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Abstract 

In this report the giant magnetoresistance effect has been studied for two types of 
systems: a) trilayer systems consisting of two magnetic layers separated by a non 
magnetic layer and b) magnetic eermet films consisting of magnetic parts surrounded 
by insulating materiaL 

a) Two series oftrilayers have been grown, one using Ni80Fe20 (Py) for both magnetic 
layers and one using Ni66Fe16Co18 for the bottorn layer and Co90Fe10 for the top 
layer. The top layer has been varied in thickness. For each thickness two equal 
trilayers have been grown. On top of one trilayer (insulating) NiO has been grown 
and on the other (metallic) FeMn/Ta. It was found that the trilayers with NiO 
showed a systematically higher giant magnetoresistance effect (GMR) than the 
trilayers with FeMn/Ta, viz. 9 and 12 % at 300K and at lOK 11 and 16% for 
respectively the Py and the Co90Fe10 trilayers. Because the trilayers have been 
grown under exactly the same condition right after each other and a correction has 
been made for the conductivity of the metallic FeMn and Ta, the difference in 
GMR can only be understood in terms of partial specular reflections of electrans at 
the ferromagnetic-NiO interface. 

b) Two types of magnetic eermet films have been investigated for their electrical and 
magnetic properties and these properties have been compared with theoretica! 
predictions. The first type of eermet films consists of FexHfyOJ-x-y and the second 
ofFexHfySizOI-x-y-z· The low Fe amount samples (typically 47 at% and 40 at% for 
respectively the FeHfD and FeHfSiO samples) revealed a tunnelling 
magnetoresistance effect (TMR), tagether with non metallic tunnel-type 
conductivity. The high Fe amount samples (typically 52 at% and 45 at% for 
respectively the FeHfD and FeHfSiO samples) show metallic conductivity and no 
TMR. The highest TMR observed is 2.02% and 3.14% for respectively the FeHfO 
and the FeHfSiO at roomtemperature and 6.76% at lOK for FeHfD. 
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Chapter 1 

Introduetion 

1.1 General introduetion 

The resistance of matter may be influenced by applying a magnetic field. This effect is 
called the magnetoresistance (MR) effect. In fact this is a collective noun for several 
effects, which can occur at the same time, depending on the type of matter. Even non 
magnetic metals will show MR, viz. ordinary magnetoresistance (OMR). This is a 
small effect which is proportional to the square of the applied field and can generally 
be neglected if any of the other effects occur. Magnetic metals and alloys will show 
anisotropic magnetoresistance (AMR). Here the resistance will depend on the relative 
orientation of the current through the sample and the magnetisation of the sample. If 
the current and the magnetisation are parallel orientated the resistance will be larger 
than in any other orientation. Since the orientation of the magnetisation depends on 
the applied magnetic field, the AMR effect depends on the angle between the applied 
field and the current. Typically this effect is less than 1%. In layered structures, where 
magnetic layers are separated by non magnetic layers another MR effect can occur 
besides AMR, viz. the giant magnetoresistance effect (GMR). In the case of GMR the 
resistance will depend on the relative orientation of the magnetisation of the magnetic 
parts, but will be independent of the angle between current and applied field. The 
resistance will be at a minimum if all magnetisations are parallel aligned, and will be 
at a maximum when all magnetisations are antiparallel aligned. There are several 
systems in which the GMR effect can occur. Two systems have been investigated in 
this report. 

The first system is a trilayer, where two magnetic layers are separated by a non 
magnetic layer, a so called spin valve. Essentially for the GMR effect to occur is a 
change in the relative orientation of the magnetisation of both magnetic layers under 
influence of a magnetic field. One of the techniques to achieve this change is the use 
of exchange-biasing, which will be explained in chapter 4. For the spin valves the 
investigation is concentrated on the possibility of specular reflections at an insulating 
toplayer. This specular reflection may occur at the large potential step between a 
ferromagnetic layer and an insulating toplayer. If there is full specular reflection at 
both outer boundaries of the spin valve the GMR could significantly be enlarged. This 
is the first time that specular reflections at the boundaries of a spin valve are 
systematically investigated. 

The second system is a compound film consisting of magnetic and insulating parts. 
These films are called magnetic eermet films. If there are magnetically isolated 
magnetic parts in these films, the so called grains, it is possible to change the relative 
orientation of the magnetic moments of the grains by applying a magnetic field. 
Without a field the magnetic moments will be randomly oriented and the resistance 
will be higher than with a field, when all moments are parallel oriented. Since the 
material between the grains is insulating, current can only flow by tunneling through 
this insulating barrier. The magnetoresistance effect that occurs is called tunneling 
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Introduetion 

magnetoresistance (TMR). The investigation of the eermet films was concentrated on 
this TMR effect and its temperature dependence. 

First the GMR effect and the Camley-Bamas model to describe it is introduced in 
chapter 2, where also the effects of specular reflections at the outer boundaries of a 
spin valve will be discussed. In chapter 3 tunneling and its history is introduced and 
the main theories descrihing the electrical and magnetic behaviour of eermet films 
will be treated. The experimental methods and equipment will be described in chapter 
4. Chapter 5 shows the results of the investigation of specular reflections at an 
insulating toplayer and chapter 6 shows the results of the investigations of the eermet 
films. 

1.2 Technological assessment 

The two investigations carried out during the graduation period have two main fields 
of application, namely (a) soft magnetic matenals and (b) magnetic field sensors. 

(a) The investigated magnetic eermet films, viz. FeHID and FeHfSiO samples, 
combine several favourable properties for low oxygen concentratien for 
application as soft magnetic matenals in flux guides or core material in e.g. 
magnetic heads. These properties are a high permeability up to high frequencies 
(typically ~100 MHz), a high resistivity and a relatively large saturation induction. 
These low oxygen samples have been investigated by Rulkens32

• In this report the 
investigations mainly concentrated on the higher oxygen amount films. These 
films exhibit a very large resistivity (~105 J.lQcm) with a not too small 
permeability of ~200. These properties make them useful as separation oxide 
between the flux guide and the magnetoresistance element (MRE), which may 
improve the efficiency considerably. 

(b) Some magnetic field sensors make use of the magnetoresistance effect. The 
earliest MRE in reading heads made use of the AMR effect. This effect is 
relatively small and seriously limits the sensitivity of the reading head. The next 
step was to make use of the GMR effect in metallic spin valves. The spin valves 
show small switching fields and relatively large GMR. One of the ways to further 
improve the GMR effect in these spin valves is to make use of specular reflections 
at the outer boundaries of the spin valve, which is one of the subjects of this 
report. This specular reileetion may occur at the large potential step between a 
ferromagnetic layer and an insulating toplayer. If there is full specular reileetion at 
both outer boundaries, then the spin valve mimics an infinite multilayer, but with 
the advantages of a high sensitivity at low fields together with the simplicity of the 
trilayered structure. Another way to exploit the GMR effect is the use of an 
insulating layer instead of the conventional non magnetic metallic layer, that 
separates the two magnetic layers (the so called tunnel junctions). In these 
junctions the current can only flow by tunneling through the insulating harrier. 
The resistance of the junction depends on the relative orientation of the magnetic 
layers, just like metallic spin valves. This effect is called tunneling 
magnetoresistance. By using a magnetic tunneling harrier, e.g. EuS, the height of 
the tunneling harrier becomes spin dependent, which can improve the TMR effect 
considerably. Values up to ~20% at room temperature have already been observed 
in tunnel junctions of the type CoFe/Al20 3/Co. In the highest oxygen amount 
eermet films TMR has been observed too. These films can be thought of as a 
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network of tunnel junctions. This makes the investigations of these samples very 
attractive from a fundamental point of view, although the maximum GMR in our 
eermet films was only 3.1 %. 
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Chapter 2 

Giant Magnetoresistance 

2.1 Introduetion 

In this chapter the giant magnetoresistance effect will be introduced. It can (qualitatively) be 
described with a simple resistor model, but for the purpose of simulations a more profound 
model is needed. Therefore the semi-classical model of Camley and Barnas is introduced. 
With this model it is possible to predict the consequences of specular reflections at an 
insulating boundary and compare these predictions with the experiments on exchange-biased 
spin valves in chapter 5. 

2.2 A simpte resistor model 

It is generally accepted that the origin of the giant magnetoresistance-effect is spin dependent 
scattering. The scattering can both take place at the boundary and in the bulk of a magnetic 
layer. The scattering-rate strongly depends on the relative orientation of the spin of the 
electron and the magnetisation of the layer. This effect is due to the 3d-band structure of a 
magnetic transition metal. In tigure 2.1 it can be seen that the 3d-bands are shifted somewhat 
with respect to each other. This causes a difference in accupation of spin up and spin down 
electrous at the Fermi-level, which causes a net magnetic moment. For bulk scattering the 
scattering takes place near the Fermi-level, so the scattering probability is proportional to the 
density of states at the Fermi-leveL Due to the different accupation of spin up and spin down 
electrous at the Fermi-level, there will be a difference in resistance forspin up and spin down 
electrons. 

(a) E 

Figure 2.1: Schematic bandstructure of a magnetic (a) 
and a non magnetic metal (b). The magnetic metal (a) 
shows a relative shift in the 3d band for spin up and 
spin down electrons. 

In the case of interface spin dependent scattering, the scattering depends on the interface 
properties of the combination of materials. The spin dependency may be caused by a different 
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potential, experienced at the non magnetic/magnetic layer interface for spin up and spin down 
electrons. One of the ways to exploit this effect of different resistance for spin up and spin 
down electrons, is the use of a spin valve in magneto-resistive sensors1

. A spin valve is a 
three-layer system, in which two magnetic layers are separated by a non magnetic layer (see 
figure 2.2a). 

ANTIPARALLEL 

a) Ml NM M2 

spin up spin down spin up spin down 

~·i 

Figure 2.2: Spin valve in antiparallel and parallel alignment. In 
(a) the paths for spin up and spin down electrans are 
schematically drawn. In (b) the (simplified) corresponding 
resistor model is shown, where the arrows indicate the spin 
orientation of the electrons. 

Within such a system the total current can be well described by the two current model, first 
purposed by Mott2

, with a current · carried by spin up electrons and a current carried by spin 
down electrons. There are two situations possible in a spin valve: an antiparallel and a parallel 
orientation of the magnetisations of the magnetic layers. In the antiparallel situation an 
electron will experience a large resistance in the layer with an antiparallel orientation of the 
magnetisation with respect to its electron-spin. In the layer with a parallel orientation of the 
magnetisation with respect to its electron-spin, the electron will experience a small resistance. 
F or a spin up electron these layers will be the opposite as for spin down electrons. So both 
kinds of electrons will experience the same net resistance. The total current wiH, in this case, 
be carried by both types of electrons equaHy. This is not the case for the parallel orientation of 
the magnetisations. An electron, say a spin up electron, with a parallel orientation of its 
electron-spin, with respect to the magnetisation, will experience in both layers a small 
resistance. But a spin down electron, with an antiparaHel orientation of its electron-spin with 
respect to the magnetisation, will experience in both layers a large resistance. The total current 
will in this case be carried for the greater part by spin up electrons. In figure 2.2b the total 
resistance for both the parallel and the antiparallel alignment is drawn. The total resistance in 
the case of paraHel magnetisations will be significantly lower than in the case of antiparallel 
magnetisations, because of the short circuit through the spin up electron current in the paraHel 
case. 

The GMR-ratio is now defined as: 
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R -R 
GMR = AP p *100% 

R ' p 
(2.1) 

where RAP is the resistance in the antiparallel aligrunent and Rp the resistance in the parallel 
alignment. 

2.3 The Camley Barnas model 

The Camley-Bamas model is based on the Boltzmann transport equation of which an 
outline follows. The general Boltzmann transport equation is: 

(2.2) 

Due to electron collisions a thermodynamica! equilibrium will be reached at an energy 
of & = t mv 2 

• In this thermodynamica! equilibrium there will he a dis tribution of velocities, 

the so-called Fermi-Dirac equilibrium distributionf0
: 

1 
fo(v) = &(v)- f.l 

exp( k T ) + 1 
B 

(2.3) 

Here 11 is the thermodynamica! potential, T the temperature and k8 the Boltzmann constant. 
The relaxation time r can he approximated by: 

(~) . = 
scattenng 

(2.4) 
r 

In a stationary situation the fi.rst term of equation (2.2) is zero. An electron will experience an 
electro-magnetic force and will be accelerated. This acceleration is the acceleration ä in 
equation (2.2) and is given by: 

e [- -] ä = -- E +v x B , 
m 

(2.5) 

where e is the unit charge of the electron and m is the mass of the electron. For the GMR
effect the terms arising from magnetic fields are neglected, since the effect of these fields is 
much smaller than the effect of the electrical fields. The deviation from the equilibrium 
distribution is described by a disturbance distri bution function g( v, r) , at position r and with 

velocity v: 
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g(v,r) = f(v,F)- / 0 (v). (2.6) 

Combining equations (2.2), (2.4), (2.5) and (2.6) yields the Boltzmann equation fora thin film 

Og(z, V) g(z, V) eEx Oj 0 (v) 
---+ =--. o z r v z mv z o v x 

(2.7) 

This equation is valid in the case of the geometry of z perpendicular to the x-y-film plane and 
the electrical field in the x-direction (see tigure 2.3 for geometry). 

Figure 2.3: The geometry fora spin valve in the Camley-Barnas model with MI 
and M2 the magnetic layers and NM the non magnetic layer. R, T and D denote 
respectively the rejlection, transmission and dijfusion coefficient, which may be 
chosen spin dependent. In the picture À is the mean free path (spin dependent in 
the magnetic layers and spin independent in the non magnetic layer). Er: is the 
applied electrical field in the x-direction. 

The Camley-Bamas model makes use of this equation to calculate the conductivity of thin 
films in a spin valve. By calculating both the conductivity in parallel and in antiparallel 
alignment ofthe magnetisations, it is possible to calculate the GMR-ratio. 

The solution for the disturbance distribution function can be distinguished in two parts: one 
forspin up electrens (t) and one forspin down electrens (~). To simplify the calculation each 
solution can be distinguished further in two situations: one for electrens with a velocity in the 
positive z-direction ( +) and one for electrens with a velocity in the negative z-direction (-) 
(see tigure 2.3). The general solution of equation (2.7) is: 

(2.8) 

The mean free paths can be calculated from the spin dependent relaxation times: 

(2.9) 
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where vF is the Fermi-velocity which is taken equal in alllayers and independent of the spin 
orientation. From the boundary conditions at the interfaces and at the outer boundaries the 
coefficients F can be determined. The boundary conditions for the outer boundaries are: 

g_ = Rg+ 

g+ = Rg_' 

(2.10) 

(2.11) 

for the top and the bottorn of the spin valve respectively, where R is the fraction of electrons, 
which reflect specularly at the outer boundaries. The remaining fraction, D= I-R, is scattered 
diffusely and does not contribute to the distribution g. Por the interfaces between the different 
layers, the boundary-conditions are: 

(2.12) 

(2.13) 

for electrons going from layer B to A in the negative z-direction and electrons going from 
layer A to B in the positive z-direction. Now there are three possibilities: a fraction of the 
electrons will be transmitted through the interface (7), a fraction will be reflected at the 
interface (R) and a fraction will be scattered diffusely (D), which leads to T + R + D = I, for 
both spin up and spin down electrons. If R andlor T are spin dependent there will be spin 
dependent interface scattering, whereas if À is spin dependent, there will be spin dependent 
bulk scattering. By using these boundary-conditions, it is possible to calculate the current 
density from equation (2.8), by multiplying with vx and integrating over v. 

(2.14) 

Using Ohm's law, it is now possible to obtain the local conductivity, 

ix (z) = a(z)E,, (2.15) 

and finally, by integrating the loc al conductivity over z, one obtains the conductance G= I IR, 
from which the GMR-ratio can be determined (see also equation (2.1 )): 

G = Ja(z)dz (2.16) 

and 

GMR = Gp- GAP *100% = /j.G *100%. 
GAP GAP 

(2.17) 

In figure 2.4 an example is given ofthe GMR-ratio in a spin valve, while varying the thickness 
of one ofthe magnetic layers. Only bulk spin dependent scattering is assumed. 
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À up FM=ÀNM=200Á 

À down FM=O.Q0001Á 

TFM/NM= 1 ;TFMNAc=0 
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0 100 200 300 400 500 

t FM (À) 

Figure 2.4: The magnetoresistance of the spin valve FM(300A)INM(50A)IFM(tA). 
The parameters are in the figure (vac stands for vacuum). No spin dependent 
interface scattering is assumed and all electrans are diffusely scatteredat the outer 
boundaries. 

As can be seen from the above figure, there will be a certain layer thickness, for which the 
MR-ratio will show a maximum. Below this maximum, the MR will increase with increasing 
layer thickness. This is caused by diffuse scattering at the outer surface, which limits the mean 
free path ofthe electrous and thus the active part ofthe spin valve which contributes to LiG. In 
figure 2.5 the local conductivity in the spin valve FM(300Á)INM(50Á)/FM(300Á) is shown. 
As can be seen only a part of the magnetic layers, viz. the part next to the non magnetic layer, 
contributes to ~cr. In fact ~cr decreases as exp(-À tt), if À t is larger than À.,~._ 
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Figure 2.5: The upper figure shows the local conductivity of the spin valve 
FM(300A)INM(50)/FM(300A) in bath parallel (a~ and antiparallel (aa~ alignment 
of the magnetisations. The solid vertical lines represent the FMINM interfaces. The 
bottam figure shows Lio= a-P- a-ap· Parameters are given in the figure. 

