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Abstract 

With ferromagnetic resonance (FMR) it is possible todetermine the anisotropy of magnetic 
layers by angle dependent measurements of the resonance fields. 

In this report FMR experiments have been performed for magnetic eermet films of FeHf(Si)O 
and EuS/PbS superstructures. 

• The FMR spectra of the FeHf(Si)O films show multiple resonance lines. Among these 
lines, two main resonance signals can be distinguished, which are assumed to be origi
nating from the two magnetic subsystems in the film, viz. the nanocrystalline Fe grains 
and an amorphous FeHf(Si)O matrix. Each system has its own demagnetising field and 
thus its own anisotropy field, because of the difference in Fe concentration. 
FMR measurements indicate that annealing promotes the dissalution of grains into the 
matrix. 
The smaller resonance lines that are observed can be interpreted as spin wave reso
nances (SWR). These spin waves propagate typically across the thickness of the films. 
The exchange stiffness constant is found to be roughly the same as for bulk material, 
indicating a strong interaction between the Fe grains. 

• FMR experiments have been used to study the ferromagnetic-paramagnetic phase tran
sition of EuS as a function of the layer thickness in EuS /PbS multilayers. EuS /PbS 
can be regarcled as a model Heisenberg-type ferromagnetjsemiconductor superstruc
ture. The Curie temperature is determined from fitting temperature dependent FMR 
measurements, using a mean field approximation. An accurate determination of the 
Curie temperature, was hampered by the fact that the actual temperature is different 
from the measured temper at ure. However, the experiments show a drop in Tc with 
decreasing EuS layer thickness, which can be explained with a bond-loss model. 
The EuS/PbS layers are grown on two different substrates, viz. KCl and BaF2. The 
larger volume and surface anisotropy constants for the BaF2 based layers, can be at
tributed to the larger substrate induced thermal strain. This strain, caused by a differ
ence in thermal expansion coefficient between substrate and layer, gives rise to a change 
in Tc. 
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Chapter 1 

Introduetion 

1.1 General introduetion 

In this age of information technology there is an ever increasing demand for starage capacity. 
Continuous efforts are made to imprave the starage density of new starage media in the field of 
bath magnetic and optica! recording techniques. New diode lasers with smaller wavelengths 
have resulted in optical starage capacities of up to 4.5 GB on one CD. On the magnetic 
recording side, important progress has been made with the discovery of the so-called giant 
magnetoresistance (GMR) effect. Most magnetic heads make use of a magnetoresistance 
effects, i.e. the fact that the resistance of a material is changed by applying a magnetic field. 
The GMR effect, which can be ascribed to spin-dependent scattering of electrons, is much 
larger than the ordinary MR effect and therefore makes it possible to read smaller magnetic 
fields and consequently allows for higher information densities. 

The GMR effect was first discovered in a so-called spinvalve, which is a trilayer, consisting of 
two ferromagnetic layers separated by a non-magnetic layer. For the GMR effect to occur, the 
change in the relative orientation of the magnetisation of both magnetic layers is essential. 
Spinvalves are already used as sensors in magnetic heads of harddisks. In November 1997, 
IBM introduced a 3.5 inch harddisk using this technique, which can store up to 16.8 GB, 
allowing for up to 4 hours of high-quality MPEG 2 video. Harddisks with an even higher 
capacity will soon follow. It will also be possible to make cheaper and smaller disks. 

The same G MR effect can also be found in granular systems consisting of metallic and 
insulating parts. If the magnetic parts, the so-called grains, are magnetically isolated, the 
relative orientation of of the magnetic moments of the grains can be altered by applying a 
magnetic field. In the absence of a magnetic field, the magnetic moments will be oriented 
randomly. The resistance of the material will then be larger than when a field is applied that 
orients the magnetic moments parallel. Since the material between the grains is insulating, 
current can only flow through the material by tunneling through this insulating harrier. This 
is why this magnetoresistance effect is called tunnel magnetoresistance (TMR). 

Based on this principle so-called tunnel junctions have been made consisting of two mag
netic layer separated by an insulating layer. Because of their high TMR effect, promising 
applications such as field sensor or magnetic RAMs are foreseen in the future. 

The granular FeHf(Si)O films that have been investigated have been optimised especially to 
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Chapter 1 Introduetion 

obtain a high TMR effect. However, for larger Fe concentrations (i.e. smaller 0 concentra
tions) they exhibit some other magnetic properties that are favourable for the application 
as fiuxguides in for example magnetic heads. High information densities lead to specific re
quirements for the write head, which should he able to saturate the hard magnetic starage 
materiaL To obtain a high efficiency to piek up or to produce flux, the permeability should 
be as high as possible up to high frequencies. A high resistivity prevents eddy current losses. 
FeHfO combines these properties, having a very large resistivity and a reasanabie saturation 
magnetisation and may be of use as separation oxide between the fluxguide and the MR 
element of a magnetic head. 

The thin FeHfO films consist of crystalline nanograins in an amorphous phase. The highly 
random structure lies at the origin of its favourable magnetic properties. Although the 
magneto-crystalline anisotropy of the ferromagnetic nanocrystalline grains themselves may 
in principle be large, the effective averaged anisotropy can be rather small. Another important 
requirement is an as small as possible magnetostriction, in order to prevent rubbing noise or 
a decrease of the permeability due to stresses. 

Ferromagnetic resonance (FMR) is very suitable for studying the magnetic anisotropy of 
thin films. The study may give greater insight in the magnetic behaviour. As we will see, 
the amorphous structure gives rise to spectra, which are quite different from what has been 
observed befare in other amorphous structures. 

1. 2 This report 

This thesis reports on the FMR experiments performed on the granular FeHf(Si)O films. First 
of all the general theory of ferromagnetic resonance in thin films is introduced in chapter 2. 
The experimental methods and equipment are described in chapter 3. The results are shown 
in chapter 4, where the interpretation of the spectra and a simple rnadelling of the films is 
presented. 

Apart from this research on nanocrystalline materials, the paramagnetic-ferromagnetic phase 
transition of EuS has been investigated in EuS/PbS multilayers. After a brief introduetion 
and a general overview of the larger context of the work, the results are presented and 
discussed in chapter 7. 

1. 3 Technology assessment 

The research on soft magnetic materials is motivated by different applications of these ma
terials. The investigated FeHf(Si)O eermet films are nanocrystalline materials, consisting of 
small ferromagnetic grains in a non-magnetic phase. For high iron concentration the films 
combine several favourable properties for the application in flux guides or e.g. as care ma
terial in magnetic heads. These magnetic properties are a high permeability up to high 
frequencies (100 MHz) and a relatively large saturation magnetisation. These samples with 
high Fe concentration have been investigated by B. Rulkens [Rul97] and J. Huijbregtse et al. 
[HRS+98]. 

The FeHf(Si)O samples investigated in this report contain a smaller amount of iron. These 
films exhibit a very large resisitivity (105 J.Lr2cm) with a nat toa small permeability of about 
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Chapter 1 Introduetion 

200, which makes them useful as separation oxide between the flux guide and the mag
netoresistance element in a magnetic head. This may improve the efficiency of the head 
considerably. From a fundamental point of view these films with a low Fe concentration are 
of interest because of the study of the tunnel magnetoresistance (TMR) effect. This effect 
is ascribed to spin-dependent tunnelling of electrans between ferromagnetic grains across an 
insulating matrix. Important research on these films has been performed by Bitter [Bit97] 
and Strijkers [SSR+98]. The TMR effect will he used in new-generation magnetic field sensors 
(e.g. in harddisks) and other promising new applications are foreseen (e.g. MRAMs). 

3 



Chapter 1 I ntroduction 

4 



Chapter 2 

Theory of FMR 

In this chapter, the theory for the interpretation of the experimental results will be presented. 
First the classical equations of motion for a thin magnetic film will be presented and the 
resonance conditions will be given. In the last section, other modes of resonance, so-called 
spin wave resonances will be considered. 

2.1 Thin films 

A magnetic moment 'j/ placed in a homogenie static magnetic field J..LoH, will experience 
a external torque: K = 'jt x p,0H. Therefore the moment will precess around the field's 
direction with a constant angle. The frequency of this precession is the so called Larmor 
frequency WL = 'Y lp,0HI , with 'Y the gyromagnetic ratio 'Y = gef2me = 9J..Ls/1i and g the 
Landé factor. When energy is added to the system by applying an oscillating magnetic field 
( with frequency w) perpendicular to the static field, the angle of precession will change when 
the following is condition is fulfilled: w = 'YJ..LoH. From a quantummechanical point of view, 
this is the difference in energy between two adjacent energy levels, corresponding to the 
smallest change in angular momentum. 

A ferromagnetic film consists of a whole ensemble of spins. Not only the interaction of a 
spin with the applied field has to be taken into account, but also the interactions with the 
other spins and the lattice. In a thin film, all magnetic moments across the film thickness are 
aligned parallel due to the exchange interaction between neighbouring spins. Consequently 
the film behaves as one big magnetic moment M, which is the sum of all atomie moments. 
The interactions of the individual spins with their environment can bedescribed phenomeno
logically as the interaction of the magnetisation with an effective field H eff. The static and 
dynamic magnetic behaviour of the magnetisation M is given by the following equation of 
motion: 

d: = -"( (IiïJ X t-LoH eff). (2.1) 

The effective field Hef f is dependent on M and takes into account the effect of the ap
plied field (H appz), the anisotropy field (HA) and a field arising from relaxation or damping 
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Figure 2.1: The coordinate system, with the film lying in the xy plane. mu and m,., are small 
deviations from the equilibrium direction of the magnetisation (Oo, cjJ0). 

(Hdamp): 

Heff = Happl +HA+ H damp· (2.2) 

The applied field consists of a static field H and an alternating rf microwave field h ( t). 
Because the skindepth (in the frequency range ""10 GHz), is much larger than the thickness 
of the thin layer, the field can be considered homogeneaus throughout the sample. The 
anisotropy field contains the contributions of crystalline, stress and surface anisotropy as well 
as the influence of demagnetisation (shape anisotropy). The damping term Hdamp, describes 
the relaxation of the magnetisation towards its preferential axis, restoring the equilibrium. 
In the rest of this chapter we will neglect the effect of relaxation. This will be discussed in 
appendix D. 

Consider a thin magnetic layer in the xy plane of a Cartesian coordinate system as shown in 
figure ( 2.1). The orientation of M is specified by the azimuthal angles () and c/J. The orientation 
of the externally applied field H is given by () H and </> H. In a state of thermadynamie 
equilibrium the direction of the magnetisation coincides with the direction of the internal 
effective field (Hint = H +HA), whose magnitude is determined in termsof the free energy 
per unit volume, F, of the sample: 

(2.3) 

The procedure of miniruising the the free energy with respect to the angles makes it possible to 
determine uniquely the direction of the magnetisation vector, but only if the magnetisation 
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is homogeneaus throughout the sample. The free energy is Taylor expanded around the 
equilibrium position (Oo, c/>0) where the first derivatives Fe= ~~, F~ = ~~ are equal to zero. 
Consiclering small deviations 80 and 84> from the equilibrium, this yields: 

1 ( 2 2) F = Fo + 2" Fee(88) + 2Fe4>8084> + Frp~(8cj>) + .... (2.4) 

The magnetisation can be written as the sum of a static and a dynamic part: M = (mu, mv, 0) 
+(0, 0, Mo), where mu = -Mo sin0o8cf> and mv = Mo80 are small deviations of M perpen
dicular to Mo. From (2.1) we now obtain the following equations of motion: 

rhu = 1Fe - 'YJ-loMohv 
rhv = sri!o;Flf> + 'YJ-LoMohu. 

(2.5) 

Differentiation of (2.4) gives, in a linear approximation: 

Fe= Fee80 + Fe4>8cj>; F4> = F~80 + F~rp8cf>. (2.6) 

In order to derive the resonance condition we consider free precession, i.e. hu = hv = 0. 
By using (2.6) and assuming harmonie oscillations in time (80, 8qy rv eiwt), the system of 
equations (2.5) can now be written as: 

Fee80 + (Fel/> + ~ Mo sin Oo) 84> = 0 

Fe~8cj> + ( Fe4> - ~ Mo sin Bo) 80 = 0. 

The eigen- or resonance frequency is then obtained: 

(wo) 1 [ 2 )1/2 - = M . () FeeFrplf> - F9~ • 
'Y o sm o 

(2.7) 

(2.8) 

The term between brackets represents the stability condition which guarantees that the ex
tremum of F is a minimum, when this term is larger than zero. Only then, a precession 
around the equilibrium position will be stable. 

Todetermine the resonance frequency as a function of the applied field, we need an expression 
for the free ener_IDT. The free energy of a layer is the surn of the field energy ( the so-called 
Zeeman energy 1! · M) and the anisotropy energy and can be formulated as [Swü94]: 

F = -J-LoH · M + Ku2a~ + Ku3a~ + K1 (ara~+ a~a~ + a~aD + K2 (aia~a~). (2.9) 

The anisotropy energy is expressed in terrns of the directional cosines with respect to the x, 
y and z axis (a1, a2 and ag, respectively). The anisotropy constant Ku2 describes the effect 
of uniaxial anisotropy in the xy plane, a preferential axis which may be induced for instanee 
by the application of a magnetic field during the preparation of the sample. The terrns K1 
and K2 account for crystalline cubic anisotropies. 

Ku3 is generally the most important factor of expression (2.9). It consists of shape and 
magnetocrystalline anisotropy. 

