Rodionov, Sov. Phys. JETP 16, 1429 (1963). 

[7] S. von Molnar and S. Methfessel, J. Appl. Phys. 38, 959 (1967). 

[8] L. Havela, V. Sechovsky, K. Prokes, H. Nakotte, H. Fujii, and A. Lacerda, 
Physica B 223&224, 245 (1996). 

[9] J. H. V. J. Brabers, K. Bakker, H. Nakotte, F. R. de Boer, S. K. J. Lenczowski, 
and K. H. J. Buschow, J. Alloys Comp. 199, LI (1993). 

[10] H. G. M. Duijn, E. Brück, A. A. Menovsky, K. H. J. Buschow, and F. R. de Boer, 
J. Appl. Phys. 81, 4218 (1997). 

[11] H. G. M. Duijn, E. Brück, K. H. J. Buschow, F. R. de Boer, and R. Coehoorn, 
Physica B 245, 195 (1998). 

[12] R. von Helmholt, J. Wecker, B. Holzapfel, L. Schultz, and K. Samwer, Phys. 
Rev. Lett. 71, 2331 (1993). 

[13] N. V. Baranov and A. I. Kozlov, J. Alloys Comp. 190, 83 (1992). 

[14] R. J. Elliott and F. A. Wedgwood, Proc. Phys. Soc. 81, 846 (1963). 

[15] S. Arajs, R. V. Colvin, and M. J. Marcinkowski, J. Less-Common Metals 4, 46 
(1962). 



98 References 

[16] M. R. Ibarra and P. A. Algarabel, Phys. Rev. B 50, 4196 (1994). 

[17] P. A. Algarabel, M. R. Ibarra, C. Marquina, A. del Moral, J. Galibert, M. Iqbal, 
and S. Askenazy, Appl. Phys. Lett. 66, 3062 (1995). 

[18] B. Dieny, V. S. Speriosu, S. S. P. Parkin, B. A. Gurney, D. R. Wilhoit, and D. 
Mauri, Phys. Rev. B 43, 1297 (1991). 

[19] B. Dieny, V. S. Speriosu, B. A. Gurney, S. S. P. Parkin, D. R. Wilhoit, K. P. 
Roche, S. Metin, D. T. Peterson, and S. Nadimi, J. Magn. Magn. Mater. 93, 
101 (1991). 

[20] B. Dieny, V. S. Speriosu, S. Metin, S. S. P. Parkin, B. A. Gurney, P. Baumgart, 
and D. R. Wilhoit, J. Appl. Phys. 69, 4774 (1991). 

[21] J. C. S. Kools, IEEE Trans. Magn. 32, 3165 (1996). 

[22] B. Dieny, J. Magn. Magn. Mater. 136, 335 (1994). 

[23] T. G. S. M. Rijks, R. Coehoorn, J. T. F. Daemen, and W. J. M. de Jonge, J. 
Appl. Phys. 76, 1092 (1994). 

[24] T. G. S. M. Rijks, R. F. O. Reneerkens, R. Coehoorn, J. C. S. Kools, M. F. 
Gillies, J. N. Chapman, and W. J. M. de Jonge, J. Appl. Phys. 82, 3442 (1997). 

[25] T. R. McGuire and R. I. Potter, IEEE Trans. Magn. MAG-11, 1018 (1975). 

[26] R. E. Camley and J. Barnas, Phys. Rev. Lett. 63, 664 (1989). 

[27] W. H. Meiklejohn and C. P. Bean, Phys. Rev. 102, 1413 (1956). 

[28] W. H. Meiklejohn and C. P. Bean, Phys. Rev. 105, 904 (1957). 

[29] C. Tsang, N. Heiman, and K. Lee, J. Appl. Phys. 52, 2471 (1981). 

[30] D. Mauri, H. C. Siegmann, P. S. Bagus, and E. Kay, J. Appl. Phys. 62, 3047 
(1987). 

[31] A. P. Malozemoff, Phys. Rev. B 35, 3679 (1987). 

[32] A. P. Malozemoff, Phys. Rev. B 37, 7673 (1988). 

[33] A. Berger and E. E. Fullerton, J. Magn. Magn. Mater. 165, 471 (1997). 

[34] N. C. Koon, Phys. Rev. Lett. 78, 4865 (1997). 

[35] E. Fulcomer and S. H. Charap, J. Appl. Phys. 43, 4190 (1972). 

[36] M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. Etienne, 
G. Creuzet, A. Friederich, and F. Chazelas, Phys. Rev. Lett. 61, 2472 (1988). 

[37] V. Sechovsky, L. Havela, K. Prokes, H. Nakotte, F. R. de Boer, and E. Brück, 
J. Appl. Phys. 76, 6913 (1994). 



References 99 

[38] J. S. Kouvel and C. C. Hartelius, J. Appl. Phys. 33, 1343 (1962). 

[39] J. B. McKinnon, D. Melville, and E. W. Lee, J. Phys. C 3, S46 (1970). 

[40] B. K. Ponomarev, Sov. Phys. JETP 36, 105 (1973). 

[41] E. M. Hofer and P. Cucka, J. Phys. Chem. Solids 27, 1552 (1966). 

