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Abstract 

In this report the microstructure and the magnetic behavior of two types of FeHfSiO eermet 
film are characterized; (1) thin FeHfSiO eermet films sputtered on glass, and (2) thick FeHfSiO 
eermet films, sputtered on Kapton. The oxygen concetration determines the microstructure 
and magnetic behavior. Therefore both types are sputtered with various Ar/02-flow. 

1. The research of the thin samples is focussed on finding a layer, which has a large 
permeability combined with a large resistivity. This material can be used for new 
magnetic reading heads in ( for example) harddisks. By proving a model shown in 
literature [1], we hope to find this specific layer. The model describes the behavior 
of the resistivity, permeability, magnetization and the coercive field as function of the 
oxygen concentration in the layers. The model is in agreement with our measurements. 
Our goal to find a sample with a high permeability f-l combined with a high resistivity p 

and saturation magnetization Msat is succeeded at 6.3 seem Ar/02-flow. Basedon the 
modeland our measurements, we expect a TMR-effect at about 6.5 seem Ar/02-flow. 
We have used this information to sputter thicker samples on Kapton in the regime of 
high TMR. Kapton is necessary to obtain Mössbauer spectra with a good signal to 
noise ratio in a few days. 

2. These new samples are used to characterize the microstructure and magnetization of 
the FeHfSiO layers in the regime of high TMR. We have observed TMR in several 
samples grown on Kapton which are sputtered with an Ar-flow of 47.1 seem and an 
Ar /02-flow lower than 6.5 seem. The resistivity as function of the oxygen concentra ti on 
was comparable with the thin layers sputtered on glass. At high oxygen concentrations 
FeO is present, and pure Fe is absent (grains). At lower oxygen concentrations, the FeO 
disappears and is replaced by a-Fe which is superparamagnetic relaxed. The Fe shows 
a superparamagnetic behavior. By means of these measurements the average grains 
size is calculated of about 50 A, which is in agreement with literature. Also a small 
paramagnetic background is observed in these layers, which is probably caused by a 
small amount of FeO or Fe in the insulating matrix, which was already suggested by 
Strijkers et al [2]. Samples with a high oxygen concentration show no magnetic moment 
at all, which is probably caused by the FeO which is present in these samples. 
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Chapter 1 

Introduetion 

1.1 General introduetion 

Nowadays, the computer has an important place in many companies. For example, huge 
databases control the flow of goods in a company, and the PC is an indispensable tool in every 
office. The computer programs running on these machines become more and more powerful, 
which seems to be related with an increasing diskspace these programs need. To answer this 
large demand of disk space, the information density on the disk must be increased. Therefore 
recording and reading heads also have to shrink to smaller dimensions. However, the limit 
of miniaturization of conventional heads seems to be reached. Therefore, new materials are 
under development to replace the currently used materials in the conventional recording and 
reading heads. 

Materials, which display a magnetoresistance effect, seem to offer a good salution for new 
magnetic heads. A magnetoresistance effect means that the resistivity of the material changes 
when a magnetic field is applied. We distinguish three different kinds of MR-effect: the 
Anisatrapie MR-effect (AMR), the Giant MR-effect (GMR) and the Tunneling MR-effect 
(TMR). This report deals with FeHfSiO granular films, a material which shows a TMR
effect. 

The goal of this research is to characterize the microstructure and the magnetic behavior of 
these FeHfSiO granular alloys, consisting of conducting grains in an insulating matrix. The 
magnetic behavior of comparable alloys has been outlined in chapter 2. We used several 
techniques and apparatus to investigate the microstructure of the samples. These apparatus 
are described in chapter 5. A very special apparatus, the Mössbauer spectrometer is also 
described in chapter 3 and 4. Using this technique, chemical properties of Fe and Fe-oxides 
can be determined. 

1. 2 Technology assessment 

The FeHfSiO alloys we investigate are mainly used in a magnetic reading head. A schematic 
representation of a magnetic reading head is shown in figure 1.1. 

It consists of a fiuxguide, the separation oxide and a magnetoresistance (MR) material, in 
which the resistivity depends on the applied magnetic field. A magnetic tape runs along this 
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Figure 1.1: A schematic drawing of the magnetic reading head. 

Chapter 1 

magnetic reading head. The tape contains magnetic domains. The direction of the magnetic 
moment of a domain depends on the information which is stared on the tape. When the 
tape runs along the magnetic head, the magnetic moments cause a flux. which is guided 
through the MR material by the fluxguide, a material with a high permeability. When the 
magnetic moments on the tape change, the flux changes and therefore the resistivity of the 
MR materiaL By applying a current to the MR material, the resistivity changes can be 
measured. Thus the digital information on the tape is converted to an electrical signal. 

To avoid current leakage, the MR material has to be electrically separated from the fluxguide. 
However, the flux has to be guided well by this separation material, because else not enough 
flux is guided through the MR element. The FeHfSiO granular alloys combine these two 
properties. 

Another interesting property of FeHfSiO is the presence of an MR effect for certain oxygen 
content. 
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Chapter 2 

Granular Alloys (in genera!) 

In this chapter some general information of the granular alloys will be presented. First some 
theory of exchange energy, magnetic anisotropy, and domain walls will be presented to discuss 
the magnetic behavior of granular alloys more thouroughly. Finally several magnetoresistance
effects will be discussed. 

2.1 Exchange Energy 

The net spins of two atoms, interact with each other. This interaction is described by the 
Heisenberg model, and the energy involved in this interaction is: 

(2.1) 

where J is the exchange integral, which is related to the charge distributions of the atoms i,j 
and cp is the angle between the spin directions. The interaction is positive for ferromagnets, 
negative for antiferromagnets and zero for paramagnets. It is obvious from equation 2.1 that 
the energy for a ferromagnet is minimized when the spins are parallel. The exchange energy 
is a very strong interaction. Therefore it opposes changes in the relative directions between 
adjacent spins. It plays an important role in the magnetic anisotropy of a material, the 
domain walls ( discussed later), and also causes averaging effects of locally varying magnet ie 
properties. 

2.2 Magnetic anisotropy 

Magnetic anisotropy is the property of a material, which describes the dependenee of the 
internal energy on the direction of spontaneous magnetization. We call an energy of this kind 
magnetic anisotropy energy. There are different contributions, which lead to a total magnetic 
anisotropy. The two most important for our experiments in chapter 6 are magnetocrystalline 
anisotropy and shape anisotropy, which are outlined in the following paragraphs. 
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Granular Alloys (in general) Chapter 2 

2.2.1 Magnetocrystalline anisotropy 

When the symmetry of the magnetic anisotropy energy is the same as the crystal structure of 
the material, the anisotropy is called the magnetocrystalline anisotropy. The simplest case of 
this type of anisotropy is uniaxial magnetocrystalline anisotropy. This means that one of the 
crystal axes is also the preferred axis, or easy axis of magnetization. As the magnetization 
rotates away from this preferred axis, the magnetic anisotropy energy is increased and reaches 
a maximum when the angle e between the preferred axis and the magnetization is 90°. When 
e becomes larger, the magnetic anisotropy energy decreases and reaches its original value at 
e = 180° degrees. In other words, the anisotropy energy is minimum when the magnetization 
points either in the + or - direction. Therefore, we describe the behavior of the magnetic 
anisotropy with series of powers of sin2 e [3]: 

Ea =Kul sin2 e + Ku2 sin4 e + Ku3 sin6 e ... , 
where K is the anisotropy constant. 

(2.2) 

For Fe, the anisotropy energy can be expressed with direction consin es ( a1, a2, a3) of the 
magnetization vector with respect to the three cubic edges. Because the dependenee of the 
magnetic anisotropy energy is the same with respect to the symmetry axes, there are many 
equivalent directions, therefore, the anisotropy can be described in a simple way. The cosines 
arealso expanded in power series, just as described in the uniaxial magnetic anisotropy. The 
odd powers of a disappear because the change of the sign of a must give a same magnetic 
anisotropy energy. Because the contribution of every axis is the same, the expression must 
also be invariant to a interchange of any of the direction cosines. Therefore, the first term of 
the equation must be ai+ a§+ a§, which is always equal to one. The next is the fourth order 
term which can be reduced to :Li>j a;aJ. Thus we have the expression for the magnetic 
anisotropy energy: 

(2.3) 

The magnetocrystalline anisotropy is caused by the exchange energy and electrastatic inter
action of the charge distributions of neighboring atoms, which is explained in figure 2.1. 

(B) 

Figure 2.1: The origin of magnetocrystalline anisotropy. The electrans of this material have 
an infinite spin-orbit coupling. The exchange energy and the electrostatical en
ergy of the charge distributions of neighboring atoms differs for a magnetisation 
( and thus spin) pointing upwards (A) compared to (B) the situation, that the 
magnetisation is pointing to the right. 

In figure 2.1, electron clouds are drawn which have an infinite spin-orbit coupling. Therefore, 
the electron distribution is directly connected with the magnetization of the materiaL The 
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Chapter 2 2.2 Magnetic anisotropy 
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Figure 2.2: Magnetization in a thin film, where the length and the width are much larger 
than the thickness of the film. 

overlap of electron cloucis is different for the case that the magnetization is pointing upwards, 
shown in figure 2.l.A compared to the situation where the magnetization points to the right, 
described in figure 2.l.B. This leads to a different exchange energy, and electrastatic energy 
for bath situations, resulting in a magnetic anisotropy energy. Because the overlap is due 
to Coulomb-Coulomb repulsion between orbitals of the neighboring atoms, the orientation 
of these orbitals is dependent on the crystal structure, which causes the magnetocrystalline 
anisotropy. 

2.2.2 Shape anisotropy 

Another possible cause of anisotropy is the shape of the magnetic layer. In samples with an 
uniform magnetization, magnetic poles on the surface will appear. These poles give rise to a 
demagnetizing field fid which is proportional and opposite to the uniform magnetization M 
[4]: 

(2.4) 

-
where N is the demagnetizing tensor, which depends on the shape of the sample and on the 
position in the sample. The shape anisotropy energy per unit of volume can be expressed as: 

(2.5) 

-where f-Lo is the permeability of vacuum. The demagnetizing tensor N can only be calculated 
for simple objects, such as spheres, thin films and ellipsoids. For spheres, for example, the 
tensor is diagonal with the elements Nx = Ny = Nz = i· In case of a thin film shown in 
figure 2.2, with thickness much smaller than the length and width, the demagnetizing field 
due to the poles lying in plane of the sample have no or contribution to the demagnetizing 
field. 

The poles, which lay perpendicular to the plane have a contribution of one. From this it 
follows that Ny :=:; Ny « Nz In this case the shape anisotropy given by equation 2.5 can be 
rewritten and becomes in polar coordinates: 

(2.6) 

where cfy is the angle in plane, and () is the angle with the normal of the plane. Consequently, 
in equilibrium the magnetization will be orientated along the y-axis. 
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Granular Alloys (in general) Chapter 2 

2.3 Domain walls 

In a magnetic material, the magnetization distribution is always optimized to obtain the low
est energy. For example, for an infinite long and infinite thin ferromagnet the magnetization 
is aligned parallel to the long axis, because the demagnetizing field energy is the smallest as 
described in the previous paragraph. If the length of the sample is finite just as its thickness, 
free poles are formed, which give rise to a magnetostatic energy Emag· In order to reduce 
Emag, the magnetization distribution has to be altered. This implies a change of the exchange 
energy Eex and the anisotropic energy Ea as well. The stabie magnetization distribution is 
determined by minimizing the total energy, as described in equation 2.7: 

E = Emag + Eex + Ea. (2.7) 

In figure 2.3 magnetic disks are drawn. With this figure we clarify the influence of the 

s 
.......... ... __... 
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...... ,. ............... ___.. -----· N 

S-----N 

s s ......... ·-······• ........... -.. 
s ........................ ---------· 

·······• ---------· 
N 

N ......... s 

(A) (B) (C) 

Figure 2.3: (A) shows a uniform magnetized disk, with many free poles. (B) shows a circular 
magnetized disk with na free poles. (C) shows a disk with uniaxial anisotropy 
and domain walls, decreasing the number of free poles. 

exchange energy and the anisotropy on the spin distribution. In figure 2.3.A a uniform 
magnetized disk is shown. As we can see, this disk has many free poles on the surface. This 
implies that Emag is very large. Therefore, a change of magnetization direction, would require 
much anisotropy and exchange energy. Figure 2.3.B shows the magnetization distribution in 
case of a low anisotropy energy and exchange energy. This implies that the magnetization 
could be aligned in order to decrease Emag, which results in no free poles at the surface. 
Figure 2.3.C shows a disk with a uniaxial anisotropy, but not as large as in case of figure 
2.3.A. Therefore, some domains appear, with each a different magnetization direction, to 
lower the Emag. Because the domains have a different direction of magnetization, some 
transition layers appear at the boundaries of a domain, where the magnetization direction is 
gradually changed from one domain to the other. These transition layers are called domain 
walls. The magnetization direction changes gradually because the exchange energy of spin 
pairs increases to a great extend when the direction is changed abrupt. The thickness of 
these walls depends on the magnetic anisotropy and the exchange energy. A domain wall is 
shown in figure 2.4. 
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Chapter 2 2.4 Magnetization effects in granular alloys 

d 

Figure 2.4: A schematic drawing of a domain wall with thickness d. 

2.4 Magnetization effects in granular alloys 

This section describes the magnetic behavior of several types of granular alloys. The granular 
alloys we investigate consist of conducting grains surrounded with an insulating matrix, as is 
shown in figure 2.5. 

(A) (B) 

Figure 2.5: (A) shows a granular alloy which contains large grains. (B) shows a granular 
a.lloys which contains small grains. (C) shows a granular alloy with a large 
amount of insulating matrix. 

