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Summary 

In this report multilayers with nano-oxide layers (NOL) are investigated. Nano-oxide lay
ers increase the giant magnetoresistance (GMR) of magnetic multilayers. The main issue 
in this report is to find out whether magnetic multilayers with NOL are suitable for indus
trial applications. To investigate the properties of the multilayers an existing experimental 
setup has been improved such that magnetic fields upto 140 kAlm can be attained, while 
heating the multilayers upto temperatures of 325 oe. 

Two types of magnetic multilayers with NOL are discussed in this report, multilayers 
with artificial antiferromagnets (AAF) and conventional spin-valves. Bothare compared 
to similar multilayers without NOL. 

It was found that all multilayers, withand without NOL, experience a strenghtened ex
change biasing after an annealing treatment. However, for samples with NOL, annealing 
is needed. They are enhanced more, as the NOLs are 'activated'. Before the annealing 
treatment, samples without NOL have a higher GMR effect, after annealing the ones with 
NOL have higher effects. After annealing, both samples experience the same temperature 
dependenee of the GMR ratio. Their relative decrease with temperature is equal, while in 
absolute value of samples with NOL is larger, as mentioned above. 
At this point one has to distinguish between multilayers with AAF and spin-valves. Next 
to a GMR increase, positive si de effects such as an decrease of hysteresis and an increase 
of the full width half maximum (FWHM), indicating stronger exchange biasing, occur for 
AAFs, while for spin-valvesthese parameters show opposite, negative, effects. For AAFs 
also the offset in the resistance change near zero field, caused by coupling between free 
and pinned layers, is smaller with NOL. For spin-valves, there is no significant change. 
For bothAAF and spin-valve atomie diffusion appears to be prevented at higher temper
atures, as samples with NOL have stabie electrical resistances upto higher temperatures. 

From the observed parameters it can be concluded that the sensor properties of multilayers 
with AAF are considerably enhanced by using NOL. They are applicatible for industrial 
applications, at least at temperatures upto 200 oe. For spin-valves one has to consicter 
if the advantage of a larger GMR effect is larger than the disadvantages, i.e. a larger 
hysteresis and weaker exchange biasing. 
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Chapter 1 

Introduetion 

1.1 General introduetion 

The effect that magnetic materials change their electdeal resistance when placed into a 
magnetic field is called magnetoresistance (MR) and was discovered by Lord Kelvin in 
1856. This effect is less than 5 percent at room temperature [1] . But only in the late 
1980s, resistance changes of over 10 percent at room temperature were discovered in thin 
multilayer structures. lt was caused by another effect, which was called giant magnetore
sistance, GMR, because of the large resistance change. At lower temperatures the GMR 
effect is even a lot stronger, as effects of more than 100 percent were reported [ 1]. The ef
fect Lord Kelvin discovered is now called anisotropic magnetoresistance (AMR). lt results 
from spin-orbit interaction, which gives rise to a dependenee of the electron scattering on 
the angle between the electron wave vector and the magnetization direction [2]. 

1.2 Applications 

Nowadays, GMR is already used in the recording industry, as higher MR effects allow 
for size-reduction, and thus density-increase. Almost all recent hard-disk heads are based 
on GMR. For automotive and industrial sensor applications, however, the robustness re
quirements are more stringent. GMR material neects to maintain its effect up to high 
temperatures, 175 degrees Celsius, and in high magnetic fields, up to about 40 kAlm. 
Furthermore, the material must survive up to about 250 oe and 150 kAlm. 
The three main applications for GMR sensors in industrial and automotive environments 
are angle, position and rotation-speed sensing [3]. Unambiguous angle sensing over 
360 degrees is possible using two GMR sensors when they are placed perpendicular to 
each other, as they have an angle dependenee of 360°. Using two AMR sensors an unam
biguous angle of only 180° can he obtained, see the left side of tigure 1.1. Rotation-speed 
sensing for example is used in anti-loek braking systems. It's principle is depicted on the 
right side of tigure 1.1. Placing the sensor between a magnetic gear wheel and a perma
nent magnet enables the sensor to detect the position of the nearest 'tooth'. lf this tooth 
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0 
AMR: 180 

Angle Sensing Rotation-Speed Sensing 

Figure 1.1: GMR sensor applications 

moves, the induced magnetic field will change, enabling both rotation-speed and position 
sensing [3]. 

1.3 Scope 

Very recently, at conferences, it has been claimed that multilayer structures with nano
oxide layers show GMR ratios of well over 15 percent [ 4]. Por automotive and industrial 
sensor applications however, magnetic and thermal stability are required. GMR material 
neects to maintain its effect up to high temperatures and magnetic fields, as mentioned 
already in section 1.2. 
In this report, GMR measurements are discussed on magnetic multilayers with nano-oxide 
layers to check their properties up to these high temperatures and fields. The magnetic 
and thermal stability of the structures is the subject of this traineeship. 
In chapters 2 and 3 the background of the measurements is presented. Theoretica! issues 
of importance are discussed in chapter 2, and the experimental setup in chapter 3. In chap
ter 4 the results of the experiments are presented and discussed. Chapter 5 summarizes 
the conclusions. 
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Chapter 2 

Theoretica} issues 

2.1 Origin ofthe GMR effect 

The GMR effect is generally explained by electron scattering effects inside the materiaL 
Electrens have two spin contigurations, either spin-up or spin-down. In a ferromagnetic 
material the spin polarizations have different resistivity when they are polarized parallel 
oranti-parallel to the magnetization. We write these resistivies as Pt forspin polarization 
parallel to the magnetization, and as PJ. for an anti-parallel polarization [5]. 
Now consicter a multilayer system in two different contigurations. The multilayer consists 
of two ferromagnetic layers, separated by a non-magnetic layer. In the tirst contiguration 
the two ferromagnetic layers are aligned parallel (both 'up'), and in the second they are 
antiparallel, as depicted in tigure 2.1. In the tirst contiguration spin-up electrens will 
experience twice the parallel-resistivity, and spin down electrens twice the antiparallel
resistivity. This can be shown as a parallel contiguration of two 'up' -resistances on one 
side, and two 'down' -resistances on the other. 
In the second contiguration both the spin up and down electrens will once experience 
parallel-, and once antiparallel-resistivity, see tigure 2.1. For both contigurations the total 
resistance can be calculated, using the schemes from 2.1. For the parallel contiguration: 

2PtPJ. 
Ptt =PH= 

Pt +PJ. 
(2.1) 

And for the antiparallel contiguration: 

Pt +PJ. 
PtJ. = 2 

(2.2) 

The difference in resistance between the parallel- and antiparallel contiguration Ptt -PH 
can then be calculated: 

2PtPJ. 
Ptt-PH= + 

Pt PJ. 

Pt +PJ. 
2 

4PtPJ. - (Pt + PJ.-)2 

2(Pt + PJ.) 

Frem equation 2.3 it is clear that resistance of the antiparallel contiguration is larger than 
the resistance of the parallel contiguration. Hence, the electrical resistance of a multilayer 
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Contiguration 1 Contiguration 2 

[::::~:::1 Ferromagnetic layer 

k~~c:~~~:~:J Non-magnatie spaeer layer c:::> Magnetization direction 

~ Layer with little scattering (spin parallel magnetization) 

~ Layer with much scattering (spin antiparallel magnetization) 

Figure 2.1: Spin-dependent electron scattering 

changes when the magnetization directions of the ferromagnetic layers change relative to 
each other, for instanee due to an applied external field. 

2.2 Measuring the GMR effect 

The GMR ratio is defined as the difference in resistance between the antiparallel and 
parallel contiguration of the magnetization directions inside the ferromagnetic layers, di
vided by the resistance of the parallel configuration. In practise this means the difference 
between the maximum and minimum resistance, divided by the minimum resistance [6] . 
The GMR ratio is expressed in percents, see formula (2.4). 