[42] M. Takahashi and R. Oshima, Mater. Trans. JIM 36, 735 (1995). 

[43] J. M. Lommel and J. S. Kouvel, J. Appl. Phys. 38, 1263 (1967). 

[44] L. I. Vinokurova, A. V. Vlasov, N. I. Kulikov, and M. Pardavi-Horvâth, J. 
Magn. Magn. Mater. 25, 201 (1981). 

[45] R. C. Wayne, Phys. Rev. 170, 523 (1968). 

[46] L. Zsoldos, Phys. Stat. Sol. 20, K25 (1967). 

[47] C. Marquina, M. R. Ibarra, P. A. Algarabel, A. Hernando, P. Crespo, P. Agudo, 
A. R. Yavari, and E. Navarro, J. Appl. Phys. 81, 2315 (1997). 

[48] O. Kubaschewski, IRON-Binary Phase Diagrams (Springer-Verlag, Berlin, 
1982), p.121. 

[49] L. J. Swartzendruber, Bull. Alloy Phase Diagrams 5, 456 (1984). 

[50] F. Bertaut, F. de Bergevin, and G. Rouit, Compt. Rendus 256, 1688 (1963). 

[51] G. Shirane, R. Nathans, and C. W. Chen, Phys. Rev. 134, A1547 (1964). 

[52] N. Kunitomi, M. Koghi, and Y. Nakai, Phys. Lett. 37A, 333 (1971). 

[53] V. L. Moruzzi and P. M. Marcus, Phys. Rev. B 46, 2864 (1992). 

[54] A. Szajek and J. A. Morkowski, J. Magn. Magn. Mater. 115, 171 (1992). 

[55] G. Shirane, C. W. Chen, P. A. Flinn, and R. Nathans, Phys. Rev. 131, 183 
(1963). 

[56] J. M. Lommel, J. Appl. Phys. 37, 1483 (1966). 

[57] Y. Ohtani and I. Hatakeyama, J. Appl. Phys. 74, 3328 (1993). 

[58] Y. Ohtani and I. Hatakeyama, J. Magn. Magn. Mater. 131, 339 (1994). 

[59] C. T. Lynch, Handbook of Materials Science (CRC Press, Cleveland, 1974). 

[60] Y. Yokoyama, M. Usukura, S. Yuasa, Y. Suzuki, H. Miyajima, and T. 
Katayama, J. Magn. Magn. Mater. 177-181, 181 (1998). 

[61] R. Gómez Abal, A. M. Llois, and M. Weissmann, Phys. Rev. B 53, R8844 
(1996). 



100 References 

[62] I. A. Campbell and A. Fert, in Transport properties of ferromagnets, Vol. 3 
of Ferromagnetic Materials (North-Holland Publishing Company, Amsterdam, 
1982), Chap. 9. 

J. W. F. Dorleijn, Philips Res. Repts. 31, 287 (1976). 

W. P. Pratt, Jr., S. F. Lee, J. M. Slaughter, R. Loloee, P. A. Schroeder, and J. 
Bass, Phys. Rev. Lett. 66, 3060 (1991). 

T. G. S. M. Rijks, R. Coehoorn, M. J. M. de Jong, and W. J. M. de Jonge, 
Phys. Rev. B 51, 283 (1995). 

B. Dieny, Europhys. Lett. 17, 261 (1992). 

J. C. Jacquet and T. Valet, in MRS Symposia Proceedings No. 384, Materials 
Research Society, edited by A. Fert, H. Fujimori, G. Guntherodt, B. Heinrich, 
W. F. Egelhoff, Jr., and E. E. Marinero (Materials Research Society, Pittsburgh, 
1995), p. 477. 

J. D. Jackson, Classical Electrodynamics (Wiley, New York, 1975). 

G. E. H. Reuter and E. H. Sondheimer, Proc. R. Soc. London, Ser. A 195, 336 
(1948). 

T. G. S. M. Rijks, R. L. H. Sour, D. G. Neerinck, A. E. M. D. Veirman, R. 
Coehoorn, J. C. S. Kools, M. F. Gillies, and W. J. M. de Jonge, IEEE Trans. 
Magn. 31 , 3865 (1995). 

S. D. Steenwyk, S. H. Hsu, R. Loloee, J. Bass, and W. P. Pratt, Jr., J. Magn. 
Magn. Mater. 170, LI (1997). 

J. Chen and S. Hershfield, Phys. Rev. B 57, 1097 (1998). 

W. F. Egelhoff, T. Ha, R. D. K. Misra, Y. Kadmon, J. Nir, C. J. Powell, M. D. 
Stiles, R. D. McMichael, C.-L. Lin, J. M. Sivertsen, J. H. Judy, K. Takano, 
A. E. Berkowitz, T. C. Anthony, and J. A. Brug, J. Appl. Phys. 78, 273 (1995). 

H. J. M. Swagten, G. J. Strijkers, P. J. H. Bloemen, M. M. H. Willekens, and 
W. J. M. de Jonge, Phys. Rev. B 53, 9108 (1996). 