Figure 2.5 shows three types of granular alloys. Figure 2.5.A shows a granular alloy which 
contains large grains, and a small amount of insulating matrix. Figure 2.5.B shows a granular 
alloy with small grains and also a small amount of insulating matrix. Figure 2.5.C at last 
shows a granular alloy with a large amount of insulating matrix. Due to anisotropy energy, 
and exchange energy, the magnetization behavior of those types of granular alloys differs. An 
important length scale, that determines how and to what degree the interplay between those 
energies determines the magnetic properties is set by the ferromagnetic exchange length Lex 

(2.8) 

where A is the exchange stiffness, which is proportional to J in equation 2.1, and K the 
constant of anisotropy. For granular alloys, the charaderistic lengthof the grains D compared 
to Lex is the critical parameter that determines the magnetic properties. 
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Granular Alloys (in genera!) Chapter 2 

In case of large grains, shown by figure 2.5A, with D > Lex, the anisotropy determines the 
direction of the magnetization. The direction of the anisotropy in these grains is random. In 
order to minimize the anisotropy, the magnetization must follow the anisotropy. This implies 
that the magnetization is changed at the border of a grain, which implies a large exchange 
energy. The energy can be reduced by forming a domain wall at these boundaries, in which 
the magnetization changes gradually. Since the anisotropy is large for these large grains the 
permeability is low in case of large grains. 

In case of small grains, shown by figure 2.5.B with D < Lex, the magnetization will not 
follow the local anisotropies, because the exchange energy would be too large. Therefore, 
the magnetization globally follows the anisotropies. Thus the magnetization direction will be 
uniform across a number of grain, with each a random anisotropy. The anisotropy will be 
averaged out to some degree, which means that the permeability is high in these materials. 

In case of large distances between the grains, as shown in figure 2.5.C, the exchange interac
tion between the grains disappears and the grains are therefore not or weakly coupled. The 
magnetization follows the anisotropy of each grain because of the absence of the exchange 
interaction between the grains. Because each grain has to be aligned separately, the perme
ability is low in these materials. The tunnel magnetoresistance (TMR) effect, which will be 
explained in next paragraph, is present in these materials. 

From the foregoing, it is clear that to obtain a large permeability granular alloys of type (B) 
must be used, to obtain a TMR-effect, alloys of type (C) are necessary. Large permeability 
and TMR-effect can not be combined in these materials. 

2.5 Magnetoresistance effects 

Several magnetoresistance (MR) effectscan be observed in (combinations of) magnetic ma
terials. The simplest one is the anisatrapie magnetoresistance effect (AMR). This effect can 
be explained as follows: when a magnetic field is applied, the magnetization is changed, and 
confarms to the direction of the applied field. Due to spin-orbit coupling the atomie electron 
orbits will rotate to some degree. Due to the latter, the orientation of the atomie electron 
orbit with respect to the applied current changes. From this it follows, that the cross section 
( or scattering probability) of the conduction electrans with atomie orbitals might change. 
The magnitude of this effect is around 2%, dependent on the materiaL 

2.5.1 Giant Magnetoresistance 

Giant Magnetoresistance (GMR) is discovered in 1988 by Baibich et al. [5]. The effect is in 
particular measured in a magnetic/non-magnetic/magnetic conducting multilayers, such as 
Co/Cu/Co multilayers. It originates from spin dependent scattering of the electrans at the 
Co/Cu interface or in the bulk of Co. The effect is demonstrated by a simple model shown 
in figure 2.6. 

In figure 2.6A. the magnetic layers Ml and M2 are anti-ferromagnetic coupled. This implies 
that the 3d electron band has a different configuration in layer Ml compared to layer M2, 
because the magnetization is in particular caused by the 3d-electron band. The spin scattering 
is dependent of this 3d electron band. In a simple model we assume that all the spin up 
electrans only scatter with atoms, having a 3d band conesponding with a magnetization 
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M1 NM M2 

Spin up Spin down 

(A) 

M1 

Spin up 

2.5 Magnetoresistance effects 

NM M2 

Spin down 
(B) 

Figure 2.6: The schematic presentation of the electron scattering in a magnetic multilayer, 
which consists of two magnetic layers (M) and one non magnetic layer (NM). 
In (A) the magnetic layers are anti-ferromagnetically coup led, in (B) the layers 
ferromagnetically coupled. 

pointing upwards, and all the spin down electrans only scatter when the magnetization points 
downwards. When the layers are anti-parallel aligned, the spin up electrans scatter at the 
first magnetic layer, and the spin down electrans scatter at the second magnetic layer. This 
means that spin up electrans scatter as much as the down electrons. If we assume that bath 
type of electrans do not interact with each other (no spin-flip occurs), we are permitted to 
see those electrans as two different types of current, with each its own resistance. If we align 
the two magnetic layers parallel by applying a magnetic field the spin up electrans do not 
scatter in any layer, and the spin down electrans scatter in bath layers. Therefore, the spin 
up electrans farm a short circuit, resulting in a resistance lower than in the anti-parallel 
alignment. 

There are more models, which describe the behavior of such multilayers for example by R.E. 
Camley and J. Barnas [6]. To obtain more information about GMR, one should read G. J. 
Strijkers [7] or M.M.H. Willekens [8]. 

2.5.2 Tunneling Magnetoresistance 

Tunneljunctions 

In 1995 for the first time a large TMR-effect was measured in a tunneljunction by Moodera 
et al. [9]. A tunneljunction is a magnetic multilayer just as the multilayer described in 
previous paragraph, but the non magnetic electrical conduction material is replaced by a 
non magnetic electrical isolating material, as is shown in figure 2. 7. The electrans tunnel 
through this insulating layer. The transmission of electrans thraugh the insulating barrier is 
spin-dependent, which causes a MR-effect as will be explained. Therefore, this effect is called 
the tunneling magnetoresistance effect. 

First the tunneling through an insulating material is briefly discussed. Figure 2.8 shows a 
electron with a probability to penetrate the barrier. We assume that the potential is not 
depending on time. The energy of the electron is Ee and the potential of the barrier is Vt,. 
We applied a voltage drop over the barrier 6. V to obtain a net transmission probability JTJ 2

. 

Using the Schrödinger equation [10] 
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r---------\V!---- r---------\V!-------, 

(A) (B) 

Figure 2. 7: (A) shows a tunneljunction with anti-parallel magnetisation between the two 
layers and the current fiows from Ml to M2. (B) shows the sa me tunneljunction, 
but with a parallel magnetisation between the two magnetic layers with the same 
currentfiow as (A). 

(A) 

(B) 

barrler 

' -2ks =e 

Figure 2.8: (A) shows the potential of an electron Ee, which tunnels through a harrier with 
potential 1;b. To obtain a net current I, a potential drop of Ll V is applied. (B) 
shows the corresponding probability of the tunneling. 

Jï2 a2w 
-2m 8x2 + Vw = Ew, (2.9a) 

the transmission probability ITI2 will be 

ITI2 ex e-2ks' (2.10) 

where s is the barrier width, k = J2m("Vb- Ee)/!ï2 is barrier height, mis the mass of the 
electron, V is the potential of the barrier and E f is the energy of the electron. This does 
not lead to a MR-effect. Therefore, we have to look at the density of states (DOS) of bath 
materials. Figure 2.9 displays the DOS conesponding with the multilayers displayed in figure 
2.7. The DOSforspin-up electrans (arrow pointing up in shaded area) differs from the DOS 
of spin-down electrans (arrow pointing down). We now consider situation (A), where the 
magnetic layers are anti-ferromagnetically coupled. If we assume that only electrans on the 
fermi-surface tunnel through the insulating material, and nospin-flip occurs, the transmission 
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Chapter 2 2. 5 M agnetoresistance effects 

Energy 

Loos 

(A) (8) 

Figure 2.9: (A) shows the density of states two magnetic layers which are anti-parallel 
aligned. (B) shows the density of states of two magnetic layers which are parallel 
aligned. N 1 and N2 denotes the density of states at the fermi level. 

probability of a spin up electron I Ti 1
2 

must be dependent of 

jri 1:P ex: N1N2, (2.11) 

where N denotes the density of states at the Fermi level. Likewise the transmission probability 

of the spin-down electron I Tll
2 

is 

jr11:P ex: N2N1. 

Therefore, the total transmission probability ITI~P from layer M1 to layer M2 is 

ITI~p ex: N1N2 + N2Nl. 

(2.12) 

(2.13a) 

In case of (B) ferromagnetically coupled layers, the total transmission probability ITI2 from 
layer M1 to layer M2 is 

(2.14a) 

In combination with equation 2.10, this leadstoa more general equation for the transmission 
probability 

(2.15) 

where 

(2.16) 

is the polaristation and e is the angle between M1 and M2. Because the conductivity G is 
linear dependent of the transmission probability ITI2, and 

. Rp - Rap w Gap - Gp w 
TMR-ratw = Rp x 100/o = Gap x 100;o, (2.17) 
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this gives 

. (1 _ p2 _ (1 + p2) )e-2ks 2p2 
TMR-rat10 = (1 _ P 2)e_2ks x 100% = P 2 _ 

1 
x 100%. (2.18) 

Granular alloys 

vVe did not investigate the TMR-effect in magnetic multilayers shown by figure 2.6, but 
in FeHfSiO granular alloys. To understand the preserree of the TMR-effect, we look at 
figure 2.10. Figure 2.10.A shows that the magnetic moments are randomly ordered in a 

(A) 

applied field -) 

(B) 

Figure 2.10: (A) shows the structure of a granular alloy. The conducting grains are sur
rounded by an insulating matrix. The magnetic moments ( arrows) are ran
domly ordered. (B) shows the same granular alloy. A magnetic field is applied 
and therefore the magnetic moments are parallel aligned. 

granular alloy as discussed in the foregoing paragraph. This corresponds with the anti-parallel 
alignments of the two magnetic layers in the tunneljunction. When a magnetic field is applied, 
the moments align to the magnetic field, and figure 2.10.B is obtained. This configuration 
corresponds with the parallel alignment of the two magnetic layers in the tunneljunction. 

2.5.3 Activation energy 

As we can understand by equation 2.10 the tunneling probability depends on the energy of the 
electron. Therefore, the tunneling probability depends on the temperature. This is not the 
only contribution to temperature dependent tunneling. Another cause of this temperature 
dependenee is the charging of the grains which will be explained in the following. 

As discussed in previous paragraph granular alloys which show a TMR-effect consist of con
ducting grains surrounded by an insulating matrix. Therefore, the grains are electrically 
isolated. If a grain is charged by for example a thermal excitation, the charge carrier ( elec
tron) cannot simply drift away from the grain, because of the insulating matrix. 

The energy necessary for an electron to drift away can be calculated by elementary elec
trastatic theory. Assume the grain is a perfect globe with a radius ~' surrounded with an 
insulating ring, which has a thickness of s. This is shown in figure 2.11. 

The energy can easily be calculated because it is the total energy stored in the in the electra
static field of a positively charged metallic grain. We assume that all of the energy is stored 
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s 

d 

Figure 2.11: A simplified representation of a grain surrounded by an insulating matrix. This 
representation is used for the model to calculate the activation energy. S is the 
thickness of the insulating layer, d is the thickness of a grain. 

in the space between the grain and its nearest neighbors. This gives 

(d+2s)/2 

Bes = _!_ê ;· ( ~
2 

4 47fr
2

) dr = ~
2 

S , 
81r . ê r t:d( 2 + s) 

d/2 

(2.19) 

where E 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 

(2.20) 

This is the energy required, to create a pair of fully dissociated positively and negatively 
charged particles. It is customary to write E~ inthefarm E~ = 2e2 

/ Kd, where K = ê(1 + fJ 
is the effective dielectric constant. 

The model of Inoue et al. [11] assumes that the electrical conduxctance in granular alloys is 
only caused by thermal excitation. Because if the temperature is 0 K, all the grains become 
charged by field charging, but when all the grains are charged no net applied electrical field 
is present at the grains. This prevents the electrans to drift away from the grain. They 

E 

assumed that the correction factor for the conductance is the Boltzmann factor e- Ft. This 
gives a conductance 

(2.21) 

where m is the relative magnetisation. This leads to a temperature independent TMR effect 
in these granular alloys. 
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Chapter 3 

Theory of the Mössbauer effect 

In this chapter, we will discuss the principles of recoilless callision of "(-quanta with nuclei, 
also known as the Mössbauer effect. First, we will explain some characteristic quantities, 
which play an important role in nuclear resonance. Ajter that, a semi-classica[ approach 
is used to explain the possibility of recoilless collision. Finally, the Einstein model and the 
Debye model are explained. 

3.1 Introduetion 

In the 19th-century, physicist discovered that when a material is heated up, the light is nat 
emitted in the same amount at every wavelength. It is a function of wavelength and the 
temperature of the body, described separately by Wien and Raleigh. They also discovered 
that the absorption of light has the same strange behavior. This principle of electronic 
resonance could nat be fully understood until the early days of the 20th-century by Einstein 
and Bohr. They supposed that the energy of electrons, orbiting round a nucleus, can only have 
quantisized energy values. Those possible energy levels, were called energy states. vVhether a 
state is occupied by an electron depends on the temperature. This results in the temperature 
dependenee of wavelength of the emitted quanta described by Wien and Raleigh. 

The principle of nuclear resonance is nat quite different from the principle of electronic 
resonance. Only the energies of bath processes differ. We will see in the following paragraphs, 
that this has some major consequences for the probability of nuclear resonance. 

3.2 Recoil Energy 

A first consequence is that the recoil energy involved in the resonance process is much higher 
in case of nuclear resonance. To understand the principle of recoil energy, we take a simple 
semi-classical example. We consider an atom in an excited state B. This atom can decay to 
its ground state A and emits a "(-quant (figure 3.2). 

For this decay, momenturn and energy must be conserved. This means that 

Eo =Er +E1 , (3.1) 
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Eexcited 

E g round " 

(A) (B) (C) 

Figure 3.1: (A) The energy diagram of an excitation, (B) The excited state of a nucleus 
and (C) The ground state of a nucleus after an excitation. 

and 

(3.2) 

where Er is the recoil energy, E1 the energy of the photon and E0 the energy difference of 
the two states. In this equation m is the mass of the nucleus, v is velocity of the nucleus 
after the excitation and p1 = lik is the moment of the Î-quant with k the wavenumber. This 
yields for the recoil energy: 

(3.3) 

Here, we see the dependenee of the recoil energy on the energy of the Î-quant. Therefore, the 
absorption peak is shifted compared to Eo. If we consider the reversed process, absorption, 
equation 3.1 reads: 

E1 =Er +Eo. (3.4) 

Therefore, the emission peak is also shifted compared to E0 , but in the opposite direction 
(figure 3.2). From this point of view, there is no overlap between the emission peak and 
the absorption peak. Nevertheless, we have seen in practice that there must be an overlap, 
because electronic resonance exists. So there must be a process that shifts or broadens the 
peaks. This will be explained in the following paragraph(s). 