By integration of the local conductivity cr over the layer thickness, one gets the (total) 
conductivity G for a certain composition of layer thicknesses. The (total) conductivity of the 
magnetic layers will increase approximately linear with increasing layer thickness (see tigure 
2.6). This can be understood by consirlering the relatively decreasing influence of the 
boundaries, where non-linearity takes place, with increasing layer thickness. It can be seen in 
tigure 2.6 that LiG= GP- Gap doesn't increase signiticantly for larger layer thicknesses. This is 
the regime, with a layer thickness above the (longest) mean free path (in this case À=200Á). 
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Figure 2.6: Total conductivity of the spin valve FM(300A)ICu(50A)IFM(tA), in bath 
parallel (Gp) and antiparallel (Gap) alignment ofthe magnetisations. The conductivity in 
bath cases increases linearly with increasing magnetic layer. The inset shows L1G= GP
Gap ofthe samespin valve. Parameters are the same as infigure 2.5. 

Since the magnetoresistance depends both on the L1G and on the Gap (see equation 2.17), there 
will be a competition between the two effects shown in figure 2.6 with increasing layer 
thickness. At relatively small thicknesses (t << À t) the increase in L1G will play a dominant 
role in the MR, which will therefore increase with increasing layer thickness (as explained 
before). At larger thicknesses (t:::::: Àt) the increase in Gap will play a dominant role in the MR, 
which will therefore decrease. Between these regimes the MR will show a maximum. For 
interface spin dependent scattering there will also be a maximum in the MR. 

By increasing the amount of magnetic layers, it is possible to increase the L1G and MR, due to 
more spin dependent scattering in the bulk ofthe magnetic layers (or at the interfaces). 

2.4 The influence of speenlar reflections on ~G and MR 

When full specular reflections occur at the outer boundaries of a spin valve, the tri-layer 
structure is effectively repeated to infinity (with the magnetic layers twice as thick as in the 
original spin valve) (see figure 2.7). 
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a) 
Ü SPIN-DEPENDENT 

• SPIN-INDEPENDENT 

b) 

Figure 2. 7: Schematic representation of the electron-path (sofid fine) in a spin 
valve with (a) and without (b) specular reflection at the outer boundaries. The 
open reetangles are the non magnetic layers, the dashed reetangles are the 
magnetic layers. The open and solid circles represent respectively spin 
dependent scattering and spin independent scattering, at the interfaces. In this 
case only interface scattering is assumed. 

Specular reflections at the outer boundaries of a spin valve will manifest itself in mainly two 
ways (see tigure 2.8), viz. an enlarged MR and a shifted maximum of the MR, which will be 
explained below. 

10 

8 

~6 
0 -

4 

2 --R=1 
------------R=O 

o+---~--~----~--~--~--~----~--~--~--~ 

0 100 200 300 400 500 

t FM (À) 

Figure 2.8: The magnetoresistance of the spin valve 
FM(300A)INM(50A)IFM(t1). Parameters are the same as in figure 2.4. No 
spin dependent interface scattering is assumed. Specular rejlection (R = 1, 
solid fine) takes place at bath outer boundaries. The dotled fine shows the 
MR for diffuse scattering. 
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Giant Magnetoresistance 

First there will be no spin independent scattering at the outer boundaries, but purely spin 
dependent scattering at the interfaces between two layers. The spin dependent scattering tends 
to increases the L1G and MR-effect. As mentioned inthelast section, this can be accounted for 
by effectively more and thicker bulk magnetic layers and effectively more interfaces, where 
the spin dependent scattering can take place (see figure 2.7b). Beside this qualitative picture, it 
can also be calculated with the Camley-Barnas model. The results of these calculations are 
presented in figure 2.9, which shows the local conductivity for parallel (crp) and antiparallel 
( crap) alignment of the magnetisations for the case of diffusive scattering and full specular 
reflections at the outer boundaries. The most striking feature is the Cu conductivity, which 
depends on the alignment of the magnetic layers in the case of reflectivity. This can be 
understood in terms of the active area of the spin valve, as explained in the previous section. 
Since the mean free path of the electrens is no long er limited by diffuse scattering at the outer 
boundaries, there will be a difference in conductivity for spin up and spin down electrens over 
the total mean free path. If this mean free path is longer than the thickness of the magnetic 
layer, the electron will in fact experience a mean free path, depending on the mean free path of 
both the magnetic and the non magnetic layer and the active area of the spin valve will stretch 
out into the non magnetic layer. Furthermore it can be seen that L1cr= crp-crap in the case of 
reileetion is larger than in the case of diffuse scattering and that it extends towards the 
boundaries, whereas it decreases in the case of diffusive scattering. 

FM NM FM 
20 
18 
16 

, ........ ----------------------------- R=O 
_. -

-:::::1 
14 

co 12 . ,~ -b 10 crP I'·· 

8 -: 
6 cr 

ap 

4 

22 

20 - V ~ R=1 

:::::1 18 
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Figure 2.9: Local conductivity of the spin valve FM(75A)INM(50A)!FM(75A). rrP is 
the conductivity in parallel orientation of the magnetisations, rrap is the conductivity 
in the case of antiparallel magnetisations. The parameters are the same as before. 
The top figure represent the case of diffuse scattering at bath outer boundaries and 
the bottam figure represents the case of full specular rejlection at bath outer 
boundaries. 
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The second effect is a difference in the position of the maximum in LlG ( or MR) as a function 
of the ferromagnetic layer. Suppose that the mean free path in the ferromagnetic layer of a 
spin up electron is larger than the one of a spin down electron. Without specular reflections 
(R=O), the mean free path of spin up electrans is limited by the outer surface, so the 
ferromagnetic layer must be thick enough for the spin up electrans to reach their full mean 

free path. Thus LlG increases with a characteristic length-scale /Lt. For full specular reflection 
(R=1), the mean free path of the spin up electrans is not limited by the outer boundary, 
because they reflect specularly and therefore only a thin magnetic layer is necessary fora fully 
developed MR-effect. However, the ferromagnetic layer has to be thick enough to scatter the 
spin down electrans to experience the scattering asymmetry, which means that the 

characteristic lengthscale will be /L ,J. • Since /L ,J. is smaller than /L t , the maximum in LlG is 

expccted to appear at a smaller thickness of the ferromagnetic layer, due to the specular 
reflections. This can he seen in tigure 2.1 0, where LlG of the spin valve 
FM(300Á)/NM(50Á)/FM(tÁ) is plotted in the case of full specular reflections and in the case 
of purely diffusive scattering at the outer boundaries. It can be seen that the LlG is enlarged 
and it increases much more steeply at a smaller layer thickness by specular reflections at the 
outer boundaries of the spin valve. 
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Figure 2.10: LlG of the spin valve FM(300A)INM(50A)IFM(t1) in the case of full 
specular reflections (solid fine) and in the case of purely diffusive scattering ( dotted 
fine) at the outer boundaries. Except the effect of an enlarged LlG, the maximum 
value for LlG is reached at a smaller thickness in the case of reflection. 

A similar effect will he present in the case of interface spin dependent scattering. 

In the regime between full specular reflection and diffuse scattering, where R varies between 1 
and 0, the before mentioned effects will appear only partially. The same is true for specular 
reflections at only one boundary. Then the spin valve is effectively replaced by a symmetrie 
spin valve (FM/NM/FMINM/FM), with the middle ferromagnetic layer twice as thick as the 
original FM layers. 
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Chapter 3 

Tunneling 

3.1 Introduetion 

In this chapter the history of thin granular, metallic, amorphous films is described and the 
development towards the idea of tunneling magnetoresistance in the case of magnetic films. 
Theories are presented and specific behaviour is predicted to cernpare the theories on 
granular, metallic thin films with the results on the Fe-Hf-(Si)-0 - films in chapter 6. In the 
last sectien a summary on the main results of the theories are presented and compared with 
each other. 

3.2 Bistory of granular metallic films 

When consiclering the history of granular metallic films, one can see a simultaneous 
development of granular films and tunnel junctions. Although they differed much in the early 
stage of development, in a later stage they grew more and more together. 

Since the beginning of the century3 until the sixties, there has been interest in utrathin metallic 
films, which consisted of metallic is lands ( see tigure 3.1 ). 

metallic islands substrate 

Figure 3.1: Schematic cross-section of an ultrathin metallic 
film, consisting of a substrate, on top of which the metallic 
islands are grown. 

One found a resistive behaviour, which differed very much from the bulk metallic resistive 
behaviour. The conductivity was greatly reduced and the resistance showed a negative 

4 temperature dependence. In 1962 Neugebauer and Webb were the first to make the 
conneetion between the negative temperature dependenee and tunneling. Their model starts 
with thermally activated charge creation on originally neutral grains, which requires a certain 
charging energy, dependent on the size of the particle. Then, by applying an electrical field, 
the probability for tunneling in the direction of the field is increased, whereas the probability 
for tunneling in the opposite direction is decreased, thereby creating a drift velocity, which is 
responsible for the net charge movement They found that the conductivity depended 
exponentially on the reciprocal temperature. 
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A next generation of investigators were interested m composite materials of metals and 
insuiators (see tigure 3.2). 

insulating matrix 

Figure 3.2: Schematic cross-section of a composite 
material, existing of metallic grains and an insulating 
matrix. 

These materials were used as electrical resistors, because of their high resistivities and low 
temperature coefficients of resistivity. Sheng and Abeles5 showed in 1972 that another 
mechanism could be responsible for charge-creation (besides thermal activation), namely 
field-induced charge creation. By using a large electrical field at 1ow temperatures, field
induced tunneling becomes the dominant mechanism for conduction between the (initially) 
neutral grains. They found, in corporation with Arie6

, in the low-field regime an exponential 
relation between the conductivity and the square root ofthe reciprocal temperature. 

In the mid-seventies the field of investigation was shifted towards the percolation conductivity 
in the eermet films. The non-magnetic metals were .partly replaced by magnetic metals (see 
tigure 3.3). Gittleman, Goldstein and Bozowski were the first ones, to discover a 
magnetoresistance effect in these films in 1972. Helman and Abeles8 introduced in 1976 an 
extra charging energy, due to a non parallel alignment of magnetic moments of neighbouring 
grains, between which electrans can tunnel, to explain their magnetoresistive behaviour. This 
extra energy can he thought of as a magnetic exchange energy, and depends on the applied 
magnetic field. For a temperature dependenee of the magnetoresistance, they predicted (by 
approximation) a linear re lation between the magnetoresistance effect and the reciprocal of the 
temperature. 
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insulating matrix 

magnetic grains 

Figure 3.3: Schematic cross-section of a magnetic eermet film 
close to the perco/ation limit. The arrows inside the grains 
indicate the magnetisation of the grains. 

Tunneling 

The history ofmagnetic tunneljunctions (see figure 3.4a) starts more recently than the history 
of granular films. 

ANTIPARALLEL 
a) 

b) 

B=O 

magnetic 
metal 

oxide 
harrier 

PARALLEL 

B ) 

Figure 3.4: Schematic presentation of a magnetic tunnel junction (a) and a 
magnetic eermet film on a small scale (b), bath in an "antiparallel" and a 
parallel alignment. 

It started in the late sixties, inspired by the investigations of small superconductors 9• J ulliere 10 

showed a simple model, based on spin-polarisation of both ferromagnetic layers, to calculate 
the magnetoresistance effect in the junction. More recent other effects have been predicted 
and examined. Slonczewski 11 deals with two more phenomena. The first is the Heisenberg
like interfacial exchange coupling energy, which prediets a magnitude and sign dependenee 
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on the height of the harrier and the Stoner splitting in the ferromagnets. The second effect is a 
dissipative interfacial exchange interaction proportional to the extemal voltage. Even more 
recently temperature dependent measurements1 

'
13 have been performed on tunnel junctions, 

which support the idea of tunneling of electrous between the electrades of the junction as the 
bases of the giant magnetoresistance effect. Tunnel junctions show non-volatile memory
effects and large TMR (tunneling magnetoresistance), so they could be used as magnetic 

14 sensors and memory-elements . 

Inspired by the recent developments in the magnetic tunnel )unctions, the investigation round 
the (magnetic) percolation in eermet films has revived15

'
16

'
1 

. Inoue and Maekawa18 presented 
a theory in 1996, which prediets a rather small temperature dependenee of the 
magnetoresistance, in spite of the predictions by Helman and Abel es mentioned before. 

By looking at the granular films at a small scale, say 100 A, one finds a kind of tunnel 
junction. The electrades are formed by the ferromagnetic clusters, and the insulating material 
among them acts as the tunneling harrier (see tigure 3.4b). Switching between parallel and 
(more or less) antiparallel state of the junction is achieved by applying an extemal magnetic 
field. The magnetic eermet films can thus be considered as a network of small tunnel 
junctions. Because the grain sizes may vary within one film and the relative orientations of the 
magnetisations of the grains will also vary, one has to take into account a certain distribution 
for both items. 

Recently investigations19
'
20 on magnetic eermet films also concentrate on applications as soft

magnetic materials in magnetic reading heads. In a certain composition regime the films are 
highly resistive and have good soft magnetic properties, with the permeability being 
frequency-independent into the giga-hertz region. 

3.3 Theory of granular materials 

3.3.1 Introduetion 

In this section the different theories will be presented, which describe the behaviour of 
granular materials. But before these theories are presented, first the different regimes of 
eermet films and the activation energy will be introduced, because they will play an important 
role in all of the following theories. The first presented theory is the one of Neugebauer and 
Webb4

, which prediets the temperature dependenee of the conductivity. Then the theory of 
Abeles et al. 36 will be presented, which prediets a different temperature dependenee of the 
conductivity in the low-field regime and the influence of the electrical field on the 
conductivit~ in the high-field regime. The third theory presented will be the one of Helman 
and Abeles , which describes the temperature dependenee of the magnetoresistance and the 
relation between magnetoresistance and magnetisation. Finally the theory of Inoue and 
Maekawa18 will be presented, which prediets a different temperature dependenee of the 
magnetoresistance and its relation to magnetisation. 

3.3.1.1 eermet films 

Cermet films are composite films, which consist of metallic (possibly magnetic) and 
insulating parts. Depending on the ratio metallic-insulating volume, they are divided into three 
regimes (see tigure 3.5), viz. the metallic, transition and diclectric regime. Films, which 
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consist mainly of metal, will have small isolated, insulating clusters imbedded in a metallic 
matrix. This regime is called the metallic regime. Current will flow by conductance of the 
metallic matrix. Films, which consist mainly of insulator, will have small isolated, metallic 
clusters imbedded in an insulating matrix. This regime is called the dielectric regime. In this 
regime current can only flow by tunneling from one isolated metallic grain to another. 
Between these regimes lies the transition regime. Here current can flow through the connected 
metallic parts, but can also tunnel to isolated metallic grains. 

metallic insulating 

a) 0 c) 

metallic regime transition regime dielectric regime 

Figure 3.5: Schematic cross-section of the different regimes in eermet films. Part 
(a) shows the metallic regime, in which isolated insulating clusters are surrounded 
by a metallic matrix. Part (c) shows the dielectric regime, where the isolated 
particles are metallic and the matrix is insulating. In part (b) the intermediale 
regime is shown. 

The theories presented will deal with the dielectric regime, unless stated otherwise. 

3.3.1.2 The activation energy 

In all of the following models a (thin) film consists of granular metallic particles, which are 
surrounded by an insulating matrix. Now consicter a metallic partiele of size d, surrounded by 
neighbouring metallic particles with a average separation s (see figure 3.6a for a schematic 
presentation of the geometry). 

a) 

(] 

0 

b) 

Figure 3. 6: Schematic geometry of a thin film consisting of smal! metallic 
particles. Part (a) shows the physical geometry and part (b) shows the 
approximation for calculating the activation energy. 
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Because of the insulating matrix between the metallic particles, also called grains, the 
particles are electrically isolated from each other. If on the central grain in figure 3.6a a charge 
carrier is created (by thermal activation), it cannot simply drift away from the grain because of 
the insulating borders. In order to remove an electron from the grain to infinity a certain 
amount of energy is required. This energy is equal to the total energy stored in the 
electrastatic field of a positively charged metallic grain. There are two main ways for 
providing this energy: thermal activation and electrical field activation. Their relative 
importance is given by the ratio kT/eiJV, where LJV is the voltage drop between adjacent 
particles. In the case of a weak electrical field (when the voltage drop, LJV, between adjacent 
metallic grains is much smaller then kT/e), charge carriers are thermally activated. For large 
electrical fields (LJV >> kT/e), the tunneling will be field-induced. To calculate the 
electrastatic energy Ees' it is assumed that all of the energy is stored in the space between the 
central metallic partiele and its nearest neighbours. For simplicity the geometry of figure 3.6a 
is replaced by the geometry of figure 3.6b. Then Ees can be calculated by elementary 
electrastatic theory: 

1 (d+2s)/2 ( 2 ) 2 

f e 2 e 
Ees =-& 24 4nr dr= d , 

8.1r dt 2 & r sd(-z+s) 
(3.1) 

where & is the dielectric constant of the insulator. In the case of charge carrier generation, a 
pair of negatively and positively charged metallic particles are created. By neglecting the 
interaction between the pair, the charging energy is given by 

Eo= 2E =~[2(s/d)]· 
c es d s(t+-J) (3.2) 

This is the energy required, to create a pair of fully dissociated positively and negatively 
charged particles. It is customary to write Ec0 in the form Ec0=2e2/Kd. K is the effective 
dielectric constant and from equation (3.2) follows that K=&(l +(d/2s)). To create a pair of 
neighbouring charged particles, the energy E/ is needed, which can be approximated by 
Ec0!2. This is the energy needed to create charge carriers, when a large electrical field is 
applied, whereas an energy of Ec0 is needed in the case afthermal creation. 

