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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. 