H. Sakakima, Y. Sugita, M. Satomi, and Y. Kawawake, J. Magn. Magn. Mater. 
198-199, 9 (1999). 

D. F. Edwards, Handbook of optical constants of solids (Academic Press, San 
Diego, 1985), p. 547. 

H. N. Fuke, K. Saito, Y. Kamiguchi, H. Iwasaki, and M. Sahashi, J. Appl. Phys. 
81, 4004 (1997). 

A. J. Devasahayam, P. J. Sides, and M. H. Kryder, J. Appl. Phys. 83, 7216 
(1998). 



References 101 

[79] T. Lin, C. Tsang, R. E. Fontana, and J. K. Howard, IEEE Trans. Magn. 31, 
2585 (1995). 

[80] P. A. A. van der Heijden, T. F. M. M. Maas, W. J. M. de Jonge, J. C. S. Kools, 
F. Roozeboom, and P. J. van der Zaag, Appl. Phys. Lett. 72, 492 (1998). 

[81] H. Kishi, Y. Kitade, Y. Miyaké, A. Tanaka, and K. Kobayashi, IEEE Trans. 
Magn. 32, 3380 (1996). 

[82] K. M. Krishnan, C. Nelson, C. J. Echer, R. F. C. Farrow, R. F. Marks, and 
A. J. Kellock, J. Appl. Phys. 83, 6810 (1998). 

[83] A. J. Devasahayam and M. H. Kryder, IEEE Trans. Magn. 32, 4654 (1996). 

[84] K. Hoshino, R. Nakatani, H. Hoshiya, Y. Sugita, and S. Tsunashima, Jpn. J. 
Appl. Phys. I 35, 607 (1996). 

[85] H. Fuke, Y. Kamiguchi, S. Hashimoto, T. Funayama, K. Saito, H. Iwasaki, and 
M. Sahashi, Exchange coupling and magneotresistive element, European Patent 
Application EP 0717422A1, 1996. 

[86] K.-M. H. Lenssen, J. J. T. M. Donkers, A. E. T. Kuiper, and J. van Driel, Struc
ture and sensor properties of a robust GMR material system, To be published 
in MRS Symposia Proceedings nr. 562. 

[87] T. Yamaoka, J. Phys. Soc. Jpn. 36, 445 (1974). 

[88] R. Jungblut, R. Coehoorn, M. T. Johnson, J. aan de Stegge, and A. Reinders, 
J. Appl. Phys. 75, 6659 (1994). 

[89] R. Nakatani, H. Hoshiya, K. Hoshino, and Y. Sugita, J. Magn. Magn. Mater. 
173, 321 (1997). 

[90] J.-C. Ro, Y.-S. Choi, S.-J. Suh, and H.-J. Lee, Effect of microstructures on 
exchange anisotropy in Mn-Ir/Ni-Fe exchange biased multilayers with various 
stacking structures, To be published in IEEE Trans. Magn. 

[91] U. Gradmann, R. Bergholz, and E. Bergter, Thin Solid Films 126, 107 (1985). 

[92] S. S. P. Parkin and V. S. Speriosu, in Magnetic properties of low-dimensional 
systems II, edited by L. M. Falicov, F. Mejia-Lire, and J. L. Morân-Lopez 
(Springer-Verlag Berlin, Heidelberg, 1990), pp. 110-120. 

[93] T. Ambrose and C. L. Chien, J. Appl. Phys. 79, 5920 (1996). 

[94] S. Soeya, T. Imagawa, K. Mitsuoka, and S. Narishige, J. Appl. Phys. 76, 5356 
(1994). 

[95] C. Tsang and K. Lee, J. Appl. Phys. 53, 2605 (1982). 

[96] R. D. Hempstead, S. Krongelb, and D. A. Thompson, IEEE Trans. Magn. 
MAG-14, 521 (1978). 



102 References 

[97] I. Campbell and P.-O. Mari, Europhysics News p. 46 (March/April 1998). 

[98] H. Scher, M. F. Shlesinger, and J. T. Bendler, Physics Today p. 26 (January 
1991). 

[99] M. F. Shlesinger, Ann. Rev. Phys. Chem. 39, 269 (1988). 

[100] P. A. A. van der Heijden, T. F. M. M. Maas, J. C. S. Kools, F. Roozeboom, 
P. J. van der Zaag, and W. J. M. de Jonge, J. Appl. Phys. 83, 7207 (1998). 

[101] K. Nishioka, C. Hou, H. Fujiwara, and R. D. Metzger, J. Appl. Phys. 80, 4528 
(1996). 

[102] A. H. Morrish, The physical principles of magnetism (R.E. Krieger Publishing 
Company, Inc., Huntington, 1980). 

[103] R. Saito and K. Murayama, Solid State Commun. 63, 625 (1987). 

[104] R. V. Chamberlin and D. N. Haines, Phys. Rev. Lett. 65, 2197 (1990). 

[105] E. Muller-Horsche, D. Haarer, and H. Scher, Phys. Rev. B 35, 1273 (1987). 

[106] K. L. Ngai and S. W. Martin, Phys. Rev. B 40, 10550 (1989). 

[107] H. Scher and E. W. Montroll, Phys. Rev. B 12, 2455 (1975). 

[108] J. A. Mydosh, Spin glasses: an experimental introduction (Taylor k. Francis, 
London, 1993). 