Another way to calculate the activation energy is to look at the capacitance of the grains. First 
the tunnel junction is considered. In order for an electron to tunnel from one electrode to the 
other electrode in a junction, it is necessary to provide a charging energy Ej=i /2Ce , where Ce 
is an effective junction capacity. In a normal roetal this capacity, given by the junction 
capacity Cj (Cj=KA!4JrLj , Kis the dielectric constant, A the area of the junction and Lj (=s) 
the thickness of the insulator) is very large, so the charging energy is negligible. But in the 
case of an electron tunneling into an isolated grain, the effective capacity becomes 
Ce=Cj.Jrd2/4A, for Lj<<d and Ej need no longer be negligible. It is now possible to calculate 
the effective dielectric constant and campare it with the effective dielectric constant found 
before. Here the effective dielectric constant K=&!8(d/s) and previously it was derived that 
K=(d2Xl +(d/2s)) which simplifies in the case of s<<d toK= d4(d/s). In this special case the 
effective dielectric constant differs by a factor 2, which is also the minimum deviation. 
Because ofthe finite charging energy Ej, the electrons, which tunnel into the isolated particles, 
must have energies at least Ej above the Fermi-level ofthe roetal continuurn and for an reverse 
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voltage, under which holes are injected from isolated particles, the holes must have energies at 
least E1 below the Fermi-leveL 

The effects of the charging energy will be manifested in both the temperature and the 
electrical field dependenee ofthe conductivity. 

3.3.2 Temperafure dependenee of conductivity (Neugebauer and Webb) 

In this model a film consists of a planar array of many small, discrete metallic particles or 
islands of dimension r, separated by average distances R, which arealso small (see figure 3. 7). 

metallic islands substrate 

Figure 3. 7: Schematic top-view of a film. The 
average grain size is r and the average distance is R. 

At equilibrium and at any temperature above OK, a certain number of particles are charged, 
having lost or gained an electron to or from initially also neutral neighbouring particles. If the 
activation energy is supplied only thermally, the equilibrium number of charge carriers will be 
of the order of 

n = Ne-dkT 
' 

(3.3) 

where N is the total number of particles in the film and & is the effective activation energy. In 
this model the approximation Ec0r::;i/r is used (see section 3.3.1.2). The interaction between 
the charges has been neglected, which is indeed negligible for kT<<&, in other words: for 
n<<N (see equation 3.3). · 

The probability for an electron to tunnel from one negatively charged island i to a 
neighbouring, neutral is land j is proportional to density of occupied states in is land i and the 
density ofunoccupied statesin islandj: 

"' 
P oc J D/;(1- f)dE, (3.4) 

-of) 
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where fis the Fermi-function and D is the transmission coefficient, depending exponentially 
on the distance between islands. By applying an electrical field, the probability for electrens 
to tunnel in the direction of the field increases, whereas the probability for electrens to tunnel 
in the opposite direction decreases. The relative position of the Fermi-levels of neighbouring 
islands in an applied field is illustrated in figure 3.8. 

A
eV i .. 

h 

E 

8 
---- -i 

y eV 

Figure 3.8: Relative position of the Fermi-levels of neighbouring islands. 
Is land i carries a negative charge which is about to make a transition. V is the 
potential drop between the is lands, E is the applied electrical field and & is the 
relative Fermi-level ofthe island. 

Then the net probability of a transition between islands in the field direction due to an applied 
field is: 

(3.5) 

where the subscript V denotes the applied potential drop between two particles. Using the 
appropriate Fermi-function, one gets for the transition probability in the field direction i ~ j 
(see also figure 3.8) : 

00 

1 ( 1 ) 
P+V rx D J 1 + eE!kT 

1- 1 + e<E+eV)IkT dE (3.6) 
-00 

and for the transition probability against the field direction i ~ h: 

00 

1 ( 1 ) 
P_v rx D J ElkT 1- (E- V)lkT dE· 1+e 1+e e 

(3.7) 
-00 

In order to take D outside the integral, low fields are the second restrietion in this model. This 
is the case when the voltage drop, L1V, between adjacent metal grains is much smaller then 
kT Ie. 

By integration one gets: 
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P n( eV eV ) 
net OC 1_ e-eV/kT + 1- eeV/kT (3.8) 

which reduces to 

Pnet oc De V, (3.9) 

which is the net amount of transitions per area per second. If the cross-sectional area of an 
is land -r2

, then the transition probability from one is land to the next becomes Pr ex: Dr2 eV. 
The time neerled for such a transaction is r = l!Pr, leading to the velocity of charge carriers RI 
r = RPr The mobility ofthe charge carriers in the applied field T/ïR is 

2 2 2 
j.1 = R P r oc Dr eR . (3.10) 

Since the charge carrier concentratien is (see equation 3.3) 

1 ( e2 Ir) n, = ~exp --u , (3.11) 

the conductivity (cr = nef.!) becomes: 

(3.12) 

This is only true for E>>kT. Since E depends on r, there is a limitation in partiele size for 
which the expression holds. Using the proper expression for the activation energy (equation 
3.2), it is possible to estimate this partiele size range. Assuming r =Rand E = 4.5'10-11 (a 
relative dielectric constant of 5), one finds that r << 1 0-7m at room temperature. This seems 
reasonable, since typical partiele dimensions are a few nanometre. Within this range cr~ 

(1/r)exp(-1/r), so cr increases with increasing partiele size. This is in agreement with the idea 
of a smaller activation energy for larger particles, which will increase the number of charge 
carriers at a certain temperature and thus the conductivity. 

It is thus predicted that the conductivity of a film consisting of discrete islands is independent 
of the applied field and varies exponentially with the reciprocal temperature, under the 
assumptions that kT<<& and L1V << kT/e. 

3.3.3 Temperature and field dependenee of the conductivity (Abeles et al.) 

This model is based on the following picture: there are isolated, small metallic particles, with 
an average size d0, between which the electrical transport takes place by tunneling. Although 
the film is uniform on a large scale, the size and distance between the particles may vary on a 
small scale. The average distance between the particles is s0 (see figure 3.9). 
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Figure 3.9: Schematic cross-section of a cermet-film. The diameter of a 
metallic grain is d and the separation between two neighbouring grains is 
s, with an average of respectively d0 and s0. The film is homogeneaus on a 
large scale, although on a smal! scale diameter and separation vary. 

In order to place an electron on an isolated partiele of size d a charging energy is required of 
the order Ec-/ I(Kd) (Kis the effective dielectric constant of the granular metal). The electron 
has to be removed from one neutral metal grain and placed on another neutral metal grain, 
thereby producing a pair of positively and negatively charged grains (see figure 3.10). 

a) 

metal partiele oxide harrier 

b) D T s 
YzE/l 

........................... 8 
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••••• 
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I 

Figure 3.10: Schematic representation ofthe Fermi-levels befare (a) and after 
(b) (field induced) tunneling of an electron from initially neutral grains. The 
tunneling leaves one grain positively and one negatively charged. The created 

24 



Tunneling 

hole and electron wil/ drift towards the electrodes, because of the electrical 
field ( &}. The voltage drop between adjacent grains is L1 V. 

Due to the fact that every metal grain has a cayacitance, such a process of carrier-generation 
requires a non-negligible charging energy Ec-e Ie, where c is the capacitance of the grain ( see 
section 3.2.1.2 for more details). 

The density of the charge carriers, whose generation requires a charging energy E/, is 
proportional to the Boltzmann-factor exp(-E/ 12kT) (2kT instead of kT because of the law of 
mass action21

). At temperatures near T=OK almost all the grains are electrically neutral and a 
current can only be attained by applying a large electrical field. Charge carriers are generated 
by the electrical field, whenever the potential difference between two neighbouring grains is 

I larger than Ec Ie. 

In the following the rule sEc=constant is derived, which only depends on the volume fraction 
x of the metal and the dielectric constant of the insulator. 

The metal grains are formed by surface diffusion of sputtered metal atoms and insuiator 
molecules. So the relative volume fraction of metal and dielectric is expected to be uniform, 
when averaged over a volume larger than a few surface diffusion lengths ( -1 Onm). Because of 
this uniform composition, the larger grains are expected to be separated further than small 
grains. Further the grains are assumed to be roughly uniform in size inside small regions of 
the sample (but can vary from one region to another). This implies that within such a region, 
the grain size d should be proportional to the grain separation s. This is illustrated for the one
dimensional case in figure 3.11. From these assumption it follows that the quotient s/d is 
constant. 

a) 

b) 

X=O.S 

s 
I( >I 

Figure 3.11: Schematic one-dimensional illustration of the idea that the 
ratio of metal partiele separation s and metal partiele size d is only a 
function of the volume fraction of the metal, X The average partiele size in 
(b) is I. 75 times bigger than in (a). 

Since Ec=(ild)F(sld)) (see section 3.3.1.2), a constant ratio s/d leads to the rule 
sEc =i (sld)F(sld) =constant for a given granular metal composition. 
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In order to carry out calculations a distribution-function D(s) is required. D(s) has to meet 
"' 

certain requirements: it must vanish in the limits of s~O and s~oo, and J D( s )ds = 1 . In the 
0 

following D(s) will be expressed in the form of D(s)=g(s)D0(s), whereD0 ( s) = ( ~ )e -y.o, and 
So 

s0 is the most probable value of s. 

(I) Low-field regime 

In this regime thermal activation is the main mechanism, responsible for charge-carrier 
creation. The assumption is made that the generated positive/negative pair of grains is roughly 
of the same size, so that each contributes about half of the charging energy E/. The number 
density of charge-carriers with charging-energy Eca· is proportional to the Boltzmann-factor 
exp(-E/12kT). The charge is inhibited to tunnel to a much smaller grain with Ec0 >>E/ 
because the charge has insufficient energy. The charge will therefore tunnel to grains with 
E; :s; E;', thereby taken the path of largest mobility. Because sEc0 =constant, smaller Eco 

means a larger separation. A larger separation means a smaller tunneling probability, so the 
optimalJ?ath (also called the percolation path) will be the path for which Ec0 deviates least 
from Ec0

• This means that from the total D(s) only those s contribute to the conductivity fora 
certain Ec0 

• , which are nearly equal to s '. There will be a certain number of paths for E/, 
which satisfy this condition fors (see figure 3.12). Taken into account the distribution of E/, 
there will be a distribution function for densities ofpercolation paths, fJ(s). 

q_ 0 o_0 _o 0 0 
·r.::... ....... 0... . ... ·r.;:.......... . .... . 
V v . 

Figure 3.12: Illustration of a distribution D(s) with percolation paths for s 
(solid lines) and s* (dashed lines), with s<s*. Within the sample there will be a 
certain density of percolation paths fJ, which depends on s. 

The corresponding mobility is proportional to the tunneling-probability exp(-2xs '), where s' 
I 

=const/ Eco and x = [ 2 ; cp Y with cp denoting the effective barrier-height. The totallow field-

26 



Tunneling 

conductivity, aL, is the sum over all percolatien paths of products of mobility, charge and 
number density of charge-carriers. 

00 00 

aL oc Jp( s)exp[ -2xs- ( E; I 2kT J]ds = Jp( s)exp[-2xs -(C I 2xskT J]ds (3.13) 
0 0 

where C=xs Ec0 is a constant. Now consicter the function f(s)=-2xs-C12kTsx, than f(s) is a 
peaked function and we can make a Taylor expansion round the maximum value 

s = -1
- re. This maximum value Sm is responsible for the dominant contribution in the 

m 2x vu 
conductivity and is proportional to 1/Vr. Keeping in mind the rule sE/=constant and 
sld=constant it fellows that the dominant contribution to the conductivity at high 
temperatures is due to tunneling through small separations, s. Small s means small grains (d), 
which will have large Ec0

. At low temperatures the dominant contribution comes from 
tunneling through large separations, corresponding to large grains and small Ec0

. 

When neglecting terms of third or higher order, one can simplify expression (3.13). Then exp 
[f(s)} becomes: 

(3.14) 

The second exponential is a Gaussian with a width Lis=(ll(2v'2))X(CikT)114
• If fi(s) is now a 

broad function of s, than aL can be approximated by: 

The Gaussian integral is performed under the condition that ClkT> > 1. A typical value of C is 
0.5 eV3

, which leads to a ratio ClkT::::: 19 for T=300K. So the condition is reasonably good 
fulfilled. For simplicity, the temperature dependenee of the pre-exponential factor can as a 
first approximation be neglected, leading to: 

(3.16) 

where a0 is a temperature-independent constant. Under the above mentioned condition ( ClkT 
::::: 19 for T=300K) it is indeed allowed to neglect the temperature dependenee of the pre
exponential factor. 

(II) High-field regime 
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Now both charge-generating processes will be active (viz. thermal activation and field
induced tunneling, see section 3.3.1.2). By applying a large electrical field, the electrical 
conductivity bëcomes highly non-Ohmic, which is a direct manifestation of the fact that field
induced tunneling has replaced thermal activation as the dominant charge-generation process. 
Due to the field, there will be equipotential surfaces in the sample, roughly perpendicular to 
the extemal field, thereby dividing the sample in layers of thickness W.30 +d0 (see figure 
3.13). 

I< w :>I . , / Equipotential 
.... ... Q ,.· .... Jt.- surface 

c:>\ 0 ·······~ ~ c:::>\ 

o( o ! o )o( 
o o/o !o 
o: 0 l) 0 (\ 0\ 
o oio \o ,\ 

o)o ~~~-0 

0 1 ( CJ .. / ! metallic grains c:::>. ... . .. : 

Figure 3.13: Schematic illustration of equipotential surfaces 
( dotted lines) in a granular metal, when an extern al field ( e) is 
applied. Significant voltage drops occur only between pairs of 
grains that are situated on different layers. 

The assumption is made that the electrical field will cause a potential difference between 
neighbouring grains (in different layers) L1V=Ew. First the case is considered of T=OK, later 
on a brief discussion will be presented for T>OK. 

T=OK 

The tunneling ra te, r( s ), is the number of electrons, which tunnel from a grain in one layer to a 
neighbouring grain in the next layer per unit of time. It is the sum over all energies of 
products of tunneling probability, density of states and the frequency at which the electrons 
strike the harrier. Furthermore one has to take the geometry of the system into account, as 
well as the allowed energies for the initial and final states of tunneling. Then the tunneling 
rateis given by (assuming a rectangular-shaped and field-independent harrier): 
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00 

r( s) = }'G f B( E J[ 1 - B( E + e/1 V - E;) ]v exp[-2 xs )p( E )dE . (3.17) 
-00 

Here ris a geometrie factor, which accounts for non planar barrier-tunneling, Gis the grain 

volume, E the electrical energy, p(E) the density of states, x= [ 2 m( rp- E) I rz 2 r2 
and V is 

the frequency at which the electron strikes the harrier, with v= 1 I(Gp(E)h) (h is Plancks 
constant multiplied by 2n). The function B(x) is defined in such a way that B(x)=O for x>O and 
B(x)= 1 for x<=O, to ensure that the energy of the tunneling electron is conserved and that the 
initial state contains an electron and the final state is unoccupied. The temperature dependenee 
of x can be neglected, because the harrier height rp is significantly higher than eLl V. Equation 
(3 .17) can than be rewritten: 

r(s)= ~ exp(-2xs)(e!1V-Ec)*U (3.18) 

- r ( 2 )( AV c )* {0 Cl2e!>Vz;?.s - - exp - XS eu - -- I C!2et>Vz<s 
h 2xs 

where the relation C=xs Ec
0 and E/ =Ec

0
12 have been used. From equation (3.18) one can 

see that there is a voltage threshold below which no tunneling can take place (L1V >E/ Ie), or: 
electrans will only tunnel through harriers with thickness s>= Cl2xeL1V. Because of the 
exponential behaviour of the tunneling rate, the dominant contribution will be due to 
tunneling through harrier thicknesses s= Cl2 xeL1 V. 

The next step is to consider the high-field current density iH· Assuming the recombination 
length ofthe electron-hole-pairs to be /, than iH can be written as: 

1 00 

JH = 2e-Nl Jr( s)D( s)ds, 
2 0 

(3.19) 

where (1 12)N is the number of pairs of metal grains per unit volume. By substituting (3 .18) in 
(3.19), and assuming that 112xs0<<1, and that g(s) is a slowly varying function of s, one gets: 

CY = JH = CY exp[- Eo] 
H E 00 E ' 

(3.20) 

with CY oo = e2 ly I [ w2 (2xs0 + 1/ h] and E0 =Colew=C(l + 11(2xsoJiew. Equation 3.20 says that 

the high-field conductivity is temperature independent and is proportional to exp(-11E). A 
higher field would then lead to a larger conductivity, which seems to be reasonable. 
Furthermore the equation tells sarnething about the relation between the applied potential and 
the current, which will flow. The current will be (approximately) be proportional to exp(-11V), 
with V the applied voltage. So by performing a simple /- V-measurement it is possible to check 
in which regime one is measuring, the high-field or the low-field regime. If the /-V-
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measurement shows non Ohmic behaviour the measurement has been performed in the high
field regime, whereas Ohmic behaviour will be shown in the low-field regime. 