• The shape anisotropy has its origin in the dipole-dipole interaction between magnetic 
spins. On the surface of a film with a uniform ma~netisation, the uncompensated 
di po les give rise to a demagnetising field, defined as 1/ demagn = - J! · M. This field is 
proportional and opposite to the magnetisation. J;/ is the dernagnetising tensor which 
depends on the shape of the sample. In case of a thin film with infinite dimensions in 
the xy plane, the tensor is diagonal with elements Nx = Ny = 0 and Nz = 1. 
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Chapter 2 Theory of FMR 

• Magnetocrystalline anisotropy is caused by spin-orbit interactions related to the crystal 
lattice. Because of the Coulomb repulsion between orbitals of neighbouring atorns, the 
orientation of these orbitals is dependent on the crystallographic direct i ons. The overlap 
of the neighbouring orbitals is different for different orientations of the magnetisation, 
giving rise to a preferential axis. 

All samples that have been used in this work, only have a uniaxial anisotropy Ku3 perpen
dicular to the film plane. Therefore we will consider this case from now on and assume all 
other anisotropy fields to be zero. We define the anisotropy field as: HA = 2Kl'}. In the 

J.LolVlQ 

case of HA > 0, the preferential axis of the magnetisation (the so-called easy axis) lies in the 
film plane; when HA < 0 it is perpendicular to the film plane. The free energy can now be 
written as: 

F = - J.LoMoH (cos( 4> - 4> H) sin fJ sin fJ H + cos fJ cos fJ H) + ~ J.LoMoH A cos2 fJ, 

with respect to the spherical coordinate system. Equation (2.8) is now given by: 

( )

2 . f} w 2 sm H 
- = p,0H-.-f}- (H cos(fJo- fJH)- HA cos 2fJo), 
'Y sm o 

where fJo and 4>0 are determined by the equilibrium conditions for the magnetisation: 

B~ = -p,oMo(Hsin(fJo- fJH)- ~HAcos2fJo) = 0 
iJ</> = J.LoMoH sin ( 4>0 - 1> H) sin fJo sin fJ H = 0. 

(2.10) 

(2.11) 

(2.12) 

For special values of BH, this equation can be simplified analytically. Consider a sample with 
an in plane preferential direction, that is HA > 0. If the external field is applied perpendicular 
to the film plane (fJH = 0), there will only be resonance if HA < H, otherwise the internal 
field is zero. In that case it can easily be shown that equation (2.11) reduces to: 

(2.13) 

When () H = ~, the field is applied in the film plane the resonance condition is given by: 

(2.14) 

In all other cases the resonance condition has to be calculated numerically. 

2.2 Spin wave resonance 

So far we have considered the case in which ferromagnetic resonance gives rise to a uniform 
precession of the magnetic moments, i.e. all magnetic moments have the same amplitude and 
phase throughout the entire sample. Experimentally, other resonance modes are observed. 
These modes can be explained in terms of sa-called spin waves which are non-uniform reso
nance modes, where the phase changes with the position. The pattem of the precession of 
the magnetisation that is excited perpendicular to the film planeis depicted in figure 2.2. 

8 



Chapter 2 Theory of FMR 

n=O 1 3 5 
t=L 

IB 

~ 

H., 

uniform spin waves 
t=O 

mode 

Figure 2.2: Schematical representation of spin waves across the thickness of the film in the 
case of spin pinning. The static field is perpendicular to the film plane. The 
picture shows the precessional motion and the phase of the magnetic moments. 
The ends of the spin veetors precess on the surface of cones. 

A uniform microwave field is able to excite standing spin waves in thin films. In order to 
absorb microwave power, the spins have to be pinned tosome degree at the boundaries of the 
film [Wol65]. When the microwave field is homogeneous, only modes with an odd number 
of half wavelengths across the thickness of the film can be excitated. Theeven modes have 
no net interaction with the field. Spin waves give rise to absorption lines for a number of 
specific values of the external field, applied perpendicular to the film plane. This absorption 
is measured in our FMR experiments. 

Ferromagnetic exchange interactions lower the total energy of a system when the moments 
are aligned parallel. The thermic motion or the preserree of an oscillating magnetic field can 
disturb this alignment, which may result in the excitation of spin waves. If there is a non 
uniform gradient in the components of the magnetisation at a location in the film, there will 
be an extra torque acting on the magnetisation caused by the exchange interaction. This 
torque can be added to the equation of motion (2.1) by introducing an exchange field: 

H 2A 2....-i 
exch = 2 ]VJ.2 'V lVl , 

J.Lö 0 
(2.15) 

with A the exchange stiffness constant, which is a measure for the strength of the ferro
magnetic interaction between neighbouring spins. In a thin film only waves traveling in 
the direction perpendicular to the film plane are of interest. Therefore we will assume that 
M = Mo""Fz + mei(wt-kz), where m lies in the xy plane and kis the wave number. The 
resonance field H will now satisfy the following equations (cf. (2.11)): 

(2.16) 

and 

(2.17) 
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Chapter 2 Theory of FMR 

HA is the effective anisotropy field. 

Depending on k three situations can be considered: 

• k = 0 describes the uniform resonance mode whieh has the largest intensity in a reso
nance spectrum. 

• In the case k 2 > 0, the resonance modes correspond tothespin wave resonance (SWR). 
In order to explain the experimentally observed amplitude variatien of the modes and 
their interspacing, several models have been proposed. All models are connected with 
inhomogeneities of the film. These disturbances of the film can be either located at the 
surface of the film (surface inhomogeneity) or throughout its whole thiekness (volume 
inhomogeneity). 
In the surface inhomogeneity model (SI model), the thickness of the disturbed surface 
zones is small compared to the wavelength of the modes; they set the boundary condi
tions to the modes. Kittel [Kit58] assumed the spins are pinned to the surfaces of the 
film and the volume magnetisation is uniform, the wavevector satisfies: k = 1!f, where 
pis an odd integer and L represents the film's thiekness. The perpendieular resonance 
spectrum is given by the following equation: 

w -HA- H= ~ (JYlf) 2
• 

~ p0A1o L 
(2.18) 

By measuring the difference in resonance field for two successive modes (b..Hsw), we 
are able to determine the exchange stiffness constant. From expression 2.18 it follows 
that spectrum of resonance fields is quadratic in p and that b..Hsw is proportional to 
p. Hence the interspacing between the successive modes increases when p grows. Wigen 
et al. [WKSR62] have shown that spin wave modes can also be pinned by a region of 
reduced magnetisation rather than by a genuine surface anisotropy. 
However, some experiments show a linear spectrum of resonance modes with a constant 
spacing between successive spin modes. Moreover, the intensities of the modes are 
considerably larger than predicted by the SI model. In order to explain the the linear 
spectrum Fortis [Por63] proposed a model in whieh the volume magnetisation was 
considered to be non uniform, ha ving a parabalie varia ti on across the ( entire) thickness 
of the film. In this volume inhomogeneity model, free boundary conditions for the 
magnetisation are suggested. The characteristic oscillations of the magnetisation in such 
a non-uniform film are different from the sinusoidal standing waves, which produces the 
linear spectrum. In that way we are led to harmonie oscillator wave functions. 
In general we can state that a quadratic resonance spectrum can be described by a 
volume homogeneity and surface spin-pinning, whereas volume inhomogeneity and free 
surface boundaries result in a linear spectrum. 

• For k 2 < 0, the resonance modes are located at the high field side the uniform mode, 
as can beseen from eq. (2.16). The imaginary k describes damping of the microwave 
component of the magnetisation with increasing distance from the surface. The exci
tation of these so-called surface modes is due to the surface anisotropy being different 
from the bulk value. The surface modescan bedescribed by a surface inhomogenity 
model [MS83] and can only be excited if the spins at the surface are not completely 
pinned. 
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Chapter 3 

Experimental Set-up 

In this chapter several aspects of the experimentalset-up will be discussed. First the microwave 
elements, especially the cavity, are described insection 3.2. Insection 3.3 the rest ofthe set-up 
with the magnet systems and the signal detection is explained. The low temperature equipment 
is discussed insection 3.4. Finally we mention some other experimental techniques that have 
been used to determine the properties of the samples. 

3.1 Introduetion 

In FMR experiments the absorption of microwave rad.iation in a sample is measured. The 
sample is placed in a static (homogeneous) rnagnetic field. The absorption is rneasured as a 
function of this applied field. The frequency of the microwaves is fixed, because the cavity 
and waveguides can only be used in a small range of frequencies. 

When the energy of the radiation of electromagnetic waves fits the difference in energy levels 
of the ferrornagnet, induced for instanee by an applied field, absorption occurs. The field at 
which the resonance occurs, the resonance field Hres, gives us information on a number of 
magnetic properties, such as the anisotropy. Since the Zeeman splitting for electrans is in the 
order of w-23 J, the resonance frequencies lie in the gigahertz range. By performing FMR 
measurements for different orientations of the applied field with respect to the sample plane, 
the anisotropy can be determined. 

3.2 Microwaves 

Figure 3.1 gives a schematical representation of the microwave elements. The microwaves are 
generated in a klystron. Totransport the waves, pipes called waveguides are used. Between 
the directional coupler and the klystron, an isolator is situated to absorb the microwaves 
rnaving back to the klystron. This prevents a distartion of the klystron's wave pattem by 
reflected waves. In the directional coupler the waves are divided in two separate waves. 99% 
of the waves is passed through an attenuator and a circulator to the cavity. In the cavity 
the absorption of microwave power takes place. With the cavity, we are able to measure the 
absorption very sensitively. 

The samples we have investigated are very thin (typical range: w-10-10-6 rn) and have a 
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Figure 3.1: Schematical representation of the microwave elementsof the FMR set-up. 

typical area of a few square millimeters, so that the total volurne of rnagnetic material is very 
srnall. The high quality factor of the cavity (i.e. the ratio of the total absorbed power in 
the cavity and the dissipated energy) allows us to concentrate the EM power, so that srnall 
changes in absorption can be rneasured. 

Two types of cavities are used: a standard cavity made ofbrass (10 x 23 x 45 rnm), operated 
at a frequency of about 9.4 GHz, and a Bruker cavity, operated at 33 GHz, especially designed 
for low temperature rneasurements (0 12 mm, length 10 mm). The waves reach the cavity 
through the iris, a small opening in a metal plate. 

If the length of the EM waves corresponds to the length of the cavity, standing wave modes 
will appear with a fixed frequency and wavelength. In order to obtain an optima! coupling 
of the cavity to the EM field, the iris can be adjusted by a screw near the opening. When 
the coupling is optima!, the absorbed power is maximaL The sample is placed where the 
amplitude of the high frequency magnetic field is highest. In that case, the absorption will 
be maximal as well. The mode pattem is different for the two cavities we used. In the brass 
cavity we have a so-called TE1o2 mode, in the cylindrical Bruker cavity a so-called TEon 
mode. Bath modes are shown in figure 3.2. In case of the brass cavity the sample is attached 
to a side of the cavity with sorne silicone grease. When using the Bruker cavity, the sample 
is attached toa quartz rod that's inserted into the cavity. Rotating the cavity or the quartz 
rod changes the angle between the external field and the plane of the sample. 

The small part of the radiation that is reflected in the cavity is directed to the crystal diode 
via a circulator. The crystal diode transfarms the microwave power into a direct current, but 
is only linear and sensitive enough in a small range of power. To adjust the power of the 
microwave, so that the diode current is within this range, the attenuator and the reference 
branch can be used. A bout 1% of the waves, generated by the klystron, is lead through this 
reference branch with an attenuator and a phase shifter. The attenuator regulates the power 
that is transported to the crystal diode; the phase shifter is used to adjust the phase of the 
microwaves so that they have the same phase as the waves corning from the cavity. 

When the applied field is equal to the resonance field, the sample absorbs part of the mi-

12 



Chapter 3 Experimental Set-up 

y 

x • E 

---- H 

r--, r--, ,--, r-----~-----, •t ,.. ........ 1><1 ,..~ .... 1-L ,.... .... I 1 r---------, t 
•I I>< xl I• -lel I>< 1 

·L '-;.._: .rt .. ~~.J rL~.:::..~ + '--~-:..=-~-:..J , \... ____________ .) 

r-----.. -------.., 
+ r:--:-::-;-~"'1 1 I \... ____ .,.. _____ .; 1 
'-------~-----.) 

Figure 3.2: Picture of the wave pattem in the brass cavity {TE1o2) and a cylindrical cavity 
(TEo11). 

crowave radiation. This results in a decrease of the reflected power, which is detected by the 
crystal diode. The absorption as a function of the applied field determines the FMR signal 
(see section 3.3). 

3.3 Magnet systems and signal detection 

Figure 3.3 represents the design of the FMR set-up. Besides the microwave system, the 
magnet system and the components that are necessary for the signal processing are shown. 
In order to imprave the signal-to-noise ratio, phase sensitive detection is used by means of 
a lock-in amplifier. A small alternating magnetic field is applied parallel to the de field. 
It can be shown that due to this rnodulation, the resulting signals are proportional to the 
first derivative of the absorbed power with respect to the field. The resonance field Hres 

corresponding with the maximurn absorption is therefore characterised by a zero value in the 
derivative (see figure 3.4). 

The modulation spools are located on the pole tips or on the cavity itself in case of the Bruker 
cavity. For the 9.4 GHz brass cavity we used a modulation frequency of 375 Hz; for the 33 
GHz Bruker cavity a modulation of 100 kHz. 

To avoid a broadening of the lines, the amplitude of the modulation has to be much smaller 
than the linewidth .ó..H. As a rule of thumb the rnodulation amplitude of one tenth of the 

13 



Chapter 3 

klystron 

power supply 
klystron 

power supply 
magnet 

ExperimentalSet-up 

Reference 

detection 

amplifier 

x 
magnet scope 

Lock-in 

computer 

Figure 3.3: Block-diagram of the FMR set-up 

linewidth is used. The amplitude of the modulation signal is roughly 10 Oe. 