[109] K. Fukumi, A. Chayahara, N. Kitamura, J. Nishii, Y. Horino, M. Makihara, K. 
Fujii, and J. Hayakawa, Nucl. Instrum. Methods 141, 620 (1998). 

[110] N. D. Rizzo and T. J. Silva, IEEE Trans. Magn. 34, 1857 (1998). 

[Il l] R. van der Peet, J. van Driel, and R. Coehoorn, graduation report (unpub
lished). 

[112] A. Tanaka, Y. Shimizu, H. Kishi, K. Nagasaka, and M. Oshiki, IEEE Trans. 
Magn. 33, 3592 (1997). 



Summary 

Thermal stability of magnetoresistive materials 

This thesis discusses research on the thermal stability of magnetoresistive mate
rials. Magnetoresistive materials can be used in magnetic field sensors, since they are 
able to transduce a magnetic field into an output voltage, which can be electronically 
processed. The youngest generation of magnetoresistive materials used in applica
tions is formed by magnetic (multi)layers, in which the electrical resistance depends 
on the magnetization directions in the material. Single ferromagnetic layers show the 
anisotropic magnetoresistance effect, whereas more recently for magnetic multilayers 
the giant magnetoresistance effect has been discovered. In order to understand these 
effects it is crucial to know the influence of magnetism on the conductivity in these 
materials. Results of a study of this subject, in part by a novel technique, will be 
reported in this thesis. When using magnetic, layered materials in high-temperature 
applications, problems could arise. In some applications, thermal stability up to ±470 
K is required. At higher temperatures, atomic diffusion occurs at an increasing rate, 
destroying the layered structure, and at the same time the strength of magnetic in
teractions decreases, increasing the possibility of unwanted magnetic switching. In 
this thesis some of these aspects of thermal stability are discussed for various material 
systems. 

In Chapter 2, the magnetic and electric-transport properties of the intermetallic 
compound Fe^Rhi-z are investigated. This is a different kind of magnetoresistance 
material than the magnetic (multi)layers mentioned above. In a certain composition 
range, this compound shows a transition from the antiferromagnetic to the ferro
magnetic state, when a magnetic field is applied, and at the same time there is a 
large decrease of the resistivity. Using single-layer films of these ordered metallic 
compounds instead of multilayers will avoid the problem of atomic diffusion, because 
temperatures much higher than 470 K will be needed to destroy the crystallographic 
ordering. Another reason to investigate FexRht-^ is that it forms a natural multi
layer of which the electric-transport properties may be compared to those of artificial 
multilayers. In Chapter 2 it is described that FexRhi_j, thin films are deposited with 
an Fe content ranging from 41 to 59 at.%. To induced the proper CsCl-type crystal
lographic structure, the as-deposited films have to be annealed at different tempera
tures, ranging from 870 to 970 K. After annealing, only films with 0.41 < x < 0.49 
show an antiferromagnetic-ferromagnetic transition. In Chapter 2 it is discussed how 
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the magnetoresistance effect in these films is affected by a number of things. From 
magnetic measurements and Mössbauer spectroscopy it is concluded that in films with 
x < 0.51, part of the layer does not have the proper (CsCl-type) crystallographic struc
ture. Since this part is paramagnetic, it will not contribute to the magnetoresistance 
effect. It is also described how strain, induced during annealing, and the variation of 
it over the thickness of the film results in a 'wide' transition. This means that the 
field interval in which the full magnetic transition takes place is very large, larger 
than the available field of 4.4 MA/m. Also a very large magnetic field hysteresis of 
the transition is found. Correcting for the effects of the paramagnetic phase and the 
insufficient magnetic field, a full magnetoresistance ratio of 85% is found at 300 K, 
which is much higher than the few percent found in the magnetic multilayers described 
above. However, due to the fact that the switching-field interval is so wide, the mag
netoresistance ratio per unit field is very much lower than in magnetic (multi)layers. 
This, and the strong temperature dependence of the magnetic transition, makes the 
Fe^Rhi-z compound less suitable for application in magnetic sensors. 

In Chapter 3, single-layer films that show the anisotropic magnetoresistance effect 
are investigated. A novel infrared optical method is described by means of which it is 
possible to determine the (spin-dependent) electric-transport parameters and which 
can give more information about the mechanisms behind the phenomenon of mag
netoresistance. This method is based on the fact that the complex refractive index 
of a metallic material depends on its resistivity. In a material where the anisotropic 
magnetoresistance effect is observed, the resistivity will change with a variation of 
the angle between the current and the magnetization directions, which will then also 
result in a change of the refraction and absorption of light. Using linearly polar
ized light, the oscillating electric field will induce an ac current in the film with a 
certain angle to the magnetization direction of the film. The transmission change 
with variation of this angle is a magnetic-linear-dichroism effect. Four different types 
of materials were investigated: NigoFe2o and Co9oFeio, which are frequently used 
in magnetoelectronic devices, Ni8oCo2o, which has a higher magnetoresistance ratio 
than NigoFe2o, and FessV^, which was selected because of the reported qualitatively 
different angular dependence of the spin-dependent conductivity as compared to the 
other materials mentioned. The transmission and relative transmission change are 
measured in the 2.5 - 20 /im wavelength range at room temperature and at different 
angles. A similar angular variation is found for the magnetic-linear-dichroism effect 
as for the dc anisotropic magnetoresistance effect. The experimental results are ana
lyzed with a simple model, where the two types of electrons, spin-up and spin-down, 
are assumed to have different angular-dependent relaxation times. From the data 
of one single film, it is possible to deduce the spin-dependent relaxation times and 
their angular dependencies. Some examples are treated where the spin and angular 
dependencies are varied, showing that the relative transmission change as a function 
of wavelength is strongly dependent on these parameters. Therefore, it is concluded 
that the magnetic-linear-dichroism effect is a very sensitive method to analyze spin-
dependent transport. 

