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Abstract 

The dependenee of the interlayer exchange coupling on the thickness of a capping layer has 
been investigated in an epitaxial Co/Cu/Co/Cu(lOO) sample in which the Cu interlayer 
and cap layer were grown in the form of wedges. The measurements, which were motivated 
by an anticipated large effect of the cap layer thickness on the interlayer coupling, have 
been performed using the Magneto Optical Kerr Effect (MOKE). Prior to the experiments, 
the existing MOKE setup was changed which resulted in an increase of the speed at which 
measurements can be performed by a factor of no less than 100. The implementation of 
the new measurement procedure involved writing a new computer program to control the 
experiments. The increase in speed could directly be exploited in the experimental study 
described in this report, which involved measuring more than 5000 hysteresis loops. 

The experiments showed a clear single (long) period oscillatory behaviour. This res
ult is in agreement with the currently existing models that predict that every layer in a 
multilayer stack influences the interlayer coupling. The absence of a short period oscil
lation can be understood from the confinement of the conesponding electron states to 
the interlayer and cap layer. Using a simple model, of which a transparant interpretation 
is given, the phases of the oscillations with the cap layer thickness at different interlayer 
thicknesses are explained. A quantitative comparison with Bruno's model is made as well. 
The effect of the cap layer thickness on the interlayer coupling is not as large as expected, 
probably due to the preserree of a Au proteetion layer on top of the Cu cap layer. 
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Chapter 1 

Introduetion 

Magnetism has been known to mankind for hundreds of years. Even the ancient Greek 
(600 BC) knew of its existence. Sirree then our knowledge and understanding of magnet
ism have increased significantly and nowadays applications of magnetism and magnetic 
materials pervade everyday life. One only needs to think of for instanee cassette tape, 
DCC heads, computer discs, navigational equipment, etc. 

The advent in the last ten years of modern thin layer deposition technologies such as 
Molecular Beam Epitaxy (MBE) and Ultra High Vacuum (UHV) sputtering have enabled 
us to grow epitaxial thin films or even multilayers on an atomie scale, which was not 
possible before (although it had been tried as far back as the 1960s). Multilayers are 
systems composed of severallayers of various materials stacked upon each other. Because 
of their small thickness and their layered structure these systems display a variety of new 
phenomena, including magnetic ones, some of which we will now consider briefly. 

First of all the reduced size leads to an increased importance of surface properties. This 
follows from the simplefact that in a thin film much more atoms areator near a surface or 
interface than there are in bulk materiaL One interesting effect which relates to the more 
prominent role played by the interface is the so called perpendicular magnetic anisotropy. 
Usually the magnetisation of a thin film prefers an in plane orientation, but in the case 
of perpendicular magnetic anisotropy the magnetisation has a preferential direction along 
the surface normaL This effect has been observed in Co/Pt (111) multilayer systems and 
it may be put to good use in the next generation of high density information storage 
media, such as e.g. magneto-optical discs. 

Another important effect exhibited by multilayers is the Giant Magneto Resistance 
(GMR) effect. It means that the electrical resistance of a system composed of two mag
netic layers separated by a non magnetic layer depends on the relative orientation of the 
magnetisations of the two magnetic layers. When the magnetisations are aligned parallel 
toeach other (this is the so called ferromagnetic or F situation) the resistance is low, while 
the resistance is high when the two magnetisations have opposite directions ( antiferro
magnetic or AF situation). MR ratiosof 50% and more have been reported [1, 2]. These 
values are much larger than those of the conventional Anisotropic Magneto Resistance 
(AMR) of typically 2 %. The GMR effect offers great potential for applications. It may 
for instanee be used to read information stored on magnetic media. If the fields caused 
by the magnetic domains in such a medium are strong enough to switch the alignment 
of the magnetisations from parallel to antiparallel then the information can be read by 
measuring the resistance of the multilayer. The use of read heads based on the G MR 
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effect has the advantage that higher storage densities can be achieved than is the case 
when using conventional heads because the a large GMR effect allows smaller magnetic 
domains to he used. 

Finally it was discovered that in general two magnetic layers separated by a non mag
netic interlayer interact with each other. This interaction, called the interlayer exchange 
coupling, was found to oscillate as a function of the interlayer thickness. This means 
that it alternately aligns the two magnetisations parallelor antiparallel depending on the 
interlayer thickness. The oscillatory interlayer coupling exhibited by multilayered systems 
has caused a considerable scientific effort both experimentally and theoretically in order 
to understand and explain it. At present the period of the oscillation is well understood. 
It is related to the topology of the Fermi surface of the interlayer materiaL Other aspects 
that have recieved attention are the phase and strength of the coupling and its depend
enee on the magnetic layer thickness, but more work needs to he done in these areas. 
One aspect that has notbeen investigated so far, is the effect of buffer, seed or cap layer 
thicknesses on the coupling. This could he of great importance however when designing 
devices based on interlayer coupling as these extra layers may influence both the coupling 
strength and phase. Furthermore, the study of a possible dependenee of the interlayer 
coupling on the thickness of a cap layer can leadtoa better understanding of the physics 
involved in coupling phenomena. 

In the following a study of the dependenee of the interlayer coupling on the cap layer 
thickness is presented. Chapter 2 gives an introduetion to the theory of exchange coup
ling. Chapter 3 focuses on sample preparatien and characterisation techniques while the 
measurement technique is discussed in chapter 4. The results of this study are presen
ted and discussed in chapter 5. In chapter 6 we end this report with a summary of the 
conclusions. 

This work has been performed within the framewerk of a collaboration between the 
group Coöperative Phenomena of the Eindhoven University of Technology and the group 
Magnetism of the Philips Research Laboratories in Eindhoven. 
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Chapter 2 

Interlayer exchange coupling theory 

2.1 Introduetion 

Since the discovery of the oscillatory interlayer exchange coupling between two ferromag
netic layers separated by a non magnetic interlayer ( also called a spaeer) a wide variety 
of models has been proposed to explain this phenomenon: fi.rst principles [3, 4] or tight
binding [5] total-energy calculations, a tight-binding hole-confinement modelbasedon an 
analogy with the De Haas-Van Alphen effect [6], a description using free electron theory 
[7], s-d mixing models relying on the Anderson Hamiltonian [8, 9, 10] and theories based 
on the RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction [11, 12, 13, 14, 15]. The 
RKKY theory was developed previously to describe the behaviour of magnetic impurities 
in a metal. 

An important feature of all thesemodelsis that they relate the period(s) of oscillation 
to the extremal spanning vectors, along the growth direction in reciprocal space, of the 
Fermi surface of the spaeer layer materiaL The RKKY theory in particular has been very 
succesful in predicting the oscillation periods for nobie-metal spacers [14, 15]. 

Recently, Bruno showed that all the theories mentioned above can be unifi.ed into a 
single model descrihing the coupling in terms of the spin dependent refl.ection of electron 
waves at the interfaces of a multilayer [16, 17]. This model prediets that each layer in 
an entire multilayer stack is relevant to the strength and phase of the coupling. Pre
dictions concerning an oscillatory dependenee of the coupling strength on the magnetic 
layer thickness have been corroborated in Co/Cu (100), Fe/Cr (100) and Fe/ Au (100) 
[18, 19, 20]. 

The physical picture underlying the Bruno model is particularly simple and trans
parant and therefore the discussion of exchange coupling theory will be limited to the 
most important aspects of this model. All models share the same physical picture for 
the coupling mechanism: a ferromagnetic layer in contact with a spaeer induces a spin 
polarisation of the conduction electrens in the latter. This polarisation then extends 
through the spaeer layer and eventually interacts with the second ferromagnetic layer, 
thus bringing about an exchange interaction. 

In order to gain some understanding of the physics involved, the behaviour of electron 
waves in the free electron approximation near or at an interface is discussed using the 
simple quantummechanical concept of electron wave refl.ection at a potential step and a 
potential well. This is the subject of section 2.2. Bruno's model is dicussed in section 
2.3. Section 2.4 contains predictions regarding the dependenee of the exchange coupling 
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on the interlayer, magnetic layer and cap layer thicknesses. 

2.2 Interlayer exchange coupling: the physical pic
ture 

As mentioned above Bruno has shown that the different models put forward to describe 
the magnetic interlayer coupling can be unified into a single model. The various theories 
differ only in the way in which they calculate the reileetion coefficients of electron waves 
at the interfaces in a multilayer. The most important aspects of interlayer coupling can 
be understood from a simple picture using the free electron approximation. This picture 
will be presented in the following. 

It will be assumed that a multilayer stack composed of layers of different materials with 
different thicknesses can be modelled by a one dimensional potentiallandscape consisting 
of steps and wells of different heights and widths. This is plausible aseach material has its 
own band structure and in general two arbitrary band structures do not match, thereby 
creating a potential step. This is demonstrated in fig. 2.1 for the free electron case. In 
this figure two band structures, one of a non magnetic material and one of a magnetic 
material, are matched at the Fermi level. This matching then introduces a potential step 
which is different for spin up and spin down electrans (VT and Vl respectively) due to 
the exchange splitting ~ in the magnetic materiaL The width of each potential level 
corresponds to the thickness of the specific layer. 

Now consider the situation depicted in fig. 2.2 representing the potential step at an 
interface in a multilayer. In the following we take this to be the interface between a non 
magnetic spaeer layer and a magnetic layer, but this is not essential. 

spin up spindown M 

v' 

-K 

Figure 2.1: Free electron bandsfora magnetic (M) and a non magnetic (NM) materiaL 
Spin up and spin down electrans travelling from a the non magnetic material into the 
magnetic one experience potential steps given by vr and Vi respectively. The exchange 
splittingin magnetic materials is denoted by ~. 
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Figure 2.2: Refl.ected and transmitted waves at a potential step in the cases of a kinetic 
wave energy higher than the potential step (above) and lower than the potential step 
(below). 

An electron represented by a Bloch wave of momenturn ki impinges on the interface 
from the left. It will be partially refl.ected ( with momenturn kr) and partially transmitted 
(with momenturn kt)· Quantummechanically speaking this means we need to solve the 
Schrödinger equation in the following situation: 

t;,2 d2'!j; 
- 2m dz2 + V(z)'!j;(z) = E'lj;(z) (2.1) 

with 

V(z) = { 0 , z < 0 
Vo , z > 0. 

under the condition that '!j;(z) and d'!j;(z)/dz are continuous at z = 0. Here 1/J represents 
the electron wave function, E the total energy of the electron and V(z) its potential energy 
as a function of the position z. m denotes the electron mass and ti is Dirac's constant. The 
salution to this problem can be found in virtually every textbook on quantummechanics, 
see e.g. [21]. We will therefore simply state the results. It is found that the most general 
salution of eq. (2.1) for z < 0, where V(z) = 0 is: 

(2.2) 

with r equal to 

(2.3) 

In eq. (2.2) the first term on the right represents the incoming wave, whereas the second 
one represents the partially refl.ected wave with amplitude r. Since in the free electron 
model, which is discussed here, the relation between momenturn q and energy Eis given 
by: 

2 2m(E- V) 
q = t;,2 (2.4) 

7 



kr equals ki (in case energy is conserved upon reilection). From eq. (2.2) it immediately 
follows that the electron density (ex '1/;*'1/;) oscillates as a function of z. Until now the 
electron spin has not entered the story. But from fig. 2.1 it is clear that the electron 
spin has to be taken into account when an electron encounters an interface where at least 
one of the two materials is magnetic. The exchange splitting introduces a spin dependent 
potential step and via eqs. (2.4) and (2.3) (in that order) this leads to a spin dependent 
reileetion coefficient. Note that another consequence of eq. (2.4) is that the kr 's for spin 
up and spin down electrens of the same energy are equal to each other, as are the spin 
up and spin down ki's. 

We now have the situation that when a spin up and spin down electron impinge on 
an interface in which a magnetic material is involved they are both partially reilected but 
with different amplitudes r. This asymmetry in the reileetion coefficients leads to the 
situation in which either the electron density of the spin up electrens or that of the spin 
down electrens outweighs the other and a net spin polarisation wave results. 

When a second magnetic interface is introduced in the region to the left of the one 
considered so far (z < 0), thereby forming a quanturn well, the magnetic momentsin the 
newly added layer align themselves either parallel or antiparallel to the ones in the old 
layer, depending on the sign of the spin polarisation wave. By moving the second inter
face in the negative z-direction the oscillatory dependenee of the exchange coupling on the 
thickness of a certain layer, heremodelled by the width of the well, becomes almost obvi
ous. In reality the situation near a quanturn wellis somewhat more complicated however, 
as electron waves will hounee back and forth thereby causing multiple interferences that 
need to be taken into account. We will return to this problem later in this section, but 
first we will discuss the implications of the fact that not all electrens have identical wave 
vectors. 

So far, attention has only been paid to spin up and spin down electrens having a 
single wave vector. But in a metal the wave veetors range from 0 to the Fermi wave 
vector, kF (at T = 0 K). This means that electron density waves and similarly the net 
spin polarisation waves at different energies need to be added to each other. In ref. [22] 
it is shown that this integration, which is an integration over all available wave veetors 
in k-space, results in an asciilation with a period given by the Fermi wave vector kF, 
which decreases as 1/ D 2 (D is the distance from the potential step in the -z direction). 
The decrease of the asciilation amplitude can be understood physically by consiclering fig. 
2.3. The reilected electron and spin polarisation waves of different energies and therefore 
of different k's have identical phases near the interface (z = 0). This leads to almost 
completely constructive interference in that region. But the farther they extend to the 
left the larger their relative phase differences become and the interference will eventually 
be almost completely destructive. In the end this leads to the 1/ D 2 decrease of the 
asciilation amplitude. 