It is very important for the remaining part of this chapter to distinguish the two processes 
that happen simultaneously. The first process is a transition in the nucleus, which excites or 
de-excites the nucleus. The second process is the transfer of recoil energy to the atom or to 
the lattice. In the remaining part of this chapter we will mainly discuss the second process. 

3.3 N atural line width 

In quantummechanics, the energy of a state is exactly defined in very rare cases. In most of 
the cases, we can only give an indication of the exact energy by giving the range of possible 
energies D.E also called r. r is well defined by the Heisenberg equation: 

r. D.t 2: n, (3.5) 

where !i is the constant of Planck divided by 211", t is the mean lifetime of the quanturn state. 
From this equation, we can derive an equation for the mean lifetime 

!i T=r· 
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It's relation with the half-life time yields: 

t1 = Tln2 
2 

(307) 

The uneertainty in the energy r eorresponds to the spread of the energy at half-maximum 
as shown in figure 3020 

E o 
(A) 

Emission Absorption 

E o 
(B) 

Figure 3.2: (A) the line width at half maximum (B) the overlap between emission and ab
sorption 

This ean be explained with quantummeehanicso Suppose a nucleus is excited at t=O from 
the ground state A to the excited state Bo The equation of the wave function for the exeited 
state at t = 0 is [10] 

WB(x,t) =Ç(O)ei(-kx-wat)o 

This means that the probability to deteet the nucleus in exeited state B at t=O is 

JwB (x,t)J2 = ç2 (O)ei(-kx-wot) 0 ei(kx+wot)o 

From nuclear physies [12], we know the deeay ra te D of the exited state 

(3°8) 

(309) 

(3010) 

This means that the probability to deteet a nucleus in the exeited state B must also deeay 
in the same rateo Henee 

(3011) 

and thus 

I]! B (x, t) = Ç (0) ei( -kx-wat)- ~~: 0 (3012) 

To find the frequeney dependenee ( and also the energy dependenee) of W B (x, t), we must 
take the Fourier transfarm of W B (x, t) 0 Wh en we neglect the spa ti al term, this gives for the 
Fourier transfarm 

(3013) 
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Befare t = 0, \[1 8 (x, t) = 0. Therefore, the Fourier transfarm yields: 

1 1 
w8 (w) =Ç(O) r.c. r · 

v 21r z(w -wo) - 2 /l 
(3.14) 

This is the well-known Lorentz distribution. It has a maximum at w =wo, and falls to half 
its value when w- wo = ±~. From equation 3.14 it follows that the probability to find an 
excited state with a certain energy is 

I \[I (w)l2 = [C (0)]2 2_ 1 
B ." 27r (w- wo)2 + (fn)2. 

(3.15) 

With E = lUu this gives [13], [14] 

P(E) - Iw (w)l 2
- I_ 1 

- B - 21r ( )2 (r) 2 ' E-Eo + 2 

(3.16) 

where [Ç (0)] 2 = r jn2 due to normalization. Because the ground state is a state with a 
well defined energy (because it is stable), the transition energy distribution is equal to the 
probability to find an excited state with a certain energy. So, the lineshape is described 
by 3.16, and we see that the line width at half maximum is r. With this equation we can 
calculate the magnitude of the resonance. If we take account of the recoil energy equation 
3.16 becomes: 

P(E) =I_ 1 
, 

21r (E- Eo ± Er) 2 + (~) 2 
(3.17) 

where in case of absorption ±Er =+Er, and in case of emission ±Er = -Er. The point of 
intersection of bath peaks is at E = Eo. Because the overlap of the absorption peak with the 
emission peak at energies E < Eo is the same for energies E > Eo, we can define the overlap 
O(E) between bath peaks with the following equation: 

Eo Eo 

O(E) = 2;· P(E)dE = 2;· I_ 1 
2 dE. 

.
0 0 27r ( E - Eo - Er) 2 + ( ~) 

(3.18) 

This results in an overlap O(E) of: 

2 ( 2 2 ) O(E) = -:;ç arctan(r(Eo +Er))- arctan(rEr) . (3.19) 

If we look at a decay of 57Fe, with E1 = 136 keV, m = 57u, and r = 1.061026 , this gives an 
overlap of 1.21-7 , which means that of every 107 emitted photons only one is absorbed. In 
practice this is a too low rate to measure. 

3.4 The linear Doppier effect 

To create some extra overlap, we can use the linear Doppler effect. Imagine a nucleus with 
a velocity v emits a 1-quant in its own direction of motion. The energy shift of the photon 
due to the linear Doppler effect is: 

V 
ED = -E, 

c 

18 

(3.20) 



Chapter 3 3.5 The thermal Doppler-effect 

where c is the velocity of light. The energy of the photon is changed from E'Y to E~ given by: 

(3.21) 

The Doppier effect has a positive or negative contribution to the energy of the photon, 
dependent of the direction of the velocity. It is possible to fully compensate the difference 
between the emission and absorption peak. The velocity necessary for this compensation is 

E'Y 
V=--

2mc' 
(3.22) 

which results from a combination of equation 3.3 and equation 3.20. For example for Fe57 

(E'Y = 136 keV, m = 57 u), the required velocity is as high as 383 m/s, which is experimentally 
a diffi.cult to achieve speed. 

3.5 The thermal Doppler-effect 

The thermal vibration of atoms also contributes to the (thermal) Doppier effect. The velocity 
distribution of the atoms follows from the theory of gasses, and is described by the Maxwell
Boltzmann equations. To estimate the broadening of the peak, we consider the average energy 
of the thermal Doppier effect. From equation 3.20, it follows that the average Doppler E D 

energy is 

(3.23) 

where v2 is the average of the square velocity, defined by the Maxwell-Boltzmann theory. 
According to the Maxwell-Boltzmann theory, the energy per degree of freedom of an atom is 

(3.24) 

where kb is the Boltzmann constant. Thus, equation 3.23 can be written as 

(3.25) 

Because of the small value of Er at electronk resonance, the broadening effects such as 
line width and thermal Doppler-effect, increase the overlap between the peaks enormously. 
However, at nuclear resonance, where Er is relative large the broadening effects are not large 
enough to create a much large overlap, as we can see in the following example. Using equation 
3.3 and equation 3.25 it follows that 

(3.26) 

Assuming that we measure at room temperature (T = 300 K) and m = 57 u, then ED ;::;::1.5 
10-4 E 0 , which is much smaller than Er. 
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3.6 The Mössbauereffect 

As we have seen in the previous paragraphs (3.2) the absorption and the emission peaks 
do not overlap, according to classica! theory. Only due to the line width, there is a possible 
overlap. Nuclear resonance is therefore very difficult to achieve, because the velocity necessary 
to correct for the difference between those two peaks is very high in nuclear experiments. 

In 1951, Mössbauer discovered that the nuclear resonance of 191 Ir behaves different at lower 
temperatures than expected [15]. The overlap between the absorption and the emission peak 
decreases in this material as function of the temperature. He concluded that there must be 
a large fraction of transitions, which are recoil-free. Because of that fraction, the number 
of nuclear resonances decreases as function of the temperature. Since that time, transitions 
which are recoil free are called Mössbauer transitions. 

3.7 The Einstein Model 

We can try to understand the Mössbauereffect with a Einstein model for the solid state. 
The Einstein model is a simplified approach of how atoms interact in a solid. It was first 
introduced by Albert Einstein in his theory, which describes the specific heat of a solid at 
low temperatures. In his model, Einstein describes temperature as oscillations of atoms with 
a certain frequency. These oscillations are called phonons in quantummechanics. The farces, 
which interact between atoms, are regarcled as harmonica!. If we assume this, we can use the 
theory of gasses to describe the atoms in the solid state. From this theory it follows, that 
the average kinetic energy of one degree of freedom of an atom equals the average potential 
energy. 

The total energy of the atom can be expressed as the sum of the average potential and the 
average kinetic energy, 

(3.27) 

where \x2 ) is the mean vibration amplitude in x-direction. From a quantummechanical 
approach, it is clear that the energy of those oscillators must be discrete. The difference 
between two succeeding energies is hv or IY..ue [10]. According to Einstein this energy must 
be 

(3.28) 

where n E N U 0 is the quantumnumber. Einstein assumed that the energy of all oscillators 
was equal and directly related to the temperature. Thus temperature defines the energy and 
thus the frequency of the oscillator. At very low temperatures, only the lowest energy state 
is occupied by the atoms, that is 

(3.29) 

From this equation and equation 3.28, we can extract 

(3.30) 
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for a first order approach. At elevated temperatures, higher vibrational states are occupied. 
To define the boundaries between the classica! approach and the Einstein approach, we de
fine the Einstein temperature ()E· At temperatures higher than the Einstein temperature a 
classica! approach is valid; else, the Einstein approach is valid. 

The energy of the emitted photon is also important for the behavior of the atom in the solid. 
We distinguish three types of gamma emission based on the energy of the photon: emissions 
with energies involved higher than 1 Me V, between 1 Me V and 150 keV, and energies between 
5 and 150 ke V. 

1. The recoil energy of an emission of the first type is higher than the threshold displace
ment energy, i.e. the atom knocks itself from a lattice site leaving a vacancy and it 
comes to rest elsewhere in the lattice. For a typical solid the threshold displacement 
is in the order of 10-50 Me V depending mainly on the mass, crystal structure, and 
direction. 

2. If the energy is of the second type, it is insufReient to displace the atom. The energy 
will be transformed into local heat, called a thermal spike. Because of this, many high 
levels in the oscillator scheme will be populated by thermal excitation. This hot spot 
very rapidly reaches a thermal equilibrium with the surrounding lattice. 

3. The third type is very important for our considerations. The recoil energy is in the 
order of the phonon energies. Then there is a possibility that the energy of the photon 
E1 is smaller than the energy !ïwe of one transition. From this it follows, that there is 
a possible excitation of the nucleus, without recoil energy involved. 

To calculate the recoilless fraction f of all transitions, we consider the mean energy per 
transition 

(3.31) 

If we use equation 3.3 and equation 3.30, equation 3.31 can be transformed in: 

(3.32) 

A more complete theory of the recoilless fraction f is described in [16], yielding 

(3.33) 

We note that our simple derivation of f is only the first order of the more complete equation. 
From this it follows that f increases when: 

1. k decreases, that is a lower energy E1 . 

2. (x2 ) decreases, that is a lower temperature T. 

This explains why Mössbauer discovered recoilless transitions at low temperatures. 
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3.8 Debeye Model 

In the Einstein model, we have assumed that the energy of one oscillator was equal to all the 
others. In practice however, this is not true. At low temperatures, the Einstein model only 
explains the qualitive behavior of the specific heat. The physicist Debeye assumed that there 
was a distribution of energies of the oscillators, ranging from zero to a maximum frequency 
WD and obeying the distribution function [17]: 

(3.34) 

where A is a constant. Such a distribution is shown in figure 3.3. It is clear that d(w) is 

c 
0 

ctS 
c.. 
::I 
(.) 
(.) 

0 AcJ 
0 

Cl> 
Cl> .... 
0> 
Cl> 

""0 

Energy 

Figure 3.3: The Debye model for the degree of accupation of the energy states in a solid 

normalized via: 
00 

.ld(w)dw=l. (3.35) 

0 

From this the mean square displacement (x2 ) can be derived via 3.30. This gives 

WD 

j. !i 
(x2

) = d (w) (n + ~) rri!.JJ ®J. (3.36) 

0 

If we insert this equation in equation 3.33 we get for the expression of the recoilless fraction 

{ [ ~ l} T 

3 Er T · xdx 
f = exp -, k,8j, I+ 4 ( ElD) ! e" -I . (3.37) 

It is difficult to give an exact solution of equation 3.37, though the limits T « GD, and 
T > 8 D have a simple exact solution. These are 

f = exp ( -~ k~b) ; T « 8 D, (3.38) 
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and 

( 
6ErT) f = exp - kbeb ;T > 8n (3.39) 

We can now see the explanation of Mössbauer's result [15] on 191 Ir. As we can see in equation 
3.37, 3.38 and 3.39, the essential practical condition to observe the Mössbauer effect is Er < 
kb8n, which means low energy ')'-quants and asolid with a high Debeye temperature 8n, 
i.e. a rigid lattice. Since Debeye temperatures are of the order of a few hundred degrees the 
')'-quant energy must be in the order of 10-100 keV. 
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Chapter 4 

Hyperfine Fields 

In this chapter we will explain how Mössbauerspectra can be used to measure the hyperfine 
interaction of the nucleus with its surroundings. First we will give a brief introduction. 
After that we will discuss the Isomer shift, the Quadrupale splitting and the Zeeman splitting 
successively. At last we describe the spectrum of a solid with a combined Zeeman splitting 
and Quadrupale splitting. 

4.1 Introduetion 

The Mössbauer effect is used to determine the hyperfine parameters. Befare the Mössbauer 
effect was discovered, the hyperfine interaction parameters could only be deduced by nuclear 
magnetic resonance (NMR). After the discovery of the Mössbauer effect, this effect was 
directly applied to measure small energy shifts, because the energy of the {-quant is very 
sharp defined. Using this information and making use of an applied Doppier shift, we can 
measure an energy spectrum with a very small resolution. The resolution is small enough to 
measure the influence of the hyperfine field on the nucleus. And so the hyperfine field can be 
measured directly. 