In Chapter 4, a similar relative transmission change, the magnetorefractive ef
fect, is found in a special type of multilayer, the so-called exchange-biased spin valve. 
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Exchange-biased spin valves consist of two ferromagnetic layers, separated by a non
magnetic layer and with the magnetization direction of one of the ferromagnetic layers 
pinned by an exchange-biasing interaction with an adjacent antiferromagnetic layer. 
This configuration enables the two ferromagnetic layers to switch independently and 
at different magnetic fields. The resistance and also the infrared optical transmission 
depend on the angle between the magnetization directions of the two ferromagnetic 
layers. These effects are called the giant magnetoresistance effect and the magnetore-
fractive effect, respectively. Two types of exchange-biasing materials are used in the 
investigated spin valves, either conducting Fe5oMn5o or insulating NiO. Apart from 
the magnetorefractive effect which can be measured with nonpolarized light, also a 
magnetic-linear-dichroism effect is measured for these films, due to the anisotropic 
magnetoresistance effect of the ferromagnetic layers. The experimental results are 
analyzed with a model including spin-dependent electron scattering. Only parame
ters averaged over the entire layer stack can be determined. The analysis indicates 
that there may be specular scattering of electrons at the interface with NiO, enhanc
ing the giant magnetoresistance effect, whereas scattering at the Fe5oMn5o interface 
is more diffusive. 

Chapter 5 continues with the investigation of exchange-biased spin valves. As 
mentioned before, one of the problems in high-temperature applications is the decrease 
of magnetic interactions at increasing temperatures. The exchange-biasing interaction 
in spin valves decreases with increasing temperature until it becomes zero at the 
blocking temperature. Since the blocking temperature of the 'traditional' materials, 
NiO and Fe5oMn5o, is too low, a new antiferromagnetic material is investigated here: 
Ir-Mn with 19 at.% Ir. To avoid complicating magnetic interactions, not the entire 
spin valve structure is investigated, only bilayers of Iri9Mn81 with either Ni80Fe2o 
or CogoFeio- While heating these films, the magnetic field at which the pinning 
is overcome, the exchange-biasing field, is measured. No difference is found in the 
thermal stability between films with Ni80Fe20 or Co90Fe10. Nevertheless, the absolute 
values of the exchange-biasing fields are higher for films with Co90Fei0. For films with 
an In9Mn8 1 layer thickness of 10 nm or more, a blocking temperature of 560 K is 
found, higher than reported in the literature. For thinner Ir19Mn81 layers the blocking 
temperature decreases until it is around room temperature for a film with 2 nm 
Ir19Mn8i. It is favorable to have a thin Iri9Mn81 layer, to avoid shunting, which means 
that the current will flow through the Iri9Mn8i layer instead of the ferromagnetic 
layers of the spin valve, which will negatively affect the magnetoresistance ratio. 
The Iri9Mn81-layer thickness has a large influence on the strength of the exchange-
biasing interaction. A film with 4 nm Iri9Mn81 has the highest exchange-biasing field 
at room temperature. For increasing Iri9Mn81-layer thickness, the exchange-biasing 
field at room temperature decreases. This behavior coincides with the behavior of 
the (111) texture as a function of the In9Mn8 i layer thickness. Measurements of the 
exchange-biasing field of Ir1 9Mn8 i / Co90Fei0 bilayers with a random crystallographic 
orientation in the same range of Iri9Mn81 layer thicknesses, show a strongly decreased 
exchange-biasing interaction. It is concluded that in these layers the crystallographic 
orientation of the layers has the strongest influence on the strength of the exchange-
biasing interaction. It can however not be excluded that there is also an influence of 
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other microstructural factors. It is concluded that for high-temperature applications, 
the best choice would be to take an Iri9Mn8i layer of approximately 10 nm thickness, 
since it has a high blocking temperature and still a relatively large exchange-biasing 
field without too much shunting. 