T>OK 

For the sake of completeness a brief discussion will follow about the (quantum-mechanical) 
complications of a non zero temperature. The first is the non zero accupation of the energy
levels above the Fermi-leveL Now one has to deal with the Fermi-function instead ofthe B(E)
function earlier introduced (see equation 3.17). This implies that the tunneling rate becomes 
temperature dependent, which leads to a temperature dependenee of the high-field 
conductivity. The second complication is the quantisation of electronic motion in a quanturn 
well (here a metallic partiele ). Because of the discrete energy levels, it is sametimes necessary 
for an electron to loose or gain a certain amount of energy to reach the dosest unoccupied 
state of a neighbouring partiele (see figure 3.14). This is the case when the difference in 
energy between the initial (occupied) energy state and the final (unoccupied) energy state,&, 
is smaller than the discrete separation of energies 5. 

occupied 
insuiator metal 

Figure 3.14: Schematic representation of the discrete energy levels of the metal 
particles. The energy difference between the initia! ( occupied) and fin al 
(unoccupied) state, &, is smaller than the discrete energy level separation 5, so the 
electron has to gain the energy L1E to tunnel to the final state. 

At finite temperatures this energy exchange is possible with phonons. This process is called 
phonon-assisted tunneling. The probability for such a process to occur is expected to increase 
with increasing temperature and thus leads to a second temperature dependenee of the high
field conductivity. 

3.3.4 Temperature dependenee of magnetoresistance (Helman and Abeles) 
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So far all considered theories dealt with non magnetic materials. Here ferromagnetic eermet 
films and the influence of the magnetic behaviour of the grains on the conductivity are 
considered. 

In this model the grains are ferromagnetic and surrounded by insulating materiaL The granular 
metal is represented by a conductance netwerk, in which the metal grains are interconnected 
by conductances ofthe form 0"5 ocexp (-2zs- Ec

0
12kT) (see sectien 3.3.4). In this model, when 

the metal grains are ferromagnetic, there is an extra energy EM needed, besides E/, to 
generate a pair of charged grains. This extra energy E M can be thought of as a magnetic 
exchange energy which arises when the magnetic moments of the grains are not parallel and 
electron spin is conserved in tunneling. Then a;. can be written as 

0 0 
o-s(H, T} oe exp(-2zs){Ih(l +P)exp[-(Ec + EJ.JI2kT} + Ih(l-P)exp[-(Ec - EJ.JI2kT}}, (3.21) 

or, more compactly, 

o-s(H,T) = a"s(O,T)[cosh(EM/2kT)- Psinh(EM/2kT)j, (3.22) 

The coefficients Ih(l +P} and Ih(l-P) are the probabilities that an electron tunneling from grain 
1 to grain 2 has its spin orientation parallel and antiparallel, respectively, to that of grain 1. 
Equation (3 .21) expresses that if the moments of grain 1 and grain 2 are antiparall el, that an 
extra amount of energy E M is needed for an electron to tunnel from grain 1 to 2, if its spin is 
antiparallel to the moment of grain 2. If its spin is parallel to the moment of grain 2, there is 
an amount ofEM less needed to do so. This idea is consistent with the more recent idea of spin 
dependent scattering, which prediets a higher scattering probability for electrens with their 
spin antiparallel to the moment of the grain they are tunneling to, than for electrens with their 
spin parallel. This leads to a higher resistivity in the case of antiparallel moments of the grains 
than in the case of parallel moments. In other words: there is more energy needed for electrens 
to tunnel to a grain when their spins are antiparallel to the moment of that grain, than when 
they are parallel to the moment of the grain. 

The conductivity is then given by 

CY(H,T) = o-s(O,T){cosh(EM/2kT)- Psinh(EM/2kT)}. (3.23) 

The magnetoresistance, given by iJ.pP = -[o-(H, T)-o-(0, T)]/o-(H, T}, ts then given by 
(neglecting all secend orderand highertermsof equation 3.23): 

(3.24) 

The magnetic exchange energy EM can be expressed in termsof the spin correlation function 
of two neighbouring grains: 

E M = t J[ 1 - (SI . s 2) I s 2] ' (3.25) 
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- -
where the spins S1 and S2 have the same magnitude, equal to S. 

In a system of granular magnetic materials two transitions of magnetic ordering can take place 
(see tigure 3.15): 

(1) a paramagnetic-superparamagnetic transition at temperature T0 where magnetic 
ordering takes place in each grain, but there is no need for magnetic ordering between 
the grains 

(2) a superparamagnetic-ferromagnetic transition at temperature TM<=T0 where intergrain 
magnetic ordering takes place. 

a) @ b) 

wG 
c) 

00 ~ 
@~ CS)CD8 000 @ :~.-

@ 8 0 
paramagnetic su perparamagnetic ferromagnetic 

Figure 3.15: Schematic overview ofthe different kinds ofmagnetism which can occur in and 
between the grains. Part (a) shows paramagnette behaviour within the grains, without any 
coupling between the different grains. Part (b) and (c) show superparamagnetic behaviour of 
the grains, respectively without any coupling between the grains and with ferromagnetic 
coup/ing. 

The molecular-field theory is used to approximate the spin correlation function in equation 
(3.25). In the case where all grains are ferromagnetically coupled, 

(3.26) 

with L(a) = coth(a) -11 a the Langevin-function, a=j.JlllkT + 3(TITAdL(a) and J.1 = nflJ.lo, J.1 
being the magnetic moment of the grain, n the density of magnetic moments, J.lo the magnetic 
moment per atom and n the volume of the grain. In the case of superparamagnetic grains, the 
spin-correlation function becomes 

(3.27) 

For the magnetoresistance one can write in the case of ferromagnetically coupled grains 

2 2 LJpjJ = -(JP14kT)[m (H,T)-m (O,T)] (3.28) 
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and in the case of superparamagnetic grains 

LJp/p = -(JP/4kT)L2(jill/kT) (3.29) 

Thereby is assumed, that the temperature is sufficiently high, so that the superparamagnetic 
grains do not become blocked. In practise, the films are expected to show a mixture of both 
behaviours. 

3.3.5 Temperature dependenee of magnetoresistance (Inoue and Maekawa) 

The basic new idea of this theory is the angle-dependence of the tunneling probability. The 
model is based on the mechanism of the TMR in ferromagnet/insulator/ferromagnet 
(FM/I/FM) junctions. In the FM/I/FM junctions, the tunneling conductance Gis given by 

G = (ilh) /T/2, (3.30) 

where e is the electronic charge and / T F is the transmissioncoefficient. Let (} be the angle 
between the magnetisations, M 1 and Mb of the two ferromagnets. Th en 

(3.31) 

where 

(3.32) 

and 

(3.33) 

Here D u (a= 1, J) is the density of states at the F ermi -energy E F for electrons with spin a and 
s, m * and V are the thickness of the harrier, the effective mass of electrons and harrier height, 
respectively. The magnetoresistance ratio is defined as 

G(Of1 
- G(Hf1 G(O) 

MR= =1---
G(Of1 G(H)' 

(3.34) 

where G(H) is the conductance in an extemal magnetic field H. When the angle (} is varied 
from n to 0 by an extemal field, the MR-ratio for FM/I/FM junctions is 2r 1(1 +r). To apply 
the above theory to granular films, with randomly distributed s and (} one must average over 
these quantities. Furthermore, one must take the charging energy into account. Then the 
conductance can be written as 
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G =Ga Jf ds dBf(s)g(B)(l + P 2 cosB)e-z~a-EclkT, (3.35) 

where G0 is the conductance when P = 0, and f(s) and g( B) are distri bution functions. Then the 
average over s and Bis taken, making use of the rule sEc = constant = C, and assuming that 
tunneling takes place via paths, which makes the exponential factor largest (see section 3.3.4). 
The final result of this is 

(3.36) 

The exponential factor dominates the temperature dependenee ofthe resistivity. The MR-ratio 
IS g1ven as 

(3.37) 

Heremis the relative magnetisation ofthe system. This becomes ~ Ym2 for small values of P, 
which is proportional to m2 and becomes r for sufficiently high fields. 

If the magnetic grains behave as superparamagnets, the MR-ratio will depend only weakly on 
temperature through the Langevin-function. A phase-transition toa ferromagnetie state would 
decrease the MR-ratio at lower temperatures, since the magnetie field is unable to reorient the 
magnetic moments of the grains. 

3.4 Summary 

In this section the above mentioned theories will be summarised and compared with each 
other (see also table 3.1). 

For the temperature dependenee of the conduetance there were two predictions: first the 
prediction of Neugebauer and Webb, stating that In( 0') IX T-I, and second the prediction of 
Abeles et al., predicting ln(O') IX T -1/2. The difference between the two theories is the 
assumption of the rule sEc=constant, in the theory of Abeles et al. This leads to a restrietion 
in paths for the electrons, which leads to a different temperature behaviour of the 
conductivity. 

For the high-field conductivity an electric field-dependenee is predicted of the form In( 0') IX 

-E-I by Abel es and co-workers. 

There are also two predictions for the temperature dependenee of the magnetoresistance: the 
one of Helman and Abeles, showing that MR(T) IX (J!T)L

2
(a/T) for su~erparamagnetic grains, 

whereas the theory of Inoue and Maekawa leads to MR = Ym 1(1 + Ym2
), which is 

temperature independent if the magnetic state is changed from m=O (randomly orieted 
magnetic moments of the grains) to m=l (parallel alignment of all moments). The main 
difference between the two theories, is the assumption whether or not the exchange energy 
between the grains is negligible. In the first theory it is not neglected, but in the second it is 
neglected. The latter leads to a temperature dependenee only by the temperature dependenee 
ofm. 
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Furthermore the MR was predicted to be proportional to [m 2(H)-m 2(0)] (Helman and Abeles; 
Inoue and Maekawa). 

Table 3.1: Overview of the predieled eleetrieal behaviour of eermet films 

Neugebauer Abeles et al. Helman and Abeles Inoue and Maekawa 
and Webb 

fn( a; .r.o!A) ex: r-I ex: r-112 

ln( a. . . r.. , ) E-I ex:-

MR(T) ex: (1 /T)L 2 
( a/T) = Pm2/(1+ Pm2

) 

MR(m) ex: j_ m2
j_lf)_-m2_{0Jl ex: j_ m2_ffll-m

2 
(OJl 
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Chapter 4 

Experimental Setup 

4.1 Introduetion 

In this chapter the experimental tools will be described, which have been used to characterise 
the samples under investigation. First the production of the samples will be discussed. Then 
the principle of exchange-biasing, as a mechanism for switching between parallel and 
antiparallel alignment ofthe magnetisations in a spin valve, will be explained. And finally, the 
different types of equipment, used to perfarm measurements on the samples, will be 
described, viz. SQUID (Superconducting QUanturn Interference Device) and MOKE 
(Magneto Optical Kerr Effect) for magnetic characterisation, SEM (Scanning Electron 
Microscope) for composition and MR (MagnetoResistance). 

4.2 Sample production 

4.2.1 Introduetion 

In this section the production of the different samples will be described. First the production 
of the spin valves is described, which are used for the investigation of possible reflections at 
an insulating toplayer. Then the production ofthe amorphous (cermet) Fe-Hf-(Si)-0-samples 
is discussed. 

4.2.2 Spin valve Production 

The exchange-biased samples have been prepared by rf magnetron sputtering for the NiO 
layer and de magnetron sputtering for the other layers at Philips Research laboratones by dr. 
J.C.S. Kools. The deposition was performed at room temperature on Si [100] substrates. 
Sputter rates were about 2 Als for Cu, Py (Ni80Fe20), Jimbo (Ni66Fe16Co18), Co90Fe10, FeMn 
and about 0.2 Als for NiO. The background pressure was about 1 * 1 o·8 up to 10-9 Torr, the 
pressure during sputtering of the NiO layer was 1 *10-3 Torr and for the other layers 5*10-3 

Torr. During the deposition an extemal field of 15 kAlm was applied along the long axis of 
the sample. This was done to achieve exchange coupling between the top ferromagnetic layer 
and the antiferromagnetic layer grown on top of it and meanwhile producing an easy axis in 
the plane of the ferromagnetic films. 

4.2.3 Cermet film Production 

The eermet films have been prepared by reactive sputtering at Philips Research laboratones 
by B. Rulkens/dr.ir. P.J.H. Bloemen, using oxygen as the reactive gas. The deposition took 
place at room temperature on glass substrates. The target used for deposition was Fe83 _3Hf16 7 . 
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Sputter rates were typically 0.2 Á/s and the film thickness was 2.1 J..l.m for the Fe-Hf-0 films 
and 0.7 J..l.m for the Fe-Hf-Si-0 films. For the reactive sputtering of the FeHfSiO samples 4% 
ofthe FeHftarget area was covered by Si. During sputtering the gasflow was 30 seem Ar plus 
x seem 95%Ar/5%02, with seem standing for standard (T=273K, 1 atm) cubic centimetre per 
minute. Here x was varied between 10 and 15 seem. The pressure during sputtering was 
typically 4 mbar, with a background pressure of 5*10-7 mbar. In tigure 4.1 a schematic layout 
of a RF sputtering system is shown. 

~ massflow 
r 

matching 
I Fe Hf target controller network r- -

A 

I y massflow 
vacuum chamber controller 
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supply L substratej 
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turbo mole- liquid N2 

cular pump pump 

v ~ pre vacuum - pump 
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Figure 4.1: Schematic layout of a RF sputtering system. 

4.3 Exchange-biasing 

For the giant magnetoresistance effect it is necessary to switch between a parallel and 
antiparallel alignment of magnetisations within a sample. There are several ways to achieve 
this. One of these is the use of exchange biasing, of which an outline will follow. 

If a spin valve is grown in a magnetic field, the ferromagnetic layers will have a preferred 
direction of magnetisation in the direction of the field. If on top of one of the ferromagnetic 
layers an antiferromagnetic layer is grown (still in field), than the first monolayer of the 
antiferromagnet will have its magnetisation parallel to the ferromagnetic layer, due to direct 
exchange coupling. The second monolayer of the antiferromagnet will of course have its 
magnetisation antiparallel to the first layer and so on (see tigure 4.2). 
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a) H b) 

NM 

Figure 4.2: Schematic layout of the exchange-biased spin valve (a), 
consisting of an antiferromagnetic layer (AF), a pinned ferromagnetic layer 
(FM~, a non magnetic layer (NM) and a free ferromagnetic layer (FM), 
with magnetisations (indicated as arrows). Part (b) shows a magnification 
of the antiferromagnet/pinned ferromagnet interface, with magnetic 
moments (indicated as arrows.) 

Now a large field is needed (Hex) to change the direction of magnetisation of this so called 
' pinned layer, whereas the free layer will still change its magnetisation round about zero field 

(at Hc,free> the coercive field of the free layer). Effectively, the magnetisation loop of the 
coupled layer is shifted with an amount Hex with respect to the magnetisation loop of the free 
layer (see figure 4.3). Usually the coercive field ofthe pinned layer (Hc,pinned) is larger than the 
coercive field of the free layer. As can be seen from figure 4.3, there will be a parallel 
orientation of magnetisations for a positive magnetic field. Antiparallel alignment will occur 
at a small negative field (-Hc,free), where the magnetisation of the free layer will change 
direction, whereas the magnetisation of the pinned layer remains unchanged, until the field 
reaches the value of -(Hex + Hc,pinnecJ· For larger negative fields, the magnetisation of the 
pinned layer also changes direction and the magnetisations will be parallel aligned again. 
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Figure 4.3: Schematic magnetisation loops of the exchange-biased spin valve. Part 
(a) shows the schematic structure ofthe exchange-biased spin valve. Part (b), (c) and 
(d) show the magnetisation loop of respectively the pinned ferromagnetic layer 
(FMp), the free ferromagnetic layer (FM} and the complete spin valve. The arrows in 
part ( d) represent the magnetisations of the ferromagnetic layers. 

4.4 SQUID measurements 

A SQUID magnetometer has been used for quantitative magnetic characterisation of the 
samples. It makes use of superconducting piek-up coils and a superconducting magnet to 
measure a ferromagnetic hysteresis curve with which the total magnetic moment ofthe sample 
can be determined with an extremely high precision of 10-10 Am2

. The magnetic induction can 
be varied from +ST to -ST, with an (maximum) accuracy of 1 *10-5 T for low field 
measurements and the temperature can be varied from 1. 7K to 400K. When a magnetic 
sample is moved through the superconducting coils, an electric supercurrent is induced by the 
magnetic moment of the sample. The variation of the current in the detection coils produces a 
variation in output voltage, which is proportional to the magnetic moment of the sample. For 
more detailed information about SQUID see reference [23]. 