The modulation of the magnetic field causes a modulation of the absorption and therefore of 
the microwave power that reaches the crystal diode. In the diode the power is converted to 
an ac voltage, which is lead to the lock-in amplifier via an amplifier. In the lock-in amplifier 
the signalis multiplied with the reference signalof the oscillator. The phase of the lock-in is 
tuned in order to maximise the signal, which is sent to the computer. Th ere it is displayed 
on a screen as a function of the applied magnetic field. 

Figure 3.3 also shows the circuits to control the magnetic field and the microwave frequency. 
For an accurate measurement, the frequency and the power of the EM waves have to be 
constant. The frequency is stabilised by correcting the klystron's reflector voltage when a 
shift in frequency is detected (Automatic Frequency Control). The magnitude of the static 
magnetic field is measured with a Hall probe and can be corrected by adjusting the current 
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Figure 3.4: Example of a FMR signal. The first derivative of the absorption, the intensity 
of the signal, is plotted as a function of the applied magnetic field. Resonance 
field Hres and linewidth D.H are indicated. 

through the spools. 

3.4 The cryostat 

For experiments at very low temperatures (a few Kelvin) a continuous flow cryostat , made of 
very pure quartz, is used. This cryostat (Oxford ESR-900) is depicted in figure 3.5. With it, 
temperatures between approximately 2 and 300 K can be reached. The sample is attached to 
a quartz rod that is placed inside the cavity via the sample entry at the top of the cryostat. 
A needie valve controls the arnount of helium vapour that is pumped through the transfer 
tube. Tagether with a heater, located near the sample, the temperature of the sample can be 
regulated. The heater consists of a wire that is wound around the quartz sample tube. The 
temperature is measured by a therrnocouple close to the sample. The thermocouple consists 
of gold with 0.03% iron and chrome. The reference part of the thermocouple is placed in liquid 
nitrogen (T = 77 K). A thermometer (Oxford Instrurnents Digital Temperature Controller, 
DCT2) detects the signalof the thermocouple and displays the temperature. It also regulates 
the set temperature by means of a PID controller. 
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Figure 3.5: Cross section of the continuous flow cryostat. 
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Liquid 4He flows from a Dewar vessel through the transfer tube and the syphon entry into 
the cryostat. Then it flows through a stainless steel capillary, pushed by a difference in 
pressure, till it reaches the quartz sample tube. After passing the heater and the sample, the 
helium is lead through a second capillary back to where it is collected for re-use. The average 
consumption is about 0.5 litres per hour, depending on the temperature. 

3.5 Other experimental techniques 

As we will regularly refer to other measurements in this report, we will shortly discuss some 
of the experimental techniques in this section. 

3.5.1 Magnetoresistance measurements 

The magnetoresistance of the samples is measured by using the so-called four-point method. 
Four pressure contacts, all in one line and equidistant with a separation of 2.5 mm, are 
placed on the sample. The currents fl.ows through the two outer contacts, while the voltage is 
measured between the two inner contacts. The advantage of this method is that the voltage 
and current cantacts are not the same, so that the non-controllable contact resistance caused 
by the contact itself or the supply wires, is not measured. A correct measurement requires 
that the diameter of the contacts is small compared to the distance between them and that 
the cantacts are placed far away from the boundaries of the sample, in order to have a uniform 
current. 

3.5.2 SQUID measurements 

For a quantitative magnetic characterisation (e.g. hysteresis loops and saturation magneti
sation) of the samples, a SQUID magnetometer is used. It makes use of superconducting 
piek-up coils and a superconducting magnet to measure a ferromagnetic hysteresis curve 
from which the total magnetic moment of the sample can be determined with an extremely 
high precision of w-10 Am2 . The magnetic induction can be varied form -5 T to +5 T, 
with an accuracy of 10-5 T for low field measurements. The temperature can be varied from 
1. 7 K to 400 K. When a magnetic sample is moved through the superconducting coils, an 
electric supercurrent is induced by the magnetic moment of the sample. The variatien of the 
current in the detection coils produces a variation in output voltage, which is proportional 
to the magnetic moment of the sample. 

3. 5. 3 SEM measurements 

Scanning Electron Microscope (SEM) measurements were used to investigate the composi
tion of the samples. An electron gun produces a beam of electrons, which is focused by 
electromagnetic lenses. The focused beam of electrans (the diameter is typically a few hun
clred Ángströms at low acceleration voltages of a few kV) is scanned across the surface of 
the sample in synchronism with the spot of the display cathode ray tube (CRT). A detector 
monitors the intensity of a chosen secondary signa!, coming from the sample (secondary elec
trons, back scattered electrans or X-rays). The brightness of the CRT spot is controlled by 
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an amplified version of the detected signal. If the intensity of the secondary signal changes 
across the sample, contrast will be seen in the image on the CRT. Choosing the electron 
energy allows us to control the penetration depth of the electrans and the type of emitted 
signal used to form the image. For chemica! analysis, the beam is focused at one position 
of the sample. Then the intensity and wavelengthof the emitted X-rays of a small region 
around the beam spot ( typically lpm in diameter) are detected. The diameter of the spot 
size limits the resolution. Microstructures that are smaller than the spot size, such as the 
nanograins in the eermet films that are stuclied in this report, can not be visualised. On the 
other hand, the samples are homogeneaus on the scale of pm so that SEM can be used to 
determine the overall chemica! composition. 
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Cermet films 

This section gives a short overview of what is known about the structure and the properties 
of the FeHf(Si)O samples. 

All the eermet films were prepared at the Philips Research Laboratodes by reactive diode 
sputtering, using a Fes3Hf17 target and oxygen as the reactive gas. For the FeHfSiO films 
4% of the target was covered with Si pellets. The composition of the films was varied by 
changing the partial 02 pressure of the Ar/02 flow: a larger 02 flow results in a higher 
0 concentratien and therefore a lower Fe and Hf concentratien in the films. The films are 
sputtered on glass and the thickness of the FeHfO and FeHfSiO layers is 2.1 and 0.7 J.Lm, 
respectively. With a SEM the composition of the materials was determined. A series of 
FeHfO and FeHfSiO films was prepared. Appendix A gives a summary of the 02 flows and 
the chemica! composition, determined by SEM measurements, of all the samples that have 
been investigated. Magnetisation measurements show that for all samples the magnetisation 
has a preferred direction (easy axis) in plane [Rul97][Bit97]. 

The eermet films consist of metallic bcc iron grains and an amorphous FeHf(Si)O matrix. 
The X-ray diffraction patterns for these films show clear Fe peaks and a large amorphous 
background and a peak around 28 = 30° of which the origin is not clear, Possibly this is 
a combination of Hf02, Fe203 and Si02 crystalline phases (see figure 4.1)[Rul97]. Investi
gations clone by other groups on the same type of FeHf(Si)O samples confirm the existence 
of Fe grains, for certain Fe, Hf and 0 concentrations, and show that the amorphous matrix 
contains Fe, Fe oxides (FeO, Fe203), Hfü2 andfor Si02 [MH94] [HHM+96). The typical grain 
size in our samples is 6 ± 2 nm, independent of the iron concentratien [Rul97). 

Depending on the Fe concentration, three regimes can be distinguished, viz. the metallic, 
the transition and the dielectric regime, all shown in figure 4.2. When the amount of Fe in 
the samples is large, the grains are partly connecting, forming a network in which metallic 
conductance takes place. This regime is called the metallic regime. If the Fe concentratien 
is small, the film mostly consists of the insulating matrix with metallic nanograins: the 
dielectric regime. In this case current can only flow by tunneling from one isolated grain to 
another. The resistivity is orders of magnitude larger as compared to metallic iron. In the 
transition regime around the percolatien threshold, the conductance will be a combination 
of both metallic conductance and tunneling. The harrier between the grains is small and 
the magnetic coupling is still large. Near the percolatien limit the tunnel magnetoresistance 
(TMR) peaks. 
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Figure 4.1: X-ray diffraction scan (Cu K? radiation) of FeHJ(Si)O samples [Rul 97}. 

For Fe concentrations below 45% for FeHfO and below 40% for FeHfSiO the layers become 
totally oxidised and insulating. Magnetisation and resistivity measurements indicate the 
formation of anti-ferromagnetic FeO and/or Fe203 , resulting in a disappearance of magneti
sation and a sharp increase of the resistivity. The appearance of the samples has changed 
from metallic intransparent to redjbrown transparent. 

The samples are part of a series which have been optimised especially to obtain a high TMR. 
The TMR is defined as the percentage difference in resistance R between the situation in 
which the sample is saturated by an applied field and the situation without a field: 

TMR = R(O)- R(Hsat) . 100%. 
R(Hsat) 

(4.1) 

Maximum TMR ratiosof 2% and 3.2% are observed for Fe47Hfw043 and Fe4oHf6Si6Ü4s, re
spectively. The temperature dependenee of the TMR can not be explained by spin dependent 
tunneling alone. A model taking into account spin-flip scattering, is presented by [SSR+98]. 

The FeHfSiO samples show the same magnetic and electdeal characteristics as the FeHfO 
samples. Their TMR effect however seems to be better, probably because there is less Fe in 
the insulating matrix. The addition of Si prevents the formation of iron oxides because of the 
formation of Si02, which makes it possible to reach lower concentrations of Fe in the matrix 
without complete oxidation of all Fe grains, into the dielectric regime [Bit97]. 

So far the eermet films have been stuclied mainly by SQUID (measurements of magnetisation 
loops) and TMR measurements (electrical and magnetic properties). These experimental 
techniques give a good indication of the overall structure of the films. However, there is 
no detailed knowledge of the magnetic behaviour of the subsystems in the films (grains and 
matrix). With FMR the samples are probed more locally, which might give a better insight 
in the magnetic structure and properties. 
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Figure 4.2: Schematic cross-section of the different regimes in eermet films, consisting of 
metallic Fe and an insulating amorphous matrix [Bit 97}. 
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Results 

In this chapter the experimental results of the FMR measurements will be presented. First 
the resonance spectra are shown and interpreted. From the spectra, the anisotropy field is 
determined and a model to describe the thin films is introduced. This model is also applied 
to films of FeSi02 and CoAl2 03, with a comparabable structure. After that the effect of 
annealing is investigated and spin wave resonance is treated. In the last section we shortly 
discuss the linewidth of the samples. 

5.1 FMR spectra of eermet films 

All FMR measurements were performed at room temperature at 9.4 GHz. The typical size of 
the samples is 4 x 12 mm2 • For the FMR experiments small pieces with an area of a few square 
millimeter were taken from these samples. During the measurements the microwave frequency 
is constant and the static applied field is swept through resonance. Both in-plane as well as 

out-of-plane measurements have been performed in order todetermine the size and direction 
of the anisotropy field. For the in-plane measurements the sample is placed at the bottorn of 
the cavity. There is no observable shift in resonance field when the orientation of the applied 
field in the film plane is changed, indicating no preferential axis for the magnetisation in 
plane. 

In case of the out-of-plane measurements the sample is placed on the smaller side of the 
cavity, at ~ of the height. By rotating the cavity, the angle () H between the applied field 
and the normal of the filmplaneis varied from in plane (()H = ~) towards the configuration 
in which the applied field is perpendicular to the film (()H = 0). Figure B.l and B.2 (see 
appendix B) show some typical perpendicular FMR spectra for the FeHfü and FeHfSiO 
samples, respectively. The field halfway between a consecutive maximum and minimum of 
the intensity (the first derivative of the absorption) was taken to be the resonance field, as 
described in section 3.3. The corresponding linewidth of the resonance signal is defined as the 
difference in field between the minimum and maximum of the FMR signal. The linewidth 
may provide information on the quality of the samples: large variations in the magnetic 
composition give rise to a braader signal. 
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5 .1.1 Interpretation of the FMR spectra 

Our first problem is the interpretation of the resonance spectra. In the configuration where 
the field is perpendicular to the film plane, these spectra show multiple resonance lines. When 
rotating the external field from perpendicular to in-plane, typically for BH larger than 10°, 
the signals almast completely overlap and cannot be clearly distinguished anymore. The 
multiple lines seem to have disappeared into one signal with an asymmetrical line shape. 
Figure 5.1 shows the typical shift of the resonance signal during the rotation. The shift of the 
resonance field to lower fields, when BH is increased, indicates that the magnetisation of the 
sample has an preferential axis (easy axis) in plane (uniaxial anisotropy). An example of the 
asymmetrical FMR signals, for several samples, is shown in figure B.3 for in the configuration 
with the field in-plane. 

When we have a closer look at the spectra in perpendicular configuration, especially those of 
figures B.2 and B.l (c), (d), there seem to be two resonance signals, one on the outerleftand 
one on the outer right of the spectrum, that are relatively more pronounced, and a number 
of satellites. During the rotation towards in-plane, these two signals persist and move closer 
to one another, while the resonances between the outer two seem to merge with the two 
signals. For the FeHfO sample with an Fe concentration of 52.7 at% Fe, the FMR signals for 
different angles BH are shown in figure 5.1. The fact that the smaller signals 'disappear' could 
be an indication that those lines do not originate from regions with a different anisotropy 
but may be caused by other magnetic interactions inside the film. Their interpretation will 
be discussed later on. The difference in resonance field of the outer two signals indicates a 
difference in magnetic, thus chemica!, composition. The observation of these two resonances 
suggests a difference in anisotropy for several regions in the sample. Their intensity is a 
measure for the relative occurrence of the different phases. 

Multiple resonance lines have also been observed before in other granular films consisting of 
crystalline particles dispersed in an amorphous phase, e.g. thin films of GdFe [SM79] [Soo 79] 
and GdFe2 [VLR78], also in Fe-rich FeTi amorphous alloys [MBKL97]. In case of the GdFe 
samples, it is believed that these multiple lines, observed both in in-plane and perpendicular 
configuration, originate from an inherent inhomogeneity in the amorphous phase, from inter
face effects on the substrate side or from oxidation at the film-air interface. For the GdFe2 
samples the two resonance lines that were observed can be attributed to the amorphous and 
crystalline parts of the sample. 