Finally, the possibility of unwanted magnetic switching a higher temperatures is 
the subject of Chapter 6. When an exchange-biasing bilayer is placed in a field an
tiparallel to the initial biasing direction, the exchange-biasing field will first decrease 
and eventually reverse in the direction of the applied field. During this relaxation 
experiment, the ferromagnetic layer is magnetically saturated in the direction of the 
applied field, which means the change of the exchange-biasing field is caused by a 
change in the magnetic (domain) structure in the antiferromagnet. The relaxation 
rate increases with increasing temperature and with decreasing Iri9Mn81 layer thick
ness. Also the temperature and magnetic field history of the film before the start of 
the relaxation experiment have a strong influence on the relaxation behavior. The 
experimental results are analyzed with a model in which the IrigMngi layer is as
sumed to consist of domains that are each responsible for the strength and direction 
of the exchange interaction in that area of the interface. An energy barrier has to 
be overcome when switching the staggered magnetization direction of an antiferro-
magnetic domain and with it the exchange-biasing direction at that interfacial area. 
Different energy barrier distributions are used to fit the observed time dependence 
of the exchange-biasing field, viz. a log-normal distribution or a distribution which 
leads to a stretched exponential behavior. Both types of distributions can not be 
distinguished, since they both give good fits of the experimental results, and more 
experiments will be needed to form a conclusive model. 



Samenvatting 

Thermische stabiliteit van magnetoweerstandsmate-
rialen 

Dit proefschrift beschrijft onderzoek naar de thermische stabiliteit van magne-
toweerstandsmaterialen. Magnetoweerstandsmaterialen kunnen worden gebruikt in 
magnetisch-veld sensoren, daar zij in staat zijn tot het omzetten van een magnetisch 
veld naar een elektrische spanning, welke verder elektronisch kan worden verwerkt. 
De jongste generatie van magnetoweerstandsmaterialen, gebruikt in praktische toe
passingen, wordt gevormd door de magnetische (multi)lagen, waarin de elektrische 
weerstand afhankelijk is van de magnetisatierichtingen in het materiaal. Ferromagne-
tische films vertonen het anisotrope magnetoweerstandseffect, terwijl recent in mag
netische multilagen het reuzenmagnetoweerstandseffect is ontdekt. Om deze effecten 
beter te begrijpen is het noodzakelijk om de invloed van het magnetisme op de elek
trische geleiding in deze materialen te onderzoeken. In dit proefschrift worden de 
resultaten beschreven van onderzoek naar deze effecten, gedeeltelijk uitgevoerd met 
een nieuwe methode. Bij gebruik van magnetische, gelaagde materialen bij hoge tem
peraturen, kunnen er problemen ontstaan. Voor sommige toepassingen is een thermi
sche stabiliteit tot ±470 K noodzakelijk. Bij hoge temperaturen zal atomaire diffusie 
sneller verlopen, waarmee de gelaagde structuur wordt aangetast, en daarnaast zal de 
sterkte van magnetische interacties afnemen, waardoor er een verhoogde kans bestaat 
op ongewenste magnetisatierotaties. In dit proefschrift zijn een aantal aspecten van 
thermische stabiliteit besproken voor verschillende materialen. 

In Hoofdstuk 2 worden magnetische en elektrisch-transport eigenschappen van de 
intermetallische verbinding Fe^Rhi-j, onderzocht. Dit is een ander soort magneto-
weerstandsmateriaal dan de eerder genoemde (multi)lagen. In een bepaald bereik van 
Fe concentraties, zal FexRhi_x een overgang van een antiferromagnetische naar een 
ferromagnetische toestand vertonen, wanneer er een magnetisch veld wordt aangelegd, 
en tegelijkertijd is er een grote afname van de elektrische weerstand. Het gebruik van 
dunne lagen van deze geordende verbinding in plaats van multilagen, vermijdt het 
probleem van atomaire diffusie, aangezien temperaturen hoger dan 470 K nodig zijn 
voor het verbreken van de kristallografische ordening. Een andere reden om Fe^Rhi-^ 
te onderzoeken is dat het een natuurlijke multilaag vormt, waardoor het misschien 
mogelijk is om de elektrisch-transport eigenschappen te vergelijken met kunstmatige 
multilagen. In Hoofdstuk 2 wordt beschreven hoe dunne Fe^Rhi^j, films worden gede-
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poneerd met een Fe concentratie tussen 41 en 59 at.%. Om de juiste kristallografische 
structuur van het CsCl-type te bereiken, worden de lagen verwarmd bij verschillende 
temperaturen, variërend van 870 tot 970 K. Alleen de lagen met 0.41 < x < 0.49 ver
tonen een overgang tussen de antiferromagnetische en de ferromagnetische toestand. 
In Hoofdstuk 2 wordt ook beschreven hoe het magnetoweerstandseffect afhangt van 
een aantal zaken. Magnetische metingen en Mössbauer spectroscopie tonen aan dat 
in lagen met x < 0.51, een gedeelte van de laag niet de juiste kristallografische struc
tuur heeft. Aangezien dit gedeelte paramagnetisch is en geen magnetische overgang 
vertoont, zal het ook niet bijdragen aan het magnetoweerstandseffect. Daarnaast 
wordt er beschreven hoe spanningen, die ontstaan tijdens het post-depositie verwar
mingsproces, invloed zullen hebben op de breedte en de hysterese van de magnetische 
overgang. Dit betekent dat het magnetisch veld, nodig om de volledige overgang te 
bewerkstelligen, bij lage temperaturen veel groter is dan het maximaal beschikbare 
veld van 4.4 MA/m, en dat bij de verlaging van het magnetisch veld de laag niet vol
ledig in de oorspronkelijke antiferromagnetische toestand zal terugkeren, maar voor 
een groot gedeelte ferromagnetisch zal blijven. Wanneer er wordt gecorrigeerd voor 
de effecten van het paramagnetische gedeelte en het ontoereikende magnetisch veld, 
wordt er een 'volledige' magnetoweerstandsratio van 85 % verkregen bij 300 K, wat 
veel hoger is dan de enkele procenten die worden gemeten bij bovenvermelde mag
netische multilagen. Echter, gezien de breedte van de magnetische overgang, zal de 
magnetoweerstandsratio per eenheid veld zeer laag zijn. Dit, samen met de tempera
tuurafhankelijkheid van de overgang maakt de Fe^Rhi-^ intermetallische verbinding 
minder geschikt voor praktische toepassingen. 

