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Abstract 

Abstract 

In this report the magnetic and electrical properties have been investigated ofFeHfD thin films 
with thicknesses between 0.7 and 10.5 j.lm prepared by reactive sputtering in an Ar/02 mixture 
at various conditions. The oxygen flow is the most important parameter to adjust the electrical 
and magnetic properties. The optimal conditions give FeHfD samples with a saturation 
magnetization Bs of 1.1 T, a (relative) magnetic permeability p., at 100 kHz of 1500 and a 
resistivity p of about 1000 j.LOcm. The magnetostriction constant Às being 5 ·1 o-6 is too large to 
make this material suitable for application as flux guide material in magnetic recording heads. 
Ho wever, films with larger oxygen contents with resistivities near 105 j.LOcm and permeabilities 
of approximately 200 are promising to be applied as separation oxide between the flux guide 
and the MRE in a read head so as to improve the efficiency of the thin film head. 

With the HF-permeability set-up which is automatised and optimized during this graduation 
project, the frequency dependenee ofthe permeability up to 200 MHz is investigated. The rol1-
ofT of the permeability of the FeHfD appears to be dominated by ferromagnetic resonance. 
Furthermore, it is shown that the permeability at low frequencies is caused by both rotation of 
magnetization and domain wall movements. 

The FeHfD films that exhibit good or moderate soft magnetic properties show very small 
magneto resistance (MR.) ratios. FeHfD films prepared with relatively large amounts of oxygen 
exhibit poor soft magnetic properties but show considerable magnetoresistance probably 
caused by spin dependent tunneling between Fe grains. It has been shown that the MR. ratio of 
the films change from 2% at room temperature to 7% at 4.2 K, which can bedescribed rather 
well by simple electrical circuit models assuming that spin dependent tunneling is the basic 
mechanism including spin-flip scattering processes to account for the strong temperature 
dependence. 

A magnetic transmission line model has been developed to describe a thin film inductor 
consisting of a conducting coil sandwiched between two soft magnetic layers. lt has provided 
considerable insight on the behaviour of the impedance and inductance as a function of 
different parameters and dimensions. The main condusion is that the inductance L is 
proportional to ../ p. rather than to p. for normal coils with magnetic cores. Furthermore, the 
inductance does not scale with the cross sectional area er but scales with the side length a, 
caused by the fact that the flux is concentrated near the conductor wires. These conclusions 
have been confirmed by experiments performed on inductors employing a 0.8 j.lm thick FeHfD 
thin film. 
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Technology assessment 

Technology assessment 

The investigations carried during this graduation project in this report can be seen within the 
framework of two main fields of application: (1) soft magnetic materlafs and (2) magnetic field 
sensors. 

(1) The research on soft magnetic materlafs in general has been motivated by different 
applications of these materials. In general, they are suitable for applications in the recording 
industry. In this report we restriet ourselves to the so-called nanocrystalline materials. 
Recently, FeCuNbSiB was discovered as a nanocrystalline material. These materlafs attract the 
attention to application engineers because ofthe high Bs (FeTaN, FeNbSiN) and can be used as 
a flux guide (yoke) in for example magnetic heads. High information densities ofthe tape lead 
to specified requirements on the write head which should be able to saturate the hard magnetic 
storage material on the tape: the saturation magnetization A1a and thus the saturation magnetic 
induction Bs of the flux guide or yoke material of the write head should be large. To obtain a 
high efficiency to produce flux or to piek up magnetic flux, the permeability should be as high 
as possible, implying a small magnetic uniaxial anisotropy. PeNhSiN does not show a large 
resistivity p. 

On the contrary, FeHfD is one of the materlafs with a smaller Bs but with a large resistivity. 
It is composed ofbcc-Fe nano-grains in an amorphous phase. The investigation ofFeHfD has 
been motivated primarily by the potential use of this magnetic material as flux guide or core 
material in magnetic heads. The large resistivity provides a relatively large permeability also at 
large frequencies. This is a necessity for the application in the magnetic recording of video 
signals and in hard disk applications. 

An important requirement fortheuse ofFeHfD is an as smallas possible magnetostriction. 
This is not only because a large magnetostriction can lead to a too large anisotropy, but also 
because the tape moving across the head can cause the so-called rubbing noise. 