!::l.R Ru,- Rtt 
GMR(%) = -x100% = x100% 

R Rtt 
(2.4) 

At room temperature, the MR ratio for AMR systems is less than 5 percent [1]. Con
ventional GMR systems, such as spin-valves, will reach 8 percent. The recently new 
GMR structure comprising nano-oxide layers (NOLs) is said to reach values well over 
15 percent. 
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2.3 Basic multilayer features 

In this section some general features of magnetic multilayers are discussed. Magnetic 
multilayer films change their electrical resistance when placed into an external applied 
magnetic field, based on the ability of ferromagnetic layers to adapt their magnetization 
direction to the field. The simplest multilayers are like the configurations described in 
sec ti on 2.1: two ferromagnetic layers, separated by a non-magnetic spaeer layer, as shown 
in tigure 2.1. 

2.3.1 Exchange coupling 

The thickness of the non-magnetic spaeer layer is of great importance. It determines 
a coupling, the exchange coupling, between the two ferromagnetic layers. The sign of 
this coupling varies oscillatory with thickness. Positive sign means parallel alignment 
(ferromagnetic coupling), negative sign means antiparallel alignment (antiferromagnetic 
coupling) [7, 8]. Antiferromagnetically coupled structures are suited for device applica
tions, as their coupling can be influenced by an external applied field. If a sufficient1y 
large external field is applied, the magnetization direction in both layers will change to 
the direction of the external field, thus creating a ferromagnetic configuration. For ferro
magnetic structures only the magnetization direction will change [7]. 
A spin-valve also consists of two ferromagnetic layers, separated by a non-magnetic one, 
but in an ideal spin-valve, there is no coupling between the two ferromagnetic layers, 
though in practice there is always some. An important difference with the simple struc
ture of tigure 2.1 is that in spin-valves both ferromagnetic layers behave differently in 
an external applied field. One is a 'soft' layer, changing polarization at low fields, and 
one is a 'hard' layer, stayingin the same direction, until a much higher field is applied. 
This can be achieved by either using two different ferromagnetic materials with different 
coercivities [7], or by using exchange biasing layers. 

2.3.2 Exchange biasing 

An exchange biased structure is shown in tigure 2.2. It consists of the two ferromag
netic layers, the non-magnetic layer, and an exchange biasing layer, which usually is 
an antiferromagnetic layer, coupling very strong with the adjacent ferromagnetic layer. 
In an applied external field, the 'upper' layer will adapt to the field (free layer), whilst 
the 'lower' (pinned) layer stays pinned in its direction, because of the exchange biasing 
layer. Only at high fields, the exchange biasing field is overruled, and the hard layer will 
also change orientation. The spin-valve structure shows a different magnetoresistance 
curve. For a normal antiferromagnetically coupled multilayer the MR curve is shown in 
tigure 2.3 on the left hand side, and fora spin-valve structure on the right. Spin-valves 
do not show a change in resistance when the field is such that the free (upper) layer is 
directed towards the field (negative field), as both the pinned and free layer are parallel 
aligned, and relatively little electron scattering occurs. The resistance is smallest in this 
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(free/pinned) 

j::::: :<:>:l Non-magnetic spaeer layer 

lmmmmmm::ml Exchange biasing layer 

~ Magnetization direction 

Figure 2.2: Exchange biased structure 

AF coupled multilayer Spin-valve structure 

--

---
Applied field Applied field 

Figure 2.3 : MR curves for antiferromagnetically coupled multilayer (left) and spin-valve 
structure (right) 

case. When the field approaches zero, the soft layer switches back to its normal position, 
and the resistance shows a sudden increase. When the field increases more in positive 
direction, the pinning behaviour of the exchange biasing layer is getting overruled and 
the hard layer starts changing direction as well. This is a slower step, thus the resistance 
is lowered slowly, till finally the hard layer is also fully aligned with the applied field. 
The sharp increase of resistance on one si de makes exchange biased spin-valves very well 
suited for industrial applications, such as sensors and recording heads. 

2.3.3 Blocking temperature 

The exchange biasing field Heb is a function of temperature. The field H eb decreases 
almost linear with increasing temperature [6]. The blocking temperature, Tb, is defined as 
the temperature at which the exchange biasing field Heb becomes zero. Therefore, for use 
in applications the operating temperature of the structure must be well below Tb. Although 
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c=J Ta (Protective layer) 

EZ] NiFe (Buffer layer and free layer) 

111 CoFe (Ferromagnetic (pinned/free) layer) 

[JJ Cu (Non magnetic spaeer layer) 

~ Ru (Non magnetic coupling layer inside AAF) 

~ IrMn (Antiferromagnetic (exchange biasing) layer) 

CoFe / Ru / CoFe sectien is the AAF . 

Pigure 2.4: Multilayer with artificial antiferromagnet (AAF) 

annealing treatments (see sec ti on 2.6.1) enhance stability of the multilayer structure, they 
may not be executed at temperatures near Tb for long periods of time, as the exchange 
biasing effect may be destroyed, if no orienting magnetic field is applied. 

2.4 Multilayer composition 

In this sec ti on the infiuence of the different layers of the structures exarnined in this report 
will be explained. 

2.4.1 Artificial antiferromagnet 

In the measurements decribed in this report, multilayers with an artificial antifermmag
net (AAP) were used. A structure comprising an AAP is shown in tigure 2.4. In an AAP 
the pinned layer from a conventional spin-valve structure is replaced by two antiferro
magnetically coupled ferromagnetic layers, separated by a thin non-magnetic layer. The 
advantage of this AAP is a strongly reduced magnetic moment. As a results of this the 
three layers from the AAP hebave like a single ferromagnetic layer, which won 't rotate 
easily in an external applied field, because of this reduced moment. Multilayer films 
comprising an AAP can be produced with or without exchange biasing. In this report 
exchange biased AAP films are examined. Both the ferromagnetic layers of the AAP are 
made of Co90Pe 10 , and the thin non-magnetic layer in the AAP is made of Ru. 

2.4.2 Exchange biasing layer 

The exchange biasing layer used for.the experiments described in this report is made out of 
Ir19Mns 1• IrMn bas several advantages over previously used exchange biasing materials, 
such as PeMn, NiO, PdPtMn and NiMn. Por industrial applications, exchange biasing 
materialsneed to be applicable at temperatures up to at least 250 oe. PeMn and NiO are 
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only applicable at room temperature, because they have too low blocking temperatures 
(see section 2.3.3), 150 and 200 oe for FeMn and NiO respectively [9]. PdPtMn and 
NiMn have higher blocking temperatures, but to be suitable for applications, they need 
long annealing or deposition at high temperature, in order to get a good crystallographic 
phase [9]. IrMn has a high blocking temperature (Tb about 290 °C), quite high exchange 
biasing energy and does oot have such high preparation requirements. 
In this report measurements are done at industrial conditions, up to temperatures as high 
as 325 °C, and high magnetic fields, up to 140 kAlm. 

2.4.3 Nano-oxide layer 

In the experiments described in this report the multilayer structures are temporarily ex
posed to the atmosphere during deposition. This exposure was done in the upper ferro
magnetic layer of the AAF. Deposition was stopped, and then for one minute the multi
layer samples were exposed to open air, so that the ferromagnetic surface of the multi
layer would oxidize. After exposure, depositioning continued with the pinned layer of the 
A AF. 
In multilayers with a nano-oxide layer GMR ratios of over 15 percent have been men
tioned. The composition of these multilayers is unknown, but it's very unlikely that these 
high GMR ratios have been obtained with AAF structures. The beneficia! effect of the 
NOL is thought to come from specular reftection. This way, the spin-dependent electron 
scattering effect is enhanced, and the GMR ratio increased. 

2.4.4 Copper layer 

The copper layer between the free layer and the AAF, which behaves as a single ferro
magnetic layer with a lower magnetic moment (see section 2.4.1), has two relevant effects 
on the system. 
In the first place the thickness of the Cu layer de termines the coupling between the pinned 
and the free layer. Though in an ideal situation there is no coupling, in practise there is 
always some. If the Cu layer is a few nanometers thick a slight ferromagnetic coupling 
will occur. If the thickness is less than 2 om the coupling will strenghten significantly, 
because of pinholes in the non-magnetic layers. 
The coupling gives rise to an offset field Hcoupt· Half the difference in the up- and down
going curve (hysteresis) is called the coercive field Hcoerc [6, 10], see figure 2.5. 
In the second place the GMR ratio decreases with increasing Cu layer thickness. Two 
effects contribute to this. Firstly, with increasing thickness, the percentage of copper 
conduction contributing to the total conduction will increase. Because copper is non
magnetic, there is no spin-dependent electron scattering (see section 2.1) inside the cap
per layer. For both spin-up and spin-down electroos the scattering rates are equal, and 
therefore a thicker Cu layer will result in a decrease of the GMR ratio. The second cause 
for a decrease of the GMR ratio with increasing layer thickness is phonon scattering in
side the Cu layer. Phonon scattering cao result in loss of spin-information of electrons. 
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·; I rJ ------
. ' 
' ' 
' ' ' ' :----..: 
'B 
: COIUC 

Magnetic field B 

Figure 2.5: Coercive and coupling field 

As a result of this the electroos will re-orientate themselves as to obtain a 50% spin-up 
and 50% spin-down contiguration [6]. 