The reproducability of our results is checked by taking different pieces of the same sample. 
The FMR spectra are unchanged, which proves that the inhomogeneity of the sample is not 
due to occasional changes in the composition. Since the volume contribution of a thin layer 
with a higher degree of oxidation near the film-air interface is independent of the sample 
size, this contribution can not be excluded. However, this is highly improbable since the 
amorphous, highly oxidised matrix is chemically stabie at room temperature. In case the 
oxidation is a continuing process, we should see a time dependenee of the resonance field 
originating from this layer, but even aft er half a year the FMR spectra can be reproduced. 
A higher degree of oxidation implies a reduction of the amount of ferromagnetic iron and 
therefore a smaller demagnetising field (i.e. shape anisotropy), resulting in a lower resonance 
field for the perpendicular FMR spectra. Furthermore, noother indications for the existence 
of an oxidised layer (e.g. resisitivity measurement) have been found or have been reported 
of elsewhere for FeHf(Si)O films. In the GdFe films [SM79] that have been mentioned before 
and where the oxidisation of a small layer was suggested, no oxides were present in the 
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Figure 5.1: The FMR spectra of the FeHfO sample with an Fe concentration of 52.7 at%, 
for different angles eH. eH = Ü0 corresponds to the configuration in which the 
applied field is perpendicular to the film plane. 
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as-deposited films. In this case oxidation of the films is still possible. 

We now have to conclude that that the inhomogeneity exists throughout the entire volume of 
the samples. We therefore assume that the two resonance signals originate from two magnetic 
subsystems in the samples, viz. the crystalline iron grains and the amorphous FeHf(Si)O 
matrix, each system having its own demagnetising field and thus its own anisotropy. 

The fact that we observe two distinct resonances is by itself not obvious, giving the structure 
of the films. The samples are highly inhomogeneous, with a random distribution of the iron 
grains both in size and location. A ferromagnetic partiele would then resonate in an effective 
magnetic field composed of the average dipolar field ( demagnetising field) and a randomly 
oriented magnetic anisotropy field. In the FMR spectra one then would expect to obeserve 
only one broad resonance field. Such spectra have indeed been found for granular (Fe)CoCu 
thin films [RDK+94], with a structure comparable to the FeHf(Si)O samples. 

All thin layers we have considered so far have a random structure, no efforts were taken to 
order the structure. To see what infiuence this ordering has on the FMR spectra as com
pared to a completely random structure, we investigated well-defined Co-Al203 multilayers 
prepared by reactive sputtering. These films consist of alternately layers of Al203 (30 Á) and 
discontinuous Co layers of 15, 7, 4 and 2 A respectively [Pet97]. From several measurements 
(including Tunnel Electron Miscroscopy) it is known that the samples have a very regular 
structure of almast spherical crystalline Co particles (grains) in an Al203 matrix. Figure 5.2 
shows a plane view of the structure of one of the discontinuous (granular) Co layers in the 
samples. The average grain size is larger when the Co layers are thicker. From figure 5.2 (a) 
it can be deduced that, for Co layers of 7 A or thinner, the isolated spherical Co particles all 
have the same size and are situated in a very well-defined matrix with an equal interspacing. 
In the FMR spectra, only one resonance signa} is observed for all samples, with a typical 
linewidth of more than 500 Oe in the configuration with the applied field perpendicular to 
the film plane. Compared to the CoCu granular films, mentioned above, we see a decrease of 
the linewidth because of the reduced variation in size and location of the grains. 

From the preceeding we gather that the occurrence of two distinct main signals with a rela
tively small linewidth ("' 100 Oe) may be an indication that the structure of the FeHf(Si)O 
samples is not completely random. Apparently, the two magnetic subsystems are well defined 
and intermediate compositions (transition) do nothave a frequent occurrence, and therefore 
have a very small intensity in the FMR spectra. 

There is another aspect that has to be taken into account. The presence of spin wave 
resonances (SWR) in the perpendicular FMR spectra suggests a st rong (exchange) interaction 
between the iron grains or the individual Fe ions in the sample. Spin wave resonance will 
be discussed later on insection 5.2. SWRs have also been found in the resonance spectra 
of comparable amorphous Fe-Si02 thin films, investigated by Wang, Jiang and Du [WJD95]. 
These FeSi02 samples consist of pure Fe grains in an insulating matrix of Si02, which contains 
no Fe. The absence of Fe in the matrix could explain why only one main resonance signa! is 
observed for these samples. This is another indiacation that one of the two resonances of the 
FeHf(Si)O originates from the Fe in the amorphous matrix. Cornpared to the perpendicular 
FMR spectra of the FeSi02 samples, the second main resonance signa} of the FeHf(Si)O 
samples is located at lower fields. This indicates a smaller anisotropy field, which may be 
reasonable when we consider the following. Ferrornagnetic iron particles inside the matrix 
experience a smaller anisotropy field locally, because of the smaller Fe concentration and the 
larger interspacing between the Fe spins. Therefore the local dipolar field and the (short-
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Figure 5.2: Structure of the Co-A~ 03 multilayers, consisting of almast sperical Co grains in 
an insulating matrix of A~03 (plane view). Two regimescan be distinguished: 
(a) isolated grains, for Co layers of 7 A or smaller, and (b) small networks of 
grains for Co layers thicker than 7 A. 

range) ferromagnetic exchange interaction are reduced. The local field inside the Fe grains 
is larger. Apart from alocal field, each magnetic partiele experiences an 'background field' 
which is the sum of all dipolar contributions outside the immediate vicinity. This background 
field is assumed to be the same for Fe particles inside the grains and inside the matrix. 

From the spectra of the FeHfO samples we see a trend that, for the highest iron concentrations, 
the intensity of the right-hand signal is larger. When the Fe concentration is low, the lefi
hand signal has the larger intensity, relatively. This corroborates the model that the main 
signal at the highest field belongs to the system of the Fe grains. After all, when the sample 
contains more Fe, the number of Fe grains will grow, while their size is almost constant 
[Rul97]. Because the iron concentration inside the grains is larger than inside the matrix, their 
demagnetising field will be larger, resulting in a higher resonance field in the perpendicular 
configuration. 

Our assumption is also reasonable when we campare the linewidth of the two main signals. In 
general, the signal corresponding to the amorphous matrix is broader, which is in agreement 
with the idea that this subsystem has a greater varietyin composition. 

The FeHfSiO samples show the same linewidth relationship. However, the spectra of the 
FeHfSiO samples do not clearly show a trend of increasing intensity of the right-hand signal 
with increasing Fe concentration. This may be due to the fact that the Si in the samples 
supersedes the Fe in the amorphous matrix, resulting in a lower concentration of iron in 
this phase. The Fe will be mainly present in the crystalline phase, which explains why the 
resonance signal of the grains has the larger intensity for all iron concentrations. 

What remains is the interpretation of the resonance signals with a smaller intensity that 
lie between the two main signals in the perpendicular situation. Because of the discrete 
values of the resonance fields, it is highly improbable that the signals occur from parts of the 
sample with an intermedia te structure (chemica! composition). It is more likely that those 
signals are spin wave resonances (SWR). Especially the smaller signals on the right side of 
the spectrum (see figure B.l (c) and (d) and B.2 (b)) show, in most cases, a typical spin 
wave behaviour: the intensity drops when the wave number increases. In this case the SWRs 
would belong to the larger resonance signal at the high field side, which could be seen as a 
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uniform mode. The SWRs coincide with the uniform mode after rotating the sample degrees 
frorn the perpendicular situation. Sometimes the resonance spectra do not show a distinct 
and clear SWR spectrum. It seems as if the FMR signal is the superposition of multiple 
SWR spectra. SWRs have been observed in other amorphous materials as welland will be 
discussed further on. 

5.1.2 Determination of the anisotropy field 

In the perpendicular configuration the two resonance signals have the largest interspacing in 
resonance field. This spacing becomes smaller when we move the external field towards the 
in-plane position. This effect, in combination with the linewidth of the two signals explains 
why the two signals can not be resolved well from a certain angle ()H (typically ()H = 5°-10°). 
We can also see from equations (2.13) and (2.14) that the resonance signa! at the highest 
field in the perpendicular situation, will have the lowest in-plane resonance field. The signals 
will cross each other in the FMR spectra at a certain angle. This crossing can be seen in 
figure 5.1 at an angle from ()H = 6° going to 9°. When the two signals are closely together, 
we see a signal in the resonance spectrum that is the superposition of two signals with their 
own position and linewidth, giving rise to an asymmetrical line shape. Whenever possible, 
we determine the resonance field of the two signals for each () H. As long as the signals are 
seperated, we can locate their position well. When the signals overlapped we tried to estimate 
the location of each individual signal, using the defl.ections in the FMR signal (changes in 
the slope). Only for sorne of the samples we are really able to clearly follow the shift of the 
two signals during rotation. In those cases we can, for each angle, fit the separate signals or 
the composite signa! with two Gaussian functions, with a different intensity and linewidth. 
Every time, the mutual characteristics (linewidth and intensity) of each Gaussian function 
are preserved and match those of the perpendicular situation, which is our reference angle 
because then the two signals are separated. From the fits we are able to deterrnine the 
resonance fields. 

If we plot the resonance fields of the two main resonance signals as a function of the angle 
between the magnet field and the film plane, we obtain so-called rotational diagrams as 
depicted in figure 5.3. The anisotropy field is then obtained by fitting the data with equations 
(2.11) and (2.12), using a least squares method. For g the bulk value of Fe is taken (g = 2.12). 
The good fit of the experimental data shows that the samples can be described by the thin 
film model with an in-plane uniaxial anisotropy (see section 2.1). 

Especially when one of the resonances has a much smaller intensity, we were unable to locate 
both of the signals after they started to overlap. In that case we used the position of the signals 
in the perpendicular configuration and calculated the anisotropy field using equation (2.13). 
Although this method is less accurate, it appears to be a good estimate of the anisotropy field. 
Comparisions between the anisotropy fields determined from the fit and from the resonance 
in perpendicular situation, show a good agreement, with a maximal difference of 0.2 kOe. 

5.1.3 Modelling of the films 

Now that we have deterrnined the anisotropy fields of the two subsystems we will try to 
model the samples. For simplicity, we consider the samples to be diluted magnetic thin films 
(Nx = Ny = 0, Nz = 1) with only shape anisotropy. Other contributions to the anisotropy 
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Figure 5.3: Rotational diagram for the two main resonance signals of the FeHfO sample 
with an Fe concentration of 48. 8 at%. The resonance fields have been plotted 
as a function of the angle between the film normal and the applied field. The 
lines repreaent the fit. It can be seen that the easy axis lies in the film plane 
(OH= 90°). At an angle of J(? the resonance signals cross. 

such as magnetocrystalline anisotropy, interface anisotropy of the grains are expected to be 
much smaller for thin films, unless the percolation threshold is approached [W JD95]. The 
effective anisotropy field will be given by: 

Hef! = Hdemagn = -NzM = -M. (5.1) 

The magnetisation M of the layers is equal to fv M 8 , with M 8 being the saturation mag
netisation of bulk Fe (2.16 T) and fv being the volume fraction. The volume fraction Fe 
of several samples was calculated from the saturated magnetic moment of the samples, de
termined by magnetisation measurements and is given in table A.1 and A.2. The volume 
fraction of a sample is a measure of the amount of magnetic Fe in the sample and is nat 
linearly proportional to the atomie percentage of iron. The reason for this is that, with the 
SEM measurements, no distinction can be made between the chemica! compounds in which te 
Fe is present in the sample. If the Fe is oxidised to antiferromagnetic Fe203 e.g., it will have 
no contribution to the magnetisation but will have a contribution to the atomie percentage. 

Figure 5.4 shows the two effective anisotropies for several samples as a function of fv. The 
dotted line represents the theoretica! relation Hef 1 = fv Ms of equation ( 5.1), the other lines 
are guides to the eye. It can be seen that, for every sample, one of the anisotropy fields 
is located above the dotted line and one below. As stated befare we assume that the one 
located at higher fields corresponds to the iron grains, which have a higher Fe concentration 
and therefore a higher demagnetising field than the amorphous phase. During magnetisation 

29 



Chapter 5 

20000 

15000 

-Q) 

0 -'i 10000 
:::c 

5000 

• FeHfO 
o FeHfSiO 

grains 

amorphous 
matrix 

Results 

0 ~--~----~--~----~--~----~--~~--~----~--~ 
0,0 0,2 0,4 0,6 0,8 1,0 

Figure 5.4: The effective anisotropy field Heff of the FeHJ(Si)O samples, as a function of 
the volume fraction Fe (fv ). The lines through the data points are guides to the 
eye. 

measurements, which are used to determine the volume fraction Fe, all magnetic moments are 
forced to allign parallel to the applied field. Therefore we cannot distinguish the two phases 
in the sample. The measured saturation magnetisation is the result of the magnetisation of 
both subsystems multiplied by their relative occurrence. As a consequence the dotted line 
lies between the two resonance signals. 

In figure 5.4 it can he seen that, with decreasing volume fraction, the difference in anisotropy 
fields between the two phases grows. This can he explained by the fact that the Fe con
centration in the matrix drops with decreasing volume fraction. The demagnetising field 
inside the matrix will therefore he reduced. The local demagnetising field inside the grains is 
unaltered, but the average background field will he lower because of the lower contribution 
of the matrix. It can also be observed that the difference between the two phases decreases 
with increasing volume fraction Fe. If we extrapolate this trend, we expect the two phases to 
coincide at a volume fraction of 1. In that case the films consist of pure iron: the difference 
between grains and matrix has vanished and the bulk value for the saturation magnetisation 
(21.6 kOe) is reached. 