Intuitively one can also understand that the asciilation having the smallest period i.e. 
the one with momenturn kF determines the envelope of the resulting asciilation as the 
contributions of waves ha ving k's between 0 and kF are largely averaged out, but the wave 
with wave vector kF itself is not averaged out. This reasoning can be generalized into the 
statement that the asciilation period or periods are determined by the extremal spanning 
veetors spanning the distance between adjacent Fermi spheres in reciprocal space. The 
extrema! veetors have no cancelling partners. We will go into the details of this insection 
2.6. 
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0 2 4 0 6 10 
Thlcknesa 

Figure 2.3: Summation of waves of different wave lengtbs results in an oscillation of 
which the amplitude decreases as 1/ D 2 and of which the period for large distances D is 
determined by the oscillation having the smallest period. 

We now return to the problem of multiple interferences at a quanturn well mentioned 
earlier. In the situation of a quanturn well the reileetion amplitude r is no longer given 
by eq. (2.3) but by (see for instanee ref. [21]): 

. -2ika (q2 
- k2

) sin(2qa) 
r =ze 2kq cos(2qa)- i(q2 + k2) sin(2qa) 

(2.5) 

in which q represents the wave number of electrans inside the well, k that of electrans 
outside the well and 2a is the width of the well. Like the potential step the quanturn well 
is a standard problem in quanturn mechanics hence we merely state the result. Note that 
eq. (2.5) relates only to the electron states having energies above the threshold of the well, 
i.e. electron states that are not confined inside the well. Electrans below the threshold are 
bound and are ( constantly) being reilected with unit probability. From eq. (2.5) it follows 
that the releetion coefficient depends on the width of the well, i.e. on the thickness of the 
layer that forms the well. In the special case that sin(2qa) = 0, i.e. 2qa = mr with n an 
integer, the reileetion amplitude vanishes. This is because at energies at which an integer 
number of wavelengths fits the width of the well the electron wave undergoes increased 
multiple scattering and transmits with unit probability. (This concept is important to 
the experiments described in this report as electron waves from the cap layer must be 
transmitted through a Co layer in order to reach the interlayer.) The situation in which a 
wave is transmitted fully is called a transmission resonance and the resonance condition 
2qa = mr is just the one that describes the Fabry-Perot interferometer. 

It is not surprising that this condition which sterns from the field of opties enters our 
theory. In fact, a multilayered systems is to a high degree analogous to a Fabry-Perot 
interferometer. Electron waves in the former play the role of light waves in the latter and 
the various potentials replace the indices of refraction. 
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Figure 2.4: Behaviour of the reflection coefficients of electron waves as a function of the 
electron energy at a potential step (a) and a quantum well (b). The energy bas been 
normalised to the Fermi energy. 

For clarity the reileetion behaviour of electron waves at a potential step or a qantum 
well is depicted in fig. 2.4. Although in this figure the reileetion amplitude oscillates as 
a function of the energy, a similar oscillation would appear if the reileetion amplitude 
was plotted against the wave vector q or the width of the well 2a. Note that varying the 
energy is essentially the same as varying the electron wave vector, cf. eq. (2.4), and that 
q and a appear in an equivalent manner in eq. (2.5). 

The prominent role played by the reileetion coefficient in coupling different layers with 
each other is emphasized here. When we considered the case of a potential step we saw that 
the asymmetry of the spin up and spin down reileetion coefficients was essential in setting 
up the spin polarised wave which then extended backwarcis from the step communicating 
its information to another layer. Now we see that electron waves can go from one layer 
to another by means of resonant transmission when the reileetion coefficients are small. 
From all this it can be concluded that in order to have a strong coupling the reileetion 
asymmetry between spin up and spin down electrans must be large, implying that at 
least one of the reileetion amplitudes is large. But when the coupling is to depend not 
only on the thickness of the spaeer layer but also on that of other layers it is necessary 
for the electrans to be able to penetrate into these other layers. This requires reileetion 
coefficients which are not too large. 

10 



When electron waves travel from one layer into another the problem of band mis
matching has to be addressed. It is sametimes assumed (for reasons of simplification) 
that majority electrans (i.e. the electrans in the spin band of a magnetic material which 
is filled most) do not experience a potential step when encountering an interface. Gen
erally this is not true as, like minority electrons, majority electrans will also experience 
a potential step. Of course the height of the potential step is different for the two spin 
orientations due to the exchange splittingin magnetic materials. When spin up and spin 
down electrans experience a different potential step, resulting in different wave vectors, 
the resonance condition in a magnetic layer will be satisfied at different values of the width 
of the quanturn well formed by that layer for majority and minority electrons. The result 
is a biperiodic dependenee of the coupling strength on the thickness of the magnetic layer 
concerned, since the strength of the coupling is determined by the refl.ection coeffi.cients. 

At the end of this section we summarise our findings. We have seen that (1) the 
coupling oscillates, (2) that the amplitude of the oscillation decreases with increasing 
distance, (3) that the period is determined by kF, (4) that due to multiple interferences 
resonant transmission is possible (5) we recognize that the key elementsin the description 
of the coupling between layers are the various refl.ection coeffi.cients. 

2.3 The Bruno electron-optics model 

In this section we will consider the Bruno model for calculating the interlayer exchange 
coupling strength. In this model the interlayer coupling is ascribed to the interferences 
of electron waves in the spaeer layer separating two magnetic layers or two parts of a 
multilayer of a more complex composition (i.e. composed of several layers). Since a 
complete derivation of the results of the model is beyond the scope of this text we will 
restriet ourselves to the discussion of the mairi features andresultsof the formalism. Fora 
complete exposition of the modeland its mathematica! background the reader is referred 
to refs. [17, 23]. 

NM FM NM FM NM 

A 8 

Figure 2.5: The conE.guration of the sytem used by Bruno. Two magnetic layers are 
separated by a non magnetic layer. The sandwich as a whole is embedded in the same 
material as that which makes up the spaeer layer. 
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spin up spin down 

M NM M M NM M 

(a) parallel alignment 

M NM M M NM M 
(b) antiparallel alignrnent 

Figure 2.6: Potentiallandscapes as experienced by spin up and spin down electrans in the 
cases of parallel (a) and antiparallel alignment of the magnetisations (b). The magnetic 
and non magnetic layers are denoted by M and NM respectively. 

The system under consideration consists of two ferromagnetic layers A and B separated 
by a non magnetic spaeer and is depicted in fig. 2.5. There is a substrate and a capping 
layer bath infinitely thick and made of the samematerial as the spacer. The ferromagnetic 
layers are modelled by potentials and via eq. (2.3) by their electron reflection coeffi.cients 
r1, r~, r1 and r1. Here r1 (r~) denotes the reflection of spin up (down) electrans 
on ferromagnetic layer A and r1 (r1) that of spin up (down) electrans on layer B. As 
mentioned above layers A and B may be of a complex composition in which case the 
refl.ection coeffi.cients are defined as those resulting from the entire stack that makes up 
layer A orB. In ref. [24] a recursion formula is derived to calculate the refl.ection coeffi.cient 
resulting from such a stack. It is given by: 

(2.6) 

Here ~n represents the total refl.ection coeffi.cient at the interface between the nth and 
the n+lth layer. rn,n+l denotes the refl.ection amplitude of a single step between two 
infinitely thick layers and is defined by eq. (2.3). The recursion starts at the last interface 
(farthest from the interlayer) where rn,n+l is known explicitly (via eq. (2.3)) and must 
be performed until ~0 is found. ~0 gives the total refl.ection coeffi.cient at the interface 
between interlayer and magnetic layer. We will use this expression insection 2.4. From 
the previous section it is clear that the coupling energy is determined by the potential 
landscape defined by the multilayer stack. Sirree the spin of an electron is defined relative 
to the direction of the magnetisation of the layer in which the particular electron finds 
itself, the interaction energy depends on the angle () between the magnetisations of the two 
ferromagnetic layers. This is ciarifred in fig. 2.6. On grounds of symmetry the interaction 
energy E(()) can be written in powersof cos() as: 

E(()) = Jo+ J1 cos()+ J2 cos2 () + ... (2.7) 

The expansion in powers of cos() is plausible because it is clear that for the situations in 
which () = 0 and () = 1r, E(()) has extrema! values and because E(()) must be an even 
function of (). 
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In eq. (2.7) we recognize J1 as the Heisenberg or bilinear coupling term. The biquad
ratic coupling J2 and terms of higher order are usually small compared to J~, therefore 
J1 is commonly referred to as the interlayer exchange coupling. 

For the system described above Bruno derives an exact expression of the interlayer 
coupling [16, 17] which after expansion in powers of cose yields for J1 : 

J = -1 I r d2k !00 d !( ) 2~rA~TBeiqzD 
1 47r3 m J2DBZ 11 -oo E E 1- 2rArBeiqzD + (rA 2 - ~r~)(rB2 - ~r~)e2iqzD 

(2.8) 
Here qz is the scattering vector and equal to the difference of k! the incident wave number 
and k~ the reilected wave number, both in the z direction ( the direction perpendicular to 
the layers in the stack). Due to the in plane invariance of the system, momenturn parallel 
to the layers is conserved and since k~ = -k~ we have qz = 2kz. f(c) is the Fermi-Dirac 
function and r A(B) and ~r A(B) are the spin average and spin asymmetry of the reilected 
amplitudes on A and B respectively, i.e. : 

i 1 
- T A(B) + T A(B) (2.9) 
T A(B) = 

2 

and 
i 1 

A T A(B) - T A(B) 
ur A(B) = 

2 
(2.10) 

The integral in eq. (2.8) must he performed over all occupied electron states, i.e. k11 and 
E in the two dimensional Brillouin zone (2DBZ), see refs. [16] and [25]. Furthermore, we 
recognize the important role played by the spin asymmetry coefficient in the numerator 
of the integrand. The dependenee of the coupling strength on the interlayer thickness is 
contained in the exponential factor. The dependenee on the thicknesses of other layers is 
described via the reileetion coefficients. With eq. (2.8) as a starting point one can derive 
formulas for the dependenee of the coupling on the thickness of the interlayer, magnetic 
layer and cap layer. This is the subject of the next section. 

2.4 Dependenee of the interlayer exchange coupling 
on the interlayer, magnetic layer and cap layer 
thicknesses 

From section 2.2 it has become clear that the electron wave reileetion coefficients are 
determined by the potential landscape rnadelling a particular multilayer. Thus after 
defining such a potential landscape one can calculate the various reileetion coefficients 
using the recursion relation from ref. [24] mentioned earlier, substitute them into eq. 
(2.8) after which the exchange coupling J1 can in principle he calculated. Solving eq. 
(2.8) exactly is not a straightforward task. We therefore use a numerical approach to 
this problem. This is clone below, but first it will he outlined how one can obtain an 
approximate solution if one assumes the reileetion coefficients of electron waves at the 
different interfaces do not depend on the electron energy. 

As the samples used in the present experiments consisted of a Co/Cu/Co/Cu (100) 
sandwich grown on a single-crystalline Cu (100) substrate we choose the potentialland
scape depicted in fig. 2.7. To the left is the Cu substrate (modelled as being infinitely 
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Figure 2.7: Potentiallandscapes used to determine the dependenee of the interlayer ex
change coupling on the thicknesses of the interlayer, magnetic layer and cap layer. 

thick), L denotes the two Co layers, D the Cu interlayer and T the Cu cap layer. The 
thicknesses of these layers are denoted by the same symbols in italics. The infinitely high 
potential step to the right models the outer edge of the sample that is in contact with 
air. Perfect band matching is assumed for the spin up electrons, therefore they do not 
experience any potential steps except the one at the sample surface. Using the recursion 
formula eq. (2.6) evaluated at kF for the potentiallandscape shown in fig. 2.7, leads to 
expressions for r~, r~, r1 and r1. With the help of these expressions and eqs. (2.9) and 
(2.10) the spin average and spin asymmetry of the refiected amplitudes are calculated. 
Subsequently they are substituted into eq. (2.8). The integral expression we have now 
must be rearranged somewhat in order to solve it. First the variabie Eis replaced by the 
two variables k11 and kz. Secondly the integration over k11 is performed and finally the 
integrand is written as a power series of r 00 , see fig. 2.6. r 00 is the reileetion coefficient 
for an upward potential step in case of a semi infinitely thick layer behind the step. After 
truncating the power series at a desired point, the integration over kz is performed using 
complex line integration. As these operations are purely mathematica! and not directly 
related to the physics of the problem the exact treatment of the integral is contained in 
appendix A. There it is found that the interlayer exchange coupling J 1 in the limit of large 
interlayer, magnetic layer and cap layer thicknesses and small r 00 for a sample modelled 
by the potential shown in fig. 2.6 is given by: 

(2.11) 

The first two terms of eq. (2.11) represent the interlayer and magnetic layer thickness 
dependences and may be recognized as exactly the terms found by Bruno in ref. [17]. 
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Figure 2.8: Contour plot of the results of a numerical simulation of the dependenee of the 
interlayer coupling on the thicknesses of the interlayer and cap layer. 
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Intuitively one would expect this because to a first approximation, electrans in the 
interlayer only see the interlayer and the neighbouring magnetic layers. This is precisely 
the potentiallandscape discussed by Bruno in which the exchange coupling only depends 
on the interlayer and magnetic layer thicknesses. The last two term express an oscillation 
of the coupling strength with the cap layer thickness. For brevity only the relevant terms 
are shown. The complete expression is given in appendix A. 

Looking at eq. (2.11) in more detail we notice that the prefactors of the cap layer 
terms show that the amplitude of the cap layer oscillation is larger for thinner magnetic 
layers. This fact has to be considered when choosing the thicknesses of the magnetic 
layers in an actual sample. F'tuthermore it is found that the oscillation with the cap layer 
decreases more slowly for larger interlayer thickness. A large D reduces the decay effect 
of T. The phase of the cap layer oscillation is determined by D and L. Finally we point 
out that as r00 < 1, the cap layer terms dominate eq. (2.11) . 