2.4.5 Other layers 

In figure 2.4 a multilayer with an AAF was shown. In the previous sections the important 
properties of the AAF and the IrMn, NOL and Cu layers were mentioned. However, no 
attention has been given to the other layers. The NiFe and Ta layers act as a buffer. Their 
function is to eosure a good ( 111) texture in the IrMn exchange biasing layer, see sec
tion 2.5. Furthermore, the Ta cap layer protects the multilayer surface against oxidation. 

2.5 Texture 

In order to obtain stabie multilayer structures a high degree of ( 111) texture is required in 
the exchange biasing layer. This degree can be inftuenced upon deposition of the multi
layer, for instanee by using a buffer layer. In Ref. [ 11] two multilayers were compared, 
both being equal except for a Ta buffer layer. The one with Ta showed excellent ( 111) 
texture, whilst the other was almost randomly oriented. The grain sizes of both samples 
were thought to be sirnilar, because of the use of a NiFe underlayer in both structures. 
Magnetic fields were repeatedly swept through both multilayers. The one containing both 
the Ta and NiFe showed a perfectly reproducible GMR result, the one having only the 
NiFe layer did not, the graph was different for every sweep. A higher degree of ( 111) 
ensures a better exchange biasing effect, and a more stabie structure [11]. However, there 
is another important issue correlated with the (111) texture, which is the blocking temper
ature Tb, see section 2.3.3. A direct correlation is found between the blocking temperature 
and the (111) diffraction peak intensity in the X-ray spectrum [12]. 
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2.6 Temperature 

A lot of the variables used in the theory of the GMR effect are dependent on tempera
ture, such as the exchange biasing, magnetoresistance, electric resistance in general and 
the GMR ratio itself. For temperatures below 20 oe a lot of these temperature dependent 
phenomena have already been described [13]. Above room temperature much less ex
periments have been done, especially for multilayers with AAF. As far as we know this 
research constitutes the first time that the temperature dependenee of multilayers with 
NOL has been investigated. 
The exchange biasing field decreases with increasing temperature, until at the blocking 
temperature Tb there is no exchange biasing field left. eooling down in a large enough 
external applied field from temperatures higher than Tb will restore the exchange biasing 
direction, parallel to the applied field. Annealing can be used to increase the exchange 
biasing, see section 2.6.1. MR is shown to decrease almost linearly with increasing tem
perature. Two effects account for this, magnon- and pbonon scattering. Pbonon scattering, 
occuring in the non-magnetic layers, decreases the spin-dependent scattering which is im
portant for the GMR effect. Magnon scattering occurs in the magnetic layers. There is 
also a decrease of the magnetization in the ferromagnetic layers at higher temperatures. At 
the eurie-temperature Tc no magnetization is left. The GMR ratio also decreases almost 
linearly with temperature. But at temperatures as high as 200 oe the GMR ratio is still 
about 3 percent, which is larger than AMR at room temperature. Even above Tb a small 
GMR effect is found, which is attributed to different coercivities of the ferromagnetic 
layers [14]. 

2.6.1 Annealing 

To improve stability of magnetic multilayers a temperature treatment is imposed on the 
structures. This treatment is called annealing. The structures are heated in an inert en
vironment, such as nitrogen or vacuum. During the annealing process, the atoms get 
enough energy to overcome local energy boundaries and move into a lower energy state. 
Therefore, annealing reduces the total internal energy of the system, making the energy 
boundaries around the atoms higher, which results in a more stabie structure. Atoms will 
have more trouble moving out of the position attained during annealing. 
It was found that a (short) anneal treatment is needed for multilayer films with NOL in 
order to obtain favourable properties. 
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Chapter 3 

Experimental setup 

The goal of this report is to measure the GMR behaviour for multilayer-structures com
prising a NOL, up to temperatures of 290 oe and magnetic tielcts up to 140 kAlm. In this 
chapter, the experimental procedures as well as the equipment used to reach this goal will 
be explained. 

3.1 Equipment 

The experimental equipment used is shown schematically in figures 3.1 through 3.3. 

3.1.1 Magnets 

The magnetic field required is produced by two main coils, both consisting of three 
smaller coils. These smaller coils have an electrical resistance of 8Q. In the experiments, 
the three smaller coils we re placed parallel. This red u eed the total resistance to 8 h Q for 
each main coil. The two main coils were connected in series (see tigure 3.1), because our 

Figure 3.1: Experimental setup ofthe magnets (top view) 
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--...J+-f---- Heater 

~J,g=====m:::::t::;--- Insulation 

.:-:.:14--- Stand (lower tri1>od) 

Figure 3.2: Position ofthe sample in the experiment (side view) 

current souree was limited to 30 Amperes. The maximum output our current souree could 
produce was 160 Volts at 30 Amperes. As the total resistance of the 2 main coils was 
16 hs-2 these were specifications that made it possible to obtain a current of 10 Amperes 
through each coil, enabling measurements in magnetic fields up to 140 kNm. 

3.1.2 Sample 

Between the magnetic poles a glass dome is placed, in which the sample is mounted, see 
tigure 3.2. The domeis placed upon a stand, between the coils. This stand is made out of 
non-magnetic stainless steel and is divided into two seperate parts, which are two tripods, 
the upper one standing on the other. On top of the lower tripod a thermal insulation layer 
is placed, which holcts the heater. This heater is also made out of non-magnetic material, 
and the heating coil inside of it is curled bifillar, such that no magnetic field results from 
the current through the heating coil. The heater is connected to a power souree and a 
thermocouple, see section 3.2. When the upper tripod is removed, the ferromagnetic 
sample can be placed upon the heater. Using the upper tripod and a non-magnetic weight, 
4 pens are pusbed onto the sample. These are the measurement pens, and are placed in a 
single line. The two outer pens are used to sent a current through the sample, while the 
middle ones are used to measure the voltage between the pens, see section 3.2. Over this 
construction the dome is placed. 

3.2 Procedures and data acquisition 

Before an experiment is started, data are inserted into a computer running the LABView 
program. A few standard parameters are of importance. First the current which a Keithley 
224 programmabie current souree sents through the outer pens on the sample, which in 
the experiments described in the report is lmA. Purthermare the range of the Gaussmeter, 
which was set at 10 kGs. Another parameter important for the field measurement is the 
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' 