All observations fit in our model in which the local anisotropy field is different for Fe particles 
in the matrix and the grains, but the average demagnetisation field ('background field') is 
the same and dependent on the Fe concentration. 

Another aspect which has to he taken into account, is that when the iron concentratien 
decreases, the Fe grains will become more and more magnetically isolated. In the case of 
complete isolation, the system of the grains will act as a superparamagnetic system and 
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Figure 5.5: The effective anisotropy of the FeSi02 samples as measured by Wang, et.al., 
and the Co Ah 03 samples, as a function of the volume fraction Fe or Co, re
spectively. 

cannot be described as a thin ferromagnetic film anymore. 

Wang, Jiang and Du [WJD95] also investigated the anisotropy field as a function of the volume 
fraction Fe in Fe-Si02 granular films, which have been mentioned before (section 5.1.1). The 
results of their measurements are depicted in figure 5.5(a). In figure 5.5(b) the anisotropy 
field of the Co-Ab03 samples is plottedas a function of the volume fraction Co. The dotted 
line represents the relation Hef f = fv Ms, M 8 now being the saturation magnetisation of 
cabalt (1.82 T). 

If we campare the figures 5.5(a) and (b), we see that the measured anisotropies for the 
Fe-Si02 and Co-Ah03 samples strongly deviate from the dotted lines for fv < 0.3. This 
demonstrates the superparamagnetic behaviour observed by magnetisation measurements. 
Near the percolation treshold (Jv ~ 0.6), however, the effective anisotropy field is larger than 
we would expect from shape anisotropy alone. This increase may be caused by additional 
intrinsic anisotropies (non-shape dependent), especially interface dependent anisotropy, which 
becomes very important near percolation. 

The difference between the behaviour of the anisotropy of the FeHf(Si)O and the Fe-Si02, 
Co-Al203 samples could be explained by the fact that the latter have no magnetic ionsin the 
matrix between the grains. For low Fe concentrations the grains in the FeHf(Si)O will still 
be magnetically coupled through the magnetic ions in the amorphous phase and the sample 
can stillbeseen as a diluted magnetic thin film. However, the coupling will weaken when the 
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amount of iron in the matrix decreases. This weaker coupling, i.e. a more random orientation 
of the magnetisation of the individual grains, is observed in magnetisation measurements 
and magnetoresistance measurements [Bit97]. Furthermore, with increasing volume fraction 
the grains of the Fe-Si02 and Co-Al2Ü3 films grow, whereas the average grain size of the 
FeHf(Si)O samples remains constant. In the first case, the films can not be considered as 
diluted films anymore for high volume fractions. 

5.2 SWR 

As mentioned before insection 5.1.1 we have seen some resonance lines at the high field side 
of the perpendicular spectra that might correspond to spin wave resonances, with the uniform 
mode lying on the outer right of the FMR spectrum. 

If we have a closer look at those particular spectra (esp. figure B.1 ( c) and ( d) and B.2 (b)) 
we can clearly distinguish three spin waves and one uniform mode. The interspacing between 
two successive mode (t:lHsw) appears to be constant and is for all of our samples typically 
200-400 Oe. The equidistance between two modes suggests that we have to use a model with 
volume inhomogeneities and free surface boundaries (see section 2.2). Because of amorphous 
structure of our samples this seems to be a reasonable assumption. 

If the spin waves occur in the subsystem of grains, this could imply that the standing waves 
occur within a single grain or within the thickness of the sample. In order to estimate what 
the typicallength (L) for the propagation of the waves, we use the well-defined resonance 
conditions as proposed by Kittel in his model with spin pinning ( quadratic spectrum). From 
equation (2.18) the spacing between the first two successive modes (p = 1 and 3) is given by: 

t:lH = (2A) (7r)2 (32 -12) = 167r2A 
sw M L ML2 ' 

(5.2) 

with A the exchange stiffness constant, M the saturation magnetisation. If we assume that 
the exchange constant and the saturation magnetisation in the iron grains are equal to those 
of bulk iron (A= 1.98 ·10-11 Jm-1, M = 21.6 kOe), we can calculate L. With t:lHsw ~ 300 
Oe this yields: L ~ 1. 7 J.LID. So we see that the typicallength for the propagation of our spin 
waves is in the order of the tickness of the sample (2.1 J.Lm) rather than the grain size ( rv 100 
Á). In the latter case the spacing of the spin waves would be in the order of 10 kOe, much 
larger than observed. 

We can now conclude that the spin waves propagate throughout the thickness of the sample, 
sarnething that could be explained by the fact that the isolated grains are magnetically 
coupled by an interpartiele interaction, sarnething which has also been observed in FeSi02 
samples [WJD95]. The existence of SWR for samples with a volume fraction well below 
the percolatien threshold indicates that there are some correlations or interactions between 
isolated Fe particles that make them coupled. This coupling may in case of the FeHf(Si)O 
occur via the Fe particles in the matrix. This is in agreement with the fact that the layers 
show a ferromagnetic behaviour, as observed by magnetisation and FMR measurements. 

A linear spin wave spectrum is sarnething that has been observed befare for o+her series of 
FeHfO samples. A typical perpendicular FMR spectrum for these samples is shown in figure 
5.6, in which the signal with the largest intensity is the uniform mode. The samples are 
grown under comparable conditions (Ar/02 flow) and on the same substrate (glass) as the 
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Figure 5.6: Resonance spectrum for the configuration with the external field perpendicular 
to the film plane. In the spectrum several spin wave resonances (with wave 
number n) can be distinguished and on the high field side of the uniform mode, 
a surface mode is observed. 

other samples we have been using so far, but contain a higher amount of Fe. Because of 
the high concentration of Fe (> 60%) we expect the samples to be in the metallic regime, in 
which the iron grains form a connecting network. The average grain size may also be larger. 
No other measurements were dorre to investigate the structure of these samples, but we have 
no reason to believe that the samples have an essentially different structure. However, in the 
FMR spectra we do not clearly see a second main resonance signal (as we have seen before), 
only one uniform mode is observed. The reason could be that the amorphous matrix contains 
almast no magnetic iron andjor that only a small part of the samples consistsof amorphous 
phase, because of the high Fe concentration of more than 70 at%. The spectra of these 
samples show a very well defined linear SWR spectrum. For the same reason as for the other 
FeHf(Si)O samples, this spectrum can be explained by assuming volume inhomogeneities and 
free surface boundaries. The free surface boundaries may explain why a so-called surface 
mode on the high field side of the uniform mode is observed. 

From this spectrum we have determined the position of the several SWRs, each specified 
by their wave nurnber n (see figure 5.6). In figure 5. 7 the resonance field is plotted as a 
function of the modes' number. From the slope of the linear fit, the interspacing of the 
successive modes is determined. The average field spacing is 132 Oe, having the same order 
of magnitude as the other FeHf(Si)O samples. 

With equation 5.2 we can calculate the exchange stiffness constant A, if we assume that the 
charaderistic propagation length forthespin waves is the sample thickness (rv2 J.Lm). This 
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represents the linear fit. 

yields: A= 1.3. w-11 Jm-1 , some 35% smaller than the value for bulk iron. The fact that 
the exchange stiffness constant is somewhat smaller than for bulk Fe seems reasanabie since 
our samples do notconsist of pure iron, but are diluted by amorphous non-magnetic parts. 

eonclusively we may state that all FeHf(Si)O samples show the same picture: the spin waves 
propagate across the thickness of the films and the exchange stiffness constant, which is a 
measure for the interpartiele interaction, is roughly the same as for bulk iron. 

5.3 Annealing 

We have also looked at the effect of annealing on the FMR spectra for some of the samples. 
Since annealing changes the composition of our samples, we expect that it will infiuence the 
shape of our spectra and thus could give us an extra indication whether the interpretation of 
our spectra, so far, has been correct. If we assume that there will be a change in the relative 
occurrence of the two phases ( crystalline grains and amorphous matrix) this would result in 
a change in the relative intensities of the two signals. 

All samples were annealed for three hours at a temperature of 500 oe, in an environment of 
N

2
(96%)/H2 ( 4%) to prevent the samples from being oxidated. Beforehand, it is nat clear what 

the effect of annealing is. In the literature it is stated that annealing at high temperatures 
( 400-500 oe) promotes the formation of the crystalline Fe phase and therefore increases the 
grain size, as smaller particles coalesce and magnetic material precipitates out of the matrix 
[RDK+94)[Rul97]. There are other indications that annealing can lead to a homogenisation 
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of the sample, resulting in a more diluted presence of Fe, i.e. a larger spacing between the 
grains and/or more smaller grains. Finally, because of the high temperature new oxidescan 
be formed, but the total amount of oxygen will be unaltered because the annealing conditions 
prevent the absorption of oxygen from the air. When FeO and/or Fe203, which are bath 
anti-ferromagnetic at room temperature, are formed, the magnetisation of the samples will 
decrease. 

Figure 5.8 shows the perpendicular spectra for one FeHfO and one FeHfSiO sample, befare 
and after annealing. When camparing the spectra befare and after annealing, we clearly see 
that the multiple resonance lines have disappeared into a signa! that seems to consist of two 
signals, one with a much smaller intensity. If we assume that these signals correspond to 
the two magnetic subsystems in the films as they did in the as-deposited samples ( viz. Fe 
grains and amorphous matrix), we see that the signals have moved closer to one another after 
annealing, are much braader and have shifted towards lower resonance fields. 

Since shape anisotropy (demagnetisation) is the most important souree of anisotropy, the 
shift towards lower resonance fields would imply a decrease of the total magnetisation of the 
sample (see equation (5.1)), thus a decreasein the amount of magnetic iron in the sample. 
This can be explained by the formation of anti-ferromagnetic Fe203 (and possibly FeO). 
Magnetisation measurements confirm the decrease of the saturation magnetisation for the 
FeHfO and FeHfSiO sample, by some 30% and 10% respectively. 

The fact that the difference in resonance field between the two main resonance signals has 
almast completely vanished, indicates a homogenisation of the sample. We assume that the 
signa! with the larger intensity and the smaller linewidth corresponds to the iron grains, since 
this magnetic subsystem is better defined. In this way we are lead to the condusion that, after 
annealing, the iron grains have dissolved into the amorphous phase, which results in more 
but smaller grains. Because of the higher Fe concentration in the matrix the demagnetising 
field will also be larger. This can explain the shift of the resonance signa! of the matrix to 
higherfieldsin figure 5.8 (c) and (d). 

The homogenisation of the samples is also confirmed by the vanishing of the spin wave 
resonances and the increased linewidth. Bath effects can be explained by an increased distance 
between the grains resulting in a smaller interpartiele coupling. This may allow for a more 
random orientation of the magnetic moments. The larger spread in orientation, which is 
somewhat restricted befare annealing, gives rise to braader resonance lines. Furthermore, 
because of this smaller coupling SWRs are not excitated. The interpartiele interaction has not 
completely vanished since magnetisation measurements of the films still show a ferromagnetic 
behaviour, as befare the annealing (no superparamagnetic behaviour was observed). 

Another aspect may be that because of the homogenisation, the difference between matrix and 
grains has almast vanished which may result in a larger spread in the dipolar ( demagnetising) 
field and may therefore give rise to braader resonance lines. Because the films are on the 
average more diluted, the exchange interaction between the Fe spins is decreased which may 
explain why SWRs are no langer observed. 

5.4 The linewidth 

In this section we will briefly discuss the linewidth of the resonance signals for the FeHf(Si)O 
samples. The linewidth may provide information about the quality of the samples. We 
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Figure 5.8: FMR spectra of the perpendicular configuration for FeHJO (a), (b) sample and 
FeHfSiO (c}, (dJ befare and ajter annealing. 
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already have stated that the linewidth of the resonance signal from the amorphous matrix is 
larger as compared to that of the system of the grains. This could be attributed to the greater 
variatien in the magnetic composition. Flirthermore it is observed that the linewidth of the 
signal of the grains shows less variatien ( typically 100 ± 50 Oe, with the field perpendicular 
to the film plane) as a function of the iron concentration, which confirms the observations 
of [Rul97] that the average grain size is constant, whereas the linewidth of the signal of the 
matrix varies from 150 up to 350 Oe with decreasing Fe concentration. 

We also see that the linewidth for both main resonance signals becomes larger when the iron 
concentration decreases. A smaller Fe concentratien results in a weaker coupling between the 
ferromagnetic particles. This allows for a more random orientation of the magnetisation of 
the particles, giving rise to an increased linewidth. 

So far we have dicussed the linewidth of the signals for the contiguration in which the external 
field is applied perpendicularly to the film plane. In appendix D a more general theoretica! 
approach to describe the line broadening is presented by introducing damping terros into the 
equation of motion for the magnetisation. From this, it can be deduced that the linewidth is 
dependent on the angle between external field and film plane ( () H). The results are discussed 
in appendix D. In the perpendicular FMR spectra, the linewidth of the two main resonance 
signals could be clearly determined for most of the samples. However, the overlap of the 
resonance signals when rotating the external field towards in-plane, makes it impossible to 
determine the linewidth as a function of ()H· We have estimated the linewidth for one or 
whenever possible for bothof the resonance signals for the in-plane configuration. Tagether 
with the complex structure of the FeHf(Si)O samples, this makes it difficult to cernpare the 
theoretica! and experimental results. 