In Hoofdstuk 3 worden lagen onderzocht die het anisotrope magnetoweerstand
seffect vertonen. Een nieuwe optische methode met infrarood licht wordt beschre
ven waarmee het mogelijk is om de (spinafhankelijke) parameters van het elektrisch 
transport te bepalen en waarmee verder kan worden ingegaan op het mechanisme 
van magnetoweerstand. Deze methode is gebaseerd op het feit dat de complexe bre
kingsindex van een metallisch materiaal afhankelijk is van zijn weerstand. In een 
materiaal dat het anisotrope magnetoweerstandseffect vertoont, zal de weerstand ver
anderen door een variatie van de hoek tussen de stroom- en magnetisatierichting, wat 
dan ook zal leiden tot een verandering van de refractie en absorptie van licht. Door 
gebruik te maken van lineair gepolariseerd licht, zal het oscillerende elektrisch veld 
in de laag een ac stroom opwekken, welke een bepaalde hoek maakt met de magne
tisatierichting. De verandering van de transmissie door variatie van deze hoek zal 
het magnetisch-lineair-dichroïsme effect worden genoemd. Vier verschillende materi
alen worden hier onderzocht: Ni80Fe2o en Co90Fei0, welke vaak worden gebruikt in 
toepassingen van magnetische (multi)lagen, Ni80Co2o, dat een hogere magnetoweer
standsratio heeft dan Ni80Fe20, en Fe88V12, geselecteerd op basis van het feit dat voor 
dit materiaal een andere hoekafhankelijkheid van de geleidbaarheid is gerapporteerd 
in vergelijking tot de eerder genoemde materialen. De transmissie en de relatieve 
transmissieverandering worden gemeten voor golflengtes tussen 2.5 en 20 /an, bij ka
mertemperatuur en met verschillende hoeken. De hoekafhankelijkheid gevonden voor 
het magnetisch-lineair-dichroïsme effect is vergelijkbaar met deze voor het anisotrope 
magnetoweerstandseffect. De experimentele resultaten worden geanalyseerd met be-
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hulp van een eenvoudig model, waarbij de twee soorten elektronen, spin op en spin 
neer, verschillende hoekafhankelijke relaxatietijden hebben. Het blijkt mogelijk om 
uit de data van een enkele film de spinafhankelijke relaxatietijden en de bijbehorende 
hoekafhankelijkheden te bepalen. In Hoofdstuk 3 zijn ook enkele voorbeelden gegeven 
waar de spin- en hoekafhankelijkheden zijn gevarieerd, waaruit blijkt dat de relatieve 
transmissieverandering als functie van golflengte sterk afhankelijk is van deze parame
ters. Er kan zodoende worden geconcludeerd dat het magnetisch-lineair-dichroïsme 
effect een gevoelige methode is voor het analyseren van spinafhankelijk transport. 

In Hoofdstuk 4 wordt een vergelijkbaar effect, het magnetorefractieve effect, ge
vonden in een speciaal soort magnetische multilaag, de zogenaamde 'exchange-biased 
spin valve'. Exchange-biased spin valves bestaan uit twee ferromagnetische lagen, 
gescheiden door een niet-magnetische laag. De magnetisatierichting van één van de 
ferromagnetische lagen is 'gepind' door een exchange-biasing interactie met een anti-
ferromagnetische laag. Deze opzet zorgt ervoor dat de magnetisatierichtingen van de 
ferromagnetische lagen onafhankelijk van elkaar en bij verschillend magnetisch veld 
draaien. De weerstand en ook de transmissie van infrarood licht zijn afhankelijk van 
de hoek tussen de magnetisatierichtingen van de twee ferromagnetische lagen, wat res
pectievelijk het reuzenmagnetoweerstandseffect en het magnetorefractief effect wordt 
genoemd. Twee verschillende soorten exchange-biasing materialen zijn gebruikt in de 
spin valves die worden onderzocht in Hoofdstuk 4: óf geleidend Fe5oMn5o óf de isola
tor NiO. Naast het magnetorefractief effect, dat met ongepolariseerd licht kan worden 
gemeten, is er ook een magnetisch-lineair-dichroïsme effect in deze films, door het 
anisotrope magnetoweerstandseffect van de ferromagnetische lagen. De experimentele 
resultaten zijn geanalyseerd met een model waarin spinafhankelijke verstrooiing van 
elektronen is aangenomen. Alleen parameters gemiddeld over het gehele lagenpakket 
kunnen worden bepaald. De uitkomst van de analyse wijst er op dat er spiegelende 
reflectie van elektronen zou kunnen zijn aan het grensvlak met NiO, terwijl aan het 
grensvlak met Fe5oMn5o de elektronenverstrooüng meer diffuus is. 