In the regime with large oxygen amounts in the FeHfD, the films exhibit a very large 
resistivity near 105 JlOcm combined with a not too small permeability of about 200. Such 
F eHfO films might be usabie as separation oxide between the flux guide and the 
magnetoresistance element (MRE) in a read head, which may improve the efficiency of the thin 
film head enormously. 

(2) In magnetic field sensors use is made of the effect of magnetoresistance: the resistance 
of a material changes by applying a magnetic field. An example of such a sensor is the already 
mentioned, the MRE. Insome materlafs the giant magnetoresistance (GMR) can be observed, 
for instanee in multilayers consisting of a stack of altemating ferromagnetic and non-magnetic 
layers, but also in granular systems in which ferromagnetic clusters are dissolved in a non
magnetic matrix. This phenomenon takes place in FeHfO films sputtered with large oxygen 
flows. Although the permeability is too low for the application in a :MRE, this research might 
be interesting from a fundamental point of view. In particular the study ofthe spin dependent 
turineling mechanism in these systems is extremely relevant for the recently observed tunneling 
magnetoresistance (TMR.) in ferromagnetic layers separated by a insulating harrier, for which 
application in magnetic field sensors is foreseen in a near future. 
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1. Introduetion 

Here, I is the path length which the flux has to traverse and A the cross sectionat area. Eq. 
(1.2) can be seen as the magnetic analog ofthe electrical resistance of a piece of material: the 
permeability plays the role ofthe conductivity. As can beseen from Eq. (1.1) and Eq. (1.2) a 
high efficiency means that the magnetic resistance of the flux guide Rcore should be small 
compared to the gap resistance. This implies a high permeability of the core or flux guide 
materiaL 

As we will see later on, to obtain a high permeability it is necessary that some magnetic 
uniaxial anisotropy is present. This is because a non-zero anisotropy promotes a well defined 
domain structure so that use is made of the rotational permeability mechanism instead of the 
wall permeability mechanism. Wall permeability contributions should be avoided since they 
decrease much more steeply with :frequency so that it is difficult to obtain a reasonable 
permeability at high :frequencies. This is important, because high :frequencies correspond to 
high data rates in the magnetic recording of video signals and in hard disk applications. As we 
will see later on this also means that in the case of rotational permeability a high electrical 
resistance is desirable. Furthermore, the uniaxial anisotropy should be relatively small, so that 
the spins are able to rotate almost freely which means that the direction of magnetization is 
susceptible to small tape fields, corresponding to a high permeability. 

To get good soft magnetic material it is obvious that also a low remanence is required, 
otherwise unwanted stray fields would obstruct the reading process. Regarding a desirabie high 
permeability, the coercivity He of the yoke must also be small. Otherwise it is possible that 
inner magnetization loops cause a smaller permeability. This aim also provides low hysteresis 
losses. 

Furthermore, the flux guide material must have a low magnetostriction. This is necessary 
because unavoidable internat stresses within the magnetic head in combination with 
magnetostriction gives rise to magneto elastic anisotropy contributions leading to a decrease of 
the permeability, or to an undesired domain structure which, as we have mentioned, decreases 
the permeability at higher :frequencies. A second reason for an as small as possible 
magnetostriction is that magnetostriction causes the electrical output to be coupled to 
vibrations set up by the tape moving across the head, which results in the so-called rubbing 
noise. We mention that during recording and playback the head is in direct contact with the 
tape. 

In summary the most important requirements for fluxguide materials are in case of a read 
he ad: 

• a high permeability p, 
• a high permeability also for high frequencies, implying a high electrical resistivity p, 
• a not too small uniaxial magnetic anisotropy K", 
• a low coercivity Hco 
• a low saturation magnetostriction À8 • 

For the write headthe same requirements apply, but there is an extra requirement viz.: 

• a high value of saturation magnetization À1s· 
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2. Theory 

a) Magnetocrystalline anisotropy 

In a cubic crystal like iron, for example, the cube edges [100], [OIO] and [OOI] are the 
directions of easy magnetization, while the body diagonals [±I±I±I] are hard axes. lts origin 
arises from spin-orbit coupling. Because of the Coulomb-Coulomb repulsion between orbitals 
of neighbouring atoms, the orientation of these orbitals is related to the crystallattice, and thus 
dependent on crystallographic directions. Fig. 2.I shows two situations illustrating the relation 
between magnetization or spin direction indicated by the arrows and the orientation of the 
orbitals. 

a) 

b) 

Fig. 2.1 Origin of magnetocrystalline anisotropy. The figure depiets the case of an infinitely 
strong spin-orbit interaction The exchange energy and the electrostatic interaction energy of 
the charge distributions of neighbour atoms is different for the case that the magnetization 
points upwards, situation (a) compared to situation (b) in which the magnetization points to 
the right. Hence there exists a magnetic anisotropy energy. 