4.5 MOKE measurements 

MOKE measurements were also performed to characterise qualitatively the magnetic 
properties of the eermet films and in particular to study coercitivity and remarrenee at very 
low magnetic fields (B~ 1 mT). It makes use of the fact that a magnetic moment will change 
the polarisation of the polarised incident light. So the reflected light will have a different 
polarisation as the incident light. The ma~netic induction can be varied between + 1.3 and -
1.3T, with a maximum accuracy of 1 *10- T for low field measurements. The light is emitted 
by a He-Ne laser, with a beam diameter of ~lOOjJ.m and a typical penetration depthof ~20nm. 
For more detailed information about MOKE see reference [24]. 
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4.6 SEM measurements 

To investigate the composition of the eermet films, SEM measurements were used. In the 
following an outline is given of its working principle. An electron gun produces a beam of 
electrons, which is focused by electromagnetic lenses. The fine beam of electrons (typically at 
low acceleration voltages of a few kV, the diameter is a few hundred Ángstöms) is scanned 
across the surface of the sample in synchronism with the spot of the display cathode ray tube 
(CRT). A detector monitors the intensity of a chosen secondary signal (e.g. secondary 
electrons, backscattered electrons or x-rays) and the brightness of the CRT spot is controlled 
by an amplified version of the detected signal. If, for any reason, the intensity of the emitted 
secondary signal changes across the sample, then contrast will be seen in the image on the 
CRT. In tigure 4.4 a schematic layout ofthe SEM is given. 

Lens 

Scan 
coils 

U Gun 
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!! \ .... 
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Scan generator 
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Figure 4.4: Schematic layout of the SEM CRT stands for (display) cathode ray tube. 

It is possible, by choosing the electron energy, to control the depth to which the electrons 
penetrate and the type of emitted signal used to form the image. For chemical analysis, the 
beam ( also called probe) is focused at one position of the sample. Then the intensity and 
wavelength of the emitted x-rays of a small region, typically 1 Jlm in diameter, around the 
probe are accurately detected. Since the eermet films under investigation contain grains of the 
order of 50 A in diameter, it was impossible to visualise them with SEM, since the probe 
diameter limits the resolution. On the other hand are the samples homogeneaus on the scale of 
Jlm, so that chemical analysis can be performed by SEM. More information about SEM can 
be found in reference [25]. 

4. 7 Magnetoresistance measurements 

With the magnetoresistance equipment it is both possible to measure the magnetoresistance 
(a) and resistance (b) temperature dependent Both types ofmeasurements will bedescribed at 
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the end of the section. For this purpose a current souree has been designed, with a current 
range between 0.5 nA and 100 mA. It can be used AC (magnetoresistance and resistance 
measurements) and DC (resistance measurements). 

The (magneto-)resistance measurements have been performed with a tradition four-point 
contact method. This means that the current flows through the two outer pressure contacts, 
while the voltage-drop is measured between the two inner pressure contacts. All contacts are 
in one line and equidistant, with a separation of2.5 mm (see tigure 4.5 for geometry). In order 
to have a uniform (surface) current density, the contacts must be far away from the outer 
boundaries of the thin sample. Furthermore, the diameter of the contacts has to be small 
compared to the distance between the contacts. These requirements are fulfilled in the 
experiments described later on. 

• 
I 

IE S)l 

V V • 
I 

Figure 4.5: Schematic overview of the sample with current (i) and voltage (v) 
cant acts. The length, width and height of the sample are respectively I, b and h. 
The distance between the voltage cantacts is s. 

If the thickness of the sample (h) is much smaller than the distance between the voltage
cantacts (s), the sample can bedescribed as quasi two-dimensional. The resistance can than be 
described as: 

R=!:_= l ' 
I b·h·rr 

(4.1) 

with b the width, l the length, h the height of the sample and cr the conductance. In order to 
compare measurements between samples of different geometry, not the absolute resistance, 
but the sheetresistance is commonly used. The sheetresistance is the absolute resistance of the 
sample, multiplied by a correctionfactor26

, dependent on the ratios llb and b/s. As an 
* * approximation for the correctionfactor C a factor C = bis is used. In Figure 4.6 C and C are 

given for varying geometries. The geometries ofthe investigated samples are drawn as well. 
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Figure 4.6: Correctionfactor C for samples with ratio llb=2 (open 
circles), 3 (connected open SCJ._Uares) and 4 (open triangles). The 
approximated correctionfactor C as wel/ (dotted fine) as the geometries 
of the investigated samples (solid diamonds) are drawn. 

From tigure 4.6 it can be concluded that C can well be approximated by c* for the geometries 
ofthe samples. The sheet-resistance is now detined as: 

I b 1 
R =-=-·R=-

s h·a s Gs' 
(4.2) 

with Gs the sheet conductance. 

In tigure 4. 7 a systematic overview of the equipment, to measure the ( magneto-)resistance is 
giVen. 
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Figure 4. 7: Schematic overview of the (magneto-)resistance measurement equipment. 

The sampleholder with sample is placed in a Oxford Instruments flowcryostat, which can be 
cooled by liquid helium and heated by a heater near the sample. In this way the temperature 
can be varied between approximately 2 and 340 K with a minimum stepsize of 0.1K, and 
controlled by an Intelligent Temperature Controller (ITC4, Oxford Instruments). The low 
temperatures beneath 4.2 K can be reached by creating a low vacuum above liquid helium in 
the cryostat, thereby lowering the boiling temperature of the helium. The cryostat is p1aced 
between the coils of an electromagnet. The magnetic induction can be swept between + 1.35 
and -1.35 T, with a minimum stepsize of 5 mT. These full sweep magnetoresistance 
measurements will be called high-field MR measurements. For more detailed measurements 
the induction can be swept between + 69 and- 69 mT, with a minimum stepsize of 5*10-5 T. 
These small sweep MR measurements will be called low-field MR measurements. 

a) magnetoresistance measurements: during the sweep of the magnetic field the resistance of 
the sample is measured via an AC-loek-in technique operating at 80 Hz. For precise 
measurements a compensation unit is used at the same frequency, which subtracts the zero
field voltage from the measured voltage. The remaining voltage can then be amplified by a 
factor 100 or 1000. Because of this procedure, the lock-in amplifier can be operated at a 
higher sensitivity. Almost all of the equipment can be operated from a pc, linked to the 
Phydas system. 

b) resistance measurements: these temperature dependent measurements can be performed 
both AC, as described above, and DC, of which a short outline will follow, with and 
without a magnetic field during a temperature sweep. In order to have a well-defined 
temperature during the temperature sweep, a delay is built in between two adjacent 
temperatures. The DC-measurements are performed using a sensitive Keithley digital 
voltage meter, instead of the loek-in. The current is still provided by the current souree 
mentioned before. All ofthe equipment is operated by a pentium-computer. 
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Chapter 5 

Reflections at the NiO layer 

5.1 Introduetion 

In this chapter the role of electron reflection at the ferromagnet/NiO interface,as introduced in 
section 2.4, is investigated in trilayer systems, in which two ferromagnetic layers are 
separated by a non magnetic layer. First the different types of samples are described. Then the 
results of the experiments at the different types of samples will be presented and compared 
with each other. Finally the results will be interpreted and discussed and some conclusions 
will be drawn. In the epilogue a recent publication from Egelhofë0 about electron reilections 
is discussed. 

5.2 Design of the spin valves 

In order to investigate the possible reileetion at the ferromagnet/NiO interface in spin valves, 
two series of exchange-biased samples (see section 4.2) have been grown. The basic form is: 

Ta (35Á) - FM1 (80Á) - Cu (25Á) - FM2 (texchange-biasedÁ) -BIAS , 

where FM1 is the free ferromagnetic layer, FM2 the exchange-biased ferromagnetic layer and 
BIAS is the antiferromagnetic layer. As an antiferromagnetic layer both NiO and FeMn (with 
a Ta-toplayer for prevention of oxidation) are used. NiO is expected to cause a large potential 
step at the interface with the ferromagnetic layer, whereas FeMn is not expected to do so. This 
large potential step may cause electrans to reflect specularly at this interface. The exchange
biased ferromagnetic layer is varied in thickness between 1 oA and 1 ooA, to be able to detect a 
shift in the maximum for LiG, as an indication for specular reileetion (see section 2.4). 

For each thickness of the exchange-biased ferromagnetic layer, two samples have been grown 
under exactly the same conditions, right aftereach other; one with an insulating NiO top layer 
and one with a metallic FeMn!Ta toplayer. In this way it is possible to investigate the 
iniluence of the antiferromagnetic layer on the GMR effect without any undesired differences 
in the growth of the spin valves. In the FeMn spin valves current will shunt through the bias 
layer, which is not the case for the NiO spin valves. Fora fair comparison between the two 
series two issues are very important: the conductivity of the FeMn!Ta layer and achieving a 
well defined antiparallel state of magnetisations for all samples. For estimation of the 
conductivity of the FeMn toplayer a separate series of samples is grown with varying FeMn 
thickness, on top of an equal spin valve. The basic structure ofthis spin valve is: 

Si(lOO)- Ta (35Á)- Py (80Á)- Cu (25Á)- Py (50Á)- FeMn (t81AsÁ)- Ta (35Á), 

with t81As varying between 0 and 150Á. To check the antiparallel state of the magnetisations 
SQUID measurements have been performed. 
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Rejlections at the NiO layer 

Besides the possihle specular reflections at the large potential step at the ferromagnet/NiO 
interface, the main advantages for the use of NiO instead of the traditiónal FeMn, are 
durahility against eerrosion and the insulating character of NiO (there is no shunting of 
current). Besides of that, NiO has a high Néel-temperature (and hlocking-temperature in the 
case of clusters), which is important for the production proces of magnetic reading heads. 

There are two series of samples investigated: one series with Py (Ni80Fe20) ferromagnetic 
layers and one with a Jimho (Ni66Fe16Co18) free magnetic layer and a Co90Fe10 exchange
hiased magnetic layer. Py is used, hecause it is already used in magnetic reading heads. In the 
other series Jimho is used instead of Py, hecause it produces less noise in magnetic reading 
heads. Besides of that, it has a low coercivity and produces a high magnetoresistance effect. 
The last argument also holds fortheuse of Co90Fe10 in the exchange-hiased layer, hased on 
the rather high GMR-ratio ohtained with Co containing systems27

•
28 

5.3 Results 

5.3.1 Introduetion 

In this section the experiments on the exchange-hiased samples are descrihed. First the 
magnetoresistance measurements on the Py hased system are presented, accompanied hy 
SQUID measurements for magnetic characterisation. This is done for hoth 300K and 1OK. 
Then the results of the Co90Fe10 - Jimho system are presented at hoth temperatures. Both 
systems will he compared with each other. 

5.3.2 Experiments on the Py- based system 

Before the FeMn and NiO spin valves will he compared, we will first investigate the exchange 
hiasing of the spin valves and the layer thickness. One way to check the exchange-biasing is 
to measure the exchange field of all sample within a series. The exchange field should be 
proportional to the reciprocal thickness of the exchange-biased ferromagnetic layer (see 
ref[35]). This is done for both series at hoth temperatures. In each case the relationship was 
observed (see figure 5.1). 
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Figure 5.1: Exchangefield ofthe exchange-biased Py spin valves at 300 K (top) and 
1OK (bottom). The dashed lines show the predicted 1/tP behaviour. 

The layer thicknesses could be checked by the quotient of the thickness of the free layer and 
the exchange-biased layer as determined from the magnetisation loops. It was found that the 
measured and the theoretica! quotients agreed well. 

In tigure 5.2 a typ i cal magnetoresistance measurement at room temperature is shown for both 
NiO- and FeMn-biasing, accompanied by the matching magnetisation. The thickness of the 
exchange-biased magnetic layer is 60Á. It can be seen that the antiparallel state of 
magnetisation is well achieved in both cases, which is very important for comparison of the 
total GMR effect as already mentioned insection 5.2. This is also seen in the magnetisation 
measurements performed with a SQUID. Furthermore the magnetoresistance of the NiO
biased sample is roughly a factor 1.3 larger than the magnetoresistance ofthe FeMn/Ta-biased 
sample. These are general features of all samples. The NiO sample with the 1 OÁ Py exchange
biased magnetic layer has no well-defined antiparallel state of magnetisation. There the 
biasing seems to be lost to some extent. It should however be noted that it was necessary for 
some measurements, viz. the measurements with tp=80 and lOOÁ, to use the low-field MR 
measurements to obtain the total GMR effect, since for the high-field measurements the step 
size of the magnetic field was of the same order as the exchange field, by which low-field 
GMR ratio became significantly higher than the measured high-field GMR. In such cases the 
resistivity of the low-field antiparallel state was used. In appendix A a more detailed 
description is given forthese corrections. 
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Figure 5.2: Magnetoresistance (MR) and magnetisation (M) at T=300K of 
Si(JOO)/Ta(35.A)!Py(80A)!Cu(25A)!Py(60A) on top of which Ni0(400A), at 
right, and FeMn(JOOA)!Ta(35A), at left, is grown. The arrows indicate the 
state of magnetisation. 

In tigure 5.3 an overview is given of the room temperature data for both the NiO and the 
FeMn series. 
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Figure 5.3: Overview of (jrom top to bottom) the magnetoresistance 
(MR), difference in conductance with and without a magnetic 
induction of 1.35T (LIG) and conductance in the antiparallel state of 
the spin valve (Gap) for the NiO (connected solid squares) and FeMn 
(connected open circles) data at 300K. 

It can be seen that the Gap and the ~G measurements show relatively large scatter, wheras the 
GMR curves are much smoother. This is caused by the slightly different spin valve areas for 
the different spin valves. This leads to scattering in the conductivity, but it doesn't influence 
the GMR ratio. The GMR curve will therefore be used to compare the two series. 

The second important aspect for a meaningfull comparison between the two series concerns 
the (spin independent) conductivity of FeMn and Ta. Due to the conductivity that shunts 
through these metallic layers the GMR effect and the LiG will be reduced compared to the 
samples exchange-biased with NiO. For a clean comparison between NiO and FeMn with 
respect to reflectivity, we should therefore try to correct the data for this shunting through 
FeMn/Ta. First the conductivity of FeMn will be determined using a series of spin valves 
with only a varying FeMn layer. The results of these measurements are shown in figure 5.4. 
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Figure 5.4: Parallel conductivity at T=300K of Si(JOO)/ 
Ta(35A)IPy(80A)!Cu(25A)!Py(50A)!FeMn(ts1AsA)ITa(35A). 
The fine is a linear fit, with slope rrFeMn(300K). 

The slope in figure 5.4 is the conductivity of FeMn; its value is crFeMn (300K)= (9 ± 0.6) * 105 

Q-
1m-1

• Due to this conductivity, the FeMn data will be shifted up in MR value and down in 
Gp (and GAP) with respect to the NiO data. For the conductivity of Ta, the data of Rijks1 are 
used, with crTa (300K)= 1.7 * 106 

Q-
1m-1

. Not the whole 1ayer of Ta will contribute to 
shunting, because of oxidation of Ta. Measurements34 showed, that there is a top Ta20 5 layer 
formed of20Á, which is also found by others29

. The remaining 15Á Ta will still contribute to 
the current shunting. So the FeMn data have to be corrected for this as well, for comparison 
with the NiO data. 

The corrected conductivity G; becomes 

. * and the corrected magnetores1stance GMR becomes 

GMR* = Gp- GAP ·100%. 
Gp -(JFeMntFeMn -(JTa(Ta 

In figure 5.5 the corrected, as well as the uncorrected, FeMn data are presented, together with 
the NiO data. 
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Figure 5.5: Overview of the MR, LIG and Gap measurements of the NiO 
(connected solid squares}, FeMn (connected open circles) and for 
FeMn/Ta conductance corrected FeMn data (connected open triangles) at 
300K. 

In spite of the (intrinsic) conductivity correction for the FeMn samples, the NiO samples still 
show a systematically higher MR. The average MR of the NiO samples with a exchange
biased magnetic layer between 30 and 1 OOÁ is still 9% higher than for the corresponding 
FeMn data. A shift in the maximum MR as anticipated when reflectivity is present in the case 
ofNiO, however, is not observed and hard to distinguish due to the relatively large scatter of 
the data. 

All series have also been measured at 1OK, using a magnetic induction of 1 T during cooling 
of the samples. The direction of the field was the same as the direction of the field during 
growth of the sample. Experiments have shown that the field caoled GMR ratio is larger than 
the zero field caoled GMR ratio for these exchange-biased samples. The exact mechanism is 
however not yet clear, although we did abserve a better antiparallel state in the GMR curves 
when a field was applied during cooling of the sample. From the series spin valves with 
varying FeMn thickness, the conductivity of FeMn at lOK is determined. The value for this 
conductivity was found to be crFeMn(lOK) = (13 ± 2) x 105 n-lm-1

• For the Ta conductivity 
again the data of Rijks are used, given a crTa (4.2K)= 4 x 105 n-lm-1

• From a linear 
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intrapolation one gets for crTa (lOK)= 4.2 x 105 n-lrn-1
. In figure 5.6 an overview ofthe results 

at lOK are presented, using the conductivities of FeMn and Ta at lOK for correction of the 
FeMn data. 
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Figure 5.6: Overview of the MR, LlG and Gap measurements of the NiO 
(connected solid squares) and for FeMn/Ta conductance corrected FeMn 
data ( connected open triangles) at 1OK. 

Here, too, the NiO samples show a systernatically higher MR and no shift in maximurn of the 
MR can be detected. The average MR of the NiO samples with a exchange-biased rnagnetic 
layer between 30 and lOOÁ is 11% higher than for the corresponding FeMn data. 

5.3.3 Experiments on the Co90Fe10 - Jimbo- based system 

First we have checked the exchange-biasing and the layer thickness in a sirnilar way as 
described in the previous section. The exchange field of all samples has been determined frorn 
the MR rneasurernents at both 300 and 1OK, which displayed the theoretica! 11~ behaviour 
well as can be seen in figure 5. 7. 
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Figure 5. 7: Exchange field ofthe exchange-biased Co9aFe10 spin valves at 300 K (top) 
and 1OK (bottom). The dashed lines show the predieled 1/tP behaviour. 