Sample 

Delta Elektronika 
Power souree 

Thermocouple 

Figure 3.3: Data acquisition equipment 

Computer 
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Controller 

ratio between the magnetic field at the position of the sample and the position where the 
field is measured, at one of the magnetic poles. This ratio was measured to be 0.379. 
Besides these values, the settings for the specific measurement have to be inserted into 
LABView. These are the temperatures at which are to be measured, a delay time toen
sure temperature stability in the sample, and the currents which are to be sent through 
the coils. Also the amount of steps between the different currents have to be set. The 
experiments are then carried out in two loops. For every temperature set, all the set cur
rents are (chronologically) sent through the coils. So there is a current-loop inside the 
temperature-loop. 
The sample is placed on the heater. Then the upper tripod, with the 4 pens attached to it, 
is placed on top of it. This has to be done with caution, as the four pens must all make 
good physical contact with the sample. After the tripod is positioned well the glass dome 
is placed over the system. Everything is now set for an experiment. 
For about ten minutes a high flow of nitrogen is sent through the system, to make sure no 
oxygen is left, after which the nitrogen-exit is blocked with a valve, while the nitrogen 
flow is slightly reduced. This created a slight overpressure, ensuring no oxygen inflow 
into the system. The experiments need to be done in an inert environment to prevent the 
surface of the samples from oxidation at the elevated temperatures. 
The experiment itself is then started by pressing the 'Run' -button in the LABView pro
gram. The computer sends the first set temperature to the temperature controller ( 1 ), see 
tigure 3.3. The temperature controller compares the set temperature with the one mea
sured by the thermocouple. lf the set temperature is lower, the system will wait till it 
has cooled down, if it is higher, the controller will sent a signal to the Delta Elektronika 
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EK030-1 0 power supply (2). This power supply will sent a current through the heater, and 
it will heaten up. As the thermocouple signals the set temperature (3), the waiting time 
starts, to make sure the temperature is stable. The thermocouple used in the experiments 
is aso-called K-couple, 1 mm thick and 50 cm long (SK.I-10/50). During the rest of the 
measurement the temperature controller will rnaintaio the correct temperature. After the 
delay time the data acquisition period starts. 
The computer sends a signed voltage varying from 0 to 10 Volts out to the current souree 
(4). Using a resistance divider the input is detenuated to make it suitable for the pro
grammabie current source, which requires 0-100 m V from zero to maximum output, pos
itive or negative, depending on the sign of the input. 
While the current through the coils is varied the magnetic field at one pole is measured 
by the Gaussprobe and registered by the Gaussmeter. The computer reads the value from 
the Gaussmeter. At the same time, the voltage over the inner pens on the sample is mea
sured by a Philips PM 2535 multimeter. The computer also reads out this value. As 
the computer is given the current which the Keithley current souree delivers on the outer 
pens, the electrical resistance of the sample cao be deterrnined according to Ohm's Law. 
The resistance calculated is plotted against the magnetic field, modified by the given ratio 
of 0.379. After all the set currents have been done, the plotted data are saved to file. Then 
measurements starts all over for the next set temperature. This loop is gone through for 
each temperature. After the last temperature is done, the measurement stops. 

3.3 Current versus field 

At first the relation between the current through the coils and the measured magnetic 
field was checked. This has been done at three different distauces between the magnetic 
poles, using two different current sources. In figure 3.4 the measured field is shown as a 
function of the applied current. One of the current sourees was being restricted at 40 Volts 
and 35 Amperes, the other one at 160 Volts and 30 Amperes. As the total resistance of 
the coils contiguration was 16 hQ, see section 3.1.1, the maximum output of the smaller 
current souree was lirnited to 8 Amperes. From figure 3.4 it is clear that the reached 
magnetic field decreases with increasing distance between the poles, as was expected. It 
is also obvious that above about 8 Amperes the applied current is no longer linear with 
the reached field. This may be explained by saturation of the magnetic poles. 
The current experimental setup of the sample position, see tigure 3.2, results in a distance 
of 9.5 cm between the poles, making it impossible to do measurements at magnetic fields 
of 150 kAlm, which was one of the targets of this traineeship. Therefore, a new setup 
was designed, which decreases this distance to about 5 cm. This new setup is shown in 
tigure 3.5. Later measurements showed though that the derivative of the graph in tigure 3.4 
does oot go to zero that quick. Using currents of 23 Amperes at 9 cm distance does 
suffice for a 140 kAlm field. As a result of that, the new design wasn't made, but for 
future measurements it should be kept in mind, as a smaller distance does increase the 
magnetic field. A second reason for oot building the new design was the oppurtunity of a 
new current source, a Bruker B-MN ± 200/60, which is a bipolar current souree able to 
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attain 200 Volts and 60 Amperes. However, for safety reasons, its output was restricted to 
23 Amperes, enabling magnetic fields upto 140 kAlm, sufficient for the experiments. 
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Chapter 4 

Results and discussion 

In this chapter the results of the various measurements are being discussed. 

4.1 Preparation of the samples 

All samples were deposited on (100) textured Si-substrates, and the nano-oxide layers in 
the samples were created by exposing the samples during deposition to open air for one 
minute. Within a few days after deposition, all the samples were measured 'as deposited' 
twice. The first time in a relatively small magnetic field, upto 32 kAlm, and the secend 
time in a large field of 140 kAlm. The field was swept twice to gather information about 
hysteresis, while the temperature of these 'as deposited' measurements was kept constant 
at a temperature of 25 oe. After these measurements the samples are annealed for about 
5 seconds at a temperature of 310 °C, which is just above the blocking temperature (see 
sectien 2.3.3) of IrMn, in a very high magnetic field, about 3 Tesla. The samples are 
then cocled down in this field, until the temperature is welll below 80 oe. Then the streng 
magnetic field is turned off, and the samples are cocled to room temperature. 

4.2 First set of samples 

The first set of samples were created on the P1 of September 1999. On the Si-substrate 
35Á Ta I 20Á NiFe I lOOÁ IrMn were deposited to obtain a good exchange biasing effect. 
On top of these three layers 6 different sample types were deposited: 
1. 45 CoFe I 8 Ru I 20 CoFe I NOL I 20 CoFe I 25 Cu I 8 CoFe I 20 NiFe I 20 CoFe 
2. 45 CoFe I 8 Ru I 20 CoFe I NOL I 20 CoFe I 30 Cu I 8 CoFe I 20 NiFe I 20 CoFe 
3. 45 CoFe I 8 Ru I 20 CoFe I NOL I 20 CoFe I 25 Cu I 40 CoFe 
4. 45 CoFe I 8 Ru I 20 CoFe I NOL I 20 CoFe I 30 Cu I 40 CoFe 
5. 30 CoFe I NOL I 30 CoFe I 25 Cu I 40 CoFe 
6. 30 CoFe I NOL I 20 CoFe I 25 Cu I 40 CoFe 
Alllayer thicknesses are in A. 
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Figure 4.1: Graphical presentation ofGMR ratios samples 01-09-1999 as deposited 

Samples 1 through 4 camprise an exchange biased CoFe/Ru/CoFe AAF, see section 2.4.1, 
samples 5 and 6 are exchange biased spin-valve structures. As there are no protective lay
ers on top of the multilayers, the upper layers will be oxidized as well. To compare the 
inftuence of a protective layer on top, sample 3 was created in two types. One without a 
protective layer, just like the others, and one with a lOOÁ Ta proteetion layer. The one 
without the layer will be referred to as 3a, the one with the Ta layer will be 3b. 

4.2.1 As deposited 

The GMR ratiosof the 'as deposited' measurements performed on the samples described 
in section 4.2 are given in table 4.1. At the same time, a graphical representation of the 
results is given in tigure 4.1. The line in tigure 4.1 is only a guide to the eye. 

Sample Properties GMR(%) 
1. AAF, 25 Cu + NiFe 4.67 
2. AAF, 30 Cu + NiFe 4.09 
3a. AAF, 25 Cu, no cover 6.24 
3b. AAF, 25 Cu, with cover 5.74 
4. AAF, 30 Cu, no cover 6.09 
5. Spin-valve, 30 CoFe 7.30 
6. Spin-valve, 20 CoFe 7.18 

Table 4.1: GMR ratios samples 01-09-1999 as deposited 
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GMR ratios samples 01-09-1999 
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Figure 4.2: Graphical presentation ofGMR ratios samples 01-09-1999 after annealing 

4.2.2 Annealed 

After the annealing treatment decribed in section 4.1 a new measurement is done at a 
temperature of 25 oe, to compare the GMR ratio after annealing with the one after de
position. The results from these GMR measurements are given in table 4.2, a graphical 
representation in tigure 4.2. The results from the 'as deposited' measurements are also 
given, for comparison, as well as the percentage of GMR ratio increase, which is found 
to be around 40% for the AAF-structures, and about 48% for the spin-valves. It is also 
noted that the samples without the NiFe layer on top are more enhanced by annealing. 

Sample Properties GMR ratio(%) 
as depos anneal mcr. 