To get some impression of what to expect from our experiments some full numerical 
calculations were performed using eq. (2.8). The potentiallandscape used, was basically 
that of fig. 2.7 but the infinitely high step on the right was replaced by one of 10 eV. 
The values used for the other steps heights follow from band structure calculations per
formed by R. Coehoorn at the Philips Research Laboratories in Eindhoven. Ftom these 
calculations it follows that spin up and spin down electrans experience potential steps of 
1.16 eV and 2.18 eV respectively when going from Cu to Co. The result of the numer
ical calculations is shown in fig. 2.8. In this figure a clear oscillation of the interlayer 
exchange coupling as a function of the cap layer thickness can be distinguished. lt is 
noteworthy that the lines of constant coupling strength are at an angle of about 45° with 
the horizontaL This means that at least in principle variations in the thickness of e.g. 
the interlayer can be compensated for by equal but opposite variations of the cap layer 
thickness as we would expect from the phases of the last two terms in eq. (2.11). The 
potentially large effect of the thickness of a cap layer on the interlayer exchange coupling 
justifies the experiments performed in this study. 

2.5 An intuitive model for interlayer exchange coup
ling 

In this section we will introduce a model aimed at deriving eq. (2.11) in a simple and 
physically transparant way. Except for the prefactor of one term which has been omitted 
in eq. (2.11) the model indeed leads to the desired expression. This will be shown in the 
following. 

The starting-points of the model are the potential landscapes set up in a multilayer 
stack in the ferro- and antiferromagnetically aligned situations. The potentiallandscapes 
chosen are depicted in fig. 2.9. The definitions used in this figure are the same as in 
section 2.4 and in appendix A. 

The intuitive model is basedon the concept of standing electron waves within different 
layers. If the kinetic energy is lower than the height of the potential step standing waves 
occur which represent bound states. As shown by Stiles [25] these standing waves become 
so called resonance states of the potential well in the case their energy is higher than the 
potential step. 
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Figure 2.9: Potential landscapes used with the intuitive model in order to derive eq. 
(2.11). The situation of parallel alignment of the magnetisations is depicted in tigure (a), 
that of antiparallel alignment in tigure (b). 

Stiles also shows that bound states as well as resonance states determine the coupling 
strength which can be written as a product of reflection coefficients and a phase factor. 
The contribution of these states decays linearly with the thickness of the well, but after 
summing over all parallel wave veetors a quadratric decay is obtained. This energy de
pends on the width of the well in an oscillatory manner and fora spin dependent potential 
determines the alignment of the magnetic moments, i.e. the coupling. The model consists 
of a small set of simple rules which can be explained best by applying the model to the 
situations depicted in fig. 2.9. We start with the case of ferromagnetic alignment of the 
spins in the two magnetic layers. The question we need to ask ourselves continuously 
is how a standing wave can be set up which extends over one or more layers. Let us 
start with the interlayer. Here a standing wave can be made by reflecting once from 
the interface with the magnetic layer on the left and once from that on the right. As 
the travelling of a wave through a layer of finite thickness introduces a phasefactor this 
results in: r~e2ikpD = r~b.. Here use is made of one of the substitutions mentioned in 
appendix A where e2ikpD was replaced by b., e2ikpL by A, e2ik~L by I< and e2ikpT by 8. 

A standing wave extending across the interlayer and the magnetic layer on the right 
can be made as follows. Starting in the middle of the interlayer and travelling to the 
left first, the electron wave bounces off the interlayer/magnetic layer interface resulting 
in a factor r 00 • Travelling to the right the electron wave crosses the interface with the 
magnetic layer on the right which introduces a factor related to the transmission at this 
interface. This term can be found by realising that the sum of transmission and reflection 
at an interface must equal one, i.e.: 

T+R=1 (2.12) 

Here T and R are the magnitudes of transmitted and reflected electron fluxes respectively. 
These are equal to the square of the electron wave amplitudes, so that eq. (2.12) can be 
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written equivalently as: 
t 2 + r 2 = 1 {::} t 2 = 1 - r2 (2.13) 

00 00 00 00 

1 

From this it follows that crossing an interface once leads to a factor (1 - r!J2. After 
crossing the magnetic layer the electron wave impinges on the interface with the cap layer, 
where it is reflected. Since the potential energy of the electron drops at this interface the 
reflection coefficient is now given by -r 00 instead of r 00 , see eq. (2.3). The wave is 
transmitted once more befare returning to the interlayer. All in all this standing wave is 
described by -r~ (1- r~) D..A. Butasthere are two equivalent magnetic layers to the left 
and right of the interlayer two such standing waves can be formed. This makes it necessary 
to multiply the factor just derived by a factor of two which leads to: -2r~ (1- r~) D..A. 

Now the methad is clear we give all relevant terms necessary to derive eq. (2.11). These 
are the terms of order r~ or lower and containing at most three lenghts, e.g. r 00 b..A8. 
The situation in which the magnetisations of the two magnetic layers are aligned parallel 
to each other leads to the following terms ( the terms derived above are also included and 
the layer(s) over which the standing wave extends are given in parentheses): 

-2r~ (1- r~) D..2 A 

(interlayer) 
( magnetic layers) 
(cap layer, 1 results from the reflection at the end 
of the sample with unit probability) 
(interlayer and magnetic layers) 
(standing wave passing through the interlayer twice) 
( two standing waves passing through a magnetic 
layer twice) 
(twice through interlayer, once through magnetic 
layer) 
(fi.rst term: both magnetic layers and interlayer) 
(second term: interlayer and one magnetic layer 
twice) 
(interlayer, magnetic layer, cap layer) 

The situation in which the magnetisations are aligned antiparallel to one another yields 
the following terms: 

T00 b..K8 

(magnetic layers) 
(cap layer (spin up electrons)) 
( two standing waves passing through a magnetic 
layer twice) 
(interlayer, magnetic layer, cap layer (spin down 
electrans)) 

In appendix A it is shown that a phasefactor D.. in the expressions listed above leads 

to a term (f:,.) -2 
after performing the integration over kz mentioned in section 2.4. A 

phasefactor of the form D..A results in a term (~ + 1) -2 

etc.. With this in mind 
F kF 

subtracting the terms derived in the ferro- and antiferromagnetically aligned situations 
yields eq. (2.11) with a few extra terms which were omitted previously. All terms agree 
with those derived in appendix A where use was made of the Bruno electron-optics model 
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except for the term r!:,~ which is too large by a factor of two. Until now the cause of 
this discrepancy remains unclear. 

2.6 The interlayer exchange coupling in real metals 

2.6.1 Introduetion 

So far we have stuclied the behaviour of electrans in simplified situations. Where possible 
we used the free electron approximation and we treated matter as being continuous in total 
disregard of its discrete nature. It is clear that for a better understanding of interlayer 
coupling in real systems we need to drop these assumptions. We can no langer treat 
the Fermi surface as being spherical and we must deal with actual band structures. In 
section 2.6.3 we will investigate the relation between real band structures and the exchange 
coupling and discuss the validity of the free elctron approximation. But first we will discuss 
the effect of the discrete nature of matter on the asciilation periods as predicted in section 
2.4. 

2.6.2 The aliasing effect 

In the exposition given in section 2.4 the layer thicknesses were allowed to vary in a 
continuous manner. In practice we only need to consider those layer thicknesses which 
are equal to an integer number times the atomie monolayer thickness d because one cannot 
measure the coupling at fractions of monolayers (a monolayer is a layer which is one atom 
thick). A consequence of all this is that oscillations having a period less than 2d cannot be 
measured. Sampling short period oscillations (short relative tod) at discrete points results 
in a larger period being measured. This effect, called the aliasing effect, is illustrated in 
fig. 2.10 in which the dependenee of the exchange coupling on the interlayer thickness is 
shown. 

J 

8 9 10 11 12 13 14 15 

thickness (ML) 

Figure 2.10: Sampling short a period oscillation at discrete points results in a Jarger period 
being measured. 
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Figure 2.11: Determination of the aliased asciilation period in reciprocal space using 
the free electron approximation. The first Brillouin zone, k E [ -1r / d, 1r /dj, and parts of 
the neighbouring zones are depicted. (a) and (b) relate to different situations which are 
discussed in the text. 

The period A of the observed oscillation can be obtained using fig. 2.11. It is clear 
from the first term in eq. (2.11) that the unaliased period is given by 27r/2kp. Sirree 
the smallest detectable period is equal to 2d as mentioned above 2kp must satisfy the 
condition l27r /2kFI ;:::: 2d, i.e. l2kFI ::; 1r / d. This means 2kp must lie within the first 
Brillouin zone and that kp must satisfy -7r /2d ::; kp ::; 1r /2d. This situation is denoted 
in fig. 2.11 by (a). In this figure the first Brillouin zone and partsof the neighbouring 
zones associated with a two dimensional lattice are depicted. When kp lies outside this 
interval 2kp does not lie in the first Brillouin zone anymore (because the first Brillouin 
zone extends from k = -1r / d to k = 1r / d) and an integer number n of reciprocal lattice 
veetors must be subtracted in order to fold it back into that zone. For the situation 
denoted in fig. 2.11 by (b) this means that: 

(2.14) 

with n equal to one. This vector spans the distance between two neighbouring Fermi 
surfaces. We will use this approach of determining periods in the next section. 

2.6.3 Band structures of real metals (Co/Cu) and their relation 
to interlayer coupling 

In this section the oscillation periods of a real multilayer system will be determined. 
In view of the experiments performed the Co/Cu system is chosen. The periods are 
found using the model presented by Bruno and Chappert in ref. [14]. They applied the 
RKKY theory to the problem of multilayers. Without going into details it was found that 
the oscillation periods that show up when the thickness of a certain layer is varied, are 
determined by the extrema! spanning veetors of that layer, spanning the space between 
two neighbouring Fermi surfaces in the growth direction of the multilayer. This procedure 
is illustrated in figs. 2.12.a-c. The fact that extrema! veetors play an important role in 
the exchange coupling was made plausible in sections 2.2 and 2.6.2. From fig. 2.12 it 
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Figure 2.12: Cross sections of tbe Cu Fermi surface witb tbe relevant extrema] spanning 
veetors and tbe experimentally determined interlayer coupling as a function of tbe Cu 
tbickness {26}. Figures (a) and (d) relate to tbe (100) orientation, (b) and (e) to (110) 
orientation and (c) and (f) to tbe (111) orientation. 
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Figure 2.13: Spin resolved band structures of Co and Cu for the (100) orientation. Figures 
(a), (b) and (c) relate to short period oscillation, figures (d), (e) and (f) relate to the 
oscillation having a long period. 
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follows that multiperiodic oscillations are possible because there is not necessarily only 
one extremal spanning vector. It may be pointed out here that as the period of oscillation 
is inversely proportional to the length of a specific aliased wave vector, short wave veetors 
correspond to long periods and long ones to short periods, see fig. 2.12. Besides from 
two dimensional cross sections of the Fermi surface the oscillation periods can also be 
determined directly from the band structures. In fig. 2.13 the band structures of Co and 
Cu are shown for the (100) direction and fee structure. r and X denote the point (000) 
and the boundary point of the first Brillouin zone along the (100) direction in reciprocal 
space respectively 

In figs. 2.13.b and e we recognize the extremal spanning veetors of Cu from fig. 2.12 
( actually only the one half of the vector lying within the first Brillouin zone shows up 
in the band structure picture, see also the previous section). The short one (fig.2.13.e) 
corresponds to the narrow part of the 'dog bone' shown in fig. 2.12a, while the long one 
(fig. 2.13.b) corresponds to the wide endsof it. From these band structures we also learn 
that the bands crossing the Fermi level are approximately parabalie which means the use 
of the free electron approach is allowed. 

2. 7 Magnetisation loop calculations and determina
tion of the coupling field 

In a magnetisation loop the magnetic moment of a sample is measured as a function of 
an applied magnetic field. This section deals with the problem of how to interpret the 
characteristic features of such a loop. To this end some minimum energy calculations are 
performed on a multilayer consisting of two identical magnetic layers separated by a non 
magnetic layer. The magnetic moment of each magnetic layer is assumed to be uniform 
and to rotate under the action of the applied field. Elementary theory on magnetostatics 
shows that the energy per area Em of the magnetic layers in the field H is given by ( see 
e.g. ref. [27]): 

(2.15) 

Here Ms is the saturation magnetisation per unit of volume, t is the magnetic layer 
thickness and </J 1,2 are the angles between the direction of the field and the directions of 
the magnetisations. 

Eq. (2.15) does not take into account the exchange coupling energy which was dis
cussed insection 2.3. There it was shown that the interaction energy per area Eexch can 
be written as: 

Eexch = J1 cos 0 (2.16) 

with e the angle between the magnetisations of the two magnetic layers. In order to 
have J 1 > 0 in the case of ferromagnetic coupling and J 1 < 0 when the coupling is 
antiferromagnetic it is common practice to introduce a minus sign into eq. (2.16) after 
which it can be written as: 

(2.17) 

In this case Eexch has a minimum for </J1 - </J2 = 0 when J1 > 0 (ferromagnetic coupling) 
and for </J1 - </J2 = 1r when J 1 < 0 (antiferromagnetic coupling). 

Another souree that adds to the total energy of the system is the magnetic aniso
tropy. This means that the energy of a magnetic material depends on the direction of 
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the magnetisation. It has its origin in the crystal structure and shape of the material 
concerned and also in the occurrence of strain in the sample. In the case of a twofold 
in-plane symmetry the anisotropy energy per area Ea is defined as: 

(2.18) 

Here ]{ is the anisotropy constant. As the study of anisotropy is not a goal of the work 
discussed in this report we will not be concerned with it in greater detail and restriet our 
calculations to the two limiting cases of zero and infinitely large magnetic anisotropy. 

Assuming there is no anisotropy the total energy E is given by: 

The stabie configuration of the magnetisations can be found by solving %~ 

%~ = 0 simultaniously. This yields: 

- f.loMstH sin <P1 + JI sin ( </JI - <Pz) 
- f.loMstH sin </J2 - JI sin (<PI - <Pz) 

respecti vely. 