From SQUID magnetisation loops the quotient of the magnetic layers of the spin valves are 
checked and found to be in good agreement with the theoretica} quotient. 

In figure 5.8 some typical magnetoresistance measurements with FeMn and NiO-biasing are 
shown, accompanied by the corresponding SQUID measurements. The thickness of the 
exchange-biased magnetic layer is 20A. 
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Si(JOO)!Ta(35A)IJ(80A)!Cu(25A)!Co9(?e10(20A) on top of which NiO 
(5001), at right, and FeMn(l OOA)!Ta(35A), at left, is grown_ The arrows 
indicate the state of magnetisation_ 

By comparing figure 5.2 with figure 5.8 one can notice that the magnitude of the coercive 
field is much larger in the Co-rich series (typically 1 OOkAlm compared with 4kA/m for the Py 
series, see appendix A). The exchange field is larger in the Co-rich series, too. 

As can be seen from figure 5.8 in both cases there is a well defined plateau in the 
magnetisation curves. This is also true for all other samples, except for the NiO sample with 
thickness 10Á and for the FeMn sample with thickness 60Á. These samples are excluded from 
further analysis. For the FeMn samples with ~=80 and 100Á and the NiO samples with ~=60, 
80 and 1 OOÁ low field GMR measurements have been used as well, in a similar way as 
described in the previous section. 

An overview ofthe results at room temperature is given in figure 5.9 showing the NiO and the 
corrected FeMn data. As can be seen, the NiO samples show a systematically higher MR than 
the values ofthe FeMn samples. No shift in the maximum of MR with respect to the thickness 
of the exchange-biased magnetic layer can be observed. The average MR of the NiO samples 
with a exchange-biased magnetic layer between 30 and 1 ooA is 12% higher than for the 
corresponding F eMn data. 
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Figure 5.9 Overview of the MR, L1G and Gap measurements of the NiO 
(connected solid squares) and for FeMn/Ta conductance corrected FeMn 
data (connected open triangles) at 300K. 

These measurements have also been performed at 1OK, using a magnetic induction of 1 T 
during cooling. In tigure 5.10 the results of these measurements are presented. One can see 
that here, too, the NiO samples show a systematically higher MR than the FeMn samples. The 
average MR of the NiO samples with a exchange-biased magnetic layer between 30 and 1 OOÁ 
is 16% higher than for the corresponding FeMn data. Again no shift in the maximum of MR 
can be observed. 
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Figure 5.10: Overview of the MR, LlG and Gap measurements of the NiO 
(connected solid squares) and for FeMn!Ta conductance corrected FeMn 
data (connected open triangles) at 1OK. 

5.3.4 Comparison between the Py and the Co90Fe10 - Jimbo based systems 

When camparing the two systems, one can notice some similarities, but some differences as 
well. First the similarities will be made clear. 

In general it can beseen that the NiO samples show a significantly higher MR than the FeMn 
samples and that there doesn't seem to be a shift in the maximum MR for both series. This 
may indicate that the NiO bias layer is responsible for the higher MR. It has been reported 
befare that symetrie spin valves sandwiched between NiO layers showed an unusual high MR 
effect28

, but there was no direct proof that the MR effect was indeed enlarged by the NiO 
layers. This is the first time that direct proofhas been given for this feature. 

There are some differences as well. The most striking difference is the larger MR for the Co
rich series. This feature has also been reported in other Co-rich spin valves (see e.g. 
ref{27,28]). 
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5.4 Discussion and conciosion 

Both types of spin valves show a somewhat larger MR for the NiO-biased samples than for the 
FeMn-biased samples, after correction for the conductivity of the FeMn/Ta toplayer. At room 
temperature this enlargement is for the Py and Co90Fe10 series respectively 9 and 12% and at 
lOK these values are respectively 11 and 16%. Because the samples have been grown under 
exactly the same conditions, this difference can only be caused by the antiferromagnetic layer. 
Since the FeMn samples have been corrected for conductivity of the toplayer, this can be 
ruled out as a possible explanation for the difference. The well-defined plateau in the 
magnetisation loop of almost all samples rules out the possibility of a not totally achieved 
antiparallel state for these samples as well. What remains, is the possibility of reflection at the 
insulating NiO layer. The insulating character of NiO causes a potential harrier at the 
ferromagnetic/NiO interface for all electrons. In the case of an infinitely high potential harrier, 
all electrans will be specular reflected at the interface. As explained before (see section 2.4) 
this may cause a higher MR and a shift in the maximum of the MR. Although a somewhat 
higher MR is observed in both series, there is no shift in the maximum of MR. This indicates 
that the specular reflection at the ferromagnetic/NiO interface is far from complete. If the 
potential harrier has a finite height, a fraction R of the electrans will be reflected at the 
interface and a fraction D= 1-R will be scattered diffusely (since T=O for an insulator). As can 
be seen in figure 5.11 a relatively small R will cause an increase in MR, whereas no shift in 
the maximum of MR is visible. Figure 5.11 shows semi-classical calculations on the spin 
valve Ta (35Á) I FM (80Á) I NM (25Á) I FM (texchange-biasedÁ) I BIAS, where FM stands for 
ferromagnet and NM for non magnet Specular reflections are only allowed at the FM I BIAS 
interface and purely interface spin dependent scattering at the FM I NM interfaces is assumed. 
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Figure 5.11: Semi classica/ calculations of the MR of the spin valve Ta (35A) I FM (BOA) I 
NM (25A) I FM (texchange-biase~J I BIAS, with parameters as given in the figure. The dotted fine 
indicates the situation for R=O (no specular rejlection), the dashed fine R= 1 (juli specular 
rejlection) and the solid lines (jrom bottorn to top) 5, 10, 15, 20 and 25% specular reflection. 
Only at the FM/BIAS interface specular reflection is allowed and no spin dependent bulk 
scattering is assumed. 
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The same results will be obtained by assuming only bulk dependent scattering. Although these 
calculations can explain qualitatively our results for small R, it is very difficult to determine R 
quantitatively, because ofthe large amount of parameters involved. Besides ofthat, the model 
fails todetermine the GMR value quantitatively, which makes a quantitative comparison with 
the experiments even more difficult. With the parameter set of tigure 5.11 an enlargement of 
the MR at texchange-biased=30Á with 10% would be caused by 10% specular reileetion at the 
FM/BIAS interface. 

Thus it can be concluded, that the measurements do strongly indicate the existence of specular 
reileetion at the ferromagnet/NiO interface, but they fail to determine the relative fraction of 
specular reilection. 

5.5 Epilogue 

Specular reilections at the outer boundaries of spin valves might increase the GMR 
appreciably, as we have shown by some examplary calculations in the previous section. It is 
however very difficult to prove experimentally the existence of it. Often it is not 
unambiguously determined that specular reilections have enlarged the GMR and that no other 
factor could be responsible for it. Two others papers on this issue are from Swagten et ae8 and 
Egelhoff0

. As mentioned before Swagten et al. didn't give direct proof for electron reilections 
at the ferromagnetic/NiO interface, because they had to compare the system with a system 
without top layer and they didn't know the iniluence of the ferromagnetic/vacuum interface 
on the GMR effect. Egelhoff investigated the exchange biased spin valve Si(l OO)/Ni0(500Á) 
/Co(25Á)/ Cu(20Á)/Co(30Á). On top of this spin valve they deposited thin layers Au, Ag or 
Cu, by which the GMR was found to increase for layers of a few monolayers thick, thereafter 
decreasing the GMR effect linearly. They attributed the enlarged GMR to partly specular 
reileetion at the toplayer/vacuum interface. Some semi-classica! calculations show however 
that this phenomena can also be explained without assuming specular reilection. Figure 5.12 
shows the GMR ofthe spin valve Si(100)/Ni0(500Á)/Co (25Á)/Cu(20Á)/Co(30Á)/Cu(ttopÁ). 
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Figure 5.12: GMR of the spin valve Si (I OO)/Ni0(500A}!Co(25A)!Cu(20A)!Co(30A) 
/Cu(t10r4J. Only spin dependent interface scattering at the Co/Cu interfaces is 
assumed and no specular rejlections. Parameters are in the figure. 

It can he seen that the GMR indeed increases with increasing top layer, reaches a maximum 
and than decreases linearly, as found by Egelhoff and co-workers, although no specular 
reflections have been assumed in this case. Comparable results are obtained by assuming only 
spin dependent bulk scattering in the Co layers. In figure 5.13 we have plotted the 
conductivity for this system, using the same parameters. It can be seen that it increases 
monotonie, like in Egelhoffs experiment, again without the need to include reflections. 
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Figure 5.13: Gap of the spin valve Si(JOO)/Ni0(500A)/Co(25A)!Cu(20A)!Co(30A) 
/Cu(t10r4J. Only spin dependent interface scattering at the Co/Cu interfaces is 
assumed and no specular rejlections. Parameters are in the figure. 

These features can be explained by taking a closer look at the local conductivity of the spin 
valve. Figure 5.14 shows the conductivity of the spin valve Si(100)/Ni0(500Á)/Co 
(25Á)/Cu(20Á)/Co(30Á)/Cu(10Á) with the sameparameters as in figure 5.12. 
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Figure 5.14: Local conductivity in the spin valve Si(JOO)/Ni0(500A)!Co 
(25A)!Cu(20A)!Co(30A)!Cu(5A) with parameters in the figure. Only spin dependent 
interface scattering is assumed at the Co/Cu interfaces and no specular reflections. The 
upper figure shows the local conductivity in parallel ( a-p) and antiparallel state (aap) of 
the spin valve and the bottorn ft gure shows their difference ( L1oj. 

It can be seen that not only the Co layers contribute to L1a-, but the Cu toplayer too. This is 
also found for purely bulk spin dependent scattering. This effect will appear if the mean free 
path of the electrens is larger than the ferromagnetic layer, because then the mean free path, 
which limits the thickness that contributes to L1G extends beyond the ferromagnetic layer. By 
growing a thin metallic, non magnetic layer on top of this ferromagnetic layer, the thickness 
of the spin valve that contributes to L1G is enlarged and will thus lead to a higher GMR effect. 
Subsequently an even larger toplayer will then decrease the GMR effect, sirree it doesn't 
contribute to L1G and only leads to current shunting through the top layer. This effect has been 
observed previously with a non magnetic backlayer28

. 

The second part of the article, however, does give possible evidence for specular reflections. 
By depositing a thin Ta layer (2 mono layers) in situ on top of a Cu, Ag or Au layer (with a 
maximum thickness of lOnm), they found a strongly reduced conductivity (30 to 60%). This 
can be explained by assuming specular reflections at the metal/vacuum interface and diffusive 
scattering at the metal/Ta interface. Purely impurity scattering at the diffused Ta can not 
account for such big effects according to the authors, sirree they didn't observe such a large 
change for Co (only ~10%). 
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Chapter 6 

Cermet Films 

6.1 Introduetion 

In this chapter the results are presented ofthe measurements on the eermet films. The first part 
of the chapter will deal with the FeHfO films. First the electrical properties will be 
investigated by means of magnetoresisistance (MR) and resistivity measurements (ps(T)). In 
order to explain the results, magnetic properties of the samples are investigated. The second 
part is devoted to the FeHfSiO films and the results will be treated in the same sequence. 
Finally the results of the two systems will be compared, discussed and some conclusions will 
be drawn. 

6.2 FeHfO films 

6.2.1 Electrical properties 

In tigure 6.1 a typical GMR curve is shown. The GMR curves are measured with the current 
both paralleland perpendicular to the applied magnetic field, to rule out the AMR-effect. As 
mentioned in the introduction, the AMR effect depends on the relative orientation of the 
current and the magnetic field. If the MR effect in the parallel orientation is nearly equal to 
the effect in the perpendicular orientation, the AMR effect can be neglected safely. The 
composition ofthe sampleshownis Fe48 _8Hf9_10 42 _1. 
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Figure 6.1: GMR curve of sample Fe48_8Hf9_ 10 42_1. The GMR 
curve is shown for the current, i, parallel (right) and 
perpendicular (left) to the applied magnetic field, B. 
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The structural formula for the FeHfO samples will denoted by FexHfyOJ.x-y· Here x and y are 
given in atomie percentage. The ratio Fe/Hf=48.8/9.1~5 is typically for the FeHfO films (and 
is determined by the target composition Fe83 _3Hf16_7). In the remainder of the chapter all 
samples will be denoted by their Fe amount x, since this has proven to be the key parameter. 
In appendix B an overview is given of all structural formulas for the samples. 

From the above figure it can be concluded that the magnetoresistance is independent of the 
angle between the current and the extemal magnetic field, so the magnetoresistance effect is 
not due to AMR. In the remainder of the chapter all MR data are attained from measurements 
with the current parallel to the applied field. 

The shape of the magnetoresistance curve shown in figure 6.1 is typical for granular systems. 
It may indicate that within the film magnetic grains exist, which behave as superparamagnets 
(see e.g. re:f133]). Due tothermal fluctuations, the supermoments of the grains will undergo a 
Brownian-like rotation. Without an extemal magnetic field all grain moments will be oriented 
randomly (assuming no intergrain coupling), causing a zero magnetisation ofthe sample. This 
is comparable with the antiparallel state of a spin valve (see chapter 2) and will cause a high 
resistivity. By applying a magnetic field, the moments will still be rotating, but with a 
preferred direction parallel to the field. This causes a net magnetisation of the sample. A 
larger field will force the supermoments to align even more to the field. This is comparable 
with the parallel state of a spin valve and will cause a low resistivity. Since the rotation of the 
grain moments is caused by thermal fluctuations, the rotation is expected to be less important 
at lower temperatures. This will cause a faster parallel orientation of the supermoments with 
increasing field, which should be observed by a faster decrease in GMR (see figure 6.2). 
Actually figure 6.2 does not show superparamagnetic behaviour, since it doesn't show the 
expected temperature dependenee (in fact the MR curve should scale as 1/T2

, see re:f18]) and a 
magnetic study will be performed later on to investigate the magnetic state of this system in 
more detail. 
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Figure 6.2: Scaled GMR curves of sample x=46.6 at% Fe at 
T=300K (solid fine) and T=JOOK (dashed fine). 

The series of FeHfO contains a Fe concentration range between 27.8 and 52.7 at%. In figure 
6.3 the magnetoresistance and resistance measurements are shown for the Fe concentration 
range between 45 and 53 at%. Below 45 at% the resistance is very large (R>l09Q) and the 
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samples have changed colour from metallic intransparent to redlbrown transparent This is 
probably due to the formation ofFe20 3. All ofthe Hf in these samples will then be oxidised as 
well, thereby forming Hf02. 
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Figure 6.3: Overview of magnetoresistance (MR), sheet resistivity (pj 
and difference in resistivity with and without a magnetic induction of 
1.35T (LJpj for the different Fe concentrations at T=300K. The dotted 
lines are guides to the eye. 

1t can beseen that for Fe concentrations above 50 at%, the samples have a small resistivity and 
no GMR. The small MR-effect ofthe sample with 52.7 at% Fe is purely AMR. The samples 
with a lower Fe concentration tend to have a higher resistivity and GMR with decreasing Fe 
concentration. Sample x=46.6 at% Fe shows the highest GMR of 2.02 %. The samples with a 
relatively large GMR have a resistivity two orders in magnitude larger than the samples 
without GMR. This is due to the different regimes of the samples. Samples without GMR are 
expected to be in the metallic regime ( see section 3.3 .1.1 ), whereas the samples with GMR are 
expected to be in the transition regime or the dielectric regime. This can be understood by a 
simplified model, of which an outline will follow. The samples consist of grains (100% Fe), 
with a grain size of6 ± 2 nm, which is independent ofthe Fe amoune2

, and a matrix, that may 
contain an amorphous alloy of Fe, Hf and 0. In the metallic regime there will be a relatively 
high amount Fe in the matrix. This causes a metallic and magnetic exchange coupling between 
the grains. This leads to a metallic resistivity behaviour without GMR. For the transition and 
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dielectric regime the amount Fe in the matrix decreases and the magnetic and metallic 
coupling disappears, which leads to a tunnel type resistivity with GMR (figure 6.4 shows the 
model). 
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Figure 6.4: Schematic representation of a metallic (a) and a dielectric (b) 
sample. The smal! solid circles represent Fe atoms. 

The various types of regime show a different temperature dependent resistivity behaviour, due 
to different conductance mechanisms. 

In order to find out what physical conductance mechanism is indeed responsible for the 
conductance of the samples, temperature dependent resistivity measurements, p5(T), have been 
performed for all samples. In figure 6.5 the p5(T) measurements are shown for a high, low and 
intermediate Fe concentration sample. The other samples fit in nicely between these 
measurements, showinga gradual transition between the two extremes. 

The high Fe concentration sample shows a metallic resistivity behaviour, with a PTC (positive 
temperature coefficient (above T=50K)), whereas the other two show non metallic resistivity 
behaviour, with a NTC (negative temperature coefficient). This indicates that the first sample 
is in the metallic regime, whereas the other two are in the transition or dielectric regime. The 
lowest Fe concentration sample shows a steeper increase in resistivity over the whole 
temperature range than the intermediate sample. 
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Figure 6.5: pJT) measurements of the samples with x=52. 7, 48.8 and 46.6 at% Fe, 
respectively in the left, middle and right part of the ft gure. 