When we compare the linewidth for the perpendicular and in-plane contiguration we see that 
for all FeHf(Si)O samples the in-plane linewidth is much larger, up to two times. This abser
vation is in contrast with the theoretica! models, predicting an equal or a smaller linewidth 
in plane. We assume that this difference can be explained by the fact that the mechanism for 
relaxation is different in case the external field is applied in-plane or perpendicular to the film 
plane [HP98]. This implies that the relaxation can not bedescribed with one constant re
laxation parameter for both configurations, but has to bedescribed with an angle dependent 
parameter. The theoretica! models describe the relaxation for bulk material (3D), where one 
relaxation parameter is suffi.cient. In thin films, the demagnetising field causes a preferential 
axis for the magnetisation. The behaviour of the magnetisation will therefore be different 
when the external field is applied in the film plane or perpendicular to the film plane. 

The difference in relaxation mechanism between perpendicular and in-plane contiguration 
can be seen from the FMR spectra. In the perpendicular FMR spectra, a discrete spectrum 
of spin waves is observed. This situation is totally different from the in-plane contiguration 
showing a continuous resonance spectrum. This difference is a result of the geometry of the 
sample being different for in-plane and perpendicular configuration, which sets the boundary 
conditions for the SWRs. Sincespin waves play an important role in the relaxation mechanism 
[HP98], the different character of the discrete SWR spectrum as compared to the continuous 
spectrum, may account for the smaller linewidths when the external field is applied in plane. 

Even though we have strong indications for the homogenisation of the samples upon anneal
ing, further experiments such as TEM will be needed to get a better idea of the structure. 
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Discussion 

Ferromagnetic resonance (FMR) measurements have been performed for a series of FeHfO 
and FeHfSiO samples, with varying iron concentration. The typical thickness of the layers 
is 2.1 J.Lm and 0.7 J.Lm, respectively. These eermet films consist of nanocrystalline Fe grains 
(typical diameter 6 nm) in an amorphous phase of FeHf(Si)O, containing Fe and oxides. The 
FMR spectra for the configuration in which an external field is applied perpendicular to the 
film plane, show multiple resonance lines. Among these signals, two main resonance signals 
could be distinguished, which persisted when rotating the external field from perpendicular 
to the film plane towards in plane. These resonance signals are assumed to be originating 
from the two magnetic subsystems in films, viz. the iron grains and the amorphous phase. 
Given the amorphous structure of the material, the observation of two sharp signals is rather 
surprising since fluctuations in the demagnetising field as a result of the inhomogeneities 
would give rise to a broad resonance signal. 

The fact that we abserve of two main resonance lines may be explained by a difference in local 
anisotropy field that an Fe partiele experiences in a grain or in the amorphous matrix due to 
its direct surrounding, whereas the average background field is the same in both cases. The 
two subsystems of the filmscan bedescribed with a simple model of demagnetisation. The 
demagnetising field inside the grains is larger than that of the amorphous matrix, because of 
its higher Fe concentration. 

All samples have a ferromagnetic behaviour, indicating astrong exchange interaction between 
Fe particles and/or grains. No superparamagnetic behaviour (uncoupled grains with a random 
orientation of magnetisation) is observed. 

Other manifestations of the exchange coupling are found in the occurrence of spin wave 
resonances (SWR) in the perpendicular FMR spectra. The exchange stiffness constant, which 
is a typical measure for the ferromagnetic exchange interaction between Fe spins, is found to 
be roughly the same as for bulk Fe. The spin waves propagate typically across the thickness 
of the samples, not within single grains. 

In the preserree of spin waves, the relaxation mechanism of the precessional motion is differ
ent. This may explain why the linewidth of the resonance signals is larger for the in-plane as 

compared to the perpendicular configuration, whereas theoretica! models, using phenomeno
logical damping terms, predict an equal or smaller linewidth. The linewidth may provide 
information on the quality of the samples. 

FMR measurements of the films after thermal annealing (500 °C, 3 hours) indicate that the 
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iron grains dissolve into the matrix, forming more but smaller grains. The model of nanocrys
talline grains and an amorphous matrix seems to be correct, but further investigations of the 
structure after annealing will be needed to give more insight and certainty. 

It turns out to be very difficult to find a good interpretation and explanation for the observed 
FMR spectra. Temperature dependent measurements, especially at low temperatures, may 
provide more insight, because of a possible change in the spin wave spectra and the linewidth 
of the resonance signals. 
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EuS /PbS multilayers 

Temperature dependent FMR experiments have been performed on EuS/PbS-multilayers. The 
workis part of a larger research programme that is done mainly at the Institute of Physicsj 
Polish Academy of Sciences (IFPAN) and the Institute of Experimental Physics in Warsaw, 
Poland. First, a general introduetion and overview of the results that have been obtained so 
far will be presented. Subsequently, the FMR experiments and the results will be discussed. 

7.1 Introduetion 

The EuS/PbS multilayers are built of magnetic EuS layers alternated with non-magnetic 
layers of PbS. We have stuclied structures with EuS thickness ranging from 6 A up to 80 A, 
while the PbS epilayer thickness was kept nearly constant (155-175 A). In appendix C an 
overview of the samples is given. 

The structures of EuS/PbS can be regarcled as a model Heisenberg-type ferromagnet/ semi
conductor superstructure. Variation of the thickness of the layers offers the possibility to 
study physical effects, that are of general importance and mostly stuclied in metallic multi
layers, such as: 

• The study of the magnetism of a single EuS layer as a function of thickness down to 
the one monolayer range. This allows for the experimental observation of the transition 
from 3D into 2D ferromagnetism. 

• The study of the interlayer exchange interaction between a model ferromagnet (EuS) 
via a non-metallic non-magnetic medium (PbS). 

EuS is a well known ferromagnet with a Curie temperature (Tc) of 16.5 K (bulk value). 
It is one of the few non-metallic solicis exhibiting ferromagnetic (FM) behaviour and can 
be considered as one of the best realisations of a Heisenberg 3D ferromagnet. For a 3D 
Heisenberg ferromagnet the (super)exchange interaction between two spins Si, Si is given by 
the Hamiltonian: 

(7.1) 
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Jij being the exchange integral, which is related to the overlap of the charge distributions of 
atoms i and j. 

The important exchange interactions that govern the collective magnetic behaviour of bulk 
Eu8, are between the nearest neighbours (J1 > 0, ferromagnetic) and the next-nearest 
neighbours (J2 < 0, anti-ferromagnetic and much weaker). We assume that each individ
ual magnetic spin experiences an exchange field that is the average field of all the other 
(next-) neighbouring spins. In this so-called mean field approximation, the exchange field is 
proportional to the magnetisation. It can be shown that, in that case, Tc is proportional to 

(7.2) 

where z1 and z2 are the number of nearest neighbours and next-nearest neighbours, respec
tively. As Eu8 has a NaCl structure, its magnetic sublattice is fee, thus z1 = 12 and z2 = 6. 
Pb8 also has a NaCl structure and has a nearly perfect lattice match with Eu8 (lattice mis
match !::..a/a = 0.5%). This allows for 2D growth of ultrathin layers and makes Eu8/Pb8 
especially attractive for studying the magnetic properties as a function of layer thickness. 

The epitaxiallayers of Eu8/Pb8 were grown from the vapour phase on monocrystalline KCl 
(001) and BaF2 (111) substrates. These substrates, which differ by crystallographic direction, 
introduce a stress in the layers because of the lattice mismatch between substrate and layer. 
They seem to have an effect on the local symmetry of the Eu8 /Pb8 layer ( ax =/= ay =/= az) and 
consequently on Tc. 

It has been found that Tc strongly depends on the magnetic Eu8 and non-magnetic Pb8 
epilayer thickness [8897]. As the Eu8 layer thickness decreases, the influence ofthe Eu8 layer 
surfaces grows. Near the surface the number of (next-) nearest neighbours ( (N)NN) strongly 
differs from that of the inner layers. Consequently, for thinner layers, the average number 
of (next-) nearest neighbours decreases and the phase transition temperature will drop. A 
good way to describe this effect is the so-called bond-loss model [MG86], which assumes that 
the Curie temperature Tc of a superstructure scales by the average numbers of magnetic 
neighbours: 

Tc z1J1 +z2h 
T/Julk = 1211 + 6h . (7.3) 

8o far, magnetisation measurements at low fields have determined the Tc dependenee as a 
function of the Eu8 layer thickness t [8897]. The decrease of the Curie temperature for layers 
thinner than 10 monolayers (ML), can be attributed to the reduction of the average number 
of magnetic neighbours near the Eu8/Pb8 interface. For sharp interfaces, the spins in the 
two outermost monolayers have only 9 NN, instead of 12 NN for bulk. Intermixing of Eu8 
with Pb8 layers red u ces the average number of neighbours even further. As can be seen from 
equation (7.3), the Curie temperature decreases when the number of (N)NN drops. For Eu8 
layers thicker than 10 ML, Tc is nearly constant, because of the infl.uence of the interfaces 
is smaller, but still different from the bulk value. This difference may be due to strain in 
the structures and mismatches between substrate and superstructure. These infl.uences are 
substantially, giving the strong change in Tc, viz. 13.6 K for BaF2 and 17.3 K for KCl 
substrate, whereas 16.6 K fora free layer, where the KCl substrate is removed. 

FMR provides another way to study the thickness dependenee of Tc. It would be interesting 
to see whether the results from the magnetisation measurements could be reproduced. The 
experiments and the used method will be discussed insection 7.2. 

42 



Chapter 7 EuS/PbS multilayers 

It is also observed that the thickness of the non-magnetic PbS layer has some influence on 
the ferromagnetic-paramagnetic transition [Sta 97]. Generally speaking Tc is lower when 
the PbS layer is thinner. This behaviour may refiect a magnetic interlayer coupling. FMR 
would be suitable to study this coupling (see e.g. [Alp91], [HB94]). In order to measure the 
coupling with FMR, special multilayers have to be prepared, with two different EuS layer 
thicknesses: 5x[EuS(ti)-PbS-EuS(t2)]. The FMR experiments together with magnetisation 
measurements, have not yet resulted in the discovery of this interlayer exchange coupling, 
and are beyond the scope of this report. 

In order to get a complete picture of the structure of the samples and their magnetic be
haviour, knowledge of the anisotropy as a function of the EuS layer thickness is very im
portant. With FMR the anisotropy can be determined accurately. The results of these 
experiments will be presented insection 7.3. 

7.2 Determination of the Curie temperature 

Most commonly, the phase transition of ferromagnetism to paramagnetism, is stuclied by 
magnetisation measurements. FMR provides another way todetermine Tc. With FMR ex
periments the externally applied field is varied and from the resonance fields H, the anisotropy 
field HA can be determined. Neglecting contributions to the anisotropy other than demag
netisation, the anisotropy field can be written as HA = M. All samples have an in-plane easy 
axis. In case the external field is applied in the film plane, the resonance condition (2.14) can 
now be written as: 

(7.4) 

For the perpendicular configuration the resonance condition is given by ~ = p0(H- M). 
Thus, from the FMR experiments we are able to determine the magnetisation. By measur
ing the magnetisation at different temperatures T around Tc we can determine the Curie 
temperature. What weneed is an expression for the magnetisation as a function of Tc. 

In order to describe the ferromagnetic behaviour, we start with the behaviour of a paramag
netic ensemble of N spins in a magnetic field B. The magnetisation M canthen be written 
as: 

( ) . 9J.LBS 
M = NgpBSBs z, wlth z = kET B. (7.5) 

Here S is the spin quanturn number and Bs the Brillouin function, given by: 

2S + 1 (28 + 1 ) 1 ( 1 ) Bs(z) = 
28 

coth 
28 

z -
28 

coth 
28

z . (7.6) 

In case of paramagnetic materials (non-interacting spins) the magnetic field B only consists 
of the applied field B0 = p0H. In ferromagnetic materials, the spins experience an additional 
field from the neighbouring spins. We assume this exchange field to be proportional to the 
magnetisation (so-called mean field approximation): Bexch = w!VI. With use of equation (7.1) 
and assuming an effective exchange interaction with the nearest neighbouring spins (number 
z) with strength J, this exchange field can be written as [dJK89]: 

3kTc 
Bexch = Ng2J.L~S(S + l) !VI, (7.7) 
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where the Curie temperature is given by: 

T. 
_ 2zJS(S + 1) 

C- 3kB . (7.8) 

As EuS orders ferromagnetically at low temperatures (bulk value Tc = 16.6 K), the use of 
the continuous flow cryostat and the Bruker cavity is required (for more details, see sectien 
3.4). For all our EuS/PbS samples we determined the resonance fields for the configurations 
with the field applied in and perpendicular to the film plane, in the temperature range from 
3.5 to 40 K. The temperature was varied both moving up and down. No hysteresis was found 
in the value of the resonance field. 

First of all the experiments were performed for the EuS/PbS layers grown on a BaF2 sub
strate. Figure 7.1 shows a typical plot of the resonance field versus temperature. The same 
can be dorre for the perpendicular configuration, as depicted in figure 7.2. Weil below Tc, the 
samples are ferromagnetic and fully magnetised. As the temperature is increased above the 
critica! temperature, the magnetic behaviour becomes paramagnetic. The thermal agitation 
breaks down the parallel alignment of the spins, thereby reducing the total magnetisation of 
the sample. In the FMR spectra we cbserve this as a decreasing intensity of the FMR signal 
and the shift of the resonance field towards the isotropie value: J.LoHres = ~ ~ 3.4 kOe (see 
eq. (7.4), with M = 0, g = 2). Above 35 K, the intensity of the FMR signal has dramatically 
decreased and a resonance signal could not be distinguished from the noise anymore. 