The hyperfine interactions consist of interactions between a nuclear (moment) property and 
an appropriate electronic or atomie property. The hyperfine coupling mechanisms are of 
great significanee for information regarding electron- and spin-density distributions. There 
are three main hyperfine interactions important for Mössbauer spectroscopy: 

1) Electric rnanopale interaction -----+ Isomer Shift 
2) Magnetic dipale interaction -----+ Nuclear Zeeman effect 
3) Electric quadrupale interaction -----+ Quadrupale splitting 

4.2 Hyperfine Interactions and Mössbauer Parameters 

4.2.1 Electric monopole interaction: Isomer Shift 

As mentioned in the previous paragraph, the isomer shift is caused by the electric rnanopale 
interaction between nucleus and the surrounding electron charge also called Coulomb in
teraction. The isomer shift changes the total nuclear energy level. This electric rnanopale 
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Nucleus 

Figure 4.1: Determination of r and r'. 

interaction comes from a non zero probabllity of s-electrons at the nucleus site. To calculate 
the interaction between the electron charge cloud, we have to consider the potential Vn(r) of 
the nucleus first. The potential of the nucleus at a distance ris (see also figure 4.1): 

( ) 1 ;· Pn(r') 1 
Vn r = -- I~ ;:;'!I dT , 

47rEo. r- r 
(4.1) 

where Pn is the charge distribution in the nucleus, T a volume element and r' the distance 
between the center of the nucleus and a charge element. In the following, we use the CGS 
unit system, in other words the 4,}:Eo disappears in the next equations. If we use multipale 
expansion [18], we can transfarm equation 4.1 to: 

1 ;· 1 ;· Vn(r) = -;:. Pn(r')dT' + r2. Pn(r')r' cos edT' 

+ 2~3 ./Pn(r')r'2 (3cos2e -1) dT', (4.2) 

where e is the angle between i and f", and Ir- f"l = r assuming that i» f". We are 
interested in the first term, because it causes the isomer shift. The second term varrishes 
because of parity principles. The third term is explained in paragraph 4.2.2. The interaction 
energy between the nucleus and the electron cloud is: 

00 

E = ./ Pet(r) (Vn(r)) dT. 

0 

(4.3) 

This gives rise to an energy difference 8E if we consider two different types of nuclei, one is 
a point charge and the other one has a radius R, assuming that [19]: 

1. The charge of the nucleus is uniformly distributed and radius R of the nucleus is con
stant. 

2. The electron cloud is also uniformly distributed. 

If we calculate the difference of energy in the first order ( isomer shift) of a point charge and 
a nucleus with a radius R we get 

00 

8E = .l Pet (VJ- Vp) 47rr2dr, 

0 
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where (with equation 4.2) 

( ) Ze ;· ( ') , Ze Vp r = - 8 r dr = -, 0 ;; r ;; oo 
r r 

is the electrastatic potential of a point charge nucleus at a distance r, and 

for 0;; r;; R 

for r ~ R 

(4.5) 

(4.6) 

the electrastatic potential of a nucleus of finite size and Pel is the electron density at the nu
cleus. We can express the electron density in terms of the quantummechanical wave function 
'l! as -e l'll (0)12

. This in combination with equation 4.4 and equation 4.5 gives: 

(4.7) 

Now we have computed the difference of the electrastatic energy of a point-charge nucleus 
and a nucleus with a radius R, but actually we want to calculate the energy shift of the 
ground state and the excited state. Therefore, we determine for both the ground state and 
the excited state the energy shift arising from the difference of the electrastatic energy of a 
point-charge nucleus and a nucleus with a radius R. From this it follows: 

(4.8) 

where Ee is the energy of the excited state of the nucleus with radius Re, and E 9 the energy 
of the ground state with radius R9 . In a Mössbauerexperiment, we need a souree for the 
!"-quanta to detect some energy changes in the absorber. The electron density at a nucleus 
in the absorber usually differs from the electron density at a nucleus in the source, due to 
a different chemical or physical environment at the nucleus, which is schematically shown 
in figure 4.2.A. Using equation 4.8, the difference in electrastatic shift between souree and 
absorber is 

f::l.E A - f::l.E s = ( E A - Eo) - (Es - Eo) = E A - Es 

(
2
;) Ze2 (R; -R;) [lw(O)I~ -l'll(O)I~], (4.9) 

where l'll (0) I~ is the electron density at the nucleus of the absorber and Iw (0) I~ the electron 
density at the nucleus of the source. The expression is more frequently written in the form 

(4.10) 

where 8R = Re - R 9 is the change in the nuclear radius going from the excited state to 
the ground state. Now we derive from equation 4.10 and the Doppler-effect described in 
paragraph 3.4 the velocity v necessary to compensate the electrastatic shift: 

v = ( :~:) Z e
2 
R

2 
( 

8
:) [I W ( 0) I~ - I W ( 0) I~ J , ( 4.11) 
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Figure 4.2: (A) shows a schematic energy level diagram of a souree and an absorber, illus
trating the origin of the isomer shift. The finit size nucleus ground and excited 
state energy differ from the corresponding energy states of a point nucleus. Due 
to the different environment, the energy shift of the souree differs from the en
ergy shift of the absorber resulting in the isomer shift. Ij we correct this shift 
using equation 4.11, and we plot the absorption as function of the velocity, (B) 
is obtained. 

which is schematically shown in figure 4.2.B. In heavy elements, the wave function at the 
nucleus \[! (0) is affected by relativistic effects. It appears, that the correction of the relative 
effects consists of a term, which depends on the atomie number. 

In the foregoing, we discussed about the influence of \[! (0) on the energy shift. Now, we 
discuss how \[! (0) is influenced by its environment. As mentioned before, \[! (0) is mainly due 
to s-electrons. There are two sart of contributions of the s-electrons, one from filled s-orbitals 
in inner electron shells and one from partially filled outer orbitals. In the latter, the valenee 
electrans are situated and constitute the chemical bond with the electrans of surrounding 
atoms. This contribution is very sensitive to the structure of the valenee shell, which is a 
consequence of the chemical bond. The influence of the valenee structure will influence the 
s-electron density in a direct and a indirect way: 

1. directly. When the number of s-electrons in valenee shell is changed, \[! (0) will change. 

2. indirectly by shielding. Other orbitals can influence the electron distribution of s
electrons. 

Therefore, we can determine some chemical properties, such as the bond the valence, with 
Mössbauerspectroscopy. 

4.2.2 Electric Quadrupale interactian: Quadrupale Splitting 

In the previous paragraph we neglected the third term of equation 4.2. This means we have 
assumed the charge distribution is uniform and spherically symmetrical. In nuclei with a 
nuclear angular momenturn number I :S ~ this is true. However in many nuclei with a nuclear 
angular momenturn number I 2:: ~' there is a small deviation from the spherical symmetry. In 
the presence of a local Electric Field Gradient (EFG) energy differences arise depending on 
the orientation of the nuclear quadrupale moment eQ in the spatially varying field. This will 

28 



Chapter 4 4.2 Hyperfine Interactions and Mössbauer Parameters 

give rise to a degeneration of the nuclear energy levels. The EFG can be created by external 
charge distributions or by the atom's own electrons. In general, incomplete subshells can 
have non-spherical charge distributions, and create EFG's. The nuclear quadrupale moment, 
eQ, is expressed by the integral part of the third term of equation 4.2: 

(4.12) 

where eis the charge of the proton. The EFG is a 3 x 3 tensor, which is given by 

(4.13) 

where V is the electrastatic potential. In fact only five of the nine elements are independent. 
The off-diagonal elements such as Vxy, satisfy the relations Vxy = Vyx, Vxz = Vzx and Vyz = 
Vzy· And the Laplace equation requires the EFG to be a traceless tensor, i.e.: 

Vxx + Vyy + Vzz = 0. (4.14) 

If we choose our principal axis carefully, the off-diagonal elements vanish and the trace ele
ments fulfill the relation: 

(4.15) 

With respect to this principal axis, the EFG tensor is described by only two independent 
parameters, usually chosen as Vzz = eq and the asymmetry parameter TJ defined as 

(4.16) 

If we consider equation 4.15 and equation 4.16, the parameter TJ is restricted to 0 :;; TJ :;; 1. 
Mathematically it can be proven that TJ vanishes when two mutually perpendicular axes of 
threefold or higher symmetry can be defined. 

In general, there are two kind of sources, which can contribute to a EFG. 

1. The charges of distant atoms or ions, surrounding the Mössbauer atom in non-cubic 
symmetry, usually called the ligand/lattice contribution 

2. Non-cubic electron distribution in partially filled valenee orbitals of the Mössbauer 
atom, usually denoted as the valenee electron contribution. 

The interaction between the nuclear electric quadrupale moment Q and the EFG is expressed 
by the Hamiltonian [20] 

( 4.17) 

where Îx, Îyand Îz are quantummechanical spin operators. A complete general salution of 
this Hamiltonian is not possible, but exact expressions may be given under certain conditions. 
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For example, if the EFG has an axial symmetry, i.e. T] = 0, the eigenvalues of equation 4.17 
are 

e2qQ 
EQ = 4I(2I _ 1) [3mJ- I(I + 1)], (4.18) 

where m 1 =-I, -I +1, ... ,I -1,! is the angular moment in one direction. From this it follows 
that the energy level with angular momenturn I is splitted into ~(2! + 1) sublevels. This 
equation implies that the angular momenturn has to be larger than ~ to create a quadrupale 
splitting. The quadrupale splitting of 57Fe is shown in figure 4.3. The ground state of 57Fe 
has an angular momenturn of ~, and does not degenera te into different energy levels. 

1=3/2 

1=1 /2 
lsomershift Quadrupele splitting 

Absorber 

(A) 

0 velocity 

M össba u e rspe ctru m 

(B) 

Figure 4.3: (A) shows a schematic energy level diagram of a quadrupale splitted 57 Fe nu
cleus. In (B) the resulting Mössbauerspectrum is plotted. 

The first excited state of 57Fe has an angular momenturn of ~' and hence is splitted up in 
two sublevels, as is shown in figure 4.3.A. This implies that there are two possible transitions 
from the first excited level, in the figure noted as 1 and 2. If we measure this quadrupale 
splitted doublet with the Mössbauerspectrometer figure 4.3.B. is obtained. 

4.2.3 Magnetic dipole interaction: nuclear Zeeman effect 

Likewise the electrical charge distribution p(r) leads to the electrical potential V, the electrical 
current distribution ](r) leads to the magnetic vectorpotential A(r), where Ë(r) ='V x A(r). 
Figure 4.4 shows an example of a current distribution J (r'), measured on a distance r. This 
results in a vectorpotential A(r) of: 

A (r) = f-Lo ;· ](r') dT'. 
47r Ir- r'l (4.19) 

Here we use also Taylor expansion (multipole expansion) to rewrite the vector potential, i.e.: 

A (r) = ~~ [~ ./ ](r')dT' + : 3 ./ ](r')(r · Ti)dT' + ... ] , 

which can be written as 

f-Lo j1 x r 
A (r) = ---

3
- ... , 

47r r 
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-> -~ r - r 

Figure 4.4: Determination of r and r'. 

where 

( 4.22) 

is the magnetic dipale moment of the current distribution. In equation 4.21 only the first 
term of the expansion is given, because this is the only term we can measure with our 
Mössbauerspectrometer. The current is caused by a partiele with mass m, therefore the 
argument of the integral can be rewritten as /n, where I is the angular momenturn of the 
particle. Going over to the quanturn limit, the magnetic dipale moment J-L is 

J-1 = __.::.__ ;· \IJ*(r')I\IJ(r')dT1
, 

2m. 
( 4.23) 

where \IJ(r') is the electron distribution, and I the angular momenturn operator. If the wave 
function corresponds to a state of definite lz (angular momenturn in the z-direction), then 
only this component of the integral is non vanishing and, 

e ;· * ( ') ( ') 1 en f.-Lz =- \IJ r Iz\IJ r dT =-mi, 
2m. 2m 

with Iz = mzn. We can express f.-Lz in terms of the nuclear magneton 

en 
J-ln = 2mp' 

where mp is the mass of a proton. This yields 

We generalize this equation in all directions of J-1. This means that 

where 9I is the gyromagnetic factor. 

~ _ J-ln9I J 
J-L- -n- , 

( 4.24) 

( 4.25) 

( 4.26) 

( 4.27) 

The magnetic dipale moment /1 of the nucleus, interacts with a magnetic field at the nucleus 
site. Due to this interaction the energy levels split up. The interaction is expressed by the 
Hamiltonian: 

H= -P·B. ( 4.28) 
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Figure 4.5: (A) shows the schematic energy level diagram of a Zeeman splitted 57 Fe nucleus. 
In (B) the resulting Mössbauer spectrum is plotted. 

The energy shift, expressed by the eigen values of the Schrödinger equation, is: 

( 4.29) 

The energy diagram of 57Fe is shown in figure 4.5.A. Due to the transition rule b..m1 = 0, ±1, 
there are six possible transitions. 

The magnetic field at the nucleus site is a contribution of several magnetic fields: the dipale 
field, the Fermi field, the field due to orbital motion, and an applied field. 

• The dipale field is the field produced by the surrounding nuclei are producing. 

• The Fermi field arises from the Fermi contact interaction between the core s-electrons 
and the valenee d-electrons. In filled shells, the net spin is zero. But in for example 
iron, the 3d orbitals are not fully filled. The unpaired electrans will have the same spin, 
and will attract s-electrons with the same spin, while the interaction with s-electrons 
with a different spin is repulsive. This willlead to a different electron configuration at 
the nucleus, and thus a different electron spin distribution, which leads to a magnetic 
field. 

• The field due to orbital motion, is a field generated by unpaired electrons. These 
electrans have an orbital motion, generating an electric current, which gives rise to a 
magnetic field at the nucleus. 

4.2.4 Combined magnetic and electric hyperfine coupling 

In the previous paragraph, the electric quadrupale interactions and magnetic dipale inter
actions are treated separately. But in many materials these two types of interactions occur 
simultaneously. There are no solutions in closed form for a Hamiltonian describing these 
combined interactions. In many nuclei the effect of quadrupale interactions is much smaller 
than the splitting produced by the magnetic dipale interactions, and thus it can be considered 
as a pertubation. Abragam [20] has used this methad to give the first-order correction to the 
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energies of the sa te m1. The resultant levels are given by: 

B ( l)lmii+l e
2
qQ (3cos

2
B -1) E= -g'' mi+ - 2--

rn 4 2 ' (4.30) 

where e is the angle between the magnetic axis and the major axis of the EFG tensor. In 
general the energy shifts are hard to calculate quantitatively. Therefore we will campare our 
measurements with measurements published in literature. 
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Chapter 5 

Experimental Setup 

In this chapter the experimental setup is discussed of several methods to characterize our 
samples. Paragraph 5.1 gives a review of the preparation of thin films. Next, the experimental 
setup of the Mössbauer experiment, the SEM, the Squid magnetization experiment, the M-H 
loop experiment, the magnetoresistance measurement, and the measurement of the relative 
permeability p will be discussed. At last the setup of the anneal oven is briefiy explained. 