The sample with x=46.6 at% Fe shows the highest GMR and is therefore the most probable 
candidate for conductivity through tunnelling. As explained in chapter 3, there are two 
possible roodels to describe the p5(T) behaviour, yielding for the low (electrical) field regime 
ln[ a ]oc-1/T and ln[ a ]oc-11>/T. To insure that we are indeed measuring in the low field regime, 
we have performed current voltage measurements, applying the same current used for the p5(T) 
measurements. These showed in all cases Ohmic behaviour. In sectien 3.3.3 was predicted that 
for the high field regime the current voltage measurements would show non Ohmic behaviour, 
so we are in the low field regime. In figure 6.6 the results of the p5(T) measurements are 
shown for samples with x= 48.8, 46.6 and 45.3 at% Fe in the form of ln(a5) against Ta (a=l, 
Vz) as explained before. 
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Figure 6. 6: ps(T) measurements for x=48.8, 46.6 and 45.3 at% Fe in the farm of In( aJ 
against T-a (a= 1: dotted fine, a=Y:z: solid fine). The different theories predief a linear 
refationship between ln( a) and T-a. 

It can be seen that no sample fits well for a=l. For a=Yz sample x=46.6 at% Fe fits best, 
although there is a deviation from the linear behaviour at high temperatures. This indicates that 
tunnelling is probably not the only conductivity mechanism, although it seems that we are 
almost approaching the dielectric regime. We will show later on that the FeHfSiO samples do 
approach this regime. 

There have been temperature dependent magnetoresistance measurements, MR(T), performed 
as well to gain further information on the mechanism of conductivity as shown in the 
theoretica! sectien 3.3.4 and 3.3.5. The theories predict again two types of behaviour: a 
temperature independent behaviour and a linear relation between MR and 1/T. Figure 6.7 
shows the measurement ofx=46.6 at% Fe. 
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Figure 6. 7: MR(T) measurements for x=52. 7 and 46.6 at% Fe. The 
dotted /i nes show the I IT behaviour of the MR. 

Figure 6.7 shows that sample x=46.6 at% Fe has a rather strong negative temperature 
dependenee of the magnetoresistance. So the MR(T) curve is not temperature independent, but 
it doesn't obey the predicted behaviour 1/T behaviour either. It is therefore difficult to draw 
conclusions about the conductivity mechanism from this measurements. This result will be 
discussed in more detail in the discussion later on. 

At temperatures below ~75K the MR curves of sample x=46.6 at% Fe show large hysteresis 
(typically 10-2 T), as shown in figure 6.8, besides the small hysteresis (typically 10-4 T) all 
metallic samples show. This is also found in the magnetisation curves, which will be treated in 
the next section. It can be explained as follows. There are small magnetic grains in the sample 
x=46.6 at% Fe, which behave as superparamagnets. At low temperatures, the supermoments 
will more or less befrozen and there will remain a preferred direction of thesemomentsin the 
direction of the field, as the field is decreased towards zero. When the field is reversed, the 
supermoments will be oriented randomly at a small negative field, before the preferred 
direction will be aligned to the field, thereby shifting the maximum GMR away from zero 
field. 
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Figure 6.8: MR measurements of sample x=46.6 at% Fe at 300K (left), 50K (middle) 
and 1OK (right). The smal! layers show a magnification of the area between B=-0.1 T 
and 0.1 T, where hysteresis occurs in the middle and right layer. 

6.2.2 Magnetic properties 

As explained before we want to study the magnetic state of the samples, since this will have a 
strong influence on the electrical behaviour. 

All investigated samples consistfora great part of Fe and are expected to show a net magnetic 
moment, when a magnetic field has been applied when measuring the moment. The exact form 
of a magnetisation curve M(B), being a curve of net magnetic moment versus applied 
magnetic field and starting at a high magnetic field, will depend on the magnetic state of the 
sample. Remanence is here defined as the percentage of the saturation magnetisation, which is 
leftafter the magnetic field has been removed (see figure 6.9). 
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Figure 6.9: Schematic representation of a 
magnetisation curve. MR is the remanent 
magnetic moment and Ms is the saturation 
moment. The remanence is defined as 
MRIMs*IOO%. 

Cermet Films 

If the sample contains purely bulk Fe, the magnetisation curve will show nearly 100% 
remanence, but if the Fe is distributed in many, small grains, magnetically isolated from each 
other, the curve will show no remanence at all (above the blocking temperature, which will be 
discussed later). The amount of Fe in the sample will also determine the value of the 
saturation magnetisation. This is the maximum magnetisation which can be reached at a 
certain temperature by applying a large magnetic field. 

The samples in the metallic regime are thus expected to show nearly 1 00% remanence and a 
sharp-edged magnetisation curve, whereas the ones in the transition and dielectric regime will 
show less or no remanence and the magnetisation curve will be curved. Figure 6.10 shows the 
results of M(B) measurements with a SQUID on a metallic sample (x=52.7 at% Fe) and a 
sample in the transition regime (x=46.6 at%). All shown measurements have been performed 
in plane ofthe sample and are corrected fortheir length, unless stated otherwise. 

It can beseen from figure 6.10 that the sample with the higher Fe amount has indeed much 
more remanence and a larger saturation moment than the other sample. With MOKE 
measurements it is found that the latter doesn't show any remanence at all. This is a first 
magnetic indication that sample x=46.6 at% contains magnetically isolated Fe-grains. 
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Figure 6.10: Magnetisation curves of the samples x= 5 2. 7 (left) and 
46.6 at% Fe (right) at 300K. The magnetic moment has been 
measured for fields between + and -5T, but only the data between + 
and -0.5T are shown to study the magnetic behaviour at low fields. 

With MOKE equipment it was possible to study the remanence and the small hysteresis more 
thoroughly by applying a small magnetic field. In figure 6.11 an overview is given for the 
(saturation) magnetisation, the remanence and the MR effect for varying Fe concentration. 
Figure 6.11 shows an abrupt disappearance of the remanence between a Fe amount of 50.2 and 
48.8 at%. In this region there is also a large increase in MR. The metallic samples show a 
small hysteresis (as mentioned beforel, which increases up to a Fe amount of 50.2 at% in 
accordance with earlier measurements3 and disappears around a Fe concentration of 48.8 at%. 
Over the total Fe range the net magnetic moment (at B=5T) decreases with decreasing Fe 
concentration, but the decrease is faster than one would expect by consiclering the small 
change in the Fe amount of the samples. This will be discussed later. For smaller Fe amounts 
than 45.3 at% there is nonet magnetic moment, which indicates together with the red/brown 
colour that all Fe has been oxidised, thereby forming the antiferromagnet Fe20 3. 
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Figure 6.11: Measurements of respectively (from top to bottom) 
MR, remanence and magnetisation at B=5T (MIV) at room 
temperafure of the FeHfO samples. The solid fine in the 
magnetisation measurements shows the expected linear decrease 
of the magnetisation by lowering the Fe amount. The dotted lines 
are guides to the eye. 

To leam more about the magnetic behaviour of the sample with the highest GMR, viz. sample 
x=46.6 at% Fe, temperature dependent measurements have been performed with the SQUID. 
First the remanence ofthe sample is measured. The result is shown in figure 6.12. 
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Figure 6.12: Temperafure dependent remanence of sample x=46. 6 at% 
Fe. The remanent magnetic moment (MIJ at each temperafure is scaled 
to the saturation magnetic moment (Ms) at that temperature. 

To interpret figure 6.12 it is necessary to take a c1oser look at the experimental procedure. First 
an extemal magnetic induction has been applied of 3T to reach the saturation magnetisation of 
the sample. Then the sample has been cooled down to 1OK, after which the field has been 
switched off. After measuring the remanent moment, the temperature is increased (without 
applying a magnetic field) and the moment is measured again and so on. 

To calculate the remanence from the measured remanent magnetic moment, the saturation 
magnetic moment of the sample has also been measured at several temperatures. A third order 
polynomial has been applied to fit the measurement of the temperature dependenee of the 
saturation magnetic moment (see appendix B). In this way it was possible to calculate the 
remanence ofthe sample at each temperature. 

What the figure shows is a fast disappearance of the remanence with increasing temperature. 
This confirms the idea of paramagnetic grains in the sample. If one assumes a spread in grain 
sizes, this will cause a spread in blocking temperatures ofthe grains. The blocking temperature 
of a grain is that temperature, below which the magnetic moment of the grain cannot be moved 
by thermal activation. Forsmaller grains the blocking temperature will be lower than for larger 
grains, since there is less energy needed to move the (smaller) moment. This will cause the 
remanence to decrease with increasing temperature. This leads probably to the rather broad 
range in blocking temperature from 100 to 150K. 

Secondly a field cocled zero field cooled measurement (FC/ZFC) has been performed, of 
which an experimental outline will follow. First the field caoled measurement is described. A 
magnetic induction of 5*10-3T is applied to the sample. Then the sample is cooled down with 
the field still applied. When the temperature has reached 1OK, the magnetic moment of the 
sample is measured. Then the temperature is increased and the moment is measured again and 
so on. The zero field cocled measurement is almost equal to the field cocled measurement, 
except that there is no field applied during cooling of the sample (for measuring the magnetic 
moment of the sample the applied magnetic induction is the same as for the FC measurement, 
viz. 5*10-3 T). The FC and ZFC measurement are expected to reach the same moment at a 
certain temperature, above which the two measurements are equal. This temperature should be 
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the same (global) blocking temperature as described above. The result of the FC/ZFC 
measurement is shown in tigure 6.13. 
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Figure 6.13: Field caoled (FC, indicated by open circles) zero field caoled 
(ZFC, indicated by solid squares) measurement of sample x=46.6 at% Fe. 

The tigure shows two main features: it indicates the blocking temperature (T 8 ) and the 
magnetic behaviour above T 8 . The measurements show a T 8 in the temperature range 125 to 
225K, which is consistent with the temperature dependent remanence measurements described 
before. The magnetic behaviour above T8 looks paramagnetic (Mocl/T), which would indicate 
that the magnetic grains are not magnetically coupled. 

In chapter 3 a link between the magnetisation curve and the magnetoresistance curve was 
derived for eermet films in the dielectric regime. It says that MR is proportional to m2 (m is 
the relative magnetisation). Figure 6.14 shows the MR curves and the m2 curves of sample 
x=46.6 at% Fe for various temperatures. Both curves are scaled in such a way that their range 
lies between 0 and 1. It can be seen in tigure 6.14 that the resistance and m2 curves do not 
match well for all temperatures, but the deviation gets worse at lower temperatures. This is not 
what one could expect from the ps(T) behaviour in tigure 6.6, where for low temperatures, 
there is a rather good match with the tunneling theory for this sample. The general shape of 
both types of curves is nevertheless similar. At 1OK both curves show the hysteresis described 
in the previous section. 
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Fi!Jfre 6.14: Scaled resistance (solid line) and magnetisation curves 
(m, dashed line) for x=46.6 at% Fe at (jrom top to bottom) 
respectively JO, 75, 150 and 300K. The magnetisation curves are 
measured between + and -5T, the resistance curves between + and-
1.35T. 

To study the magnetic state of the grains, we have investigated the anisotropy of the samples. 
If the grains are separated much, one could expect a random orientation of the moments of the 
grains, causing no preferred direction for the magnetisation. Both magnetisation curves (in and 
out of plane) would look exactly the same. lf instead the grains lay close together the 
magnetisation could have a preferred direction due to coupling between the grains ( along the 
so called easy axis); see e.g. Bloemen30 for more information about anisotropy. An easy axis in 
plane causes the magnetisation curve in plane to show high remanence and to saturate at a 
relatively small field and the magnetisation curve out of plane ( along the so called hard axis) 
to show low or no remanence and to saturate at a larger value than the in plane measurement. 
From this saturation value the demagnetisation factor (N=Hd /M, with Hd the demagnetisation 
field and M the magnetisation of the sample) can be derived. To investigate the influence of 
the Fe concentratien on the anisotropy several samples with different Fe concentration, viz. 
x=52.7, 50.2 and 46.6 at%, have been measured in and out ofplane. The results are shown in 
figure 6.15. 
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Figure 6.15: Magnetisation curves in (connected sofid squares) and out (open 
circles) ofplane for respectively x=52. 7, 50.2 and 46.6 at%. The fine M=H is 
also drawn (sofid fine). 

All three samples show a preferred direction for the magnetisation in plane. The metallic 
samples indeed show high remanence for the in plane measurement and low remarrenee for the 
out of plane measurement, which also saturates at a larger field. The transition sample (x=46.6 
at% Fe) shows no remarrenee for both curves, but the out ofplane measurement still saturates 
at a larger field than the in plane measurement. This is consistent with the simple model 
introduced earlier, since in the transition regime there are more magnetically isolated grains. 
These grains will have randomly orientated moments, as explained above, which will cause a 
larger saturation field and a di sappearanee of the remanence. 

All out ofplane measurements can be fitted rather well with the line H=M, which corresponds 
to a demagnetisation factor N=l due to shape anisotropy of a 2 dimensional magnetic plane. 
This means that not only the metallic samples magnetically behave like a thin film with a 
uniform magnetisation, but the transition films just as well. The anisotropy can be observed in 
the GMR measurements as well (see figure 6.16). The GMR curve for the case of magnetic 
field perpendicular to the plane of the film is much less steep, which shows that the random 
orientation of the grain moments is longer maintained. This indicates that a larger field is 
needed to orient the magnetisation out of the plane than in plane. This is in agreement with the 
magnetisation measurements presented before. 
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Figure 6.16: Magnetisation (top) and GMR (bottom) curves for x=46. 6 at% 
Fe, with the applied magnetic field parallel (left) and perpendicular (right) 
to the film plane. 

6.3 FeHfSiO films 

6.3.1 Introduetion 

Inthelast section the maximum room temperature GMR for the FeHfD films was found to be 
2.02% at a Fe amount of 46.6 at%. Decreasing the amount of Fe leadtoa very large resistivity 
(R>109 Q), due to complete oxidation of all Fe and Hf. The measurements showed that no 
FeHfD film was in the dielectric regime. It might however be possible by lowering the Fe 
amount of the target in some way, to reduce the Fe amount of the films and get into this 
regime to obtain a higher GMR This could be dorre by increasing the amount of Hf in the 
target. It was however decided to add Si to the FeHf target, sirree simultaneously the soft 
magnetic properties of the FeHfD samples were investigated by Rulkens32

, and Si was 
expected to improve these properties. By coveringa part ofthe FeHftarget with Si (4% ofthe 
target area), the grown samples will contain a certain amount of Si, besides Fe, Hf and 0. In 
this way it is possible to decrease the amount of Fe in the matrix further without complete 
oxidation of all Fe grains. Not only the magnetic part in the sample changes relatively, but the 
metallic part as welL The samples will still be denoted by their Fe amount (here the structural 
formula is FexHfySizOJ.x-y-z), with a ratio Fe/Hf ~s and a Fe/Si ratio of ~s. 
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6.3.2 Electrical properties 

The GMR curves of the FeHfSiO samples look the same as the GMR curves of the FeHfD 
samples presented before. The measured samples contain a Fe amount between 38 and 62 at%. 
In tigure 6.18 an overview of all magnetoresistance and resistivity measurements at 300K is 
g1ven. 
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Figure 6.18: Overview of magnetoresistance (MR), sheet resistivity 
( pJ and difference in resistivity with and without a magnetic induction 
of 1.35T (LJ.pJ for the FeHJSiO samples. The dotted lines are guides to 
the eye. 

The samples with a larger Fe amount than 46 at% have a low resistivity, show no GMR and 
are in the metallic regime. The samples below 46 at% Fe show a large increase in resistivity 
and GMR with decreasing Fe amount (the resistivity of sampleswithand without GMR differ 
three orders in magnitude). These samples are in the transition and possibly in the dielectric 
regime. The sample with a Fe amount of 40.2 at% shows the highest GMR of 3.14 %. The 
samples with less than 40 at% on the other hand show a gradual decrease in GMR. These 
samples are probably in the dielectric regime. 
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The temperature dependent resistivity measurements ps(T) look very similar to the p5(T) 
measurements ofthe FeHfO films. Since there are FeHfSiO films containing a smaller amount 
of Fe than the FeHfD films, these may be in the dielectric regime and thus fit better to the 
characteristic tunnel p5(T) behaviour, viz. ln[cr]cx::-1/'I'T. We have omitted the ln[cr]cx::-1/T 
behaviour, since we have found that this fit was not appropriate (like in the FeHfO samples). 
In tigure 6.19 the p5(T) measurements of some low Fe concentratien samples are presented, 
viz. x=43.1, 40.2 and 38.9 at% Fe. 
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Figure 6.19: plT) measurements ofthe samples with x=43.1, 40.2 and 38.9 at% Fe in 
the farm of ln( G"J against T -1>. The tunnelZing theory prediets a linear relationship 
between In( G"J and T -1>. 

The tigure reveals that the fit for a=Y2 gets better for decreasing Fe amount and that the 
predicted linear relation is well observed for the samples x=40.2 and 38.9 at% Fe. These 
samples are most probably in the dielectric regime. 

For further investigation of the conductivity mechanisms MR(T) measurements have been 
performed. It was however not possible for all samples to perferm low temperature MR 
measurements. Figure 6.20 shows the MR(T) measurements for x=46.2, 43.1 and 38.9 at%. 
The first sample is not expected to show any of the predicted behaviours, viz. MR(T) is 
temperature independentor MR~l/T, since it is probably at the boundary between metallic and 
transition regime and the theories are derived for the dielectric regime. For the x=38.9 at% Fe 
sample MR measurements could be performed only between 100 and 300K. 
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Figure 6.20: MR(T) measurements ofthe samples (from left to right) with x=46.2, 
43.1 and 38.9 at% Fe. The dotted lines show the T-1 behaviour. 