0 

0 

(2.19) 

0 and 

(2.20) 

(2.21) 

Insection 2.2 it was outlined that two magnetic layers can be coupled ferromagnetically 
(i.e. parallel) or antiferromagnetically (i.e. antiparallel). In the farmer case we have the 
additional condition that <PI = <jJ2 , in the latter case <PI = -<Pz on grounds of symmetry. 
Substitution of the first condition into eqs. (2.20, 2.21) leads to: 

(2.22) 

From this equation we conclude that <PI = </J2 = 0 or 1r. Combining this result with eq. 
(2.19) it can be deduced that <PI,z = 0 yields a minimum of the total energy when H 
is positive and <PI,z = 1r when H is negative. This means that the magnetisations are 
always pointing in the direction of the field and that the saturation field (i.e. the field 
value at which the magnetic moment of the sample reaches its maximum value) equals 
zero. The calculated magnetisation loop is depicted in fig. 2.14.a. The loops in fig. 2.14 
are sametimes called hysteresis loops although they do not display any hysteresis. This 
is because the calculations performed are absolute minimum energy calculations and the 
absolute minimum energy state only depends on the current situation and not on any 
previous one. 

Turning to the case of antiferromagnetically coupled layers, substitution of </JI = -<P2 

into eqs. (2.20) and (2.21) results in: 

sin <PI 

f.loMstH + 2JI cos </JI 

0 

0 

(2.23) 

(2.24) 

The first equation has minimum energy above the saturation field for then both magnet
isations are pointing in the direction of the field. As mentioned above the magnetisations 
are assumed to be constant in magnitude and to rotate under the influence of the applied 
field. As a result we can write: 

M 
cos</J =

Ms 

24 

(2.25) 



where Mis the component of the magnetisation parallel to the field. Substitution of eq. 
(2.25) into eq. (2.24) and some rearrangment gives the dependenee of M on H below the 
saturation field: 

M f.LoMstH 
Ms 2Jl 

(2.26) 

The saturation field can now be determined by substituting M = M 8 , resulting in: 

(2.27) 

The calculated loop is depicted in fig. 2.14.b. With the help of eq. (2.27) the antifer
romagnetic coupling strength can be calculated from the field where the magnetisations 
saturate parallel to the field. 

Until now it was assumed there was no magnetic anisotropy. We now address the 
situation of an infinitely large anisotropy. As stated above the presence of anisotropy 
means that the magnetisations have a preferential direction in the crystal. Any deviation 
from this direction will increase the total energy of the system. When the anisotropy 
is infinitely large the magnetisations are unable to point in any direction other than 
the preferential one ( otherwise the tot al energy would become infinite). U sually the 
preferential direction is referred to as the easy axis of the magnetisation, in short easy 
axis. Directions in which the total energy is maximal are called hard axes. 

t f ! 
t t ! 

M M M 

H -Jo 
ïi[ffT H 

a b c 

Figure 2.14: Calculated magnetisation loops. (a) Two identical ferromagnetically coupled 
layers and no magnetic anisotropy or inE.nite anisotropy. (b) Two identical antiferromag
netically coupled layers and no magnetic anisotropy. (c) Two identical antiferromagnetic
ally coupled layers and inE.nite magnetic anisotropy. The arrows indicate the orientation 
of the magnetisation veetors of the two layers with respect to the applied magnetic E.eld. 
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The energy equations in the present situation are identical to those in the case of no 
anisotropy, apart from the restrietion that the magnetisations must now lie along the easy 
axis. If the coupling is ferromagnetic the magnetisations are paralleltoeach other. Again 
the magnetisations will always be parallel to the field, resulting in the same magnetisation 
loop as in the absence of anisotropy (see fig. 2.14.a). Antiferromagnetically coupled layers 
are preferably aligned antiparallel unless the gain in field energy (D.E = -2f.-loMtH) for 
one layer outweighs the loss of coupling energy (D.Eexch = 211). Equating bath terms 
leads to: 

J1 = -f.-loMstH 

Hence the saturation field is given by: 

-Jl 
Hs=--

f.-loMst 

(2.28) 

(2.29) 

This is exactly half the value of Hs when there is no anisotropy. Fig. 2.14.c shows the 
magnetisation loop. Note that in fig. 2.14 transitions from parallel to antiparallel align
ment take place gradually in the case of low anisotropy and quickly when the anisotropy 
is high. 

To end this section we now discuss how the exchange coupling is determined from a 
magnetisation loop. From the above it has become clear that determining the values of 
the applied magnetic field where the magnetisation saturates gives an indication of the 
(antiferromagnetic) coupling strength, see eqs. (2.27) and (2.29). The coupling strengthof 
two ferromagnetically coupled layers cannot be determined in this way as the saturation 
field is always zero. In the case of antiferromagnetic coupling, the coupling field Hj is 
defined as the field halfway through the transition from the state of antiparallel alignment 
to that of parallel alignment of the magnetic moments. If the transition displays hysteresis 
the values of the coupling field obtained for increasing and decreasing strength of the 
applied magnetic field must be averaged. 

In the situation of equal magnetic layer thicknesses the definition given above comes 
down to defining Hj as the field at half the saturation magnetisation. This definition has 
two advantages. First of all determining this magnetic field strength is less subject to noise 
on the loop than determining the magnetic field at which the magnetisation saturates. 
Secondly this definition makes it possible to use only one equation, namely eq. (2.29), 
in order to calculate the interlayer coupling in the cases of no magnetic anisotropy and 
infinite magnetic anisotropy. 

When the magnetic layers have unequal thicknesses (t1 , t 2 ), Hj must be obtained at 
a value of the magnetisation depending on the layer thicknesses. This value is found by 
averaging the magnetisation in the antiparallel configuration, which is now not zero but 
is given by Ms(tl - t2)/(t1 - t2) and the parallel configuration. 
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Chapter 3 

Sample preparation 

3.1 Introduetion 

This chapter deals with the techniques used to grow the samples investigated in this 
study and to assess their quality. To begin with an introduetion to Molecular Beam 
Epitaxy (MBE) deposition will be given. After that it will be outlined how one can grow 
wedge-shaped samples using MBE. The advantages and disadvantages of such samples are 
discussed as well. In the last section of this chapter the techniques used to characterise 
the quality of wedges are explained. 

3.2 Molecular Beam Epitaxy 

The samples examined during this study were grown using the MBE technique. This 
technique consists of heating a souree containing the material to be deposited to such a 
temperature that the metal atoms evaporate. The heating can be accomplished in several 
ways e.g. by using a Knudsen cell (overall resistive hea~ing) or an electron gun (local 
heating by electron bombardment). The evaporated atoms subsequently condense on a 
target (substrate) forming a thin film. The entire processs takes place in an ultra high 
vacuum (UHV) environment, where pressures are typically 10-5 - 10-6 Pa. Deposition 
rates usually lie in the range 0.1-1.0 Á/s. 

The MBE unit available at the Philips Research Laboratories in Eindhoven where all 
samples were grown is a VG Semicon V 80 M multichamber MBE unit. For in situ analysis 
it is fitted with a variety of characterisation equipment. For instance, Low Energy Elec
tron Diffraction (LEED), and Reileetion High Energy Electron Diffraction (RHEED) are 
employed to monitor layer quality and growth. To determine and control the deposition 
rate and thereby the thicknesses of the layers to be grown use is made of Scanning Auger 
Microscopy usually called Auger Electron Spectroscopy (AES) and vibrating quartz crys
tals. These two techniques are discussed in section 3.4. Finally, to study the surface of 
a layer a Scanning Electron Microscope (SEM) is available. Recently the MBE unit has 
been equipped with a Scanning Tunneling Microscope (STM). 

With an MBE system it is possible to grow samples displaying a complex structure. 
By evaporating material from two different sourees simultaneously for instanee alloys can 
be produced. Steps (i.e. layers which do notcover the substrate completely) and wedges 
can be made by translating a shutter in the region between the souree and the substrate, 
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near the surface of the sample. The use and growth of samples containing wedge-shaped 
layers are the subjects of the following two sections. 

3.3 Advantages of wedges 

Before discussing how wedges are produced we will fi.rst explain what makes their usage 
so attractive. To accomplish this a summary of the advantages offered by wedge-shaped 
layers will he given. As with many things the advantages are accompanied by some 
disadvantages which arealso discussed, but it will become clear that the use of wedges is 
still very much worth while. 

A wedge-shaped layer is a layer of which the thickness is a linear function of position. 
When studying a property of a sample which exhibits a dependenee on the thickness of a 
layer (e.g. the interlayer exchange coupling), these wedges provide the investigator with 
a wide range of layer thicknesses in just one sample. This makes growing a whole series 
of samples each one having a different uniform thickness of the layer under investigation 
unnecessary. Obviously this is an advantage in itself as it not only saves the time needed 
to grow a series of samples but also the time needed toprepare the substrates. 

The use of a single sample is also beneficia! from another point of view. Growing 
a series of samples under identical conditions is very difficult. The deposition rate for 
instanee may vary somewhat over time. As the exact conditions under which each sample 
has been grown are usually not known this makes camparing results from different samples 
a diffi.cult task. Clearly this problem is avoided by the use of a single wedge-shaped sample. 

The possibilities offered by wedgescan he further exploited by growing wedges which 
are oriented perpendicularly toeach other. In this way two layer thicknesses can be varied 
independently, as is clarified in fig. 3.1. This type of a so called double-wedge sample is 
used in our experiments. 

We now turn to discussing the disadvantages of using wedge-shaped layers. Usually a 
sandwich consisting of two magnetic layers separated by a non magnetic layer produces a 
small signal during experiments. The strength of the signal can he enhanced by growing 
several of these sandwiches on top of one another. 

Figure 3.1: Example of a sample containing two perpendicularly oriented wedge-shaped 
layers separated by a uniform layer. 
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This solution is impractical however when dealing with wedges as growing a set of identical 
wedges is extremely difficult and characterising even a single wedge consumes a consider
able amount of time ( typically one to two hours). 

The reason why characterising a wedge takes so long is related to the second disad
vantage. As a lot of techniques used to characterise samples rely on bulk measurement 
methods, they are unuseable in the case of wedges since they average out any thickness 
dependent e:ffects. We are thus limited to the use of techniques which can analyse a 
sample locally. Examples of such techniques are LEED, RHEED, AES and MOKE. The 
disadvantage of the latter with respect to e.g. Vibrating Sample Magnetometry (VSM) 
and SQUID is that the magnetic moment is not measured directly (cf. section 4.1). 

3.4 Wedge growth and characterisation 

The principle of growing wedge-shaped layers is a relatively simple one. As mentioned 
before the first step in growing a sample is heating a souree containing the material to 
be deposited to such a temperature that the material starts to evaporate. To ensure 
a controlled growth the souree must he stabie so that it produces a constant f:l.ux of 
materiaL Until this condition is satisfied the substrate is completely shielded from the 
souree by means of a shutter located near the substrate in the region between the substrate 
and the source. When the souree is stabie the shutter is retracted at a constant speed 
thereby exposing an increasing part of the substrate to the f:l.ux of evaporated atoms. 
This process is illustrated in fig. 3.2. Once the shutter reaches its final position the 
substrate is quickly shielded from the souree thereby terminating the deposition process. 
The final position of the shutter coincides with the start of the wedge as this region of 
the substrate has only been exposed for a short period of time. The slope of the wedge is 
determined by the speed at which the shutter is being retracted and by the incoming f:l.ux of 
materiaL By eperating two or more sourees containing different materials simultaneously, 
but alternately exposing the substrate to only one souree at a time, multilayered samples 
can be produced. 
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Figure 3.2: Schematic drawing of the wedge deposition technique (left). Auger electron 
spectroscopy of the substrate (s) and the wedge (w) as a lunetion of position (right). 
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Once deposition has been completed the process of checking the quality of the wedge 
begins. The wedge lattice structure and the lattice spacing are determined by LEED. 
The wedge slope and the distance of the starting point from the edge of the substrate are 
determined by AES. Since the slope of the wedge-shaped layer is of vital importance to 
the experiments, as the thickness of the layer at a certain point is determined from it, we 
will now look at the AES process in some more detail. 

When using AES the surface of the sample under investigation is bombarded by a 
focused electron beam having an energy which typically lies in the range 1-5 ke V. This 
bombardment frees electrans from the inner electron shells of the atoms that make up the 
surface. These vacancies can be filled by electrans coming from the outer shells via a two 
electron Auger processin which one electron may gain enough energy to leave the crystal. 
The energy spectrum of these so called Auger electrans is different for every element. 
Thus the purity of the surface can be inferred from AES measurements. 

The slope of a wedge can be determined by obtaining AES spectra at several points 
along the wedge. As the thickness of the wedge increases the intensity of the AES signal 
coming from the substrate decreases but the one coming from the wedge increases, see 
fig. 3.2. The relation descrihing the exponentially decreasing signal coming from the 
substrate is given by: 

(3.1) 

Here I(x) is the intensity of the AES signal measured at position x relative tothestart of 
the wedge, 10 is the intensity coming from the bare substrate, a is the slope of the wedge 
and ). is the mean free path of the Auger electrans (typically about 10 Á). The mean 
free path is virtually independent of the material emitting the Auger electrans but it is 
strongly dependent on the energiesof these electrons. In Co the mean free path is 9.4 Á 
at 716 eV while in Cu it is 13.2 Á at 920 eV. By fitting eq. (3.1) to the data the wedge 
slope is deduced. The signals coming from the substrate and the wedge are also used to 
determine the start of the wedge relative to the edge of the sample. 