To determine the Curie temperature, we use a numerical routine that calculates the resonance 
field Hres and the magnetisation M for a given temperature Tand a constant Tc. M and 
Hres have to fulfil the resonance condition (7.4) and the condition: 

(7.9) 

where Mis scaled with the saturation magnetisation Mo and the spin quanturn number S = ~ 
for EuS. By adjusting Mo (bulk value: 0.118 T) and Tc we aim to obtain the function that 
best fits the experimental data. An example of such a fit is shown in figure 7.1. In the fit 
we can clearly see the transition from ferromagnetic (T = 4 K, lewest resonance fields) to 
paramagnetic (T = 40 K, highest resonance field). The Curie temperature corresponds to 
the point where the slope of the curve is steepest. 

It appears that the experiments are not reproducable but show a streng dependenee on the 
experimental conditions. In figure 7.1, as an example, two in-plane measurements of the 
same sample but with different conditions are shown. The open circles, connected with lines 
to guide the eye, represent a first measurement for a BaF2 based layer. The characteristics 
are the same for all measurements performed for BaF 2 based layers. A secend measurement 
of the same sample, with a much smaller amount of helium pumped through the cryostat, 
shows a much steeper phase transition and could be fitted much better with the theoretica! 
curve. If we want to explain the observed difference, we have to take a closer look at the 
cryostat. 

The sample is attached to a quartz rod that is placed in the cryostat (see figure ??). Near 
the sample, a heater and a thermocouple are located, which are not in physical contact with 
the sample, unlike the helium flow used to cool down the sample. The heater can therefore 
not directly change the temperature of the sample. The thermocouple is located closer to 
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Figure 7.1: In-plane resonance field as a function of the temperature T for a EuS layer 
grown on BaF2 substrate. The open circles represent the data points obtained 
in first experiment; the lines are guides to the eye. For the experiment with as 
little heating and cooling as possible data points {full circles) and fit are shown. 
The position of Ta is also indictated. 

16000 810_32 (55À EuS; BaF2) 

14000 

12000 

~ 10000 • 

"' e 8000 :I: • 

6000 • 

4000 

2000 
0 5 10 15 20 25 30 35 40 

T (K) 

Figure 7.2: Perpendicular resonance field as a function of the temperature T fora sample, 
with BuS layer thickness of 80 A, grown on BaF2 substrate. Bath data points 
and fit are shown. 
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Figure 7.3: In-plane resonance field as a function of the temperature T for EuS layer grown 
on KCl substrate. Both data points and fit are shown. 

the heater than the sample and will consequently measure a temperature different from the 
actual temperature of the sample. To check the temperature of the sample as compared to 
the temperature measured by the thermocouple, we replaced the sample and the quartz rad 
by an Allan Bradley Carbon resistor. The temperature of the resistor is be determined by 
measuring the resistance, which has a negative temperature dependence. The corresponding 
temperature can be found in a calibration table. We varied the temperature between 4 and 
40 K, bath rnaving up and down in temperature. No hysteresis was found. 

When we campare the temperatures determined from the resistor and the thermocouple, we 
notice that the temperature of the resistor (the sample), is some 1.5-2 K lower than the 
temperature of the thermocouple, for all temperatures. This would imply that the Tc is 
also 2 K lower than the Tc we determined from the fit. However, there are other aspects 
that need to be taken into consideration. The temperature difference between sample and 
thermocouple is dependent on the amount of helium that is pumped through the capillaries 
and the amount of heating that is required. For each temperature, the temperature as 
measured by the thermocouple was stabilised. In this case there will be a thermadynamie 
equilibrium between the cooling power of the helium and the heating power (and heat leaks). 
The temperature gradient between sample and thermocouple will be constant. If we pump a 
relatively large amount of helium, we also need a larger heater current in order to establish the 
desired temperature. However this temperature is measured with the thermocouple. As the 
amount of heating and pumping is different for each temperature, the temperature difference 
is not constant for every temperature. 

Judging from the two curves in figure 7.1 it appears that the temperature difference increases 
with increasing temperature. Variatiens in T will have the largest impact on the resonance 
field in the transition regime where the slope of the curve is largest. Since this transition 
regime is essential for a good determination of Tc, it will be impossible to determine the 
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Figure 7.4: Curie temperature Tc as a funcion of EuS layer thickness, as determined from 
Brillouin fit for KCl based layers. Inlay showing the Tc versus thickness for 
KCl based layer as determined from magnetisation measurements by A. Stachow 
et al. 

correct Curie temperature. To minimise the difference between the actual and the measured 
temperature we have to minimise the helium flow and the heating current (provided the 
temperature is stabie). In that case the temperature difference is constant for all temperatures 
and we get a much better fit with the theoretica! curve, as can beseen from tigure 7.1 and 
7.3. 

For the EuS/PbS layers grown on KCl substrate we determined Tc from the in-plane mea
surements for layers with EuS thickness, ranging from 6 to 65 A. Figure 7.4 shows Tc as 
a function of the EuS layer thickness t. Taking into account an error margin of 2 degrees 
in Tc, we see a trend of dropping Tc for EuS layer thickness below 30 A (15 monolayers). 
This drop was expected from earlier magnetisation measurements [8897) [Rov98) and can be 
explained by the reduction of the average number of magnetic neighbours, as described by 
the bond-loss model. For EuS layer thickness above 30 A the transition temperature is nearly 
constant. A bond-loss model, assuming a non-sharp EuS/PbS interface of 3 ML with a linear 
profile, is used to fit the experimental data [Rov98). The inlay of tigure 7.4 shows the values 
obtained by magnetisation measurements, tagether with a fit, using the same model. There 
is a good agreement between the fits, both showing an almost constant value Tc = 17.3 K 
for EuS layers thicker than roughly 30 A. Because of the good lattice match between KCl 
substrate and EuS/PbS layers, this value does not deviate strongly from the bulk value of 
Tc for EuS in contrast with the BaF2 based layers. 

It should be noted that, for layers thicker than roughly 30 A, the Curie temperature is 
higher than the bulk value of EuS, as is expected for layers grown on KCl substrate (Tc = 
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17.3 K [8897]). On the other hand, Curie ternperatures deterrnined from perpendicular 
resonance fields result in lower Tc for all samples. The calculations never yield the same 
value for the Curie ternperature as for the in-plane measurements, but show a difference 
varying from 2-5 degrees. Even though the experirnental conditions (heating and purnping) 
rnay be different for the perpendicular and the in-plane measurements, this is not expected 
to result in the observed differences in Tc, since these differences would be random. The 
differences in the calculated Curie temperature may arise from the fit and are inherent to 
the model that has been used. The mean field model (7.10) is a rather simplified model, 
which does not take into account the effect of anisotropy fields to the magnetisation. The 
perpendicular FMR experiments are performed at much higher fields (up to 1.5 T) than 
the in-plane measurements, so the relative influence of the anisotropy field compared to the 
internal and the external field will be smaller. Another aspect that has to be taken into 
account is that for very thin layers the model will not be applicable anymore because of the 
crossover frorn a 3D Heisenberg toa 2D Ising type ferromagnet, due to an in-plane anisotropy 
[Jon91j[MG86]. It appears from magnetisation measurements that the thickness dependenee 
of Tc can also bedescribed by a model which makes use of an exact high temperature series 
expansion for Ising films [8898]. 

7.3 Anisotropy measurements 

We have also used FMR experiments to deterrnine the anisotropy of the multilayers as a 
n.mction of the Eu8 layer thickness. All experiments were performed for bath KCl and BaF2 
substrates, at a temperature of 4 K. For the determination of the anisotropy field we used our 
standard fitting procedure (see section 5.1.2). The angle OH between the external field and 
the film's normal was varied from perpendicular to in-plane and for each angle the resonance 
field was deterrnined. The anisotropy field is then calculated by fitting the resonance field 
versus angle with equations (2.11) and (2.12). 

Generally, the tot al effective uniaxial anisotropy (Hef f = 2K / M) of a film can be written 
as the surn of two contributions: the contribution of the surface or the interface (K8 , per 
unit area) and that of the volume of the layer (Kv, per unit volume). For the total effective 
rnagnetic uniaxial anisotropy of a magnetic layer with thickness t, this yields [Blo93]: 

(7.10) 

The prefactor 2 accounts for the fact that the magnetic layer was assumed to be bounded 
by two identical interfaces. When the uniaxial anisotropy multiplied by the layer thickness 
is plotted as a function of the of t, the slope is equal to Kv and the intersection with the y 
axis yields K 8 • The results for both KCl and BaF2 substrate are depicted in figure 7.5 and 
7.6, respectively. The negative slope indicates a negative volume anisotropy, favouring in
plane magnetisation, while the intercept at t = 0 suggests a srnall positive surface anisotropy, 
favouring perpendicular magnetisation. 8ince the intersection with the x-axis is smaller than 
one monolayer, the rnagnetisation of the samples will never be perpendicular. 

The separation of the total anisotropy in terms of a volume and a surface contri bution may be 
rather questionable for thin layers of just a few monolayers. This could result in a deviation 
from the straight line for thin layers (smaller than some 30 A ~10 ML) which makes it 
difficult to draw any conclusions from the difference in anisotropy constants. However the 
good fit of the experimental data shows that Ks and Kv are well-defined parameters. 
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Figure 7.5: Anisotropy density versus EuS layer thickness for samples grown on KCl sub
strate. Values of Ks and Kv are determined from the fit. 

If we campare the values of Kv and Ks for both substrates, we see that both anisotropy 
constauts are larger for the BaF2 substrate. This difference can be explained by the fact that 
the lattice mismatch between substrate, may in duce an epitaxial strain in the layer. This 
gives rise to a strain induced anisotropy, which has a volume and a surface a contribution. 
The effect of epitaxial strain on the anisotropies of ultrathin Co films on W has been stuclied 
by Fritzsche et al. [FKG95]. Above a certain layer thickness (20 Á) a relaxation of strain is 
observed whch scales with 1/t and therefore results in an apparently surface-type anisotropy, 
tagether with a reduced volume contribution. Ks contains the contributions on the substrate 
side and on the EuS-PbS interfaces. The larger lattice mismatch between substrate and layer 
for the BaF2 substrate may thus account for the larger Kv and K 8 • 

The role of the substrates is also observed in the linewidth of the FMR signals. For the 
measurements with the external field applied in the film plane, the linewidths are typically 
500-700 Oe for the layers grown on BaF2 substrate, whereas 300-450 for the KCl based 
layers. Because of the larger (relaxed) strain in the BaF2 based layers, the variations in 
lattice structure, which give rise to changes in the local anisotropy field, may be larger. This 
results in braader resonance lines. 

From earlier experiments [SS97] it is known that the difference in lattice parameters of the 
substrates results in a difference in strain, causing a shift of the Curie temperature. Recent 
investigations [SS98] indicate that the difference in Tc for KCl and BaF2 based structures 
is due to substrate induced thermal strain. The main souree of stress in these layers is not 
the lattice mismatch between substrates and layers, because this stress is relaxed at growth 
temperature, but the stress induced by the difference inthermal expansion coefficients. With 
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Figure 7.6: Anisotropy density versus EuS layer thickness for samples grown on BaF2 sub
strate. Values of Ks and Kv are determined from the fit. 

lowering ternperature from the growth temperature down to 16 K or lower, the KCl substrate 
shrinks faster (larger thermal expansion coefficient 8a/8T) than the PbS and EuS layers. This 
results in a strain, decreasing the lattice constant in the plane of the structure. This leads to 
the decrease of interspin distauces and the increase of exchange integrals ( J N N, J N N N) and 
consequently Tc [Gon 98]. The effect of this stress is about +2 K, even after including the 
compensating action of the expansions of the perpendicular lattice parameters. This stress 
has been demonstrated by susceptibility measurements for layers removed from the substrate 
[8898]. 

Since the thermal expansion coefficient of BaF2 is smaller than for EuS/PbS layer, the strain 
causes a lowering of the Curie temperature (-0.5 K). Thus, the sign of the effect in Tc of 
both substrates can be explained, but not completely quantified. Further investigations will 
be needed to imprave this. 
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7.4 Conclusions 

From the FMR experiments performed on the EuS/PbS samples the following can be con
cluded: 

• An accurate determination of the Curie temperature was hampered by the fact that 
the actual temperature of the sample is different from the measured temperature. This 
temperature difference, typically 1-2 K, is very senstive to variations in experimental 
conditions, such as the amount of helium that is pumped through the capillaries and 
the heating power. The mean field theory that is used todetermine Tc introduces other 
inaccuracies, because the effect of anisotropy is not taken into account. Especially for 
thin layers a crossover to a 2D Ising ferromagnetic behaviour is expected, for which the 
Heisenberg model is not valid. However, the expected drop of the Curie temperature 
with decreasing EuS layer thickness can be reproduced. 