5.1 Production of the samples 

5.1.1 Sputtering 

We have prepared our samples at Philips research Laboratories in Eindhoven, with a Perkin 
Elmer sputteringsystem model 2400. This is a RF sputterapparatus, which is capable of 
reactive sputtering. Bath RF -sputtering and reactive sputtering will be explained in this 
paragraph. 

The basic principle of sputtering is as follows: A large negative voltage is applied to the target 
and the substrate is grounded. Due to this voltage difference, electrans will be accelerated 
to the substrate. During their way to the substrate, the electrans will collide with Ar atoms, 
in the Ar-gas and the Ar-atoms become ionized, and will be accelerated to the target. Also 
secondary electrans are created due to this collision, which makes the glow discharge self
sustaining. Consequently, an Ar-plasma will be formed, with a degree of ionization of about 
10-4 [21]. When Ar collides with the target, part of the ions are implanted into the target, 
which can result in the ejection of deposition materiaL To avoid chemica! reactions at the 
target the inert gas is used. 

When the sputtered atoms reach the substrate, they are absorbed and diffuse around on the 
surface until evaporation or junction with other atoms takes place. The growth of the film, 
occurs by nucleation of a few atoms which start to farm clusters, which can grow to islands. 
At last the islands will farm a continuous film. The growth can be regulated by changing 
the Ar pressure or power applied to the plasma. Oxygen is used to oxidize materials during 
deposition. This is aften called reactive sputtering. 

A more effi.cient methad to deposit thin films, is the RF diode sputtering. It differs from the 
DC diode sputtering that besides the DC voltage also a high frequency AC voltage is applied. 
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Because of this AC voltage the travelled distance of the electrans becomes larger, and more 
collisions take place with Ar atoms. This creates more Ar ions. With RF sputtering lower 
pressures are sufficient to get a self-sustaining plasma, and also insulating materials can be 
deposited. For a more detailed explanation of the technique of sputtering we refer to [22]. 

Figure 5.1 shows that the vacuum chamber is evacuated by three pumps, a pre-vacuum pump, 
a turbo molecular pump and a liquid N2 pump. When the vacuum chamber is evacuated, 
the base pressure is about 5 10-7 mbar. 

I 
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RF power 

supply 
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I substrates I 
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1 
Figure 5.1: The Perkin Elmer sputtering model 2400 utilized for RF reactive sputtering. 

A 13.56 MHz RF generator supplies the power for the glow discharge of the plasma. This pro
cessis controlled by a Randex matching network and a power stabilizer. With this matching 
network we can control the deposition rate of the films. A water cooled FeHf alloy target with 
83.3% Fe and 16.7% Hf is used. On this target some Si plaquets are placed. The distance 
between target and substrate is about 5 cm. We can adjust the gasflow of pure Ar gas and 
the mixture of 90% Ar and 10% 0 2 separately. The incorporation of oxygen in the material 
can be varied in this way. The maximum flow of the pure Ar is 100 seem, standard 273 K, 
1atm cubic centimeter per minute. The maximum flow of the Ar/02 mixture is 20 seem. 
The mixture of the two gasses takes place before they enter the chamber. 

The thin FeHfSiO films were deposited on Kaptonjpolyimide (Dupont) substrates. Kapton is 
chosen, because scattering of 1-quanta in the Mössbauer measurements is reduced, compared 
to normal silicium or glass substrates. To prepare the samples for sputtering, the substrates 
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were cleaned in a special sequence of six baths. the first bath contains an alkaline soap, the 
second running water, the third an acid soap, the fourth and the fifth demi water, the sixth 
and the seventh running water again. Bath soap baths were on a temperature of 70 oe. 
Befare we can start to sputter, we always presputter the target for 30 minutes, to remave 
absorbed gasses and oxygen contamination. This is necessary, because the system has no laad 
loek and therefore the deposition chamber is exposed to air while changing the substrates. 
After the presputtering the substrates are sputter etched in argon to remave absorbed gasses 
on the substrates. 

5.1.2 Annealing 

After the deposition all the samples with a glass substrate receive an annealing treatment in 
a magnetic field to induce uniaxial anisotropy. To anneal our glas samples, we used Rapid 
Thermal Processing (RTP) anneal apparatus. The RTP anneal process is based on heating 
by radiation. The advantage of this methad is that the efficiency of the power supply is 
higher. All the energy will be supplied to the sample, insteadof the surrounding. At Philips 
Research in Eindhoven, an AST Elektronik SHS 1000 MA prototype RTP reactor is used for 
annealing treatments [23]. The applied field provided by an electramagnet is approximately 
48 kA/m. In a few secouds the sample can be heated up to the desired temperature, because 
annealing based on radiation is a very effective method. Heating rates are typically 10 °Cjs. 
By means of a rotor, it is possible to do annealing treatments with a rotating sample in a 
constant magnetic field. In the present work we used a static rotor unless stated otherwise. 

Figure 5.2 shows the temperature of the annealing process as a function of the time. 

I 
I 
I 
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Figure 5.2: A schematic presentation of the RTF annealing treatment. 

During the first stage, the ramping stage tramp, the temperature will raise from room tem
perature up to the desired anneal temperature. The next stage is divided in two sections: 
during a certain amount of time tstat the sample will be positioned in a static field and during 
the remainder of the annealing time trot, the sample will be rotated in the magnetic field. 
Bath sections take place at certain constant temperature TRTP· During the final stage, the 
heating power supply is shut down causing the sample to cool down to room temperature 

Troom· 
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5.2 The Mössbauer Spectrometer experimental setup 

5.2.1 Introduetion 

The basic principle of the Mössbauer spectrometer is shown in figure 5.3. 
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Figure 5.3: A block diagram of the Mössbauer spectrometer 

We have a Mössbauer 57Co/Rh source, which emits Î-quanta with 14.4 keV. The souree is 
moved with a certain velocity, controlled by a computer. The absorber, the material we want 
to investigate, absorbs a number of Î-quanta depending on the structure of the material and 
the velocity of the source. The number of the Î-quanta absorbed or transmitted as function 
of the velocity, the Mössbauer spectrum, is recorded by the computer. Now we will discuss 
all the elements of the Mössbauer spectrometer in more detail. 

5.2.2 The souree 

The souree of our Mössbauer spectrometer consists of 57 Co nuclei. The decay scheme of 57 Co 
is shown in figure 5.4. The lifetime of the 57 Co state is 270 days. As we can see 57 Co mainly 
decays into 57Fe by electron capture, with an angular momenturn of ~ and an energy of 136.4 
keV. This state has an lifetime of 10·8 s and decays on its turn into two levels of 57Fe, with 
a different angular momentum. The decay to the 57Fe level with an angular momenturn of 
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~ has a probability of 9%, with an energy of 136.4 ke V. The decay to 57Fe with an angular 
momenturn of~ has a probability of 91%, with an energy of 122 keV. This level is the so called 
Mössbauer level. It decays partly by a-r-ray emission of 14.4 keV and partly by emitting a 
K-conversion electron. The activity of the souree is about 1Gbq. 

3/2 

1/2 

9% 91% 

--1-------ll'------r--14 .4 k e V 

----~----------~-0 

M össbauer 
transition 

Figure 5.4: Decay Scheme of 57 Co. 

For the souree a number of conditions must be satisfied to obtain a single line souree with 
smallline width. The environment may not split up the energy states of the nucleus. In other 
words, no quadrupale splitting and no Zeeman splitting can be present. This means, that 
the electrical environment must be of cubic symmetrie, and so no ferromagnetic ordening 
must be present. Another important criterium is a large Debye temperature e D· As we know 
from paragraph 3.8, higher Debye temperatures give a higher recoilless fraction. Also the 
absorption of ')'-quanta in the souree must be reduced. A 57 Co souree in a Rhodium matrix 
best satisfies all of these conditions. 

The souree it self is shielded by 20 mm thick lead, with an aperture of 20 mm towards the 
absorber. For a good collimation of the radiation collimators with different sizes are used in 
different conditions. 

5.2.3 The detector 

We used a Proportional Counter with preamp model PA-700 of Ranger Engineering Gorpo
ration to count the number ')'-quanta. Counting rates of 250 kHz in the 14.4 keV window 
can be obtained by using electronic, rather than gas-ion multiplication signal amplification. 
High gain preamp uses a Fet charge sensitive amplifier which has transient protection. This 
preamp makes it possible to operate the counter at 1650 Volts, which increases the counter 
lifetime. 

The detector is a tube, containing an anode, a cathode, and a gas. In our detector the gas 
contains of 97% Krypton and 3% Co2. 

In general the detector works as follows. A ')'-quant enters the detector, and hits a gas atom 
in the detector. Because of this callision and the high voltage applied on the gas, ion-electron 
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pairs are formed, which will migrate towards the electrode plates under infiuence of an electric 
field. Because the applied voltage is very high, the electrans will create secondary electrons. 
This will create a so called Townsend avalanche [24]. The total number of electrans is linear 
dependent on the number of electrans formed initially, and thus it depends on the energy of 
the ')'-quanta. 

5.2.4 The generation of the relative motion. 

The generation of the relative motion is realized by three major parts. In the first place by 
the Integrated Multiscaler / Signal generator, which delivers a sawtooth signal. The ADC 
converts this signal to a sawtooth voltage. The voltage is applied to a transducer, which 
puts the souree in motion. The motion is controlled by a feedback control system, called 
the velocity controller (see also figure 5.3). We will discuss all these parts in the following 
paragraphs. 

The transducer 

The transducer generates the mechanica! motion of the source. It basically consists of two 
mechanically coupled loudspeaker systems, one generating the motion (drive coil) and the 
other measuring the instantaneous velocity by induction (pickup coil). 

The drive coil converts the electrical signal into the mechanica! motion, which results in an 
oscillatory motion of the source. 

The velocity controller 

We use a feed back system to control the velocity. As mentioned before, the velocity is 
measured by a piek up coil. The voltage measured by the piek up coil is compared with the 
voltage inserted in the transducer. The difference between both signals is proportional to the 
deviation of the transduce motion from the desired velocity sweep form. This voltage is used 
to provide the current necessary to correct the velocity of the transducer. 

Integrated Multiscaler / Signa! generator 

The IMS is a PhyBUS interface that combines the function of a multi channel scaler (MCS) 
for the accumulation of data and an analogue signal generator (DAC), which provides the 
velocity signal for the velocity controller. Both functions are synchronized by an external 
doek. This interface contains two memories, two DAC's and a scaler. One memory contains 
data for the DAC and the other is used for the storage of counted pulses of the scaler. 

5.2.5 Data Acquisition 

This is a very important part of our experimental setup. Two computer programs are used 
to control the experiment. The first program is used to control the single channel analyzer. 
With this program, we can set an energy window of the measured energy to measure only 
the 14.4 keV ')'-quanta (see also figure 5.4). This reduces the background signal significantly. 
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The second computer program is used to control the data acquisition. It controls the data 
flow from the experiment to PhyDAS and the transfer from PhyDAS to the PC. To measure 
the velocity and the number of counts simultaneously we use the time mode operation. This 
means that one of the 1024 available channels is assigned to a certain velocity. This channel is 
opened for the starage of the counts during a constant interval. For example, channel number 
1 is opened during the time interval 0::; t::; ti (see also figure 5.5), which corresponds with 
a velocity v = [vmax, Vmax - v(t) *ti] , where ti is the time of the interval, and v(t) is the 
sawtooth signal. Channel 2 is opened during ti ::; t ::; 2ti, and corresponds with velocity 
v = [vmax- v(t) *ti, Vmax- v(t) * 2ti] etcetera. When the total velocity sweep (period of the 
sawtooth signal) is completed, the channel number starts with 0 again. A constant part of ti 
is used to transfer the collected counts into the memory. It is obvious that the synchronization 
between the velocity and the channel sweep is very important to obtain reliable data. 

We cannot use the data directly to obtain information about the hyperfine fields. because 
the number of counts is dependent on the distance between the souree and the absorber. 
However, each velocity is measured twice in one sawtooth cycle of the velocity, once at positive 
position displacement and once at negative displacement. By adding these signals (folding 
the spectrum) we obtain a spectrum of constant distance between souree and absorber. 
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Figure 5.5: The principle of a sweep-velocity spectrometer. In the top figure the velocity 
is shown, in the bottam figure the corresponding displacement. The channel 
numbers are shown to illustrate the synchronisation principle. 

5.3 Magnetoresistance measurements 

The following apparatus is used to measure the field dependenee of the resistivity. The 
variation of the magnetic field is realized by a Bruker Sweep unit. This unit provides the 
current necessary for the coils of the electramagnet to create a magnetic field. The Bruker 
sweep unit is controlled by a computer [25]. We can define the magnitude of the magnetic 
field, the step size and the number of sweeps. The measurements start at -Bmax, sweeps to 
Bmax, and back again. During this sweep, the magnetic field is measured by a Hall-probe, 
and the resistivity data is transferred to the computer. 
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To measure the resistance of the samples, we use a four point contact method [25]. This 
means, that a current is applied at the outer contacts and the voltage drop is measured 
between the inner contacts (see figure 5.6). The contacts are placed equidistant at 2.5 mm 

current souree 

f-----------o------( L!'/1 ;( 
h t sam Ie / u 
~----------~~~----------~ 

Figure 5.6: A schematic overview of the 4 points methode. The outer pressure cantacts are 
current contacts, the inner cantacts are the voltage contacts. 

from each other. To assure a uniform surface current density, the distance between the 
contacts must be large compared to the diameter of the contacts, and the contacts must be 
far away from the boundaries of the sample. A current souree has been designed, which can 
deliver a current between 0.5 nA and 100 mA. The resistance measured by the MR-experiment 
is given by: 

l 
R = bhp, (5.1) 

where l is the distance between the inner contacts (2.5 mm), bis the width of the sample ( 4 
mm), h is the thickness of the sample (10 ,urn) and pis the resistivity. This definition is only 
useful when all the samples have the same size. In our case this is not true. Therefore we 
calculate the sheet resistance Rs, which is defined as: 

(5.2) 

An Oxford Instruments flow cryostat is used to control the temperature. The temperature 
can be increased by a heater, and cooled down by helium. The heater and the helium flow are 
set by a computer controlled I(ntelligent) T(emperature) C(ontroler) 4. For more information 
about the MR-experimental setup we refer to N. Kuijpers [25]. 