The samples with x=43.1 and 38.9 at% Fe show the negative temperature dependenee already 
observed at the FeHfO samples (but not the T -J behaviour also shown in figure 6.20), but 
x=46.2 at% Fe shows a positive temperature dependence. In the discussion the different 
mechanisms will be discussed, which determine the temperature dependenee of the GMR. 

6.3.3 Magnetic properties 

The magnetisation curves ofthe FeHfSiO samples show the same characteristics as the FeHfO 
magnetisation curves. Figure 6.21 shows the magnetisation curves with respectively x= 43.1, 
38.9 and 34.3 at% Fe. The latter sample has a very large resistance (R>109Q), but is still 
metallic intransparent (no change of colour like in the FeHfO samples). The samples x= 43.1 
and 38.9 at% Fe have a GMR ofrespectively 1.50 and 2.79 %, so the sample x=38.9 at% Fe is 
expected to have a larger saturation field than the sample x=43.1 at% Fe (see section 6.2.3). 
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Figure 6. 21: Magnetisation curves of respectively (from left to right) 
samples x=43.1, 38.9 and 34.3 at% Fe. The magnetic moment has been 
measured between + and -5T, but only the regime between + and -0.5T is 
shown. 

The tigure confirms the idea of more magnetically isolated grains in a sample if the Fe 
amount is lower, which is visible in the more curved magnetisation loop. The tigure suggests 
that there would be remarrenee for the higher Fe amount samples, but MOKE measurements 
showed that there is no remanence. The MR and M(B) measurements have been compared 
and the result is shown in tigure 6.22 for sample x=43.1, 40.2 and 38.9 at% Fe. The tigure 
reveals that for sample x=40.2 at% Fe, which shows the highest GMR, the curves fit rather 
well. Generally spoken, the curves seem to fit better ifthe GMR is higher. 
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Figure 6.22: Scaled magnetoresistance (MR, solid fine) and 
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With MOKE equipment the remanence and small hysteresis have been studied more 
thoroughly by applying a small magnetic field. In figure 6.23 an overview is given for the 
(saturation) magnetisation, the remanence and the MR effect for varying Fe concentration. The 
remanence disappears between 46.2 and 43.1 at% Fe, where the GMR increases fast. The 
magnetisation decreases with decreasing Fe concentration. This decrease is however larger 
than would be expected by the small decrease in Fe amount in the samples, just like in the 
FeHfO case. This will be discussed in the next section. 
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Figure 6.23: Measurements of respectively (from top to bottom) 
MR, remancnee and magnetisation for B=5T (M/V) at room 
temperature of the FeHjSiO samples. The solid fine in the 
magnetisation measurements shows the expected linear decrease 
of the magnetisation by lowering the Fe amount. The dotted lines 
are guides to the eye. 

6.4 FeHfO versus FeHfSiO: discussion 

The electrical and magnetic properties of both kinds of samples are very similar. The GMR 
curves are identical in shape, the temperature dependenee of resistivity is similar and the same 
is true for the magnetisation curves. But there are differences as well. These differences are 
present since for the FeHfSiO samples we were able to cover all three regimes (metallic, 
transition and dielectric regime), whereas the FeHfD samples only covered two (metallic an 
transition regime). This makes it rather plausible why Rulkens32 found a rather good fit for the 
ps(T) measurement of the transition FeHfD sample x=46.6 at% Fe by using a simple resistor 
model with a tunnelling resistance parallel to a percolatien resistance. 
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In the dielectric regime the electrical and magnetic behaviour will differ from the other 
regimes, since there is less magnetic material in these samples ( and particular in the matrix of 
the samples). It is however important to keep in mind that the ratio metallic non-metallic part 
is changed too. The first change has consequences for the magnetoresistance, the second for 
the resistivity. In the FeHfD samples it was impossible to reduce the Fe amount below 45 at% 
without getting a very large resistivity (R> 1 09!.1) due to a complete oxidation of the samples. 
The Fe amount in FeHfSiO on the other hand could be reduced to 38 at%, before the 
resistivity became very large (R> 1 09!.1), but without complete oxidation of the samples. This 
very large resistivity is probably due to a larger insulating harrier compared to the samples 
with a lower resistivity, which decreases the tunnelling probability considerably (see chapter 
3). These low Fe amount FeHfSiO samples posses the largest resistivity and GMR of all 
samples. In figure 6.24 the results ofboth series are put together. 
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Figure 6.24: Magnetoresistance (MR) and sheet resistivity (pJ of the FeHfO 
(open circles) and FeHJSiO (solid squares) samples for varying Fe 
concentration at room temperature. 

There is a striking similarity for the shape of the Fe amount dependenee of the 
magnetoresistance for both series, with a shift of -6 at% Fe with respect to the maximum. The 
maximum roomtemperature GMR observed for the Si containing samples is increased by a 
factor 1.5 with respect to the other series and the corresponding resistivity is a factor 22 larger. 
This can be explained by the model introduced earlier (see section 6.2.1). Since we have added 
Si to the target, there will be Si in the matrix. This willlower the Fe amount in the matrix, 
which will isolate the grains more, both electrically and magnetically. The first will increase 
the resistivity and the latter will increase the GMR effect. The grain size in these samples is 
still independent of Fe amoune2 and is 6 ± 2 nm (the same as the FeHfO grain size). 

The theoretica! prediction for the ps(T) behaviour was ln(cr5)=ln(cr0) + 2 'I'(C/kT), so from the 
slope in the In( cr5) against 11 'I'T measurements C can be determined and compared to the 
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theoretica! predictions. For the samples with a deviation from the linear relation at high 
temperatures, the low temperature slope is measured. In table 6.1 the results are summarized 
fora number ofFeHfO and FeHfSiO samples. 

Table 6.1: Summary of experimental C values 

series x (at% Fe) c (10-24 J) 

FeH{O 48.8 3.9 

46.6 14.8 

45.3 8.5 

FeH{SiO 43.1 11.1 

40.2 37.2 

38.9 34.5 

From the table it follows that Cis ofthe order 10-23 J. Let us now take a look at the theoretica! 
values for C. Equation 3.14 shows that C= xsEc0

, where x=2nlhv'(2m<j>) and Ec0 is given by 
equation 3.2. The grain size d was found to he independent ofthe Fe amount for both series of 
samples and was of the order of 6 nm. It is possible to calculate the separation s from this 
value of d, assuming a model in which the granular metal is replaced by a simple cubic lattice 
of metal spheres of constant diameter d, with a latice constant s+d (see ref [36] for more 
details). Then the ratio s/d becomes s/d=(n/6x)113

- 1. Here x is the volume fraction of Fe. This 
volume fraction could be determined from magnetisation measurements. A typical volume 
fraction Fe is 0.38. This leads to s/d=0.12 and thus to s=0.7 nm. Separation ofthis order have 
indeed been observed with high resolution transmission electron microscopes, see e.g. ref [17]. 
Assuming a relative dielectrical constant of 5 and an effective harrier height <1>=1 eV (see ref 
[ 5]), one finds C~ 1 o-19 J. This is a large deviation from the measured values, which is also 
found by Mitani et al17

• This means that although the models seem to describe the behaviour of 
the films qualitatively well, they fail to quantify the constantsin our case correctly. 

For both series we found a large decrease of saturation magnetisation for decreasing Fe 
amount. One would expect a linear decrease (see cernment figures 6.11 and 6.23), if the 
magnetic part of the sample could be considered as a connected magnetic entity and the Fe 
amount would be reduced. There are several possible explanations for the larger decrease. The 
first is the formation of Fe20 3 in the low Fe samples, mainly in the matrix. Since Fe20 3 is 
antiferromagnetic, this will reduce the moment of the sample further. A second explanation is 
the formation of paramagnetic grains in the lower Fe samples. Since their supermoments 
posses a Brownian-like rotatien (see section 6.2.1 or ref [33]), it will take a very large 
magnetic field to allign them exactly to the field. This saturation field may not have been 
reached for the SQUID measurements of these samples (the fields used were up to ST). The 
magnetisation measurements for B=ST show however that at B=l.35T (the induction used for 
the MR measurements) the magnetisation is nearly saturated. 

Another difference between the series is the temperature dependenee of the GMR. In tigure 
6.25 a selection of the results of the MR(T) measurements have been put together for both 
series. The measurements for the FeHfO sample x=46.6 at% Fe and the FeHfSiO samples 
x=43.1 and 38.9 at% Fe are shown, which show a relatively large GMR. 
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Figure 6.25: MR(T) measurements of FeHfO sample x=46.6 at% Fe (open 
squares) and FeHJSiO samples 43.1 (solid triangles) and 38.9 at% Fe (solid 
squares). 

The tigure reveals that FeHfSiO sample x=38.9 at% Fe has the smallest temperature 
dependenee of all measured samples and is very similar to the data presented by Mitani et al 11 

for the CoAlO sample with composition Co52Al200 28 , which shows the highest GMR in their 
CoAlO series. Sample x=38.9 at% Fe is also the sample with the highest GMR of the 
presented FeHfSiO samples. The FeHfO sample x=46.6 at% Fe, which has the largest GMR of 
the FeHfO samples, on the other hand has a strong temperature dependenee of the 
magnetoresistance, but not over the whole temperature range the T-1 dependenee one would 
expect if the magnetisation reached at the applied field for the MR measurement is far from 
saturated as predicted insection 3.3.4 (see tigure 6.7). This can however be understood by the 
assumption made in the denvation of this relation that the grains must be unblocked and we 
found a blocking temperature of ~150K for this sample. Above this temperature the T -l 
relation is indeed observed. All magnetisation curves showed that at B=l.35T the 
saturationmagnetisation is nearly reached, so we would expect a temperature independent MR, 
as predicted by Inoue and Maekawa18

. The FeHfSiO samples do show this behaviour. This 
might be understood with a blocking temperature above 300K, but that doesn't seem to be 
plausible, sirree the average grain size for both series is roughly equal and the blocking 
temperature depends on the grain size. So probably the T-l behaviour ofthe magnetoresistance 
is not applicable for our samples. Let us now consider the different mechanisms, which may 
determine the temperature dependenee of the GMR in granular systems. The fiTst is the 
interaction between the magnetisation of the grain and the extemal magnetic field. This causes 
the saturation magnetisation of the sample to increase with decreasing temperature, due to less 
thermal fluctuations of the magnetisation. This involves a better parallel orientation of the 
grain magnetisations at any magnetic field and thus leads to a larger difference between zero 
field and field resistivity. Because of this effect the MR will decrease with increasing 
temperature, which is normally the case. A second mechanism is spinflip scattering at 
magnetic impurities in the space between two grains. Sirree this is temperature dependent (for 
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bulk ferromagnets this is ocT2
) and it tends to lower the GMR, it causes also a negative 

temperature dependenee of the magnetoresistance. 

Rulkens32 tried to explain the strong negative GMR temperature dependenee ofFeHfO sample 
x=46.6 at% Fe by assuming spinflip scattering and the fit was rather promising consictering all 
assumptions. Since the spinflip scattering takes place at the magnetic impurities in the 
insulating matrix, and these decrease for the Si containing samples, it should be less dominant 
in the dielectric FeHfSiO samples. They should therefore show a much weaker negative 
temperature dependenee of the GMR, and this is in fact observed. But it is not unambiguous 
that a higher GMR willlead to a smaller temperature dependenee of the GMR. This seems to 
be the case for the Si containing samples, but more measurements are needed to found this 
thoroughly. 

Finally we will present a comparison of the results on the FeHfSiO films with the results 
published on CoAlO by Fujimori31 and FeHfO by Mayakawa9 (see figure 6.26). 
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Figure 6.26: GMR and sheet resistivity (pJ results on the FeHjSiO (solid 
squares), CoA/0 by Fujimori et a/31 (open triangles) and FeHfO by Hayakawa 
et az9 (crosses) as a function of the ferromagnetic (FM) amount in the film. 
The dotted lines are guides to the eye. 

It is obvious that the GMR results on the CoAlO are higher than on the FeHfO and FeHfSiO 
samples, but that seems to be a general feature of Co containing systems (see e.g. chapter 5 
and ref [27]). The FeHfO results of Hayakawa should however be more comparable which is 
indeed the case, see again fgure 6.26. However the maximum GMR effect is somewhat higher 
and at a higher Fe amount than the maximum for FeHfSiO, but at a lower amount than the 
maximum for our FeHfO samples. This is however not surprising, since they used a different 
FeHftarget with a higher Hf amount by adding Hfto the target. They found the highest GMR 
for sample Fe44Hf200 36, compared with our best FeHfO sample Fe46.6Hf10.00 43 4' The Fe/Hf 
ratio is intheir case ~2 compared to ~5 in our case. This indicates that their are more magnetic 
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impurities in the matrix of our FeHfD sample, which increases the spinflip scattering. This in 
turn leads to a lower MR effect. 

6.5 Conciosion 

The electrical and magnetic properties of two series of eermet films are investigated, one 
containing FeHfD and the other FeHfSiO. It was found that these properties depend strongly 
on the exact composition of the sample. The FeHfD samples are partly in the metallic (high 
Fe amount) and partly in the transition (lower Fe amount) regime. The temperature 
dependenee of the resistivity changes sign between the two regimes. At this transition the 
samples develop GMR effect and the resistivity increases strongly with decreasing metal 
amount. Meanwhile the saturation magnetisation decreases and the remanence disappears. The 
samples show a strong temperature dependenee of the magnetoresistance. The highest GMR 
observed in these samples is 2.02% for sample Fe46_6Hf10_00 43 _3. Furthermore it was found that 
all samples magnetically behave as thin films with a uniform magnetisation and a 
demagnetisation factor ~ 1. 

The FeHfSiO samples are divided over the metallic, transition and dielectric regime. The 
samples in the metallic and transition regime show the same characteristics as the FeHfD 
samples mentioned before. In the dielectric regime the resistivity strongly increases with 
decreasing metal amount and the conductivity is dominated by tunnelling. This is confirmed 
by the fairly good agreement between the tunnelling theories and experiments. The GMR still 
increases with decreasing Fe amount in this regime, with a maximum of 3.14% for sample 
Fe40_2Hf6_2Si5.50 48.1. The saturation magnetisation decreases further and the magnetisation 
curves show a larger curvature. Below a certain metal amount the samples have a very large 
resistivity (R> 109 Q), but the samples still show a (small) saturation magnetisation, which may 
indicate that there are still Fe grains, but that they are separated too far for tunnelling to occur. 
The temperature dependenee of the magnetoresistance is weaker than for the FeHfO samples 
and decreases with decreasing Fe amount. 
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Figure Al: I/ lustration of the correction of the high field (subscript hj) magneto
resistance curves (here: Si (i OO)/Ta(3 5A)IJ(80A)!Cu(2 5A)!Co9ff? e 10(80A)!Ni0(5 OOA)), 
with the help of the corresponding smal! field measurement (subscript sj). In the 
upper figure the sheet resistance is drawn for bath measurements, with the smal! field 
resistance translated along the resistance axis to overlap the high field resistance. 
With this new smal! field resistance is in the bottam figure the magnetoresistance of 
the high field measurement recalculated. The equations are given above the figures. 
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Appendix B 

Table BI: 0 2 -flow and composition of all FeHJO samples 

sample-nr 0 2-flow [seem] SEM (Fe;Hf;O) 
[atomaire %1 

pb59 10 52.71; 13.43;33.87 
pb81 12 50.20; 1 0.69;39 .11 
pb82 ?? 
pb90 13 46.06; 11.05;42.89 
pb91 14 27.87;5.63;66.51 
pb92 13.5 
pb93 12.5 48.82;9 .14;42.04 
pb94 13.25 45.25;8.37;46.37 
pb95 12.75 48.30;8.91 ;42.79 
pb96 13.4 46.64;9.98;43.38 
pb99 13.0 46.62;9.44;43.94 
pb100 13.4 45.76;11.01;43.23 

Table B2: 0 2 -flow and composition of all FeH.fS..iO samples 

sample-nr 0 2-flow [seem] Ar-flow [seem] SEM (Fe;Hf;Si;O) 
[atomaire%] 

pb101 12.0 43.11 ;7 .52;5.28;44.1 0 
pb102 13.0 38.91 ;6.99;5.44;48.66 
pb103 14.0 34.27;5.03;4.34;56.36 
pb104 11.0 46.23;9. 70;3 .28;40. 79 
pb105 10.0 50.53;9.33;4.49;35.65 
pb106 9.0 55.84; 10.18;4.54;29.44 
pb107 15.0 
pb108 14.5 
pb109 8.0 61.20; 12.56;3 .58;22.67 
pb110 13.5 
pb111 13.75 
pb112 13.25 40.24;6.22;5.52;48.03 
pb113 13.8 38.96;6.01 ;3.93;51.1 0 
pb122 13 37.5 
pb123 13 47.5 
pb124 13 52.5 

For all samples without given Ar-flow the flow was 42.8 seem. 
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x=46.6 at% Fe 
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Figure Bi: Saturation moment (with B=5T) of sample x=46.6 at% Fe. The line is a 
second order polynomial fit, of which the equation is given in the ft gure. 
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