As mentioned insection 3.2 the layer thicknesses arealso checked by vibrating quartz 
crystals. The quartz crystal is mounted on the shutter in such a way that it is constantly 
exposed to the source. During the deposition process the crystal collects an increasing 
amount of materiaL The principle of the measurement is now that this collected material 
changes the resonance frequency of the crystal. By measuring this change in frequency 
the amount of materialand hence the layer thickness can be determined. The deposition 
rate is determined by means of a quartz crystal before and after growing the wedge. If 
the two measurements yield the same results the deposition rate is assumed to have been 
constant during the time of growth. The layer thickness equals the product of this rate 
and the exposure time. 

We end this section about growing wedges with a remark concerning the structure of 
wedge-shaped layers. In fig. 3.1 we see wedgesdisplayinga gradual increase in thickness. 
This may be somewhat misleading as the layer thickness can only be varied in discrete 
steps of at least one atom. In a typical sample the wedge slopeis only a few Ángströms 
per millimetre (this leads to a relative slope of just 10-5 %). Only the quantity of the 
deposited material is a linear function of the distance along a wedge. This means that the 
average thickness is linear with position. This situation is depicted in fig. 3.3. At each 
position there is a distribution of thicknesses but on the whole the thickness increases 
linearly. 
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The quality of a wedge depends strongly on the growth mode. Fig. 3.3 shows that lay
ers can initially start as a set of patches of various thicknesses which subsequently merge. 
Another way in which layers can grow is layer by layer. In that case evaporated atoms 
condenseon the edge of a terrace (i.e. a patch of atoms) which acts as a nucleation centre. 
The area of the terrace will increase until it completely covers the substrate. Only then 
the growth of another layer begins. It is clear that this latter growth mode is favourable 
for growing high quality wedges, especially in the thin region of a few monolayers. The 
microscopie structure of a layer has attracted considerable attention. It appears to be 
heavily dependent on evaporation conditions (such as rate and substrate temperature) 
and on the characteristics of both layer and substrate materials (e.g. surface energies). 

D OML ~ 1ML • 2ML 

lncreasing thickness 

Figure 3.3: The general idea of wedge growth. The wedge thickness does nat increase in 
steps. Atoms farm patches that increase in size until they fully cover the substrate. 
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Chapter 4 

The magneto optica! Kerr effect 

4.1 Definition of MOKE 

The magneto op ti cal Kerr effect is named after the Scottish scientist J. Kerr who in 1877 
discovered that the polarisation state of light can be changed by reileetion at the surface 
of magnetic materials [28]. Two effects are distinguished, namely Kerr rotation and Kerr 
ellipticity. If the incident light is linearly polarised, as is the case in our experiments, 
Kerr rotation is defined as the angle between the initial polarisation direction and the 
direction of the long axis of the elliptically polarised light which results after reflection. 
Kerr ellipticity is the arctangent of the ratio of the short and long axis of the resultant 
ellipse. These definitions are clarified in fig. 4.1. 

Kerr rotation and Kerr ellipticity can be characterised by respectively changes in the 
phase and amplitude of the light undergoing reflection, see fig. 4.2. In this figure linearly 
polarised light is regarcled as a superposition of two circularly polarised components, of 
equal amplitude and opposite sense. 

x 

y 

Figure 4.1: Definition of Kerr rotation (fJI<) and Kerr ellipticity ( EJ<). The ellipse has a 
short axis a and long axis b. 
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Figure 4.2: Linealy polarised light is regardedas a superposition of left (LCPL) and right 
(RCPL) circularly polarised light. The different phase shifts of LCPL and RCPL result 
in a rotation (a) and the difference in reflection amplitude leads to ellipticity (b). 

A relative phase shift between the two components causes their resultant to be rotated 
but leaves their superposition linear. Changing the relative amplitude of the components 
results in the superposition becoming elliptical since the magnitude of the sum varies 
and the direction of the resultant rotates in time. Writing the complex Presnel refiection 
coefficients r ± for right circularly polarised light (RCPL,+) and left circularly polarised 
light (LCPL,-) with phases b and amplitudes r as: 

( 4.1) 

( 4.2) 

and using fig. 4.2 we can express Kerr rotation ( denoted by ei<) and Kerr ellipticity (EK) 
as: 

1 
( 4.3) ei< -(b+-b-) 

2 
r+- r_ 

( 4.4) E[( 
r+ +r_ 

The Kerr angles are small. A typ ie al value for both is a bout 0.1 o. 

It can be shown [29] that the Kerr effect is proportional to the magnetic moment of 
the volume element of the sample which interacts with the incident light beam. The size 
of this interacting volume is of course determined by the area illuminated by the light 
and by the depth from which refiected light can still be detected. This means that not 
only the magnetic properties but also the light absorbing characteristics of the sample 
under investigation are relevant. Typically the detection depth of light in metals lies in 
the range 100-1000 A. Together with the use of a sharply focused light beam this makes 
MOKE anideal tool for analysing thin magnetic films with high spatial resolution. 

One has to keep in mind however that although the Kerr effect is proportional to the 
magnetic moment of the volume element of the sample interacting with the incident light 
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beam, MOKE is unsuitable for determining absolute values of the magnetisation. This 
unsuitability has two causes. First of all, not only the depth of a magnetic layer but 
also its thickness relative to the detection depth is important, as follows from the above. 
Deep lying parts of a relatively thick layer contribute less to the Kerr effect as less light 
emerges from this depth. The second cause is that it is extremely difficult to determine the 
constant of proportionality between the Kerr effect and the magnetisation theoretically. 
The microscopie origin of the Kerr effect is related to electron transitions between different 
energy states in the sample under investigation [30]. In order to find the constant of 
proportionality between the Kerr effect and the magnetisation it is necessary to determine 
the probabilities for these transitions which involves complicated band structures. In· 
addition to this the exact band structures for multilayered systems are not known and 
may depend on the thicknesses of the different layers present in the sample. All this makes 
it difficult to use MOKE todetermine absolute values for the magnetisation, but relative 
changes can be detected very well. This is sufficient for most studies. 

To conclude this section we point out that the Kerr effect can be measured using three 
different geometries. Geometry refers to the relative orientation of the light propagation 
vector to the surface normal of the sample and to the direction of the magnetisation. The 
three geometries are called polar, longitudinal and transverse and they are illustrated in 
fig. 4.3. In each geometry different componentsof the magnetisation are measured. 

In the polar geometry (nearly perpendicular incidence) only the component of the 
magnetisation perpendicular to the surface of the sample is detected [31]. When using 
the longitudinal setup one measures the in-plane magnetisation parallel to the plane of 
incidence. Finally, in the transverse geometry one again monitors an in-plane magnet
isation, but now its component perpendicular to the plane of incidence is detected. The 
transverse geometry is rarely used. In the latter two cases the direction of the linear 
polarisation of the light allows to discern between the two magnetic components. When 
using the longitudinal geometry the polarisation lies in the plane of incidence ( defined by 
the incoming light wave and the surface normal of the sample), whereas in the transverse 
geometry the polarisation is perpendicular to this plane. 

M 

a b c 

Figure 4.3: Three Kerr geometries: (a) polar, (b) longitudinal and (c) transverse. The 
paper dennes the plane of incidence. The magnetisation is represented by the arrows 
denoted by M. The thin arrows indicate the optical path. 
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4.2 Measurement technique 

In this section we will describe the technique used to measure a hysteresis loop. In a 
hysteresis loop the magnetisation is measured as a function of the applied magnetic field 
as mentioned insection 2.7. From the previous section it is clear that a measurement of 
the Kerr effect as a function of the field yields essentially the same information and that 
the locality of this technique is required in order to measure wedge-shaped layers. The 
Kerr effect is detected using a polarisation technique first described by Sato [32]. The 
apparatus is depicted in fig. 4.4. 

Monochromatic light from a He-Ne laser with a wavelength of 632.8 nm is directed 
through a polariser and a photoelastic modulator (PEM) (which will be discussed in a 
minute) befare being refl.ected by the sample under investigation. The angle of incidence 
is usually about 45° (longitudinal geometry). The sample is located between the poles of 
an electramagnet and can be translated in two independent directions using two stepping 
motors. The two degrees of freedom enable us to scan a sample with wedge-shaped layers. 
After refl.ection the light passes an analyser befare being detected by a Si detector which 
measures the intensity of the light. 

The key element in this set up is the photoelastic modulator (PEM). This consists 
of a transparant crystal which becomes birefringent when stressed by a piezo electric 
element. Applying a harmonically varying voltage to the piezo element will cause it to 
vibrate with a frequency f. Usually the resonance frequency of the birefringent crystal 
is taken which in our case is 50 kHz. The periadie stressing of the crystal results in the 
component of the incident light parallel to the axis of vibration (i.e. the x-axis) being 
periodically advanced and retarded in phase relative to the component perpendicular to 
this direction (i.e. the component along the y-axis). The maximum phase shift can be 
adjusted by varying the voltage amplitude applied to the PEM. When this maximum 
phase shift equals 1r /2 radians, linearly polarised light that enters the PEM at an angle 
of 45° with respect to the x- and y-axes will emerge from the PEM alternating between 
LCPL and RCPL states with frequency j, see fig. 4.5.b. 

Fig. 4.5 shows how the PEM can be used to measure Kerr rotation and Kerr ellipti
city simultaneously. If the sample does not exhibit a Kerr effect the intensity measured 
by a detector placed behind an analyser with its axis along the x-axis will remain con
stant. Kerr rotation in the sample will result in a 2f oscillation, see fig. 4.5.c because 
the polarisation states shown in fig. 4.5.b are rotated somewhat towards the analyser 
axis. Kerr ellipticity on the other hand introduces an f modulation (fig. 4.5.d) as the 
refl.ection coefficients for left and right circularly polarised light are different. The f and 
2f oscillations can be detected separately using two lock-in amplifiers. Their reference 
signals are produced by the PEM. 

We will now turn attention to the description of Kerr rotation ( (h<) and Kerr ellipticity 
(EK) in terms of measured intensities. As may be expected from the previous section the 
Fresnel refl.ection coefficients and the polarisation directions play an important role in this 
description. Since they are defined relative to a certain basis we must choose one that 
fits our problem. Which basis is most convenient depends on the Kerr geometry. In the 
polar geometry a very elegant basis can be chosen. It turns out that in this situation 
incident circularly polarised light remains circularly polarised after refl.ection. Circularly 
polarised light is a so called eigenfunction of the refl.ection. A basis can then be formed 
by left and right circularly polarised light (LCPL and RCPL respectively). This basis is 
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Figure 4.4: Schematic representation of the experimental setup. 
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Figure 4.5: The modulation technique explained in the polar geometry. (a) The phase 
retardation caused by the PEM. (b) Corresponding polarisation statesof the modulated 
light (a maximum phase shift of 1rj2 is assumed). The detected intensity shows no os
cillation. ( c) Polarisation states of the light afterit has been refJ.ected by the sample in 
the case of Kerr rotation. In this situation the intensity of the light detected at a posi
tion behind the analyser oscillates with frequency 2j. ( d) Polarisation states of the light 
after refJ.ection in the case of Kerr ellipticity. Now the detected intensity oscillates with a 
frequency f. 
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called the circular basis. U sing this basis one can give a very transparant description of 
the measurement technique. 

LCPL and RCPL are no longer eigenfunctions of the reflection when the longitudinal 
or transverse geometries are used. In this case the so called sp-basis has to he chosen. 
Here s is an abbreviation of senkrecht by which the direction perpendicular to the plane 
of incidence is meant. p, meaning parallel, denotes the direction parallel to this plane. 
Because of the fact that LCPL and RCPL are no longer eigenfunctions of the reflection, the 
description is somewhat more complicated and thus less transparant, although the physics 
is essentially the same as in the case of polar geometry. The experiments described in this 
report were performed in the longitudinal setup. But since it is our goal to give a clear 
exposition of the measurement technique we will nevertheless use the polar description. 
For a description using the sp-basis the reader is referred to ref. [33]. 

We will begin our exposition using the cartesian xy-basis defined relative to the vi
bration axis of the PEM. The circular basis will he helpful when descrihing the actual 
reflection of light by the sample. 

The linearly polarised light which results after the laser beam has passed the polariser 
which subtents an angle of 45° with the vibration axis of the PEM can be written as: 

( 4.5) 

The action of the PEM is described by: 

(4.6) 

where 8 is given by: 
8 = 80 sin (21r ft) (4.7) 

80 represents the amplitude of the phase shift, f the frequency of the PEM and t time. 
The latter two equations clearly describe how one component of the incident light is 
periodically advanced and retarded in phase while the phase of the other component 
remains unchanged. 

After the incident light beam has passed the PEM it is reflected by the sample. This 
reflection can he described conveniently using the circular basis. We must therefore per
farm a transformation of basis from the cartesian xy-basis to the circular basis. This 
transformation can he written as follows: 

1 ( 1 i ) Te-e = y'2 1 -i (4.8) 

Using the circular basis the reflection itself is given by: 

(4.9) 

The fact that on this circular basis the matrix in eq. (4.9) has a diagorral form shows that 
the LCPL and RCPL states are eigenfunctions of the reflection. Kerr rotation and Kerr 
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ellipticity are completely described by the changes in amplitude and phase of the LCPL 
and RCPL states. Returning to the xy-basis via 

-1 1 ( 1 :. ) Te-e= yl2 -i " (4.10) 

the action of the linear analyser is described by: 

(4.11) 

Here q; is the angle between the transmission axis and the x-axis. Ed, i.e. the light resulting 
after passing all optical components is found by performing the following calculation: 

(4.12) 

The detector measures the intensity of the light that enters it. This intensity I is propor
tional to 1Edl2

, i.e.: 
(4.13) 

Performing the calculation in eq. (4.12) and substituting the result into eq. (4.13) yields: 

I ex ~
2 

[ (r! + r~) + (r! - r~) sin 8 + 2r +r_ cos 8 sin 2 ( 4; + {h<)] ( 4.14) 

Assuming r +- r _ « r + + r _, we can write: 

~ 2r+r+ = 1 
r! +r! 