5.4 The low frequency permeability experimental setup 

We have measured the low frequency permeability f-l with the following setup. A sample is 
placed in a coil as shown in figure 5.7. The self inductance of the coil changes when the 
f-l of the material in coils changes. This self inductance can be measured when we apply a 
current with a frequency w to a coil. The magnitude of self induction can be calculated by 
the following equation: 

(5.3) 
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Figure 5. 7: A schematic presentation of the coils used for the low frequency permeability 
experimental setup. 

where N is the number of windings, A is the cross section of one winding, l is the length of 
the whole coil and f-L the permeability of the materiaL In case of an empty coil (L = Lo) the 
permeability f-L is 1. When we place a sample with length l < Ze in this coil, not the whole 
coil is filled up with the sample. We can correct the error due to a filling factor by extrading 
Lo from L, yielding 

(5.4) 

where A is the cross sectional area of the sample width times the thickness ( the shaded area). 
When we take a closer look at the equation 5.3, we can consider L - Lo as the inductance of 
a fully filled coil with a cross sectional area A equal to the cross section of the sample. The 
coillength is equal to the samplelengthand an effective number of windings equal to Nl/lc 
(see also figure5.7). If the coil and the sample dimensions are known the permeability of the 
sample can be calculated. 

The impedance of the coil is measured by an impedance meter. Now, we have to realize that 
the impedance of the coil is the resistance R + a complex term with the frequency and self
inductance jwL. If we analyze the impedance of a filled coil and we extract the impedance 
of an empty coil, jw (L- Lo) remains. So the complex p is measured as a real parameter, 
and the real f-L is measured as a complex parameter. To a more complete description of the 
experimental setup, one can read [26]. 

5.5 The Electron Probe Micro Analyzer (EPMA) 

To analyze the compositionelementsin our granular alloys we have used the Electron Probe 
Micro Analyzer. This is a special type of Scanning Electron Microscope (SEM). A SEM has 
been designed to investigate the surface of a sample more thoroughly than was possible by 
an ordinary (light) microscope. In genera!, the SEM works as follows (see figure 5.8): an 
electron gun emits electrons. These electrans are accelerated through an electronk focussing 
system by an applied electric field between the sample and the electron gun. The electrans 
are thus focussed on the sample. When the electrans reach the sample, they interact with 
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Figure 5.8: A schematic drawing of the SEM 

the atoms of the sample. The interaction results in various kinds of signals such as secondary 
electrons, backscattered electrons, X-rays and transmitted electrons, which is shown in figure 
5.9. 

Each of these signals carries different types of information, and are used for different purposes, 
as listed in table 5.1. 

Signal Purpose of SEM 
Secondary electrans Topographical observation of the surface 
Backscattered electrans Compositional observation of the surface 
X-rays Elemental analysis 
Transmitted electrans Internal structure observation 

Table 5.1: The signals returning from the sample and the use for the SEM measurements 

It is clear from table 5.1 that EPMA uses the X-rays todetermine the composition elements. 

We can move the electron gun, and scan the sample. Synchrone with this movement, we 
move the spot of the display cathode ray tube (CRT, the detection system), which is shown 
in figure 5.8. The detector monitors the intensity of the X-rays. The X-rays can be analyzed 
in two different ways: by a Wavelength Dispersive X-ray Spectrometer (WDS) and the Energy 
Dispersive X-ray Spectrometer (EDS). 
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Figure 5.9: A number of signals from the sample, when the electrans scatter on the surface 
of the sample. 

5.5.1 WDS 

X-rays generated from a specimen have different wave lengths depending on the elements. 
X-rays emitted from a specimen are dispersed in their wavelength by the analyzing crystal 
and the X-rays having the specified wavelengthare detected by a proportional counter After 
they are processed by an electrical circuit such as an amplifier, X-ray intensities are counted 
and indicated. Different wavelengths are deteded by using analyzing crystals differing in 
position and lattice spacing. This method is used by our EPMA apparatus. 

5.5.2 EDS 

Charaderistic X-rays emitted from the specimen have energies charaderistic of individual 
elements. With the EDS, X-rays are detected by an Si(Li) semiconductor detector placed 
at the tip of the detector. The height of current pulsus generated by X-ray illumination is 
proportional to the energy of incident X-rays. By calibrating the multi channel analyzer in 
advance using a standard specimen, charaderistic X-rays from an unknown specimen can be 
measured for element identification. 

5.6 Squid measurements 

To measure the magnetic moment of the sample we use a squid magnetometer. In the squid, 
a superconduding magnet creates a magnetic field. This changes the magnetization of the 
sample, which is measured by superconducting piek-up coils. In this way a ferromagnetic 
hysteresis curve can be measured with an extremely high precision of 10·10 Am2. The mag
netic induction can be varied from +5T to -5T, with a maximum accuracy of 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 eledrical supercurrent is induced by 
the magnetic moment of the sample. The variation of the current in the detection coils pro
duces a variation in output voltage, which is proportional to the magnetic moment of the 
sample. For more detailed information about SQUID see reference [27]. 
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5.7 M-H loop measurements at Philips 

The measurement procedure of the NI-H loop differs nat much from that of the permeability 
measurement. It consists of two coils, a primary coil to generate the magnetic field, and 
the secondary to piek up this magnetic field (figure 5.10). If we apply a current I (t) with a 

primary coil 
secundary coil--_/ 

Figure 5.10: Measurement circuit of the BH-loop measurements. 

frequency w, where w is very is low enough to avoid frequency effects, a magnetic field will 
arise at the sample position. The magnitude of this field follows from the Maxwell equations 
and is: 

f H(t). d1 = .// J(t). rtdA =I (t) Nl, (5.5) 

where H(t) is the magnetic field strength, J(t) is the current density, rt is the normal 
vector, dA is a volume element, and N1 is the number of windings in the primary coil. This 
induces a electric field E in the piek up coil, which follows from another Maxwell equation: 

f E · ds = - :t .J/ ( Ë . rr) dA, (5.6) 

where Ë is the magnetic field in the coil. This implies that the voltage drop in the coil is: 

d .!!" -Vpick-up = -N2 dt . ( B · n) dA, (5.7) 

where N2 is the number of turns in the secondary coil. In this way a B-H loop can be 
measured. 

Equal to the p,-measurements, the cross section area of the sample is nat equal to the cross 
section area of the coil, which gives a correction for the voltage drop 

(5.8) 

where As is the cross section of the sample, and Acoil is the cross-section of the coil. To 
eliminate the contribution of the air, we perfarm a measurement with an empty coil, and 
subtract this from our measurement with sample. Because 

B(t)- Bair(t) = J-LoNI(t) 
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this gives 

~ M(t) = _1_ [vempty (Acoil- A) _ vsample] 
dt f-lo N A ptck-up A . p•ck-up · 

2 coû 
(5.9) 

If we integrate this signal over time we obtain the magnetization NI. 

The experimental setup is shown in figure 5.10. We use the HP 8116A pulse/function gener
ator and the Kepco operational power supply, to create the time dependent current I ( t). To 
measure the exact current, a resistor, with a resistance of exact 1 D, is placed in the circuit. 
By measuring the voltage drop over the resistor by the Tektronix 7854 oscilloscope, we mea
sure the current exactly. With equation 5.5, the magnetic field strength H (t) is computed 
by a PC. 

5.8 Annealing 

To obtain information about the change of the microstructure caused by heating the films, we 
have annealed our samples in an oven as displayed in figure 5.11. The oven consist of three 

therm o-cou pies 

gas outlet ~___.....,_ 

gas inlet 

sample holder -~~ 

r----;)L,, ____________________________________ .: .... ./ 

tempera tu re 
controller 

+ 
power souree 

«-------' 

Figure 5.11: Annealing experimental setup 

major parts; a crystal glass, the oven itself, and a temperature controller. The sample holder 
and a thermo-couple are placed in a crystal glass. With this thermo-couple the temperature 
at the sample is measured, which is plotted by a x,t -writer. This thermo-couple is not used 
to control the temperature. In the crystal glass two gas inlet holes are present. We use a 
gas-flow during the annealing, which consists of 96% N2 and 4% H2 to prevent oxidation of 
the layers. 

The oven itself contains many coils, which generate the heat. Temperatures around 800°C 
can be reached when applying a large current. The oven also contains a thermo-couple, which 
measures the temperature at the coils, which is used to control the temperature. 
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To control the temperature an Eurotherm temperature controller is used. We have adjusted 
the control parameters in such a way that the control thermo-couple measures the tempera
ture as function of the time as shown by the black line in figure 5.12. 

Ts 
:::::1 

------- -n;-~----- -------- --------- -------- --------- -------- --------- -------

~~r 
~ ..... ·····:·············;:·······················:··· ... ---·····--... ·-·····.-.·-·······-···· 

-cel .... 
Q) 

c.. 
E 
Q) 

1-

time (a.u.)-" 

Figure 5.12: A schematic presentation of the annealing treatment. The black line shows 
the temperature measured by the thermo-couple in the oven, the dotted line 
the temperature measured by the thermo couple in the crystal glass near the 
sample. 

The temperature at the sample position rises however fast to a stable constant temperature 
as is shown in figure 5.12 (dotted line). 

The anneal procedure is as follows. First the oven is empty and the temperature of the oven is 
programmed. The programmed temperature is always b.. T (see 5.2) larger than the requested 
anneal temperature, to compensate the heat flow due to contact with the surroundings and the 
gas-flow in the crystal glass, when present. When the temperature reaches a first maximum 
Ts, the crystal glass is inserted. With this method the sample is heated up much faster to 
the desired temperature. The values for b.. T and Ts are shown in table 4.1. 

Temperature Ts b..T 
T=100 180 5 
T=200 260 10 
T=250 280 10 
T=300 345 15 
T=350 375 15 
T=400 420 15 

Table 5.2: Charateristic temperaturevalues of the anneal treatment 
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Results 

We have sputtered two types of FeHfSiO samples, thin layers sputtered on glass, and thick 
layers sputtered on Kapton and glass. First, we performed resistivity and M-H loop mea
surements on the thin samples, to find the sample which combines large resistivity with a 
large permeability and saturation magnetization. Based on these measurements, the thick 
layers are sputtered to investigate the microstructure of the FeHfSiO layers more thoroughly 
in the regime of high tunnel magnetoresistance (TMR). We have used resistivity measure
ments, Mössbauer spectroscopy, X-ray and magnetization measurements to characterize the 
layers. At last we annealed the thick samples to investigate the changes in microstructure, 
which occur during the annealing process. 

6.1 Glass substrates 

As discussed in chapter 2, we want to develop a separation material for our MR-head. To 
investigate the influence of different sputter conditions, we have sputtered a series of samples. 
We want to investigate the influence of sputter conditions on the resistivity p, the permeability 
fL, the saturation magnetization lvfsat and the coercive field He. The resistivity p has to be 
large because we want to avoid current shunting through the fluxguide. The permeability fL 
has to be large toa, because the material has to guide magnetic flux well. A large saturation 
magnetization lvfsat is necessary, because the magnetic flux acting on the magnetoresistive 
element during readout of the tape has to be as large as possible. Also the coercive field He 

is measured, because it is closely related to the permeability. 

A simple model is aften used to describe the electric and magnetic behavior of granular alloys, 
which contain a magnetic and electrical conducting material, such as Fe and an insulating 
material such as Hf02, and Si02 as shown in figure 6.1. At low oxygen concentrations the 
material contains many Fe grains, which are connected and farm wires. Therefore, a metallic 
conductance arises and the resistivity is camparabie with the resistivity of bulk Fe. The mag
netic properties of these materials are also camparabie with the properties of bulk Fe. When 
the amount of oxygen increases more insulating material is formed. This material replaces 
the Fe, and therefore the wires become thinner and the resistivity will slightly increase. Be
cause the amount of Fe decreases, the saturation magnetization Msat also decreases. When 
the amount of oxygen is increased more, the conneebons between the grains disappear, and 
the grains become electrically isolated. Then the electrical conductance can only occur via 

49 



Results Chapter 6 

Insuiator 

(A) (B) 

Figure 6.1: A schematic drawing of our granular alloys. (A) at low oxygen concentration 
the conducting grains are partly connected forming long conducting wires. (B) 
when the oxygen content increases the grains become magnetically and electri
cally isolated. 

tunneling of electrans from grain to grain, which increases the resistivity dramatically. This 
effect is also measured in FeHfO [1] [28], FeSi02 [29] and FeHfSiO [26]. At this oxygen con
centration where the electdeal behavior changes dramatically, also the magnetic properties 
change. Because the grains are not connected, the exchange interaction between the grains 
decreases, and therefore the permeability f-l decreases. When the distance between the grains 
becomes larger, the magnetic coupling due to exchange interactions disappears, and thema
terial becomes superparamagnetic. Superparamagnetic material is magnetically harder due 
to the disappearance of the ferromagnetic exchange interaction. This implies, that the per
meability 1-l decreases further. The saturation magnetization !VIsat becomes much lower due 
to decrease of the Fe concentration. The magnetic field necessary to saturate the magnetiza
tion becomes much higher due to the change from ferromagnetic to superparamagnetic. At 
these concentrations of oxygen, the TMR-effect can be measured. Because the ferromagnetic 
grains are small, each grain has just one magnetic moment, determined by the anisotropy, 
thermal energy, and when present a magnetic field. This implies that we get a configuration 
of the granular alloy, described in paragraph 2.5. When we increase the amount of oxygen 
during the sputtering process even further, the oxygen will not only react with Hf and Si, but 
also with Fe to FeO, Fe203 etcetera and the resistivity will increase further. The Fe grains 
will become oxidized, to ferromagnetic ( 1-Fe203), paramagnetic, anti-ferromagnetic or fer
rimagnetic materiaL The permeability f-l will decrease to zero when Fe oxidizes to FeO, to 
a-Fe203, and also the saturation magnetization !VIsat will change. Measurements performed 
by Rulkens [26] on FeHfSiO layers, Hayakawa et al. [28] on FeHfO layers, Honda et al. [29] 
and Christodoulides et al. [30] on FeSi02 layers showed a decrease of the permeability 1-l 
and the saturation magnetization Msat at high oxygen concentrations. The TMR-effect will 
also disappear due to the change from ferromagnetic grains to paramagnetic, ferrimagnetic 
or anti-ferromagnetic grains when the concentration of oxygen is increased. 