1. AAF, 25 Cu + NiFe 4.67 6.36 36.19 
2. AAF, 30 Cu + NiFe 4.09 5.58 36.43 
3a. AAF, 25 Cu, no cover 6.24 8.77 40.54 
3b. AAF, 25 Cu, with cover 5.74 7.87 37.11 
4. AAF, 30 Cu, no cover 6.09 8.67 42.36 
5. Spin-valve, 30 CoFe 7.30 10.87 48.90 
6. Spin-valve, 20 CoFe 7.18 10.59 47.49 

Table 4.2: GMR ratios samples 01-09-1999 after annealing 
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Figure 4. 3: Temperature dependenee of samples 01-09-1999 

4.2.3 Temperature dependenee 

Immediately after the 25 oe measurement the temperature dependenee is eheeked by per
forming measurements at higher temperatures. After every high-temperature measure
ment the sample is eooled down to 25 oe and measured again. Only then the next high 
temperature measurement is done. Measurements are done at the following high temper
atures, in degrees Celsius: 
100 I 125 I 150 I 175 I 200 I 225 I 250 I 275 I 300 I 325. 
Thus upto temperatures eonsiderably above the bloeking temperature. The results from 
the high-temperature measurements are shown in tigure 4.3. In this tigure, also the GMR 
ratio from the 25 oe measurement direetly after annealing, seetion 4.2.2, is shown. From 
tigure 4.3 it is clear that the samples without an AAF, samples 5 and 6, have higher GMR 
ratios, but they will also be destroyed at lower temperatures than the ones with AAF. 
Their temperature dependenee is linear until about 250 degrees, whieh is well below the 
blocking temperature of IrMn, while the ones with AAF survive till about 300 degrees. 
Furthermore, it is shown that samples 1 and 2, with the additional NiFe layer, have lower 
GMR ratios than the other samples, having only CoFe. Additionally, it is eontirmed that 
the GMR ratio deereases with inereasing Cu layer thiekness, as predieted in seetion 2.4.4. 
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Figure 4.4: GMR ratios of samples 01-09-1999 after cooling down to 25 o C 

In tigure 4.4 the GMR ratios of these samples are shown after cooling down. In this tigure 
the temperatures displayed on the x-axis are the temperatures to which the sample was 
heated, before cooling down to 25 oe. At a temperature of 225 degrees both multilayers 
without AAF show a temporary dip in their GMR ratio. This may be due to magnetic 
disturbance of the pinned layer. 

4.2.4 Stability 

To investigate the possibilities for industrial applications the temperature dependenee is 
checked a little further. Samples without nano-oxide layers show a linear decrease of 
GMR ratio with temperature. The GMR stability of samples with nano-oxide layers has 
been determined by checking the relative decrease of GMR ratio as a function of tem
perature for the used samples. This has been plotted in tigures 4.5 and 4.6. Figure 4.5 
shows that the GMR ratio for samples with NOL decreases linearly with temperature, just 
as for samples without NOL [6, 9]. Furthermore, it is noted that the GMR stability is 
equal for all samples: every sample has the same relative GMR decrease. From tigure 4.6 
it can be concluded that the samples do not suffer permanent darnage for temperatures 
below 200 degrees, as the GMR ratio stays equal to the one directly after annealing. 
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4.3 Multilayers withand without NOL 

The results from section 4.2.4 and tigure 4.5, however, do not show if the tempera
ture decrease for multilayers with NOL is larger than for comparable samples without. 
Also, it is unknown to which temperature samples without NOL can be heated, with
out doing permanent damage to the sample. This temperature was 180 oe for samples 
with NOL, as was concluded from tigure 4.6. Therefore, a new set of samples has 
been deposited on the 101h of November 1999, for direct comparison of the tempera
ture stability between samples with and without NOL. Additionally, comparison of the 
behaviour of multilayers with AAF and spin-valves were needed, Therefore, four sam
ples were deposited, just as the samples from the 1 st of September, on Si(lOO), starting 
with 35Á Ta, 20Á NiFe, lOOÁ IrMn: 
1. 45 CoFe I 8 Ru I 20 CoFe I NOL I 20 CoFe I 25 Cu I 30 CoFe I NOL I 50 Ta 
2. 30 CoFe I NOL I 20 CoFe I 25 Cu I 30 CoFe I NOL I 50 Ta 
3. 45 CoFe I 8 Ru I 40 CoFe I 25 Cu I 30 CoFe I 50 Ta 
4. 50 CoFe I 25 Cu I 30 CoFe I 50 Ta 
Alllayer thicknesses are in Á. 
The properties of these four samples can be summarized as given in table 4.3. As with 
the tirst set of samples, all of the samples are exchange biased by IrMn. 

Sample AAF NOL 
1. yes yes 
2. no yes 
3. yes no 
4. no no 

Table 4.3: Properties of samples 10-11-99 

The first set of samples had no Ta cover, except for sample 3b. It became clear that a pro
tective layer (Ta) is vital, to prevent vast amounts of oxidation in the magnetic multilayers, 
probably initiated by the presence of the nano-oxide layers. This has been contirmed us
ing Rapid Thermal Processing (RTP), by comparing 4 samples, as deposited and annealed 
samples of types 3a and 3b. 
Without a Ta cover, the upper CoFe layer is subject to oxidation, and a second nano-oxide 
layer is formed, enhancing specular reftection, see section 2.4.3. Two NOLs are needed to 
enhance the GMR effect as much as possible. Therefore, just beneath the Ta layer a sec
ond nano-oxide layer has been inserted. lt must be noted that the Ta layer only prevents 
the NOL to expand further. 

23 



GMR films with nano-oxidelayers at elevated temperatures 

GMR ratios samples 10-11-1999 as deposited 

a 

~ 
= 6 
E a· 

" :;; 
<;.') 

.0 
a· 

I. l. 3. 4. 
Sample 

Figure 4. 7: Graphical presentation of GMR ratios samples 10-11-1999 as deposited 

4.3.1 As deposited 

The four samples summarized in table 4.3 have also been measured directly after deposi
tion at a temperature of 25 degrees. The results are presented in table 4.4 and figure 4.7. 

Sample Properties GMR(%) 
1. +AAF,+NOL 3.86 
2. -AAF, +NOL 4.14 
3. +AAF, -NOL 5.72 
4. -AAF,-NOL 6.73 

Table 4.4: GMR ratios samples 10-11-1999 as deposited 

They show that the spin-valves do have a GMR ratio about 2 percent higher than the 
multilayers with AAF. Also, the samples without NOL have higher GMR ratios than the 
samples which do. This may be explained by the theory that nano-oxide layers have to be 
thermally activated by an anneal treatment. 

4.3.2 Annealed 

Like the first set of samples the samples from the lüth of November have also been an
nealed as described in section 4.1. Directly afterwards a new set of GMR measurements 
has been done at 25 degrees, as in section 4.2.2. The results of these measurements are 
again compared to those from the 'as deposited' meaurements. They are presented in 
table 4.5 and tigure 4.8. 
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Figure 4.8: Graphical presentation of GMR ratios samples 10-11-1999 after annealing 

Sample Properties GMR ratio(%) 
as depos anneal in er. 

1. +AAF,+NOL 3.86 7.82 102.59 
2. -AAF,+NOL 4.14 8.47 104.59 
3. +AAF,-NOL 5.72 6.90 20.63 
4. - AAF,- NOL 6.73 8.01 19.02 

Table 4.5: GMR ratios samples 10-11-1999 after annealing 

The most remarkable feature is the amount of relative increase in the GMR ratio. Samples 
3 and 4, without NOL, show an increase of only 20%, whilst the samples with NOL expe
rience an increase exceeding 100%. This large increase is remarkable with respect to the 
GMR increase found in the fi.rst set of samples, where it was about 40% for multilayers 
with AAF, and 48% for ones without. This difference may be explained by the annealing 
conditions, which obviously are very important. However, they caooot be reproduced ex
actly within the equipment available, apparently resulting in large differences. To eosure 
a good comparison amongst samples deposited on the same date, they are all annealed at 
the same time, thus under exact the same conditions. A second reason may be the age of 
the samples, as the second set was annealed a lot sooner after deposition. 
A second important aspect is the difference in the absolute value of the GMR ratio be
tween samples 1 and 2, (with NOL), and 3 and 4 (without NOL). As deposited, the sam
ples without NOL produce a larger GMR ratio as the ones with NOL. After annealing, 
the ones with NOL have higher GMR. This may be seen as a proof for the theory that 
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Figure 4.9: Temperature dependenee of samples 10-11-1999 

nano-oxide layers have to be 'activated' by annealing. 
As with the first set of samples with NOL, the spin-valve structure with NOL (sample 2) 
has a larger increase by annealing as the NOL-samplewithAAF (sample 1), but of the 
samples without NOL, the AAF-sample (sample 3) shows a larger increase as the spin
valve (sample 4). 
Camparing absolute values of these GMR ratios with the ones from the first set, which 
were described in section 4.2, it is noted that they are a few percents lower. This may be a 
result from the presence of the Ta-protection layer. lt has been reported that the thickness 
of the Ta layer has no significant inftuence on the GMR ratio, but the mere presence may 
be. Differences in conduction may be of some inftuence here, as the measurement pins 
are placed upon the Ta now, instead of the CoFe-based nano-oxide layer. 