( 4.15) 

( 4.16) 

Here use was made ofthe definitions given in eqs. (4.3) and (4.4). Using these expressions 
eq. (4.14) can be approximated by: 

I (X r 2 E 2 
[ 1 + 2E I< sin 8 + cos 8 sin 2 ( q; + eI<) l (4.17) 

where: 

r2 = ~ (r! +r~) (4.18) 

Recalling that 8 = 80 sin 21rft, sin 8 and cos 8 can be expanded into Bessel functions Jn( 80 ) 

evaluated at 80 and of the order n: 

sin8 

cos8 

2Jl (8o) sin 211" ft+ 2J3 ( 8o) sin 61r ft+ ... 

Jo ( 8o) + 2 J 2 ( 8o) cos 411" ft + ... 

Neglecting the higher harmonies (61rf and higher), we rewrite eq. (4.17) as: 

I ~ I(O) +I(!) sin 21r ft+ I(2f) cos 27r2ft 
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where: 

Io 
I(O) 

I(f) 

J(2J) 

r2E2 

Io [1 +Jo (óo) sin 2 (c/J +ei<)] 

Io [4EKJI (óo)] 
Io [2J2 ( 80 ) sin 2 ( cjJ +ei<)] 

If cjJ is small, then we have (because ei< is also small): 

sin 2 ( cjJ + eI<) ,......, 2(cjJ+eK) « 1 ,......, 

J(O) ,......, Io ,......, 

éJ( 
,......, J(f) 
,......, 

4JI(ó0 ) I(O) 

cp+eK ,......, J(2J) 
,......, 

4J2 ( óo) I(O) 

( 4.22) 

(4.23) 

(4.24) 

( 4.25) 

(4.26) 

(4.27) 

( 4.28) 

(4.29) 

Thus for cjJ = 0 we have the Kerr rotation directly. The zero setting of cjJ corresponds to 
a zero 2f signal if no magneto optically active sample is present. The setting of cjJ is not 
very critica!; cjJ =!= 0 will result in an offset on 1(2!). cjJ can be used to our advantage by 
employing it to eliminate offsets thereby increasing the signal to noise ratio. 

The signal to noise ratios for both I(f) and J(2J) must be maximised. This can be 
achieved by maximising the Bessel functions terms J 1 ( 80 ) and J 2 ( 80 ). J 1 ( 80 ) is maximal 
for 80 ~ 1.89 (- 105.4°) and J 2 (80 ) is maximal for 80 ~ 3.05 ( 174.7°). Optimal retarding 
amplitudes are therefore different for EJ< and eJ<. Both Kerr quantities can nevertheless 
be measured together, either by abandoning attempts at optimisation or by changing the 
retardation-amplitude between readout of the f and 2f lock-in outputs. 

4.3 Measuring the interlayer exchange coupling 

After the more theoretica! description given in the previous section we will now discuss how 
a measurement is performed in practice. The measurement process consists of repeatedly 
moving a laser spot to a certain position on the sample, recording the coordinates of that 
position and measuring a MOKE hysteresis loop. The strengthof the exchange coupling 
is obtained as outlined in section 2.7. We will first pay attention to how Kerr rotation 
and Kerr ellipticity are determined and then to how the laser spot is moved from one 
position to another. 

From eqs. ( 4.28) and ( 4.29) it follows that in order to calculate Kerr rotation and Kerr 
ellipticity it is necesarry to measure J(O), I(f) and /(2!). Here J(O) is the intensity of 
the laser beam, I (f) is the intensity of the signal which is proportional to Kerr ellipticity 
and 1(2!) is that of the signal related to Kerr rotation, see eqs. (4.22-4.25). I(f) and 
1(2!) are measured using lock-in amplifiers (cf. section 4.2). The intensity of the J(O) 
signalis much larger than the that of the I(f) and /(2!) signals (103 -105 x). Measuring 
the total intensity, including the small ripples of the f and 2j signals, using a simple Si 
intensity detector thus gives a good approximation of 1(0). 
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When determining J(O) one has to keep in mind that the intensity of the laser light 
varies somewhat over time. The time over which the intensity remains constant is about 
ten minutes. Typically it takes of the order of ten seconds to measure a hysteresis loop, 
so the laser intensity can be expected to be constant during the time of measurement. It 
is determined by measuring the intensity five times befare and after a loop is measured. 
The ten values are then averaged to give J(O). Subsequently the computer cantrolling the 
experimentsperfarms the calculations of eqs. (4.28) and (4.29). 

We now turn attention to the problem of positioning the sample. As depicted in fig. 
4.4 the sample is located between the poles of an electromagnet. It can be translated in 
two independent directions by means of two stepping motors allowing scanning of double 
wedge samples. Insection 2.2 it was explained that depending on the interlayer thickness 
the exchange coupling is alternatingly ferro- or antiferromagnetic (F or AF). A sample 
containing a wedge-shaped interlayer (such as the sample in the current experiments) can 
thus be divided into several regions displaying F or AF coupling. Because of the wedge 
shape these regions are roughly rectangular in shape and oriented perpendicularly to the 
gradient of the wedge. Addition of more wedged layers such as a wedge-shaped cap layer 
may alter the position of the F and AF coupled regions, but generally this only results 
in a rotation of the (still roughly rectangular) regions over an angle of about 45° along 
an axis perpendicular to the sample. In principle one could now measure the exchange 
coupling over the entire sample, but this would unnecessarily increase experiment time and 
would produce a considerable amount of useless data since no quantitative information 
concerning the coupling strength can he gained from ferromagnetic hysteresis loops ( cf. 
the end of section 2.7). For these two reasans the measurements are limited to those 
regions exhibiting AF coupling. 

Befare an automatic scan of a sample is started the positions of the AF coupled regions 
are determined using manual control of the stepping motors. Once known a scanning 
pattem is programmed which follows these positions. This is illustrated in fig. 4.6 in which 
the scanning pattem of a double wedge sample is shown. In theory one positional scan 
across one wedge, keeping the thickness of the other wedged layer constant, would suffice. 
However, in practice a small variatien of the latter thickness cannot be avoided. There 
is always some misalignment between the scan direction and the direction of constant 
thickness. This can be understood if one realises that the AF-peaks in the Co/Cu (100) 
system are very narrow, only about 4 A Cu wide. The width of the maximum of the peak 
is even smaller. With typical wedge slopes of 4 Á/mm the margin of error is only 0.25 mm. 

Figure 4.6: An example of a scanning pattern. 
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Since the length of a typical scan is about 10 mm the maximum misalignment would be 
approximately 1 o. This is considerably less than the typical error of 5°. An inhomogeneous 
wedge slope can contribute to variations in thickness as well. These variations would cause 
significant changes in the coupling strength. To solve this problem multiple parallel scans 
are performed close to the thickness of maximum AF coupling. In this way the maximum 
coupling strength can be determined accurately. 

The program centrolling the experiments has been set up in such a way that (virtually) 
any scanning pattem can be programmed. One only needs to give the relative change of 
position of the two stepping motors between two measurements helenging to the same 
scan and that between the end of one scan and the start of another. To repeat a certain 
scan several times one simply states the number of repetitions. The pattem shown in 
fig. 4.6 for instance, consists of five scans across the sample, each of which is made up 
of a whole series of relatively small scans. Typically a scan across the sample contains 
about 100 repetitions (for clarity only about 25 are shown in fig. 4.6). Each small scan is 
usually made up of about ten points of measurement. 

4.4 Speeding up measurements 

In the previous two sections a theoretica! description of the measurement technique was 
given and it was also outlined how experiments are performed in practice. Among other 
things it was stated that measurements typically take about ten seconds and that the 
intensity of the laser beam (I ( 0)) is determined by averaging measurements of that in
tensity taken before and aftera hysteresis loop has been obtained. It has not always been 
like that. 

In earlier days measuring a hysteresis loop lasted roughly ten minutes. The reason for 
the large difference with the ten seconds it takes nowadays is related to the way in which 
the intensity of the laser beam is detected. As mentioned in sectien 4.3 this intensity 
changes somewhat over time, with a typical time constant of ten minutes. Previously 
the problem of detecting this intensity correctly was solved by including a chopper in the 
experimental set up in front of the polariser, see fig. 4.4. A third lock-in amplifier was 
also added to detect the chopped signal. The intensity measured was usually averaged 
over about ten chopper intervals resulting in a time constant for the chopper of about 0.1 
seconds. This is rather long compared to the time constauts of the other apparatus as 
can be seen in fig. 4. 7. Because the magnetic field cannot be regarcled as being constant 
over a period of 0.1 seconds one waited with measuring a hysteresis loop until the field 
had stabilised. But as the time needed by the field to stabilise is typically a few seconds 
this meant that measuring a hysteresis loop containing 100 data points took about ten 
minutes. The extra time includes among other things data storage during the experiment. 
As mentioned, ten minutes is a bout the period of time over which the, laser beam remains 
stabie which necessitates further use of the chopper. 

From fig. 4.7 it fellows that eliminating the chopper and taking measurements while 
the magnetic field is varied could substantially reduce the measurement time. There is no 
real need to wait with measuring the various intensity signals until the field has stabilised 
because all the equipment operates with time constauts that are at least two orders of 
magnitude smaller than one second. 
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Timeconstants 
log tijdschaal (s) 
-9 -6 -3 0 

physical process 

magnatie behaviour 1 ns 

light/currents (3m/c) 10 ns 

dateetion of light 

Si-detector 100 ns ~ 
photomultiplier 10-100 s 

PEM 10-20 s 

lockin-in 1 s 

lockin-out 1 ms 

chopper 10ms 

dateetion of field 

Hallprobe 0.1-1 ms 

field control 

veldstabilisatie 1 s 

dateetion 

AD-conversion 10-100 s 

oscilloscope 1 s 

Figure 4.7: Time constants of the various elementsof the experimental set up. 

Sampling time 

Higher frequencies filtered by lockin 

lo 5V 5mV 1 kHz 

1 ms 

0.2V 100 s 1-10 s 

H 
1 ms 

specificatien 1 kHz max, 3 % accuracy 

I field control max 1 00 kA/ms 

resolution 0.1 kAlm 

sampling time 1 ms 

1 ms 

complete loop 6-10 s (600 s previously) 

6000-10000 data points 

100-1 000 after aversging 

Figure 4.8: Magnitudes and frequencies of the signals and noise produced by the various 
elements of the experimental set up. 
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This latter remark means that the magnetic field can be regarcled as constant during 
the time one measurement is taken and that the time needed to measure a hysteresis loop 
can be reduced by a factor of about 100. 

When speeding up measurements it is important to realise there is a limit to how 
quickly measurements can be performed and still be meaningful. In theory this limit 
is determined by the time constauts shown in fig. 4.7, but in reality the noise on the 
signals detected leads to the maximum speed being somewhat smaller than suggested by 
these constants. Fig. 4.8 shows the magnitudes of the signals produced by the lock
in amplifiers, Si-detector, magnetic field probe and by the electranies cantrolling the 
magnetic field. Also shown are the magnitudes and typical periods of the noise on these 
signals. These periods were estimated by studying the noise on an oscilloscope. It is clear 
that almast all time constauts lead to a lower limit on the sampling time of about 1 ms. 
Taking more than 1000 measurements each second will not imprave the signal to noise 
ratio after averaging, since the noise can he regarcled as constant on time scales shorter 
than 1 ms. 

From the above we can draw several conclusions. First of all the smallest meaningful 
sampling time is about 1 ms. Secondly a complete hysteresis loop can be measured in 6-10 
seconds, compared to the 600 seconds it took earlier on. Furthermore such a hysteresis 
loop contains 6000-10000 data points where there were just 100 befare measurements were 
speeded up. Finally after averaging the amount of data pointscan be reduced to 100-1000 
which impraves the signal to noise ratio. On the whole this is real progress! 

We end this section with some remarks concerning how the changes necessary to speed 
things up were implemented. These changes could quite easily have been performed using 
the existing hardware. The computer cantrolling the experiments then was a (rather slow) 
Hewlett Packard (HP) computer which was poorly compatible with the systems used to 
analyse the data obtained. It was among other things because of this fact that it was 
decided to seize the opportunity and change from the HP-system to one using standard 
PC's operating under DOS. The major implication of this decision was that the control 
software had to be totally reprogrammed. The new program was mentioned earlier in the 
previous section 4.3 when discussing the scanning of a sample. 
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Chapter 5 

Experimental results and discussion 

5.1 Introduetion 

In this chapter the results of the experiments performed in order to investigate the depend
enee of the interlayer exchange coupling on the thickness of a cap layer will be presented. 
This will be clone in section 5.4. But befare this the choice of samples will be motivated 
in section 5.2 while sample growth and characterisation are discussed in section 5.3. 

5.2 Sample choice and motivation 

This section addresses the question of why the particular compositions and crystal ori
entations of the samples investigated in this study were chosen. 

To study the effect of the cap layer thickness on the interlayer exchange coupling the 
following multilayer was deposited by MBE on a Cu (100) single crystal: Cu(100)/11 Á 
Co/Cu wedge (0-50 Á)/7 Á Co/Cu wedge (0-40 Á)/20 Á Au. The first Cu wedge will be 
called the interlayer and the second one the cap layer wedge. The Au layer has been ·added 
toproteet the sample against oxidation. The sample geometry is shown schematically in 
fig. 5.1. To check the reproducibility of the results a second almast identical sample was 
grown with Co layer thicknesses of 12 Á and 11 Á respectively. 