Weusedan Ar-flow of 47.1 seem and an Ar-flow of 52.0 seem and we varied the Ar/02-flow 
between 4.8 seem and 7.2 seem during the sputtering of our samples. All these samples are 
RTP annealed as outlined in paragraph 5.1.2. As we can see in figure 6.2 the resistivity in
creases, when the Ar/02-flow increases. At 6.5 seem the p increases dramatically as expected 
when the grains become electrically isolated. When we increase the Ar-flow from 47.1 seem 
to 52.0 seem, the rapid increase of the resistivity starts also at an Ar/02-flow of 6.5 seem. 
We might have expected that the increase in resistivity was shifted to higher Ar/02-flow. 
However, we have to bare in mind that the change of the 02/ Ar-concentration ratio is very 
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small as a result of the Ar-flow change. A satisfying resistivity for our technica! application 
is obtained at Ar/02-fiows larger than 6.2 seem. 

-•- Ar-flow 47.1 seem • 
2.0x10

6 --o-- Ar-flow 52.0 seem 

~ 
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Figure 6.2: Resistivity (linear scale in top panel and logarithmic scale in bottam panel) as 
Junction of the Ar/02-.fiow during the sputter process at different Ar-fiows. 

We also measured the permeability as function of the Ar/02-fiow, which is shown in figure 
6.3. The permeability decreases, when the Ar/02-flow is increased as predicted by the model. 
Figure 6.3 shows that the Ar/02-fiow dependenee of the permeability is shifted for an Ar
flow of 52.0 seem with respect to the Ar-flow of 47.1 seem. Probably the permeability of the 
material is more dependent on the microstructure than the resistivity. The shift is however 
very small. An Ar/02-fiow of 6.3 seem seems to be reasonable for our technica! application. 
In figure 6.4 the dependenee of Msat and He is shown as function of the Ar/02-flow. We 
see that Msat decreases, when the Ar/02-fiow increases. The coercive field He is increased 
when the Ar/02-flow is increased. This can be explained as follows. The magnetic properties 
of the material transfarm from ferromagnetic to (super) paramagnetic, which results in a 
material which is harder to magnetize. These grains become smaller according to Rulkens [26]. 
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Figure 6.3: Permeability as Ju netion of the Ar /02-jlow during the sputter process at different 
Ar-fiows. 

Therefore, the anisotropy becomes more important, and because the exchange interaction 
disappears, the material is magnetically harder and He increases. The magnetization loops 
are measured in more detail in the next paragraph. 

We conclude that the model is confirmed by our measurements. The resistivity decreases 
when the Ar/02-fiow increases. When the Ar/02-fiow is increased above 6.5 seem, the 
resistivity p decreases dramatically because the electrical conductance can only occur via 
tunneling of electrans from grain to grain. At this Ar/02-fiow, the magnetic properties also 
change because the magnetic behavior changes from ferromagnetic to (super) paramagnetic. 
At very high fiows, FeO or a-Fe203 grains are formed instead of the Fe grains. 1-Fe203 will 
not be present, because at very high fiows no ferromagnetic or superparamagnetic behavior 
is measured. Our goal to find a sample with a high permeability p combined with a high 
resistivity p and saturation magnetization lvfsat is succeeded at 6.3 seem Ar/02-fiow. Based 
on the modeland our measurements, we expect a TMR-effect at about 6.5 seem Ar/02-fiow. 
vVe have used this information to sputter new samples, which will be discussed in the next 
paragraphs. 
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Figure 6.4: The saturation magnetisation Nfsat and the coercive field He as function of the 
Ar/02-fiow during the sputter process at different Ar-fiows. 

6.2 Kapton substrates 

We have sputtered a series of layers on Kapton substrates, to investigate the microstructure 
of the FeHfSiO layers more thoroughly in the regime of high TMR. We used Kapton because 
this substrate enables us to perfarm Mössbauerspectroscopy measurements and as explained 
in chapter 4 Mössbauer spectroscopy is a powerful tool to determine the structure and compo
sition of Fe-containing materials. It is necessary tosputter on (polyimide) Kapton produced 
by Dupont, instead of glass, because the transmitted 1-quanta used by the Mössbauer spec
trometer are scattered and absorbed in glass. Therefore, the energy peaks are broadened, 
which causes a less accurate measurement. A structural formula of polyimide is shown in 
figure 6.5. 

Another important issue related to the Mössbauer experiments, is the thickness of the sam
ples. Natmal iron contains about 2% 57Fe. In general 5 mgjcm2 natmal Fe is needed to 
obtain a Mössbauer spectrum with a good signal to noise ratio in approximately 2 days. If 
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Figure 6.5: Polyimide / Kapton 
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the sample eontains 40% natural Fe, and the mass density of natural Fe is 7.9 103 mgjem3 , 

the samples have to be 12 f.Lm thiek. Therefore, we have sputtered samples with a thickness 
of 10 f.Lm, which gives satisfying results. We decided to sputter the samples, with an Ar-flow 
of 47.1 seem, and an Ar/02-flow between 5.6 seem and 7.4 seem, with steps of 0.2 seem, 
based on the results obtained in the foregoing paragraph. 

We performed resistivity, X-ray, EPMA and Squid magnetization measurements next to the 
Mössbauer speetroseopy measurements to eharaeterize the sample eompletely. 

6.2.1 Resistivity 

First we have measured the resistivity p as shown in figure 6.6. We ean see, the behavior 
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Figure 6.6: Resistivity at 300 Kas function of the Ar/02-fiow during the sputter process at 
different Ar-fiows. 

of the resistivity is in general the same as the samples diseussed in the previous paragraph. 
The resistivity of the thicker samples sputtered on Kapton is however about 10 times higher 
than of the thinner samples sputtered with the same Ar/02-flow on glass. This may imply 
that the mierostrueture of these Kapton samples, whieh are mueh thicker, differs from the 
thinner samples sputtered on glass. We expeet to see a TMR-effeet in samples sputtered with 
a Ar/02-flow equal to or lower than 6.4 seem. Beeause at higher flows, the Fe will beeome 
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totally oxidized. 

6.2.2 TMR 

An example of a typical TMR-measurement is shown in figure 6.7. 
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Figure 6. 7: An example of a TMR-measurement at T=300 K. The TMR ratio is defined as: 
((RB=l.5T- RB=OT)/RB=l.5T) x 100% 

In this measurement the resistivity is measured as function of an applied magnetic field (see 
also paragraph 5.3). The measurement starts at maximum magnetic field. The magnetic 
moments of all the grains are pointing in the same direction because of the applied field, 
and thus a parallel contiguration is obtained as discussed in paragraph 2.5. According to 
theory this contiguration gives minimum resistivity. After that, the field is decreased and the 
direction of the magnetic moments of some grains will change, resulting in an increase of the 
resistivity, and thus in an increase of the TMR-ratio. The TMR-ratio reaches its maximum 
value when no magnetic field is applied, because all the magnetic moments are orientated 
randomly (see paragraph 2.5). After this maximum is reached, the magnetic field is increased 
in the opposite direction, resulting in a decrease of the resistivity because magnetic moments 
of some grains will align to the applied resulting in a net magnetic moment. When the applied 
field reaches its maximum, the minimum resistivity is again obtained. In figure 6.8 we present 
the TMR-values of all the sputtered samples as function of the Ar/02-flow. The magnitude 
of the TMR-effect is in agreement with the results measured by Rulkeus [26], Honda et al. 
[29] and Hayakawa et al. [1]. A maximum TMR of 3.5% is obtained at an Ar/02-flow of 6.5 
seem. 

In section 6.2.1, we predicted that the TMR-effect will occur at samples, sputtered with 
an Ar/02-flow lower than 6.4 seem near the percolation limit when all the grains become 
electrically isolated from each other. As we can see, these predictions are confirmed by the 
measurements. 
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Figure 6.8: The TMR-ratio as function of the Ar/02-fiow during the sputter process. 

6.2.3 Mössbauerspectra 

To obtain more information of the microstructure of our sample we performed Mössbauer 
measurements. The results of these measurements are shown in figure 6.9 and figure 6.10. 

At high oxygen concentration a quadrupale splitted doublet is seen. Figure 6.9 shows that 
when the oxygen concentration is decreased in the layers, one of the two peaks of the 
quadrupale splitted doublet disappears, and a new third peak arises. To obtain quanti
tative information of the Mössbauerspectra, the spectra are fitted with Lorentz functions and 
compared with literature values shown in table 6.1. 

Name Structure Magnetism IS (o:-Fe) Q Bhf 

pure iron Fe 
Ferromagnetic 

Ommjs 330 kOe 
Curie Temperature:Tc=800 K 

-

Antiferromagnetic, 
Wüstite FexOl-x Néel temperature: TN=198 K, 0.4 mm/s 0.8 mm/s -

Paramagnetic 8c=-10 K 
Antiferromagnetic, 

Hematite o:-Fe203 Néel temperature: TN=950 K, 0.38 mmjs -0.1 mm/s 515 kOe 
Paramagnetic 8c=-2940 K 

Maghemite ')'-Fe203 Ferromagnetic, Tc=l020 K 0.33 mmjs 0.5 mm/s 500 kOe 
- FeHf2 Paramagnetic -0.12 0.47 mmjs -
- Fe2Hf Ferromagnetic, Tc=591 n.m. -0.41 mmjs 180 kOe 

Table 6.1: Magnetic behavior and literature values of isomer shift (IS), quadrupale split
tingjshift (Q) and the hyperfine field (Bhf) of several Fe-oxides and FeHf com
pounds. 

The spectra of samples with a high oxygen concentration are fitted with two Lorentzians, 
because only a quadrupale splitted doublet seems to be present. Spectra of samples sputtered 
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Figure 6.9: Mössbauer spectra of samples with high oxygen concentration as function of the 
oxygen concentration measured at room temperature. 

with a low oxygen concentration, where the TMR-effect is present, are fitted with three 
Lorentzians. The isomer shifts and the quadrupale splitting obtained from these fits are 
shown in figure 6.11. Also the amplitude ratio of the quadrupale splitted doublet peaks 
and the amplitude ratio of bath quadrupale splitted doublet peaks and the singlet peak are 
displayed in figure 6.11. First, we look at the samples sputtered in the presence of a high 
Ar/02-flow. Figure 6.11 shows that the quadrupale splittingis around 1.1 mm/s, which is in 
agreement with FeO. The quadrupale split increases as function of the oxygen concentration. 
The isomer shift is around 0.36 mm/s compared to o:-Fe and decreases as function of the 
oxygen concentration. These measurements correspond the most with FeO displayed in table 
4.1. The quadrupale splittingin our spectra differs from literature [31], which may be caused 
by different surroundings of the FeO. Figure 6.11 shows a decrease of the peak ratio of the 
quadrupale splitting doublet as function of the oxygen concentration. This corresponds with 
measurements performed by F.C. Voogt [31]. 

In samples sputtered at lower Ar/02-flow, where the TMR-effect is observed a new peak 
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Figure 6.10: Mössbauer spectra of samples with low oxygen concentmtion as function of the 
oxygen concentmtion measured at room tempemture. 

arises, with a large isomershift of 1.85 mm/s compared to a-Fe. Figure 6.11 shows that the 
peak ratio decreases when the amount of oxygen increases and vanishes when the TMR-effect 
is no longer observed. Therefore, we think this peak is caused by the presence of Fe-grains. 
The isomershift is however not in agreement with table 4.1 and there is no Zeeman splitted 
sextet observed, which is expected for pure iron grains. Wethink that this large isomershift 
is caused by the charging of the grains in the layer during the Mössbauer experiments. When 
an excited Fe-atom in a grain decays, conversion electrans are emitted, leaving a charged 
grain behind. Because the grains are electrically isolated the grains remain charged resulting 
in a different electron distribution at the nucleus. The electron distribution will decrease and 
according to equation 4.10 the isomer shift will become more positive which is in agreement 
with our observations. 

The absence of a Zeeman splitted sextet in our Mössbauer spectra is probably caused by 
the long lifetime of a Mössbauer transition. We think that the grains are superparamagnetic 
which means that the magnetic moments of the grains fluctuate faster than the lifetime 
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Figure 6.11: (A) shows the intensity ratio of the two peaks of the quadrupole. (B) shows the 
intensity ratio of the singlet peak compared to the intensity of bath quadrupale 
peaks. ( C) shows the isomer shift of the doublet. (D) shows the isomer shift 
of the singlet. (E) shows the quadrupale splitting of the doublet. Every figure 
is plotted as function of the Ar/02-flow. 
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of a Mössbauer transition. Therefore, during the excitation the nucleus experiences a net 
zero magnetic hyperfine field resulting in only one peak. This has been described by Zhang 
et al. [32] for a -r-Fe203 (ferromagnetic) system insulated in a Si02 matrix. With X-ray 
measurements we will try to confirm the preserree of pure crystalline Fe in the films. 

6.2.4 EPMA 

From EPMA measurements (see figure 6.12), it follows that when the Ar/02-fiow increases, 
the concentration of oxygen increases, and the concentration of Fe decreases. The concen-
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Figure 6.12: Concentration of different elements measured with EPMA. 

tration Si increases at low (5.8- 6.4 seem) fiows. When the Ar/02-fiow is increased further, 
the amount of Si decreases rapidly. Probably, this is an artefact of the measurement method. 
The concentration of the rest of the elements remains almast the same. If we campare the 
magnitude of the concentrations of the thin glass samples measured by R. Bitter [33] and 
Hayakawa et al. [1], and the thick Kapton samples, we abserve an unexpectedly high 0 
concentration. We think that pure 02 is included during the sputter process. Also the Kap
ton contains some oxygen according to the structure formula shown in figure 6.5. However 
carbon, also present in Kapton, is only measured in very small quantities. 

6.2.5 X-ray diffraction 

To obtain more information about the internal structure of the samples we have performed 
X-ray measurements at Philips research Laboratories Eindhoven. In figure 6.13, the measured 
X-ray spectrum of a samplesputtered with an Ar/02-fiow of 5.6 seem is shown. 