4.3.3 Temperature dependenee 

To check the difference in temperature dependenee of the multilayers with NOL with 
the ones without, the same temperature experiments as decribed in section 4.2.3 are per
formed on the four new samples. The results from the high-temperature measurements 
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Figure 4.10: GMR ratios of samples 10-11-1999 after cooling down to 25 o C 

are presented in figure 4.9. 
All of the samples show a good linear temperature dependence, as was expected. Also it 
is noted that the samples 2 and 4, both without an AAF, show a higher GMR ratio than 
the ones with an AAF, but they produce no output anymore at 250 degrees, still below the 
blocking temperature. The two samples with the AAF last till much higher temperature. 
The one with NOL, sample 1, still produces a GMR ratio at 325 degrees. Camparing this 
to figure 4.9 with the temperature dependenee of the first set of samples, figure 4.3 from 
section 4.2.3, this is consistent. The multilayers withAAF survive upto higher tempera
ture than the spin-valves. 
Additionally, it is noted that the relative decrease with temperature of the first set of sam
ples is also consistent with the new ones. Both have a GMR ratio of about 60 percent of 
the maximum at about 200 oe. 
In figure 4.10 the GMR ratios of the samples after cooling down to 25 degrees are pre
sented. Again, the disturbed magnetic state of the spin-valves at about 250 oe is visible, 
just as in figure 4.4. 
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4.3.4 Stability 

Figure 4.9 looks promising for industrial applications. No disadvantages of NOL were 
found so far. As the GMR stability with respect to the temperature of all NOL-multilayers 
was found to be equal in section 4.2.4 it is a logica! step to compare them to those for 
samples without NOL. Therefore, like tigure 4.5, the GMR ratio, relative to the maxi
mum GMR ratio, which is achieved directly after annealing, is presented in tigure 4.11. 
In tigure 4.12 the GMR ratio relative to the maximum is presented for the samples after 
cooling down. 
Figure 4.11 shows that multilayers with nano-oxide layers do not deteriorate quicker than 
conventional multilayers at high temperatures. The rate of GMR decrease is equal also 
for bothAAF as spin-valve structures. This is an important issue for the industrial appli
cation. The GMR ratio is enhanced by inserting two nano-oxide layers into the magnetic 
multilayers, while retaining the temperature stability of the conventional multilayer sys
tems without NOL. It has to be noted that the GMR enhancement in these samples was 
not so large as expected. 
From tigure 4.12 it may be concluded that this set of magnetic multilayers do not seem to 
be very stabie over the whole temperature range. A possible explanation for this may be 
that the free layer (CoFe) is too thin. In multilayers, the free layer is usually as thick as 
the pinned layer, or even thicker. In these samples, the free layer is about half as thin as 
the pinned one. To check if this thin free CoFe-layer is really the cause for this instability 
a new set of samples was deposited. The results from the experiments on these new sam
ples will be fully discussed in section 4.4. 
As the temperature stability of the NOL multilayers is not signiticantly worse than those 
of the conventional ones, one can check what happens to hysteresis- and 'full width 
half maximum' (FWHM) characteristics. These important issues are discussed in sec
tions 4.5 and 4.6. 
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Figure 4.11: GMR stability of samples 10-11-1999 
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Figure 4.12: GMR stability of samples 10-11-1999 after cooling down to 25 oe 
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4.4 Thicker free layer 

To check the assumption that the free CoFe layer of the previous set of samples was too 
thin, a new set has been deposited on the 241h of November 1999. Since at that time this 
report was already in preparation, the discussion of these samples will be limited to the 
GMR ratio. The multilayers are identical to those from section 4.3, except forthefact that 
the free layer, which previously was 30Á, has been thickened to 40Á. Thus, on a Si( 100) 
substrate, with 35Á Ta, 20Á NiFe, lOOÁ IrMn: 
1. 45 CoFe I 8 Ru I 20 CoFe I NOL I 20 CoFe I 25 Cu I 40 CoFe I NOL I 50 Ta 
2. 30 CoFe I NOL I 20 CoFe I 25 Cu I 40 CoFe I NOL I 50 Ta 
3. 45 CoFe I 8 Ru I 40 CoFe I 25 Cu I 40 CoFe I 50 Ta 
4. 50 CoFe I 25 Cu I 40 CoFe I 50 Ta 
All layer thicknesses are in A again. Exchange biased by IrMn these samples have prop
erties, comparable to those of section 4.3. For easy reference, table 4.6, which is equal to 
table 4.3, is given once more. 

Sample AAF NOL 
1. yes yes 
2. no yes 
3. yes no 
4. no no 

Table 4.6: Properties of samples 24-11-99 

4.4.1 As deposited 

Like all multilayers before, the GMR ratios of the new samples were measured directly 
after deposition. The results are given in table 4.7 and tigure 4.13. The results from sec
tion 4.3.1 have been given as well, for comparison. 

Sample Properties GMR ratio(%) 
30 CoFe 40CoFe incr. 

1. +AAF,+NOL 3.86 5.41 40.16 
2. - AAF, +NOL 4.14 5.76 39.13 
3. +AAF,-NOL 5.72 6.71 17.31 
4. - AAF, -NOL 6.73 6.70 -0.45 

Table 4.7: Influence free layer thickness as deposited 
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Figure 4.13: Graphical presentation of influence free layer thickness as deposited 

In table 4.7 also the relative GMR increase has been given, obviously showing that the 
40À CoFe layer is a huge impravement for the NOL-structures. Only for the conventional 
spin-valve without NOL there was no improvement. In tigure 4.13, the GMR ratios of 
both the samples with the thick and the thin free layer have been presented. 

4.4.2 Annealed 

After the 'as deposited' measurements, the samples with the thicker free layer were an
nealed, again using the treatment described in section 4.1. 
After annealing, new GMR measurements were done at 25 degrees. The results are com
pared to the GMR results 'as deposited' in table 4.8, and compared to the samples with 
30À CoFe in table 4.9. In tigure 4.14 both comparisons are shown graphically. On the left 
hand side the annealed results are compared to the 'as deposited' ones, on the right hand 
side the inftuence of the free layer thickness is shown. Again, the samples with NOL are 
enhanced considerably more than the ones without. Just as with the thinner free layer, 
the samples with NOL had a smaller GMR ratio before annealing, and a larger one after. 
Maybe due to slightly different annealing conditions the GMR increase of the samples 
with NOL with the free layer of 40À CoFe is lower than for the ones with 30. The ones 
with 30 experienced an increase in absolute value of about 3%, and the new ones with 40 
about 2.5%. The relative increase is considerably lower as the 'as deposited' GMR ratios 
of the new samples were a lot higher. For the samples without NOL, the GMR increases 
of the new samples by annealing are equal to those of the previous set, a relative increase 
of about 20%, in absolute value an increase of justover 1%. 
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Figure 4.14: Graphical presentation of GMR ratios samples 24-11-1999 after annealing 
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Sample Properties GMR ratio(%) 
as depos anneal in er. 

1. +AAF,+NOL 5.41 8.14 50.46 
2. -AAF,+NOL 5.76 9.20 59.72 
3. +AAF,-NOL 6.71 7.94 18.33 
4. - AAF,- NOL 6.70 7.90 17.91 

Table 4.8: GMR ratios samples 24-11-1999 after annealing 

Sample Properties 

1. + AAF, + NOL 
2. - AAF, +NOL 
3. + AAF, -NOL 
4. - AAF, - NOL 

30 CoFe 
7.82 
8.47 
6.90 
8.01 

GMR ratio(%) 
40 CoFe 

8.14 
9.20 
7.94 
7.90 

incr. 
4.09 
8.62 
15.07 
-1.37 

Table 4.9: Influence free layer thickness after annealing 
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10 

[J-[J 1. 
~-~2. 