From this tigure it follows that the overlap of the electron clouds of neighbouring atoms is 
different for the case that the magnetization points upwards (Fig 2.Ia) compared to the 
situation (Fig.2.I b) in which the magnetiztion points to the right. This leads to a different 
exchange energy and electrostatic energy for both situations, resulting in a magnetic anisotropy 
energy. 

The energy of the magnetization as a function of its direction i.e. the crystalline anisotropy 
energy of Fe is expressed in so-called direction cosines ab «2 and a 3 referred to the cube 
edges. A phenomenological expression can be derived making use of the cubic symmetry. 
Since opposite ends of a crystal axis are equivalent magnetically, the crystalline anisotropy 
must be an even power of each «;. Moreover, it has to be invariant under exchanges of the «; 
among themselves. Because a/+a/+a/=I, the lowest order non vanishing term is of the 
fourth degree. Mostly it is sufficient to express this anisotropy energy per unit of volume as 

(2.2) 

where K1=42 kJ/m3 and K2=15 kJ/m3 are the cubic anisotropy constants for Fe at room 
temperature [I2]. 
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2. Theory 

b) Shape anisotropy 

In samples with uniform magnetization, magnetic poles on the surface give rise to a 
demagnetizing field Hd which is proportional and opposite to the uniform magnetization M: 

(2.3) 

Here fJ is the demagnetizing tensor which depends on the shape of the sample and, in general, 
on the position in the sample. The shape anisotropy energy per unit of volume can be 
expressed as 

1 -t> .... 1 .... - .... 
E = --p liÁ·H =-11 ""'·N·M. d 2 (fY..I. d 2r(fY-'- (2.4) 

In this equation p 0=47t·l0-7 NI A2 is the permeability of vacuum. In Eq. (2.4) we assumed no 
dependenee of the position in iJ. The tensor can only be calculated exactly for spheres, thin 
films and ellipsoids. For spheres, for instance, the tensor is diagonal with elements 
Nx=Jfy=Nz=l/3. In case of a thin film with infinite dimensions and the normal on the surface 
parallel to the z-axis, the tensor is diagonal with elements Nx =Jfy =0 and Nz = 1. F or more realistic 
films (Fig. 2.2) one must take into account the finite dimensions in the x- and y-directions. 
However, Nx+NY+Nz=1 always holds. 

z ··-.. 
M 

Fig. 2.2. Magnetization in a thin film with length I, width wand thickness t represented in 
spherical coordinates. 

In this case the shape anisotropy given by Eq. (2.4) can be rewritten and becomes in spherical 
co-ordinates 

(2.5) 

Here, the angles 4J and 8 are defined in Fig. 2.2 and constant energy contributions are 
neglected, because they will not give rise to anisotropy. Fora film with length /, width w and 
thickness t satisfying I> w >> t this means that NY < Nx << Nz. This is because free poles appear 
on the very narrow edges of the film, hence demagnetizing fields in the plane will be very 
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2. Theory 

As can be seen from Fig. 2.6 it is clear that the factor of demagnetization can have much 
influence on the magnetic permeability and the magnetization curve, particularly for large Pr· 
Fora detailed discription ofthe mechanism ofthe magnetization process see Stoner et al. [14]. 