In the spectrum displayed in figure 6.13 a number of lines are drawn to indicate the position 
of several possible crystalline phases. In the X-ray spectrum 2 peaks can be observed. The 
first peak in the X-ray spectrum is at an angle 28 ~ 34°. This peak can be explained by the 
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Figure 6.13: An example of a X-ray measurement of a sample sputtered with 5.6 seem 
Ar /02-flow. The lines indieate where possible erystalline peaks are present. 

presence of Hf02 (111 and 200), HfSi04 (211) in the insulating matrix. Also Fe203 may be 
present. However, the sample is sputtered at a low Ar/02-fiow. The second peak, measured 
at an angle of 28 ~ 44° is caused by the presence of pure bcc Fe. The presence of pure Fe 
indicates the presence of grains. This along with the Mössbauerspectra, confirms our idea that 
pure Fe is present at samples sputtered with a low Ar/02-fiow, which is superparamagnetic 
relaxed, which explains the paramagnetic peak observed in the Mössbauer spectra. 

Figure 6.14 and 6.15 show the X-ray spectra of our samples, in order of decreasing oxygen. 
It is clear from the measurement, that the X-ray measurements performed on the thin glass 
samples by Rulkens [26] and Huijbregtse et al. [34] have a much better signal to noise ratio 
than the thick Kapton sample measured by us, in spite of the fact that we use the same X-ray 
spectrometer. It seems that not many well defined phases are present in our thick layers. 
Moreover, because Kapton has the tendency to bend it was difficult to obtain a good fiat 
sample / layer necessary for the X-ray measurements, which leadstoa decrease of the signal 
to noise ratio 

When the oxygen concentration is increased, the peak at an angel28 ~ 34° remains constant. 
This can be expected, because this peak corresponds to the Hf02 (111 and 200) and HfSi04 
(211) peaks. 

The Fe peak at 28 ~ 44° disappears at higher Ar/02-fiows at high fiows. From this we can 
conclude that the grains are oxidized to FeO at high Ar/02-fiows, which is in accordance 
with the model. 
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Figure 6.14: X-ray measurements of samples produced with a high Ar/02-fiow. 
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6.2.6 Magnetization measurements 

As we have seen in previous studies, the magnetic behavior of our samples seems to be 
superparamagnetic. First we will give a brief explanation of superparamagnetism. When the 
distance between the grains is very large the (ferromagnetic) coupling between the grains 
disappears, and only the ferromagnetic coupling in the grain itself remains. Therefore, the 
grains can act as one large magnetic moment. The direction of this large moment is aresult of 
the thermal energy and the anisatrapie energy. Because of these large moments the material 
is saturated at lower magnetic fields, than "normal" paramagnetic materials, which follows 
from the Langevin function. This is caused by the fact that more (thermal) energy is required 
for large moments to anti-align an applied magnetic field. 

SQUID-measurements were performed to determine the magnetic behavior of the layers. In 
figure 6.16 some specific SQUID measurements of our samples are shown. 
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havior of several samples. Samples sputtered with a high Ar/02-.flow show a 
diamagnetic behavior, samples sputtered with a low Ar/02-.flow a superparam
agnetic behavior. 
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The figure shows that the samples sputtered with a high Ar/02-fiow (6.6 seem -7.4 seem) do 
not have any magnetic behavior, or are a little diamagnetic. Probably, as discussed before, 
all the Fe in these samples reacts during the sputtering process with 02 to antiferromagnetic 
FeO (paramagnetic at roomtemperature), antiferromagnetic a- Fe203 or ferrimagnetic Fe30 4. 
Because no ferrimagnetic behavior is observed, Fe304 is not present. Therefore, FeO or 
Fe203 are present but has no contribution to the magnetization and the resulting observed 
diamagnetism is probably due to the substrate or the measurement method. This is confirmed 
by a measurement on a clean substrate. 

The samples sputtered at lower Ar/02-fiows have a much larger moment and at first guess 
seem to consist of a ferromagnetic or superparamagnetic component and a paramagnetic 
background. To determine if the magnetic behavior of the samples is superparamagnetic 
we have tried to fit the data with a Langevin function, which describes paramagnetic and 
superparamagnetic behavior. It appeared that the measurements were difficult to fit directly. 
Probably, the paramagnetic background makes the magnetization hard to fit. Therefore, we 
subtracted the linear slope measured at high fields, which seems to be a (real) paramag
netic background. This results in a magnetization behavior as shown in figure 6.17, which is 
fitted with a Langevin function. This confirms that the material contains superparamag-
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Figure 6.17: A part of the magnetisation loop of a layer sputtered at an Ar/02-fiow of 6.2 
seem . The line is a Langevin fit as explained in the text. 

netic grains. From the parameters resulting from the fit, the average grainsize is calculated. 
The average grain diameter obtained is 52 A. This is in agreement with the measurements 
performed by Rulkens [26] and Hayakawa et al. [28]. We used also a different method to 
confirm the presence of superparamagnetic grains. We have measured one sample (6.2 seem 
Ar/02-fiow) at three different temperatures T= 100 K, T= 200 K, and T=300 K. Sealing 
these measurements with H over T should give identical magnetization loops if the sample 
is superparamagnetic. These measurements have also been corrected for the presence of 
background paramagnetism. The results of these measurements are shown in figure 6.18. 

As we can see, the magnetization loops measured at different temperatures do not fully 
overlap. However we have to realize that there might be still some interaction left between 
the grains which gives deviations from an ideal Langevin behavior. 

A third way to confirm the presence of superparamagnetic grains is by measuring the mag-
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Figure 6.18: Suid measurements performed at T = 100 K, T = 200 K and T = 300 K 
scaled with field over temperature. We corrected the measurements for the 
paramagnetic behaviour at high fields. 

netization as function of temperature in aso-called field and zero-field cooled measurement. 
In a field cooled measurement, a magnetic field is applied, when the sample is cooled down 
to T=5K. In a zero field cooled measurement no magnetic field is applied. After this cooling 
down, the magnetization is measured as function of increasing temperature, in the pres
enee of a small magnetic field. The results are shown in figure 6.19. To understand the 
magnetic behavior of the superparamagnetic grains as a function of temperature we have to 
understand that the magnetization direction of the grains is determined by a competition of 
thermal energy and anisotropy. Below the blocking temperature n the anisotropy energy 
dominates thermal fiuctuations and the magnetic moment points along one of its anisotropy 
axis. Above the blocking temperature thermal energy causes the moment to fiuctuate in time 
and direction. 

In case of a zero field cooled experiment, the magnetic moments align randomly along the 
anisotropy axes. Therefore, no net magnetic moment will be observed at low temperatures. 
When the temperature increases, the thermal energy will increase, and in some grains it 
becomes larger than the anisotropic energy and thus the magnetic moments can rotate free. 
Because a small field is present during the measurements, this will result in a increase of 
the magnetization. This is observed in figure 6.19. The magnetization increases until the 
temperature reaches the blocking temperature n, which implies that all the moments can 
rotate free. If the temperature is increased further, the material behaves paramagnetic, and 
thus the magnetization is described by the Langevin function, which implies a 1/T dependenee 
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at high temperatures. 

In case of a field caoled experiment, the magnetic moments will not align randomly along 
their anisotropic axes, but they will align in the direction of the applied field as much as 
possible. Therefore, a net magnetization is observed at low temperatures. If the temperature 
is increased, more moments can rota te free, which gives a decrease of the magnetization as we 
can see in figure 6.19. If the temperature becomes higher than the blocking temperature the 
material behaves the same as in the zero field experiment. As we can see in figure 6.19, the 
zero field caoled experiment, and the field caoled experiments show the expected behavior at 
temperatures lower than the blocking temperature. 
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Figure 6.19: Field caoled and zero-field caoled experiment. The magnetisation is plotted as 
function of the temperature. 

6.3 Annealing experiments 

We want to investigate the inftuence of annealing on the microstructure of the layers used in 
the previous section. The annealing of granular alloys has been reported in literature, and it 
was showed that the grainsize remains almast the same, but the insulating matrix is changed, 
which results in a smaller resistivity (Rulkens [26]). The anneal oven described in paragraph 
5.8 is used. We have annealed 2 samples, sputtered at Ar/02-ftows of 6.4 seem and 6.6 seem, 
at several temperatures, displayed in table 6.2. 

To investigate the microstructure we have performed resistivity measurements, TMR-measurements, 
EPMA measurements, Mössbauer measurements and magnetization measurements. The re-
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Ar/02-fiow T=lOO T=200 T=250 T=300 T=350 T=400 
6.4 seem 1 hour 1 hour 1 hour 1 hour 1 hour/15 hour 1 hour 
6.6 seem 1 hour 1 hour 1 hour 1 hour 1 hour -

Table 6.2: The annealing temperatures and annealing times for the two samples 

sistivity of two layers (6.4 seem and 6.6 seem) as function of the anneal temperature is shown 
in figure 6.20. 
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Figure 6.20: The resistivity of two samples sputtered with (A) 6.4 seem Arj02-fiow and 
(B) 6.6 seem Ar/02-fiow as function of the anneal temperature measured at 
roomtemperature. 

Figure 6.20 shows that the resistivity of a sample sputtered with 6.6 seem Ar/02-fiow in
creases a little as function of the anneal tGmperature at low anneal temperatures. Probably, 
the pure oxygen, present in the amorph material according paragraph 6.2.4 reacts at low 
temperatures with Si or Hf and more insulating material is formed. When the anneal tem
perature becomes higher than 200°C, the resistivity decreases, which is in agreement with the 
measurements of Rulkens [26]. Probably the microstructure of the insulating matrix changes, 
which results in a lower resistivity. However another samplesputtered with 6.4 seem Ar/02-
fiow shows the contrary dependenee between the resistivity and the anneal temperature. 
Therefore, the infiuence of annealing on the resistivity is difficult to explain. 

The TMR-measurements might clarify the changes of the microstructure. The TMR-ratio of 
our measurements are shown in figure 6.21. 

Figure 6.21 shows that the TMR-ratio of both samples decreases dramatically at anneal 
temperatures higher than 200 oe, and drops to zero when the anneal temperature is higher 
than 300 oe. Probably at low anneal temperatures the pure oxygen reacts with Hf or Si and 
forms an insulating material, which causes a little increase of resistivity and the TMR-effect 
is still present. At higher temperatures, the TMR-effect disappears. As discussed in previous 
paragraphs, there are two main possible causes of the disappearance of the TMR-effect: 

1. The insulating matrix disappears. This means that the Fe grains are connected with 
each other and the current flow through these connections as described in 6.1. This 
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mentioned in the previous figure. 

causes a decrease of the resistivity, which is measured. And major changes must be 
visible in the Mössbauer spectra and the magnetization measurements. 

2. The Fe is oxidized. This will however cause a enormous increase of the resistivity, which 
is in contradiction with our resistivity measurements. 

We also measured the element concentration with the EPMA. The oxygen concentration 
remains almost the same at low anneal temperatures. At anneal temperatures higher than 
300 oe the oxygen concentration decreases, which is in agreement with statement 1. To verify 
this statement further, we performed Mössbauer measurements. 

Figure 6.22 and figure 6.23 show the Mössbauer spectra measured at different anneal tem
peratures. 

Figure 6.22 and figure 6.23 show that the quadrupole splitted doublet remains, when we 
anneal the sample. This implies that FeO still is present in the sample. The contribution of 
the singlet seems to increase when we anneal, which is in agreement with statement 1. The 
relative change of the singlet is not large, and we have to conclude that annealing of samples 
at temperatures lower than 400°C does not change much in the microstructure. 

Also the magnetization measurements did not change as function of the anneal temperature, 
which shows that statement 1 is not correct either. 

From all of the above, we must conclude, that from the present experimental results we can 
give no conclusive explanation for the decrease of TMR after annealing. 
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Figure 6.22: Mössbauer spectra of a samplesputtered with a 6.6 seem Ar/02-flow as junc
tion of the anneal temperature. 
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6.4 Conclusions 

We have examined thin FeHfSiO eermet films sputtered on glass, and thick FeHf SiO eermet 
films, sputtered on Kapton. The thin samples are used to find a combination of a high per
meability and a high resistivity. A model shown in literature, which describes the behavior 
of the resistivity, permeability, magnetization and the coercive field as function of the oxygen 
concentration in the layers is also confirmed by our measurements. According to this model 
the resistivity decreases when the Ar/02-fiow increases. When the Ar/02-fiow is increased 
above 6.5 seem, the resistivity p decreases dramatically because the electrical conductance 
can only occur via tunneling of electrans from grain to grain. At this Ar/02-fiow, the mag
netic properties also change because the magnetic behavior changes from ferromagnetic to 
superparamagnetic. At very high fiows, FeO or a-Fe203 grains are formed instead of the 
Fe grains. -y-Fe203 will not be present, because at very high fiows no ferromagnetic or su
perparamagnetic behavior is measured. Our goal to find a sample with a high permeability 
J.L combined with a high resistivity p and saturation magnetization Nfsat is succeeded at 6.3 
seem Ar/02-fiow. Based on the model and our measurements, we expect a TMR-effect at 
about 6.5 seem Ar/02-fiow. We have used this information to sputter thicker samples on 
Kapton in the regime of high TMR. Kapton is necessary to obtain Mössbauer spectra with 
a good signal to noise ratio in a few days. 

With these new samples we have characterized the microstructure and magnetization of the 
FeHfSiO layers in the regime of high TMR. We have observed TMR in several samples grown 
on Kapton which are sputtered with an Ar-flow of 47.1 seem and an Ar/02-fiow lower than 6.5 
seem. The resistivity as function of the oxygen concentration was comparable with the thin 
layers sputtered on glass. Mössbauer spectroscopy showed that at high oxygen concentrations 
FeO is present, and no pure Fe (grains) is observed. At lower oxygen concentrations, the 
FeO disappears and is replaced by a-Fe which is superparamagnetic relaxed. Therefore, we 
did not abserve a Zeeman splitted sextet, but a paramagnetic singlet. The isomer shift of 
this singlet is large due to charging of the grains. The X-ray spectra confirm that a-Fe is 
present at low oxygen concentrations and disappears at higher oxygen concentrations. The 
X-ray spectra confirm the preserree of insulating material such as Hf02, Si02 and/or HfSi04 . 

The superparamagnetic behavior in samples with a low oxygen concentration, is confirmed 
by magnetization measurements. By means of these measurements the average grains size is 
calculated and is about 50 A, which is in agreement with literature. Also a small paramagnetic 
background is observed in these layers, which is probably caused by a small amount of FeO 
or Fe in the insulating matrix, which was already suggested by Strijkers et al [2]. Samples 
with a high oxygen concentration show no magnetization at all, which is probably caused by 
the FeO which is present in these samples. 
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