+-+ 3. 
x-x 4. 

Temperature (degrees Celsius) 

Figure 4.15: Temperature dependenee of samples 24-11-1999 

It has to be noted that after annealing sample 4, without AAF and NOL, has a lower GMR 
ratio than the similar sample with a thinner free layer. This was already the case in the 
'as deposited' measurement. However, as deposited, the difference in absolute value was 
only 0.03%. After annealing this has increased to 0.11 %. More striking is the fact that 
sample 3, also without NOL, but with an AAF, has a higher GMR ratio than sample 4. 
This is the only result in which a multilayer comprising an AAF has a higher GMR effect 
than a conventional spin-valve. The lower GMR ratio resulting from the thicker free layer 
could be explained by increased shunting due to the extra CoFe. 

4.4.3 Temperature dependenee 

Also on the set of samples from the 241h of November high temperature measurements 
have been performed. The results are shown in figure 4.15. Again, all graphs show a 
good linear GMR decrease with temperature upto 200 oe. At higher temperatures, the 
conventional spin-valves lose their GMR, whilst the multilayers withAAF rnaintaio their 
GMR upto higher temperatures. This is consistent with the other sets of samples. 
In figure 4.16 the GMR ratios of the samples after cooling down to 200 oe are presented. 
Consistent with the other sets the conventional spin-valves show a state of magnetic dis-
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Figure 4.16: GMR ratiosof samples 24-11-1999 after cooling down to 25 oe 

order at around 200 degrees. The multilayers with AAF start decreasing in GMR signiti
cantly at temperatures above this temperature as well. 

4.4.4 Stability 

The temperature stability of the GMR ratio of the samples of the 241h of November has 
been investigated. This has again been done by dividing the GMR ratios from the high 
temperature by the initia! GMR ratio at 25 degrees, directly after annealing. The results 
are shown in tigure 4.17, and in tigure 4.18 for the samples after cooling down. These 
tigures are to be compared to tigures 4.11 and 4.12, showing the temperature stabilty of 
the samples with the thinner free layer. 
lt has to be noted that the conventional spin-valves appear to decrease a little quicker than 
the AAFs, but as this is not contirmed by any of the other sets, this may be just a minor 
item. 
All samples show a good linear decrease with temperature, and consistent with the other 
sets of samples, their GMR ratio at 200 degrees is about 60% of the ratio at room temper
ature. 
In section 4.3.4 it was mentioned that the samples with the thin free layer might not be 
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Figure 4.18: GMR stability of samples 24-11-1999 after cooling down to 25 a C 
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very stable. Camparing figure 4.12 to 4.18 it can be concluded that the thicker free layer 
has been an impravement to the stability of the samples. 

4.5 Hysteresis 

All results from the upcoming sections are taken from the samples from the 101h of Novem
ber. For a generic overview, the complete GMR graphs for these samples are given 
in figure 4.19. For spin-valves the GMR graphs are shown only for magnetic fields 
upto 30 kNm, though the measurements have been done upto 140 kNm as well. The 
resistance stays at the minimum for this range for the spin-valves, so no additional infor
mation is retrieved from fields higher than 30 kNm. 
All magnetic multilayers are subject to hysteresis effects due to coercivity, see sectien 2.4.4. 
As a re sult of that, this sec ti on deals a bout the hysteresis effect the nano-oxide layers have 
on the multilayers. 
The hysteresis effects have been checked for temperatures upto 200 oe, as all multilay
ers were entirely stabie in that range. Possible differences in hysteresis between NOL and 
'conventional' AAF-multilayers are best showed using the samples from the 101h of Novem
ber, as the samples had exactly the same annealing treatment, and samples with and with
out NOL are therefore directly comparable. First, in sectien 4.5.1 the effects are examined 
for multilayers with AAF, in 4.5.2 the spin-valves are discussed. All hysteresis measure
ments were done at the resistance of the 'full width half maximum'. 
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Figure 4.19: Full GMR graphs of samples from 10-11-99 
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Figure 4.20: Hysteresis of the multilayers with AAF 

4.5.1 Artificial Antiferromagnet 

For the samples comprising exchange biased AAF, sample 1 and 3, the hysteresis can be 
calculated for the 'low-field' resistance change, which will occur near zero field, as the 
soft layer switches in the field, and the 'high-field' resistance change, occurring when 
the magnetization direction of the AAF is also turning, which happens in a significantly 
higher magnetic field. Compared to the resistance versus field graph for a conventional 
spin-valve (presented at the right hand side of tigure 2.3), this graph foranAAF shows 
a much broader 'high-resistance' part, because of the reduced magnetic moment in the 
AAF, making sure the magnetization direction in the AAF, the hard layer, won't easily be 
changed. 
In tigure 4.20 the hysteresis for the multilayers comprising an AAF is presented. It is 
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Figure 4.21: Hysteresis of the spin-valve multilayers 

clear from this picture that in the temperature range of the applications the hysteresis for 
samples with NOL is a lot smaller. A possible explanation for this is the decrease of 
interlayer coupling, as aresult of the NOL. The oxidized layers may have a more smooth 
surface, thus less coupling. Note that the total hysteresis of the 'high' field region is a lot 
larger than the 'low' field one. This is because of the changing layer. At low field the 
soft layer, and a high field the hard layer changes magnetization direction. The negative 
hysteresis may be a result of the interpolation. In order to obtain the magnetic field at the 
FWHM, interpolation had been done between the measurement-points on either side of 
the FWHM-resistance. 
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4.5.2 Spin-valves 

For the samples with the conventional spin-valves the 'high' and 'low' field approach is 
also valid. Again the free layer can freely swap in a magnetic field, while the pinned 
one cannot because of the exchange biasing. Therefore, a hysteresis graph comparable 
to 4.20 can be produced. It is presented in figure 4.21. As with the AAF-multilayers, the 
hysteresis in the 'high'-field region is a lotlargeras in the 'low'-field region. 
Compared to each other, the order of magnitude of the hysteresis is equal for spin-valve 
and AAF structures, in both the high- and low field region. However, there has been 
a surprising swap. For the multilayers with AAF, the hysteresis was smallest for the 
samples with NOL, for the spin-valves the ones with NOL have the largest hysteresis. For 
multilayers with AAF the same amount of hysteresis is less bothersome than for spin
valves, as the FWHM is a lot larger. 
As can beseen from figure 4.12, the sample without the NOL is in a state of disorderafter 
cooling down from 200 degrees. Hence the fact that none of the four graphs conceming 
this sample continue in their respective trend at that temperature. 

4.6 Full width half maximum 

The parameter called 'full width half maximum' (FWHM) is an indication of the strength 
of the exchange biasing field, produced by the IrMn. Exchange biasing was discussed 
in section 2.3.2. The exchange biasing field prevents the pinned layer from changing 
magnetization direction in an magnetic field. However, when the magnetic field becomes 
too strong, the pinned layer will also swap. As both layers become more and more parallel 
aligned again, the resistance drops (section 2.1 ). At a eertaio point the resistance will be 
the average between the maximum Cantiparallel configuration) and minimum (parallel 
configuration). This explains the part 'half maximum'. The 'full width' is the width of 
the graph between the two points in the graph at the half maximum, the point were the 
free layer swaps and the point were the pinned layer swaps. Things are explained more 
clearly in figure 4.22. 
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Figure 4.23: FWHM results for AAF and spin-valves 

As with the hysteresis the FWHM-characteristics of NOL-multilayers are best described 
by camparing them to the conventional ones. Again, the AAF-multilayers and spin-valves 
are separated, only now because the magnitude of the FWHM for samples comprising an 
AAF is a lot larger than those for the spin-valves. The comparison of the FWHM-results 
for bothAAF as spin-valves are presented in figure 4.23. 
For AAF structures the FWHM is considerably larger for multilayers with NOL than 
for conventional ones. Also note the very nice plateaux at the high resistance values 
(figure 4.19). For spin-valves, however, the conventional ones have a larger FWHM. 
As a results of this, one can conclude that for samples with a nano-oxide layer the side 
effects on the hysteresis and the FWHM are favorable for multilayers with AAF, and are 
unfavorable for conventional spin-valves. The main effect of the NOL however, the GMR 
ratio, is enhanced by using nano-oxide layers. 
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4. 7 Resistance 