In Hoofdstuk 5 worden exchange-biased spin valves verder onderzocht. Eerder is 
al genoemd dat de afname van magnetische interacties in multilagen één van de pro
blemen is bij hoge-temperatuur toepassingen. De exchange-biasing interactie tussen 
de ferromagnetische en antiferromagnetische lagen in spin valves neemt af bij hogere 
temperaturen, tot nul bij de zogenaamde blocking temperatuur. Omdat de blocking 
temperatuur van de 'traditionele' materialen, Fe5oMn50 en NiO, te laag is, zal hier 
een nieuw exchange-biasing materiaal worden onderzocht: Ir-Mn met 19 at.% Ir. Om 
complicerende magnetische interacties te vermijden worden geen volledige spin valves 
onderzocht, maar alleen bilagen van Iri9Mn8i met Ni80Fe2o of Co90Fei0 als ferromag
netische laag. Deze bilagen worden verwarmd, terwijl het veld waarbij de magnetische 
pinning wordt overwonnen, het exchange-biasing veld, wordt gemeten. De thermische 
stabiliteit van films met Ni80Fe2o of Co90Feio lijkt niet te verschillen. De absolute 
waarden van de exchange-biasing velden zijn echter hoger voor Co90Feio. De blocking 
temperatuur in films met een Iri9Mn81 laag dikker dan 10 nm is 560 K, wat hoger 
is dan gerapporteerd in de literatuur. Bij dunnere Iri9Mn8i lagen neemt de blocking 
temperatuur af, tot rond kamertemperatuur voor 2 nm Iri9Mn81. Een zo dun mo
gelijke Ir19Mn8i laag verkleint het effect van 'shunting', waarbij de stroom door de 
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IrigMri8i laag loopt in plaats van door de ferromagnetische lagen in de spin valve, 
waardoor het magnetoweerstandseffect vermindert. De Iri9Mn8i laagdikte heeft een 
grote invloed op de grootte van de exchange-biasing interactie. In een film met 4 nm 
IrigMngi bij kamertemperatuur wordt het hoogste exchange-biasing veld gemeten, 
voor dikkere lagen neemt het af. De dikte-afhankelijkheid van het exchange-biasing 
veld komt zeer goed overeen met die van de (111) textuur. Een sterke verlaging van 
de gemeten exchange-biasing velden wordt gevonden voor bilagen met een willekeu
rige kristallografische oriëntatie. Er kan worden geconcludeerd dat voor deze films de 
kristallografische oriëntatie van de lagen de belangrijkste factor is voor de grootte van 
de exchange-biasing interactie. Het kan echter niet worden uitgesloten dat andere 
microstructurele factoren ook van invloed zullen zijn. Een IrigMnsi laagdikte van 
ongeveer 10 nm zou de beste keus zijn voor hoge-temperatuur toepassingen, gezien 
de hoge blocking temperatuur en het redelijke hoge exchange-biasing veld, zonder dat 
shunting een probleem wordt. 

Uiteindelijk zal in Hoofdstuk 6 het probleem van ongewenste magnetisatiedraai-
ing bij hogere temperaturen worden belicht. Als een exchange-biasing bilaag wordt 
geplaatst in een veld tegengesteld aan de oorspronkelijke exchange-biasing richting, 
zal het exchange-biasing veld eerst afnemen en uiteindelijk zal de richting van de 
exchange-biasing interactie omklappen in de richting van het aangelegde veld. Gedu
rende deze relaxatie, is de ferromagnetische laag voortdurend magnetisch verzadigd in 
de richting van het aangelegde veld, waardoor de verandering van het exchange-biasing 
veld alleen nog kan worden veroorzaakt door een verandering in de magnetische (do-
mein)structuur van de antiferromagnetische laag. Weer zijn dezelfde bilagen onder
zocht als in Hoofdstuk 5. Uit metingen blijkt dat de snelheid van de relaxatie toeneemt 
bij hogere temperaturen en voor dunnere Ir19Mn8i lagen. Ook het temperatuur- en 
magnetisch-veld profiel van de film voor het begin van het relaxatie-experiment heb
ben een grote invloed op het relaxatiegedrag. De experimentele resultaten worden 
geanalyseerd met behulp van een model waarin wordt verondersteld dat de IrigMnsi 
laag bestaat uit verschillende domeinen, welke ieder verantwoordelijk zijn voor een 
bepaalde richting en grootte van het exchange-biasing veld aan het grensvlak met de 
ferromagnetische laag. Om de magnetisatierichting in een antiferromagnetisch do
mein, en daarmee de lokale exchange-biasing richting, te laten omklappen moet een 
energiebarrière worden overwonnen. Verschillende distributies van energiebarrières 
worden gebruikt om een fit van de tijdsafhankelijkheid van het exchange-biasing veld 
te verkrijgen; de log-normaal verdeling en een verdeling waarmee 'stretched exponen
tial' gedrag wordt verkregen. Beide distributies geven goede fits en meer experimenten 
zullen nodig zijn om een definitief model op te stellen. 
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