The first question one has to answer if one wants to grow a multilayer concerns the 
choice of materials to use. In this study the Co/Cu system was chosen for the following 
reasons. First of all, the Fermi surface of Cu is relatively simple which makes Cu very 
suitable to verify exchange coupling theories. Secondly, Co/Cu multilayers exhibit a re
latively strong exchange coupliug which facilitates measurements. Furthermore, layered 
structures of Co/Cu display a considerable Giant Magneto Resistance (GMR) effect and 
this is interesting from the standpoint of industrial applications (see the general introduc
tion). Finally, the lattice parameters of Co and Cu have only a small mismatch of 2 % 
allowing epitaxial growth of Co/Cu multilayers. In recent years Philips has gained a lot 
of experience in growing these systems and has optimised the growing con di ti ons. 

The second question concerns the crystal orientation. As mentioned above the (100) 
orientation was chosen. This was clone on the basis of the good results obtained with 
samples having this orientation: two periods predicted by theory and detected, see figs. 
2.12.a and d, and observation of the ferromagnetic layer thickness dependenee [18]. The 
(111) orientation can be dismissed for two reasons. The first one is that the (111) coupling 
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Figure 5.1: Schematic representation of the sample composition. The potentiallandscape 
deiined by the sample is depicted on the left. The dasbed line relates tospin up electrons, 
the solid line to spin down electrons. 

has an increased sensitivity (relative toother crystal orientations) to the lateral coherence 
in the Cu layer which may be reduced by dislocations or interface roughness. In ref. [34] it 
is shown that due to this loss of translational invariance the interlayer coupling is rapidly 
suppressed for distances z larger than d/(I77Jtan')'). Heredis the spacing between atomie 
planes, 77 is the lattice mismatch between the magnetic and spaeer material and 1' is the 
angle between the Fermi velocity and the direction normal to the sample surface. The 
angle 1' is large (62°-68°) for the (111) orientation leading to a quick suppression of the 
coupling as can be seen in fig. 2.12.f. On the other hand 1' equals zero in the (100) 
orientation which is therefore rather insensitive to dislocations or roughness. The second 
reason why the (111) orientation is not desirabie has to do with the open structure of Cu 
on Co (111) [35]. This may lead to the formation of pinholes through the Cu connecting 
the different Co layers which are then directly coupled. The direct contact will couple 
the magnetic layers ferromagnetically regardless of the thickness of the interlayer. The 
(110) orientation is also not the optimum choice because only one of the four periods 
predicted by theory is observed experimentally (see figs. 2.12.b and e). This period 
may be a superposition of the predicted ones thereby complicating the interpretation of 
measurements using samples with (110) orientation. 

The remairring question that needs to be answered before a sample can be grown 
concerns the thicknesses of the individual layers. To allow for independent variation 
of the thicknesses of the interlayer and cap layer these two layers were grown as two 
perpendicularly oriented wedges. As stated before the thicknesses of these wedges run 
from 0 Á to 50 Á and 40 Á respectively. By choosing these values the sample should 
display three to four long oscillation periods and the preserree of a short period oscillation 
at approximately 30 Á. The interlayer wedge can be used to check the quality of the sample 
as varying the interlayer thickness at a constant thickness of the cap layer should yield 
the typical dependenee of the exchange coupling on the thickness of the Cu interlayer, see 
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fig. 2.12.d. 
The most delicate choice is that of the thickness of the Co layers. A wrong choice 

may lead to adverse interferences of electron waves in the Co layers which ruin the effect 
of the thickness of the cap layer on the interlayer coupling. In addition to this eq. (2.11) 
shows that the amplitude of the oscillation of the interlayer coupling with the thickness 
of the cap layer is larger for thinner magnetic layers. In order to determine the optimum 
Co thickness the dependenee of the exchange coupling on the cap layer and Co layer 
thicknesses was stuclied by performing some numerical calculations using eq. (2.8). The 
potentiallandscape on which these calculations are based is depicted in fig. 5.2. On the 
far left we see a semi infinitely thick Cu layer representing the substrate. The Co layer · 
on the left has a thickness of six monolayers (fee structure) while the Cu interlayer is five 
monolayers thick (9.025 A). This latter thickness corresponds to the first antiferromagnetic 
coupling peak in fig. 2.12.d. The thicknesses of the Co layer on the right and that of the 
Cu cap layer are varied in the calculations. The potential step of 10 eV models the surface 
of the sample that is exposed to the air. Note that both spin up and spin down electrans 
experience a potential step at a Co/Cu interface. This contrasts with some simplified 
calculations presented earlier but it is more realistic. The results of the calculations are 
shown in fig. 5.3. 

In this figure three regions can be distinguished (as a function of Co layer thickness) 
in which the exchange coupling displays a strong dependenee on the thickness of the cap 
layer. These relatively wide regions (::::::20 A Co) are separated by two narrow regions 
in which this dependenee is negligable. Fig. 5.3 can be understood by consiclering the 
behaviour of the imaginary part of the reileetion coefficients of spin up and spin down 
electrans at the Fermi level in a Co layer as a function of the thickness of that layer, 
cf. eq. (2.8). In reality electrans below the Fermi level also need to be considered but 
as the net spin polarisation waves set up by these electrans at different energies largely 
cancel each other, as discussed in section 2.2, the main result sterns from the electrans 
at the Fermi level. The behaviour of reileetion coefficients is depicted in fig. 5.4. The 
calculations presented in this figure are basedon a (hypothetical) sample of the following 
composition: semi infinite Cu substrate/6 monolayers fee Co/5 monolayers Cu/tA Co/10 
A Cu. t runs from 0 A to 100 A and both spin up and spin down electrans experience a 
potential step of 10 eV after the 10 A thick Cu cap layer. The potentiallandscape which 
corresponds to such a sample is similar to the one shown in fig. 5.2. 

The Fermi wave veetors of spin up and spin down electrans in Co are given by respect-

10 eV 

v~t ···i··---· I I 
I I 

·--------· I 
I 

I 

.... 6ML ....... SML ....... t ....... 10Á.,.. 

Figure 5.2: Potentiallandscape used todetermine the optimum Co layer thickness. 
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Figure 5.3: Contour plot of a numerical simulation performed in order to determine the 
optimum Co layer thickness. Several regionscan be distinguished in which the interlayer 
coupling alternately depends strongly or weakly on the thickness of the cap layer. 
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Figure 5.4: Behaviour of the reileetion coefiicients of spin up ( dashed line) and spin down 
electrans (solid line) at the Fermi level. The potentiallandscape related to this figure is 
depicted in fig. 5.2. 

ively k~ = 1.363 1/ A and k~ = 1.2611/ A. These wave veetors correspond to wavelenghts 
of 4.61 A and 4.98 A. They are responsible for the short period oscillations visible in the 
regionsin fig. 5.3 which displayastrong dependenee on the thickness of the cap layer as 
can be understood from the exposition given in section 2.2. In reality the aliased wave 
veetors need to be considered but as the Bruno model used in the simulation shown in fig. 
5.3 does not take into account the discrete nature of matter we must restriet ourselves 
here to the unaliased ones. The difference between spin up and spin down wave veetors is 
caused by the different heights of the potential steps experienced by the spin up and spin 
down electrans at a Co/Cu interface. As can be seen in fig. 5.4 this difference leads to 
a beating effect in the imaginary part of the spin asymmetry of the reflected amplitudes. 
Only the imaginary part is of interest as follows from eq. (2.8). The behaviour of this spin 
asymmetry, which was definded by eq. (2.10), is depicted in fig. 5.4.b and its importance 
for the interlayer exchange coupling was explained in section 2.2 and is also clear from 
eq. (2.8). The period À of the beating effect is given by: 

7r 
À= i l 

kp- kp 
(5.1) 

With the data mentioned above this leads to a period of 30.8 A which agrees very well 
with the situation in fig. 5.3. 

From fig. 5.3 it is clear that the optimum Co thickness is about 11 A because this 
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thickness yields a relatively strong coupling which oscillates as a function of the cap layer 
thickness. The fact that the second Co layer in the sample investigated is only 7 A 
thick (which still puts it in the fi.rst cap layer dependent region in fig. 5.3) is due to the 
unintended circumstances under which it was grown. 

5.3 Preparation and characterisation 

As mentioned earlier the following multilayer was deposited by MBE: Cu (100)/11 A 
Co/Cu wedge (0-50 A)/7 A Co/Cu wedge (0-40 A)/20 A Au. A Cu single crystal disc 
with a diameter of 12 mm, fee structure and (100) orientation was used as a substrate. 
The temperature of the substrate during deposition of both Cu wedges was 50°C and 
20°C during all other depositions. Layer thicknesses and wedge slopes were checked by 
a vibrating quartz crystal and and in situ scanning Auger Electron Spectroscopy. An 
interlayer wedge slope of 4.2 Ajmm and a cap layer wedge slope of 4.4 A/mm were 
measured with an accuracy of ±15%. These values are obtained by averaging the quartz 
crystal and AES data. 

LEED spots showed a cubic symmetry indicating fee (100) structure. The spot sep
aration remained constant, confirming epitaxial growth of Co on Cu. 

5.4 Results and discussion 

Befare studying the cap layer thickness dependence, the interlayer thickness dependenee 
of the AF coupling strength was stuclied at four different cap layer thicknesses to locate 
the antiferromagnetically coupled regions on the sample. 

A typical result is shown in fig. 5.5, where the coupling field Hj is plotted as a function 
of the interlayer thickness at a Cu cap layer thickness of 10 A. In the inset of fig. 5.5 a 
typical Kerr hysteresis loop taken at the second AF coupling peak is shown, and Hj, 
the field halfway through the transition from the antiparallel to the parallel state, is 
indicated. In the present case of unequal layer thicknesses this field is still proportional 
to the interlayer exchange coupling strength [36, 37]. At each cap layer thickness five or 
more AF coupling peaks were observed. The first peak could not be measured properly 
due to insufficient magnetic field strength. The interlayer thickness dependenee displayed 
a superposition of a long (9 A) and short period (4 A) at all four cap layer thicknesses. 

Consiclering the limited accuracy of the wedge slope both oscillation periods are in 
reasanabie agreement with the theoretica! values of 10.6 A and 4.6 A [14]. Moreover the 
ratio of the long and short periods measured experimentally (2.3) agrees perfectly with 
the predicted value (also 2.3). This is expected as these ratios are not influenced by the 
limited accuracy of the wedge slope. 

At interlayer thicknesses conesponding to the second, third, fourth and fifth AF coup
ling maxima, Kerr loops were measured as a function of the cap layer thickness. At each 
cap layer thickness the interlayer thickness was tuned to maxize the AF coupling. In fig. 
5.6 the resulting maximum AF coupling fields are plotted as a function of the cap layer 
thickness at the four interlayer AF maxima. A clear oscillatory behaviour of the strength 
of the coupling with the cap layer thickness is observed for all AF peaks. As it is the 
thickness of a Cu cap layer which is varied one might expect a biperiodic oscillation to 
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Figure 5.5: The coupling field as a tunetion of the interlayer thickness at a Cu cap layer 
thickness of 10 A. The hysteresis loop at the maximum of the second peak is shown as an 
inset. 

show up, as was the case for the dependenee on the interlayer thickness. That this is not 
the case can be understood from the band structures presented in section 2.6.3. 

We will now look at these band structures in some more detail. From section 2.2 
it has become clear that the oscillatory behaviour of the interlayer exchange coupling 
has its origin in electron wave reileetion at the spaeer interfaces, possibly influenced by 
interferences set up in the various layers of a multilayered system. When variation of the 
thickness of a certain layer other than the interlayer is to affect the coupling, electrons 
coming from that layer must be able to reach the interlayer, otherwise the thickness 
variation will not be noticed at the interlayer. In order to do this they must cross one 
or more interfaces, in our case Co/Cu interfaces. It is therefore important to consider 
the behaviour of electrons at these interfaces. This behaviour is determined by the band 
structures of the materials that form the interface. Let us start with the spin up electrons. 

Both the spin up electrons responsible for the long period oscillation and those de
termining the short period oscillation have a band structure which is fairly similar to the 
Cu band structure, although this similarity is somewhat less for the long period electrons. 
Because of this similarity spin up electrons will not be strongly reflected at a Co/Cu in
terface, cf. fig. 2.1 to see how band mismatch introduces a potential step at an interface. 
This the reason why insome potentiallandscapes presented in this report perfect band
match was assumed forspin up electrons. In that case electrons 'see' the entire multilayer 
as if it were composed of a single materialand therefore do not contribute to the exchange 
interaction which is based on reflections. In reality some band mismatch will occur and 
the spin up electrons will contribute to the coupling to some extent. 

When consiclering the spin down electrons we see a totally different picture. First of 
all, the band structure of the electrons carrying the long period oscillation is dissimilar to 
the Cu band structure, resulting in a large potential step for these electrons at a Co/Cu 
interface. They are thus strongly reflected. But the situation is even more dramatic 
for the spin down electrons of the short period because there is a bandgap at the Fermi 
energy in Co for these electrons. Therefore they cannot cross the interface from Cu into 
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Figure 5.6: Interlayer coupling as a function of cap layer thickness. 

Co (disregarding tunneling). Nordström et al. [38] calculated that the bandgap depends 
on the thickness of the Co layer in the range of small thicknesses and that it opens up for 
increasing Co thickness from one to five monolayers. 

All in all we abserve the following situation. When consiclering the interlayer thick
ness dependenee of the exchange coupling, we expect both a long and a short period 
as especially spin down electrans are strongly reflected. There is no need for the short 
period spin down electrans to cross the Co/Cu interface, hence they can contribute to 
the coupling. But the situation is different for the cap layer thickness dependenee of the 
interlayer coupling. Here the short period spin down electrans must cross the Co layer 
tobring the information they carry about the cap layer thickness to the interlayer, which 
they are unable to do due to the bandgap. The spin down electrans of the long period on 
the other hand can reach the interlayer (thereby experiencing two potential steps). We 
may therefore expect the cap layer thickness dependenee not to display a significant short 
period oscillatory component. 
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Figure 5.7: Potentiallandscape used to derive an expression aimed at fitting the data. 