b) domaio wall displacement 

Eq. (2.13) suggest that the magnetic permeability measured in the easy-axis direction is unity. 
This is not true in practice: Eq. (2.13) was derived for the rotation magnetization process, 
whereas in a fermmagnet also another magnetization process contributes to the magnetic 
permeability, viz. domain wall displacement This section focuses on this contribution and 
shows that this is maximal along the easy axis. If all magnetization veetors in a magnetic 
material would be directed paralleland along the (in-plane)y-direction (see Fig. 2.7(a)), a high 
magnetostatic energy 112pJvf/(Ny-NJ would be build up by means ofpoles. To avoid this, the 
ferromagnetic material displays the phenomenon to subdivide its magnetization in domains 
with different magnetization directions (see Fig. 2. 7(b )). The magnetic energy outside the 
sample is red u eed because of the reduced spatial extension of the field outside the film. In Fig. 
2.7(c) the magnetostatic energy Ed is even zero. The boundaries ofthe triangular domains in 
this case make angles of 45° with the magnetization of the domains, so that the component of 
the magnetization nomal toeach boundary is continuousacross the boundary (E.t=O). Becausè 
the flux doses inside the crystal, these triangular domains are ciosure domains. 

a) i 
b) 

c) 

Fig. 2. 7. Top view of the a magnetic film displaying three types of domain patterns .. 
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2. Theory 

The latter case is the most common situation encountered. Returning for a moment to the 
rotational permeability as measured in the x-direction, it is clear that in Eq. (2.15) and Eq. 
(2.16) the demagnetizing factor N equals Nx and not Nx-Ny as suggested by Eq. (2.5). This is 
because no poles are formed at the edges ofthe film in the width (y) direction if one measures 
the permeability ( applies a field) in e.g. the x-direction. 

The domains are separated by a transition area in which the direction of magnetization 
changes gradually. The thickness of such a domain wall is determined by the balance of the 
exchange energy and the anisotropy energy. In iron the thickness of a so-called 180° domain 
wall, where the magnetization changes from parallel to antiparallel, is 55 nm [15]. Figure 2.8 
shows the domain structure with a 180° domain wall. 

N 

I 
I I 

-6-..! 
I I 

s 

•. 
Fig. 2.8 Domain structure of aferromagnetic material showing two domains separated by a 
180° domain wal/ ofthickness ó [12]. 

Let us consider the displacement of a wall in a non-uniform materiaL In the absence of a field, 
the wall will be positioned at sa. which is alocal minimum in the energy (Fig 2.9). 

s0 s 

Fig. 2.9 Domain wal/ energy as ajunetion ofposition. 

In first approximation the energy of a wall with area A near this minimum displaced to s can be 
expressed as 

(2.16) 
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2. Theory 

If this displacement is the result of a magnetic field that is applied, with a direction making an 
angle <PH with the magnetization in the domain, the corresponding change in field energy is 
given by: 

(2.17) 

for a 180° domain wall, because by wall displacement the magnetization will change from 
+Mscos<f>H to -M,;cos</>H, in the region [s0, s] where the wall passes, see Fig. 2.10. 

easy axis 

H 

hard axis 

Fig. 2.10 Domain wal/ movements. 

After minimizing the total energy Ew +EH with respect to the the displacement s-s0 of 
equilibrium position of the wall becomes 

2p.Jvf
8
cos<f>n 

s-s0 H. (2.18) 
aw 

As aresult of this, the magnetization in a unit cell with volume A·Dw as indicated in Fig. 2.10 
increases by ll.m=2p.Jvfscos</>Ji(s-s 'J·A·2D wwith 2D wthe size of a domain repetition period in 
the hard axis direction. This results in a (relative) wall permeability 1 +llmi(H·A·Dw): 

(2.19) 

From Eq. (2.19) it is clear that the wall permeability is maximal for a field applied along the 
easy axis and at a minimum for fields in the hard axis direction. This is exactly the opposite to 
the case of magnetization rotation. The general case of the permeability will be a combination 
of wall permeability and rotation permeability so that the angular dependenee of the magnetic 
permeability can be described by: 

(2.20) 
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2. Theory 

with J-l,, warr and J-l,, rot the wall and rotaticnat permeability contributions, respectively. Both 
processes are indicated again schematically in tigure 2.11. 

a) b) 

H 

H 
> Î 

Fig. 2.11 (a) Rotation of the magnetization and (b) domain wal/ di spiace ment. 