• We were able to determine the volume and surface anisotropy constant for layers grown 
on KCl and BaF2 substrate. Both Ks and Kv are larger for the BaF2 based layers. The 
differences can be mainly attributed to substrate induced thermal strain because of the 
difference between the thermal expansion coefficients of the substrate and EuS /PbS 
layers. This strain is larger for BaF2 based layers. This could also account for the 
larger linewidth of the resonance signals for the layers grown on BaF2 as compared to 
those grown on KC!. 
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Appendix A 

Composition o fthe eermet films 

Table A.l: oxygen flow, comp 

sarnple-nr 02 flow (seem) 

pb59 10 
pb81 12 
pb90 13 
pb91 14 
pb93 12.5 
pb94 13.25 
pb94 12.75 
pb96 13.4 
pb99 13.0 

pb100 13.4 

osition and volume fraction Fe of FeHfO samples. 

eomposition volume fraction Fe 
(atomie% Fe I Hf I 0) 

52.7 1 13.4 1 33.9 0.57 
50.2 I 10.1 I 39.1 0.49 
46.1 1 11.1 1 42.9 
27.9 1 5.6 1 66.5 
48.8 1 9.1 1 42.o 
45.3 1 8.4 1 46.4 
48.3 1 8.9 1 42.8 
46.6 1 9.9 1 43.4 0.37 
46.6 1 9.4 1 43.9 

45.8 I u.o I 43.2 

sition and volume fraction Fe of FeHfSiO samples. Table A.2: oxygen flow, compo 

sample-nr 02 flow (seem) eomposition volume fraetion Fe 
(atomie% Fe I Hf I Si I 0) 

pb101 12.0 43.1 I 7.5 I 5.3 I 44.1 0.39 
pb102 13.0 38.9 I 1.0 1 5.4 I 48.7 0.30 
pb103 14.0 34.3 I 5.o 1 4.3 I 56.4 0.14 
pb104 11.0 46.2 I 9.1 I 3.3 I 40.8 0.46 
pb112 13.25 40.2 I 6.2 1 5.5 I 48.0 0.29 
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Appendix B 

FMR spectra of the eermet films 

In this appendix the FMR spectra of the eermet films are shown, i.e. the intensity is plotted as 
a nmction of the applied field Hext· First several spectra of both FeHfO and FeHfSiO samples 
are shown for the configuration with the applied field perpendicular to the film plane, then 
some FMR spectra with the field applied in the film plane. 
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Figure B.l: FMR spectra of several FeHfO samples with different Fe concentrations for the 
configuration with the external field applied perpendicular to the film plane. 
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(a) 46.2 at% Fe (b) 43.1 at% Fe 
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Figure B.2: FMR spectra of several FeHfSiO samples with different Fe concentrations for 
the configuration with the external field applied perpendicular to the film plane. 
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Figure B.3: FMR spectra of several FeHfO samples with different Fe concentrations for the 
configuration in which the external field is applied in the film plane. 
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EuS /PbS multilayers 

This appendix gives an overview of the EuS/PbS samples that have been used for FMR 
experiments. Each sample consistedof 10 layers (i.e. 5 multilayers) EuS/PbS, with thickness 
t and d resp., and a buffer layer of PbS that is grown directly on top of the substrate. The 
structure can be represented by: 5 x [EuS(t)- PbS(d)] / PbS buffer / substrate. 

Table C.1 and C.2 give the different values for t and d for the KCl and BaF2 substrate, 
respectively. 

Table C.l: EuSjPbS multilayers on KCZ substrate 

I sample nr I EuS: t (Á) I PbS: d (Á) I PbS buffer (Á) I 
810_11 65 155 155 
810_12 80 170 170 
810_31 55 175 175 
81Lll 30 155 155 
81L21 20 170 170 
81L31 15 175 175 
812-11 10 155 155 
812_21 8 170 170 
812_31 6 175 175 

Table C.2: EuS/PbS multilayers on BaF2 substrate 

I sample nr I EuS: t (Á) I PbS: d (Á) I PbS buffer (Á) I 
810_22 80 170 170 
810-32 55 175 175 
81L12 30 155 155 
811_22 20 170 170 
81L32 15 175 175 
812_12 10 155 155 
812_22 8 170 170 
812_32 6 175 175 
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Appendix D 

Theory of linewidth 

In this chapter we will present the damping terms that can be used to describe the effect of 
relaxation on the precession motion. We willlook at the angular dependenee of the linewidth 
and campare the theoretica[ models for small relaxations with the experimentally observed 
linewidths of nickel. 

D.l Damping 

In the theory of ferromagnetic resonance as described in chapter 2 we have neglected the effect 
of relaxation, which gives rise to a broadening of the resonance signal. Phenomenologically, 
the relaxation towards equilibrium can be described by adding an extra term, H damp, into 
the equation of motion for the magnetisation (2.1). 

Some of the most common expressions that can he found in the literature for this damping 
term will he discussed below. The damping terms allow us to calculate the shape of the FMR 
signal (i.e. the derivative of the absorption as a function of the applied field). 

D.l.l Gilbert damping term 

First of all we consider the damping term proposed by Gilbert [Gi155]: 

I! a Kil aKïl 
damp = - "'1\!Io x Bt' (D.1) 

with a the damping parameter. The torque M x aJ! is directed perpendicular to the mag
netisation and the precessional motion and excerts a force that moves the magnetisation back 
to equilibrium. When we add this term to equation (2.1) we get the new torque for the pre
cession motion. Again we introduce the right-handed coordinate system (u, v, r) of section 
2.1 such that the r direction is in the equilibrium direction of M. Analogous to equations 
(2.5), the equations of motions are now given by: 

(D.2) 
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By using (2.6) and assurning harmonie oscillations, these equations can be written as a system 
of two equations: 

( Foo . a ) -- -'I,W-
Mo 'Y mu _ -hv 

iw - Fo4> ( mv ) - J-LoMo ( hu ) ' 

'Y Mosin9o 

(D.3) 

or more shortly 

A ( :: ) = J-LoMo ( ~~ ) . (D.4) 

The resonance condition can now be found by consiclering free precession, i.e. hu= hv = 0. 
This yields the following non trivial solutions (Re( det A) = 0) [SB55]: 

(~)
2 

(1 + a 2
) = M 2 ~ 2 (} (FooF4>4>- Fj4>). (D.5) 

'Y 0 sm o 

From this equation it can beseen that damping causes alowering of the resonance frequency 
(compare eq. (2.8)). 

In order to calculate the FMR signal, we have to calculate the susceptibility tensor x defined 
as 

( :: ) = ( ~:: ~:: ) ( ~ ) ' (D.6) 

because the absorption of microwave power is proportional to the imaginary part of Xuw i.e. 
x'~u [Alp91]. The susceptibility tensor can be found by multiplying both sides of equation 
(D.3) with the inverse matrix of A, A-1. This yields 

( 
mu ) -1 ( -hv ) ~ mv = A J-LoMo hu = X h . (D.7) 

X~u is now given by: 

" MoK 
Xuu = D5+ z2' (D.8) 

with: 

K = w'Ya (Do-(~+ :;:i~~~o)) 
Z = Im( det A) = 7w;;;0 ( si~~~o + Foo) 

Do= Re(detA) =- ( ~ r (1 + a 2
) + ( ~ r, 

where the resonance frequency w5 is given by the equation (2.8) for precession without damp
ing. 

With the use of equation (D.8), the equilibrium conditions (2.12) and the definition of the 
free energy (2.10), the absorption as a function of the applied field can be calculated. In 
order to relate this to our experiments we have to take the first derivative of this absorption 
with respect to the field. Figure D.1 shows the calculated resonance lines for different angles 
(}H between the externally applied field and the film plane using HA= 17.9 kOe, g = 2.12, 
w = 33.8 GHz and a= 0.08. 
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Figure D.l: FMR signal for different angles OH between extemal field and the film normal. 

D.l.2 Landau-Lifshitz 

Landau and Lifshitz were the first to introduce a term to account for damping [LL35]. They 
proposed: 

(D.9) 

where >. [s-1] is an adjustable parameter, called the relaxation frequency. H T = H appl +HA 
and the vector M x (M x H";.) is perpendicular to both Mand H r, in the proper direction 
to restare equilibrium. 

It can be shown that the Gilbert form may be obtained by starting with the Landau-Lifshitz 
damping term in the equation of motion written as 

d:! = "!(Jiil x Hr)-: [M- x (M x Hr)], (D.lO) 

where a= >.j"(M. The outer product of M with this equation yields: 

K1 x d: = "~ ["M x (M x Hr)]-: {M- x ["M x (M x Hr)]}. (D.ll) 

Elimination of M x (M x H T) from these two equations leads to 

dM ~ -# a"( (;;-i dM) 2 -;;-1 -# dt = "f(M x .t1 r)- M M x dt +"(a (M x .t1 r), (D.12) 
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since M x [M x (M x H T)] = - M 2( M x H T). If a 2 is small ( «: 1), the small term may be 
neglected and the desired result is obtained. 

However, the Landau-Lifshitz damping term is not completely correct and can only be used 
as a good approximation when the damping term is much smaller than the inertial term. 
Strictly speaking the damping should not only act on the precession motion but also on the 
resultant motion of the magnetisation d!Jf such as described by Gilbert [Chi97]. 

D.1.3 Bloch-like damping 

Another obvious possibility to describe the relaxation of the magnetisation is by introducing 
damping termsas employed by Bloch in paramagnetic resonance. Bloembergen [Blo50} was 
the first to apply these to the ferromagnetic resonance case. H damp is given now by: 

~ _ (- Mx _ My _ Mz - Mo) 
11 damp- , , · 

72 72 TJ 
(D.13) 

The parameters 7 1 and 72 represent the relaxation times for the longitudinal and transverse 
directions, respectively. We will use the same procedure as described in the previous section 
to derive an equation for the absorption x'~u as given by Valstyn [VHM62]. We assume that 
Mz - Mo ~ 0 and set Tl = T2 = T. Writing the outer products in the (u, v, r), the following 
equations of motion are obtained, when second order terms are neglected: 

mu = 1Fo- 11-loMohv + mu/7; 
mv = iifoöF<P + IJ-toMohu- Tnv/T. 

(D.14) 

When we assume an exponental time dependenee for mu and mv, these equations can be 
written as: 

( 

iw + 1/7 Fo4> 
1 + Mo sinBo 

F4><P 
-z~ ) ( 1'11-u ) _ M ( -hv ) 

iw + 1/T Fo4> mv - J-to 0 hu · 
1 Mo sinOo 

(D.15) 

The resonance condition is found by solving Re( det A) = 0, which yields: 

( w)
2 

= 2 ~ 2 (FooF<P4>-F§<P)+ (]:_+iw)
2 

=]:_(wÖ+Z2
), 

1 M0 sm Bo 7 1 
(D.16) 

with wfi given by equation (2.8) and Z = ~ + iw. In contrast with equation (D.5) we now 
see that the resonance frequency goes up when damping is introduced. This seems physically 
incorrect, since we expect a damped system to resonate at a lower frequency. 

Analogous to the derivation of section D.1, the imaginary part of Xuu descrihing the absorp
tion can be found by solving m = x h. 

with 

" MoK 
Xuu = nfi + X2 ' 

K = 2w12 Foe/7 
f2o = Re(detA) = w5- w2 + 1/T2 

X= Im(detA) = 2wjT. 
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D.1.4 Vonskovskii 

Another approach to calculate the linewidth was taken by Vonskovskii [Von64]. Starting with 
the damping term as proposed by Gilbert (D.1) he stated a salution as given by the general 
expression for a linearly damped free oscillation, viz.: 

w2 
- iwD.w - w; = 0 

with the precessional frequency Wp given by 

and the dampingconstant D.w defined as 

The linewidth D.H can be found by calculating ~, given by 

dw 8w äw ä<P 
dH = 8H + äcj>8H' 

(D.19) 

(D.20) 

(D.21) 

(D.22) 

with g~ derived from by the equilibrium condition (2.12). By differentiating the resonance 

condition (D.20), ~ can be found: 

2 dw = 1
2
(1 + a 2

) [dFoo dF4>4>] 
w M.2 dH + dH . 

0 

(D.23) 

Figure D.2 shows the calculated linewidth D.H as a function of the angle between external 
field and film normaL 

D.1.5 Hurbon & Patton 

The most simple model is to assume a constant naturallinewidth D.w given by [HP98] [Swü94] 

!::,.. (w) = const = _!_, 
I /T 

This is camparabie totheBloch model described insection D.1.3. We can now calculate the 
linewidth, using the same approach as for the Vonskovskii model: 

dH 
D.H= -D.w 

dw 

D.2 Angle dependenee of the linewidth 

(D.24) 

We will now look at the angle dependenee of the linewidth for the roodels that have been 
discussed in the previous section, assuming small relaxations. For the models proposed by 
Voskovskii and Hurbon & Patton, the linewidth is given by equation (D.21) and (D.24), 
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Figure D.2: Linewidth as a function of the angle between external field and film normal, for 
4 different damping terms. 

respectively. For the Gilbert and Landau-Lifshitz terms the linewidth of the resonance signal 
can be determined with the use of the equations for the absorption (D.8) and (D.17). Figure 
D.2 shows the result of a numerical calculation of the linewidth as a function of (}H for 
all damping models. The respective parameters have been chosen such that the in-plane 
linewidth is the same for all models. 

It can be seen from figure D.2 that there are considerable differences between some of the 
models. We see that the Gilbert and Vonskovskii terms predict an equal linewidth for the 
configuration where the external field is applied in the film plane and perpendicular, whereas 
the Bloch term and the Hurbon model predict a smaller linewidth in plane ( the easy axis). 

To check the theoretica! models, we have performed FMR measurements on a thin nickel 
film with a layer thickness of 395 A. These films are assumed to be perfect films. For 
different angles between external field and film plane, we determined the linewidth. The 
results are shown in figure D.3. When we compare these theoretica! calculations with the 
FMR experiments we see a striking difference. The linewidth for the nickel samples is larger 
for the in-plane configuration, not smaller. A similar behaviour is found for the FeHf(Si)O 
films (see section 5.4). 

The difference between theory and experiments may be caused by the fact that all theoretica! 
models describe relaxation in bulk material (3D), while the samples used in the experiments 
are films, i.e. 2D. The difference in geometry in both situations may result in a different 
relaxation of the magnetisation with the external field in plane or perpendicular to the plane. 
This implies that the relaxation of the magnetisation can not be described with one single 
damping parameter for all angles. 
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Figure D.3: Linewidth tl.H as a function of the angle OH between the film normal and 
external magnetic field. The lines connecting the data points are guides to the 
eye. 

In the preceeding, we have only considered the linewidth of the resonance signals. It should 
be noted that, when camparing the theory with the experiments, we not only have to look 
at the linewidth but also at the intensity of the resonance signals. After all, the total area of 
the resonance is related to the total absorbed power. 
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