As mentioned already in section 2.6, the electrical resistance of magnetic multilayers is 
temperature dependent In this section, with the word resistance, the saturation resistance 
is meant, which is the resistance at which the magnetization directions of all magnetic 
layers are equal. In this case there is a minimum resistance, see section 2.1. Hence, the 
resistance dependenee on temperature is also an indication for permanent damage to the 
multilayers. Therefore, in tigure 4.24 this dependenee has been presented for both multi
layers with AAP as for spin-valves. This has again been done for the samples deposited 
on the 101h of November. 
In the temperature range where the sample is stabie the resistance has a positive tempera
ture coefficient. When the temperature rises above this range the temperature coefficient 
becomes negative. This is a result of the IrMn exchange biasing layer. IrMn has a neg
ative temperature coefticent, which is non-linear. At a temperature of about 250 degrees 
the temperature coefficient of IrMn becomes even more negative [ 14]. As a result of that 
the temperature dependenee of the total exarnined multilayers also becomes negative. 
The presence of the IrMn may also be the explanation for the fact that the temperature 
coefticient for multilayers with NOL is lower than for the conventional ones. The NOL 
has oxidized, and thus destroyed, some of the CoFe in the multilayer, so there is less ma
terial present which has a positive temperature coefticient, leading to an increase in the 
inftuence of the IrMn. This results in a lower temperature coefticient for multilayers with 
NOL, which is also an advantage for NOLs in industrial applications. 
To explain the temperature dependenee of the samples after cooling down to room tem
perature, one has to check atomie diffusion processes. The samples are kept at high tem
peratures for about one hour per high-temperature measurement. At temperatures below 
200 degrees almost no diffusion has occurred (at these time scales), and all graphs are 
linear. After higher temperatures, however, diffusion effects are considerably larger and 
the resistance at room temperature increases, because damage has been done to the mag
netic layers. CoFe layers are good conductors. When their internal structure is damaged 
through interlayer diffusion, or through expansion of the NOL, they lose their conductiv
ity, resulting in an increase of the resistance. 
Finally, from tigure 4.24, it can be concluded that nano-oxide layers can prevent per
manent damage by atomie diffusion upto higher temperatures, as the resistance of the 
samples with NOL starts to rise at temperatures about 25 degrees higher as for samples 
without. 
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Figure 4.24: Temperature dependenee of the resistance of the magnetic multilayers 
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Figure 4.25: Offset fields for AAF and spin-valves 

4.8 Offset 

In theory, using ideal magnetic multilayers, the free layer will change its magnetization 
direction at zero field. Due to small coupling fields between the free and pinned layers 
there is always a small offset. In this section the inftuence of the NOL on the offset-field 
of the GMR graphs is discussed. Figure 4.25 shows the offset-fields for the magnetization 
change of the free layers for both the sampleswithAAF as the spin-valves. Again the four 
samples from section 4.3 have been compared upto temperatures of 200 degrees. Also, 
the offsets have been calculated after cooling down to 25 degrees. 
For the heated AAF structures, the offset field is reduced from about 4.9 toabout 3.6 kAlm, 
which is a reduction of 27%. For the cooled AAF the reduction is 30%, as the offset de
creases from about 5.3 to 3.7 kAlm. For the spin-valves, however, there is no significant 
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difference in the offset, i.e. less than 0.4 kNm. The 200 degrees result from the cooled 
sample without NOL and AAP has notbeen plotted, as this is the disturbed state. Again, it 
seems like the characteristics of the AAP-multilayers are considerably improved by using 
NOLs, whilst those of the spin-valves are not. 
A possible explanation of the positive effect of the NOL for the AAFs is a smoothing ef
fect of the NOL on the ferromagnetic layers of the AAP, leading to a deercase in coupling 
between these layers and thus a stronger AAP. This will also explain the larger FWHM 
found insection 4.6, which is also evident from figure 4.19. 
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Chapter 5 

Conclusions 

For the first time to our knowledge, the temperature dependenee of the GMR effect in 
multilayers with nano-oxide layers has been investigated. 

In this traineeship, an existing experimental setup for giant magnetoristance measure
ments has been improved. The maximum magnetic field which can be produced is in
creased from about 70 to about 140 kNm. It may even be possible to increase this con
siderably, by reducing or removing an attenuator, which is currently mounted onto the 
current source. Elaborate safety checks should be performed befare producing higher 
field. A further impravement is the instanation of a cooling system for the magnets, con
sisting of a constant water flow. 

From the first set of measurements it became clear that a protective layer (Ta) is vital, to 
prevent vast amounts of oxidation in the magnetic multilayers, probably initiated by the 
presence of the nano-oxide layers. 

The GMR ratio does not depend much on the thickness of the protective layer. However, 
it's mere presence causes a drop of a few percents. 

An annealing treatment is needed for magnetic multilayers with NOL. This is needed to 
activate the nano-oxide layers. This can be concluded from the fact that multilayers with
out NOL have a more stabie and higher GMR graph than samples with NOL, directly 
after deposition, and after annealing these results are vice versa. Increase of GMR ratios 
by values upto 104% have been observed by annealing samples with NOL. 

Unfortunately, in the studied samples the increase of the GMR ratio caused by the NOLs 
was not as large as expected. Camparing similar samples, for multilayers with AAF, GMR 
ratios of 7.82% have been achieved for samples with NOL, versus 6.90% for samples 
without. For conventional spin-valves, the achieved GMR ratios are 8.47% for samples 
with NOL, and 8.01% for samples without. 
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The GMR ratios of magnetic multilayers with NOL have the same temperature depen
denee as conventional ones without. They show the same relative decrease with tempera
ture, though their absolute value is larger, after annealing. 

Camparing the multilayers with NOL with conventional ones, it is necessary to distin
guish between multilayers with AAF and conventional spin-valves. For AAFs, the NOLs 
eau se a smaller hysteresis, a larger full width half maximum (FWHM), indicating stronger 
exchange biasing, and a smaller offset in zero field than the ones without NOL. For spin
valves, the multilayers without NOL have a smaller hysteresis, and a larger FWHM. 

From the resistance results it can also be concluded that nano-oxide layer can prevent 
permanent damage by atomie diffusion upto higher temperatures. 

For spin-valves in industrial applications it bas to be checked whether the value of the 
GMR increase surpasses the value of the negative side effects, a worse hysteresis curve 
and a smaller FWHM, indicating worse exchange biasing. 

1t may be concluded that the specifications of multilayers with AAF are significantly im
proved by using nano-oxide layers. They are suitable for industrial applications, at least 
upto temperatures of 200 °C. 
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Appendix A 

Full GMR graphs 

In figures A. I through A.12 all the full GMR graphs of the samples are presented. Fig
ure A.9 was already presented insection 4.5, as tigure 4.19. 
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Figure A.l: GMR graphs of samples from 01-09-99, as deposited (sample 1 and 2) 

52 



GMR films with nano-oxidelayers at elevated temperatures 
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Figure A.2: GMR graphs of samples from 01-09-99, as deposited (sample 3a and 3b) 
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Figure A.3: GMR graphs of samples from 01-09-99, as deposited (sample 4) 
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Figure A.4: GMR graphs of samples from 01-09-99, as deposited (sample 5 and 6) 
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Figure A.5: GMR graphs of samples from 01-09-99, annealed (sample 1 through 3b) 
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Figure A.6: GMR graphs of samples from 01-09-99 annealed, (sample 4 through 6) 
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Figure A.7: GMR graphs of samples trom 10-11-99, as deposited (sample 1 and 3) 
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Figure A.8: GMR graphs of samples from 10-11-99, as deposited (sample 2 and 4) 
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Figure A.9: GMR graphs of samples from 10-11-99, annealed 
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Figure Al 0: GMR graphs of samples from 24-11-99, as deposited (sample 1 and 3) 
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Figure A.ll: GMR graphs of samples from 24-11-99, as deposited (sample 2 and 4) 
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Figure A.12: GMR graphs of samples from 24-11-99, annealed 
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