2.4 Frequency dependent magnetic permeability 

Until now, static magnetic fields were regarded in the magnetization process and more in 
particular the magnetic permeability. However, in industrial research one is often interested in 
high-frequency applications. The response of the magnetization of a ferromagnetic material to 
frequency dependent (or time dependent) magnetic fieldscan be completely different from the 
static situation discussed in sectien 2.3. At low frequencies the magnetization or the magnetic 
induction b(t) is able to fellow a time dependent magnetic field h(t)=h0cosrut, whereas for high 
frequencies the induction can not fellow the applied field due to severalloss mechanisms which 
will be discussed in this section. An example of what may occur is schematically depicted in 
Fig. 2.12. 

a) b) M c) M 

/ 
H / H H 

Fig. 2.12. Schematic magnetization processin case of (a) DC-field, (b) a smal/ amplitude AC
fieldfor low frequencies and (c) a AC-fieldfor highfrequencies. 
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2. Theory 

Figure 2.12(a) depiets the magnetization process in case of a DC-field as already discussed 
extensively in sectien 2.3. Low frequency AC-fields give for both the magnetic field and the 
magnetic induction harmonie fields proportional with coswt. For large frequencies with a time 
dependent applied field h(t)=h0coswt, the magnetic induction b(t) in general displays a phase 
shift relative to h(t) and can be written as: 

(2.21) 

Here e is the magnitude of the phase delay of the magnetic induction. If we define 
p'=b/poh0·cose and p"=b/poh0·sine, Eq. (2.21) becomes 

(2.22) 

Eliminating the time parameter t when combining h(t)=h0cos(JJ/ and Eq. (2.22) yields an ellips 
as depicted in Fig.2.12(c). When using the convenient complex notation, Eq. (2.22) becomes: 

b(t)=poJi,Îz(t), (2.23) 

where h(t)=h0exp(jwt) and the complex (relative) permeability fÎ, is defined by 

fÎ, =p' -jp" 0 (2.24) 

From Eq. (2.22) or (2.23) combined with Eq. (2.24) it is clear that p' determines the 
magnitude of the component of the magnetic induction in phase with the field, whereas p" 
determines the magnitude of the component which is delayed by Tt/2, i.e. the out of phase 
component of the magnetic induction. The latter part describes the magnetic energy losses 
( dissipation) in the materiaL 

So far only a phenomenological relation between the energy lossesin a magnetic material 
and its permeability was discussed. Two main loss mechanisms are important in the description 
ofthe (complex) frequency dependent permeability. An important loss mechanism in magnetic 
materials is related to the aceurenee of so-called eddy currents. A second possible contribution 
to the energy losses is ferromagnetic resonance, which essentially is absorption of 
electromagnetic radiation by the precessing magnetic moments. Both mechanisms suppress the 
rotational permeability as well as the wall permeability. We shall discuss both loss terms and 
start the discussion for the case of rotational permeability. 
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2. Theory 

a) Eddy currents 

At high frequencies the magnetic field h(t) in a magnetic material is screened by eddy currents, 
which are generated, obeying Lenz' s law: The currents will flow in a manner that flux changes 
are opposed, see Fig. 2.13. Consequently, the induced magnetization in the material will be less 
and thus the magnetic permeability will be smaller. It may be clear that the time derivative of 
the flux is larger for larger frequencies and that thus the degree of suppression of the 
permeability will be frequency dependent and larger for higher frequencies, which means that 
the magnetic permeability will decrease with frequency. 

z 
h(t)=h0exp(j wt) 

Fig. 2.1 3. Screening of the time dependent magnetic field h(t) by eddy currents. 

F or a thin film with infinite dimensions in the x- and y-directions it is possible to calculate the 
effect these eddy currents have on the permeability. The denvation relies on solving the 
Maxwell equations, a treatment which is discussed in [16]. Here we only give the result ofthe 
permeability: 

A _ Pr, i (sinhk+sink)-j(sinhk-sink) 
Pr, eddy- k coshk+cosk ' (2.25) 

where Pr. i is the intrinsic relative static rotational permeability such as discussed in section 2.3 
and k=t/ ö with t the thickness of the film and ö the skin depth which is given by: 

(2.26) 

Here u is the conductivity, p=llu the resistivity and /-l;=/-loPr.; the intrinsic permeability. The 
skin depth is a measure for penetration or decay of the extemal applied field as a function of 
distance from the surface. It is now obvious that for high resistivities the skin depth can still be 
large at high frequencies. Therefore the field can penetrate deeper into the film, so in this 
manner a high permeability can still be guaranteed at high frequencies, which is important from 
a technological point of view. It is also clear from Eq. (2.25) and (2.26) that as a function of 
frequency p ' drops off more rapidly if the thickness t of the film is larger. At large t only a 
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