The observed long period of approximately 9 A is thus to be compared with the period 
derived from the spanning vector at the rX-line with k11 = 0, resulting in a period of 10.6 
A. Given the experimental uncertainty in the wedge slope the agreement is fair. We will 
now focus on the phase and strength of the oscillations in fig. 5.6. The oscillations at 
the second and third AF coupling peak and similarly the fourth and fifth AF peak have 
approximately the same phase, whereas the oscillations at the second and third AF peak 
have nearly opposite phases compared to the oscillations at the fourth and fifth AF peak. 
For clarity this is emphasized by the dashed lines in fig. 5.6. Furthermore, it appears that 
the decrease of the oscillation amplitude is slower for the AF peaks at larger interlayer 
thickness. Finally, the amplitude of the oscillation with cap layer and interlayer thickness 
progressively decreases from the second to the fifth AF coupling peak. 

A mathematica! understanding for the observations described above is provided by 
eq. (2.11) which was derived in section 2.4 and in appendix A. The prefactors of the 
cap layer terms in this equation show why the decay of the asciilation with the cap 
layer thickness is slower for the AF maxima at larger interlayer thickness. A larger D 
reduces the decay effect of T. Similarly, the reduction of the amplitude is aresult of the 
larger D in the prefactor. A further point concerns the relative phase of the oscillations 
in fig. 5.6. The phase factor in the cap layer terms of eq. (2.11) is determined by D 
and L, where L is constant. Since the difference in interlayer thickness D between the 
second and third (and also the fourth and fifth) AF coupling peak equals exactly one 
long oscillation period, the corresponding oscillations are phase shifted one period which 
obviously appears as no phase shift at all. The oscillations at the third and fourth AF 
coupling peak have nearly opposite phases because the interlayer thicknesses differ one 
short period which is accidentally approximately half a long period. 

Eq. (2.11) cannot be used to fit the data as the potentiallandscape on which it is 
based doesnottake into account the presence of the Au layer on top of the Cu cap layer 
(infinitely high potential step behind the Cu cap layer in fig. 2.7). Therefore a new 
expressionmust be derived analogously to the derivation of eq. (2.11). The new potential 
landscape is depicted in fig. 5. 7 and the result of the new derivation is expressed in eq. 
(5.2). 
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The use of symbols in eq. (5.2) and the interpretation of the various terms is the same 
as in section 2.4. There it was stated that the first two terms represent the interlayer 
and magnetic layer thickness dependenee while the last two express the dependenee of 
the interlayer coupling on the cap layer, which is also the case here. In fact the only 
difference between eq. (2.11) and eq. (5.2) is that r 00 is replaced by r 00

2 in the cap 
layer terms, which would also be expected from the intuitive model. The extra factor 
r 00 reduces the importance of the latter terms with respect to the interlayer term. As a 
consequence the lines of constant coupling strength do not subtent an angle of 45° with 
the horizontal anymore, cf. fig. 2.8. They are now oriented horizontally. In this situation 
the coupling is determined primarily by the interlayer term with the contributions of the 
cap layer terms superimposed on it. 

The quantitative agreement of the model with the data is illustrated by the solid 
lines in fig. 5.6 which are calculated from the last two terms in eq. (5.2). As the offset 
determined by the first two terms does not include the short period contribution, the 
height of the peaks in fig. 5.5 was substituted. We used kF = 1.36Á -I, k~ = 1.20Á -I as 
in [17], L = 7 A and the position of the peaks in fig. 5.5 forD. An overall reduction factor 
(0.25), due to elevated temperatures and sample imperfections like interface roughness 
(14], is estimated from the interlayer dependenee when fitting with the full equation 
and assuming equal strength of the long and short period. As a result the calculated 
curves in fig. 5.6 have no adjustable parameters. Although it remains unclear why the 
oscillations are not around a constant background determined by the first two terms of 
eq. (5.2), but around a decreasing background the most important features of the cap 
layer effects can be understood remarkably well from the free-electron result given by eq. 
(5.2). For completeness we mention that the effect of spin independent scattering on the 
interlayer coupling becomes progressively more important for the effect of layers further 
away from the interlayer. The overall reduction factor of 0.25 represents an averaged effect, 
but it is probably overestimated for the cap layer terms. On the other hand eq. (5.2) 
underestimates the coupling strength because a term analogous tothelast two (cap layer) 
terms containing D, L, T and the thickness of the Au top layer has not been included. 
Such a term would appear when using the intuitive model, however an exact derivation 
is rather complex. From the present fit it appears that both effects are approximately of 
the same magnitude. 

An indication for the existence of a cap layer effect follows from experiments on 
Au/Fe/ Au/Fe/ Au(100) by Okuno and Inomata [20]. They observed a phase change of 
1r in the oscillatory dependenee of the coupling strength on the Fe layer thickness upon 
interchanging the two Fe layers of differing thickness in a situation of unequal Au cap and 
base layer thicknesses, see fig. 5.8. This result can also be explained within this picture. 
As a consequence of a band gap for spin down electrans in Fe eq. (5.2) will be slightly 
different, the fourth term must be omitted and all k~ replaced by k~. Obviously, the 
result can only arise from the contributions of the remairring cap layer term in eq. (5.2) 
and an additional analogous base layer term. 
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Figure 5.8: Saturation field as a function of the Fe layer thickness as observed by Okuno 
and Inomata. In relation to the present study only curves E, F and G need to be con
sidered. The Au interlayer thickness is 11 ML. Upper and lower numbers of the lateral 
axis indicate upper layer and lower layer thicknesses in the case of curve E. The thickness 
relation is inverted for curves F and G. Clearly visible is the phase change of 1r between 
curve E on one hand and curves F and G on the other. 

U pon interchanging the two Fe layers of differing thicknesses, 1 1 and 1 2 , these terms 
acquire a phase factor exp[±2ik~(L1 - L2 )] relative to the original terms. Fora thickness 
change L1 - L2 of 1 ML combined with their observed asciilation period of 2 ML, this 
phase factor equals exp(±i1r) = -1 and reverses the sign of this contribution at their 
datapoints for which L1 =I= L2 . This appears as their observed phase shift of 1r. 
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Chapter 6 

Conclusions and recommendations 

The dependenee of the interlayer exchange coupling on the thickness of a capping layer 
has been investigated in an epitaxial Co/Cu/Co/Cu(lüü) sample with wedge-shaped Cu 
interlayer and cap layer. A clear single period oscillatory behaviour was found. This 
result is consistent with the theoretica! predictions made by Bruno along with electron 
confinement caused by the specific band structures of Co and Cu. In the model put 
forward by Bruno a multilayer is regarcled as the solid state equivalent of a Fabry-Perot 
interfera meter, in which the light waves have been replaced by electron waves. In this 
picture, the thicknesses of alllayers present in a sample affect the interlayer coupling. The 
results of the experiments performed in this study strongly support this point of view. 
They also clearly illustrate the quantitative applicability of Bruno's model provided that 
one accepts the discrepancy between the theoretica! and experimental strength of the 
coupling embodied in an overall multiplicative factor stemming from sample imperfections. 

The anticipated large effect of the thickness of the cap layer on the interlayer coupling 
was not found, probably due to the preserree of a Au layer (added to prevent oxidation of 
the sample) on top of the Cu cap layer which reduces the refl.ection behind the cap layer. 
Therefore a follow up experiment could be the investigation of a sample in which the 
antioxidation layer farms the cap layer, e.g. an Fe/ Au sample. Increasing the refl.ection 
amplitudes at the bounderies of the sample is also interesting with a view to magneto 
resistance experiments. Large refl.ection amplitudes will keep the electrans bouncing back 
and forth, thus simulating a multilayer cantairring an infinite number of repetitions. One 
final item that needs further attention is the intuitive model. At this moment it has no 
sound theoretica! basis and not all terms agree with the Bruno model, but because it gives 
a very transparant interpretation of this model, it is worth the extra effort. 
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Appendix A 

Derivation of the interlayer coupling 
equation 

In this section the question of solving eq. (2.8) in the situation of a potentiallandscape 
given by the one in fig. A.1 is addressed. The coupling energy is calculated in the limit 
of large interlayer, magnetic layer and cap layer thicknesses. Fig. A.1 is a reproduetion 
of fig. 2.7 and is included here for the sake of convenience. 

With the help of the recursion formula given in eq. (2.6) it is found that the refl.ection 
coefficients r 1, rt r 1, r1 are given by the following expressions: 

rr 
A 0 (A.1) 

rl 
Too- Tooe2ik}L 

(A.2) A 1 _ r
00

2e2ik}L 

rr 
B 

1e2ikzL+2ikzT (A.3) 

r oo + ( -r + e2ikzT) e2ik} L 

rl 
1 _ T e2~kzT 

(A.4) 00 
B 

( + 2ikzT) l+roo -roo e_ e2ik}L 
1 _ r 09e2~kzT 

In eqs. (A.1 - A.4) kz is the electron wave vector, ki is the wave vector of spin down 
electrans in the two Co layers and r 00 is the refl.ection coefficient for an upward potential 
step in case of a semi infinite layer behind the step, as defined by eq. (2.3). 

v~t ~ ~---L----~r = r 
: t : t co 
I I 

: :r =0 

k~ 
F .---------1 I 

.--L-.-..-0 ~ .. L ~ .. T_.. 

Figure A.1: Potential landscapes used to determine the dependenee of the interlayer 
exchange coupling on the thicknesses of the interlayer, magnetic layer and cap layer. 
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To keep the expressions in a compact form we make the following substitutions: 

K e2ik.L (A.5) 

A e2ik}L (A.6) 

s e2ik.T (A.7) 

~ e2ik.D (A.8) 

With the help of expressions (A.1-A.4) and eqs. (2.9) and (2.10) the spin average and 
spin asymmetry of the reflected amplitude are calculated. This leads to (using the new 
notation): 

T00 1- A 
-~rA = +-2--1-_-r_2_A_ 

oo 
1 KS +AS+ roo (1- A- KS2 + KAS2

) + r~ ( -S- KAS) 
2 1+r00 (-S+AS)-r~A 

1 KS- AS+ r 00 ( -1 +A- KS2 + KAS2
) + r~ (S- KAS) 

-2 1+r00 (-S+AS)-r~A 

(A.9) 

(A.lO) 

(A.ll) 

Now eqs. (A.9- A.ll) must be substituted into eq. (2.8), which yields for the integrand 
denoted by Int: 

Int=~~ [roo ( -KS +KAS+ AS- A2S) + 

r~ (1 + KS2
- 2KAS2 + KA2S 2 + A2

- 2A) + 

r!:, ( -S +AS+ KAS- KA2S)] / 

[ 1 + r oo ( -S + AS) + r~ (-2A) + r~ (AS - A 2 S) + r~ (A 2 ) + 

~~ [roo ( -KS +KAS- AS +A2S) + 

r~ ( -1 + 2A- A2 + KS2
- 2KAS2 + KA2S 2

) + 

r!:, (s-AS+ KAS- KA2S)]] (A.12) 

The integrand can be written as a power series of r 00 , which is assumed to be small. Trun
cating this power series after terms of the order r~ and retaining only terms cantairring 
at most three lengths (i.e. terms like ~' ~A, ~A 2 or ~AS) the approximated integrand 
denoted by I ntapprox becomes: 

Intapprox = ~ [r!,~ + T00 ( -~KS +~AS)- 2r~~AS- 2r!, ( 1- r!,) ~A+ 

r 2 (1- 4r2
) ~A2 + ~r4 ~2 - 2r4 ~2A] 

00 00 200 00 (A.13) 

The last three terms express double frequencies in ~ or A. Since these double frequencies 
are not observed in any experiment (not only the ones discussed in this report) these 
three terms will be omitted from now on. Another reason for this reduction is, as will 
become clear shortly when discussing the integration, that a term like r~~ leads to an 
r~ ri 2 term after integration, see eq. (2.11). A term like r~~2 would yield r~ 412 which 
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is neglected relative to r~ J2 for reasons of simplification. Retaining terms containing at 
most three lengths is necessary to include a dependenee of the interlayer coupling on the 
cap layer thickness, but retaining more lengths would introduce extra J2 like terms after 
integration. These expressions would then be small compared to the ones stemming from 
terms containing only one length as the layer thickness are assumed to be large. 

Now we have simplified the integrand we turn our attention to the processof actually 
performing the integration. As the refl.ection coefficients rt rt r1 and r1 depend only 
on kz, eq. (2.8) can be written as: 

J 2 JEF J1 = d k11 -oe Im [Int(kz)]dE 

at T = 0 K. In this expression the energy Eis given by: 

E = n2 (k2 + k2) = ft2k} 
2m 11 z 2m 

The integration over E can be transformed into one over kz by realising that: 

271"2 
ÖE = -Ökz 

2m 

after which eq. (A.l4) becomes: 

(A.14) 

(A.l5) 

(A.l6) 

(A.l7) 

The k11 integration can be treated separately from the one over kz and is particularly 
simplewhen using the free electron approximation (spherical Fermi surface). In this case 
the integration becomes: 

(A.l8) 

Substituting this into eq. (A.17) yields: 

(A.l9) 

where the integration contour is depicted in fig. (A.2). 
The refl.ection coefficients r 00 for kz belonging to the imaginary axis are real. Suppose 

the incoming and transmitted waves are denoted by ki =ik~ and kt =ik~ then eq. (2.3) 
shows that 

ie- ik~ 
Toe= .k~ + "k' (A.20) 

'l i 'l t 

which is a real expression. As the exponential terms in the integrand also become real 
when kz is purely imaginary, the integral along the imaginary axis vanishes as the ima
ginary part of Int(kz) is taken in eq. (A.19) and only the integration along AB makes a 
contribution. 
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D ------------- C 

A B 

Re kz 
Figure A.2: Integration contour in the complex plane used toperfarm the integration over 
kz. 

Because Int( kz) is analytic in the fi.rst quadrant of the complex plane the contour 
DAB can be replaced by DCB. But as Int(kz) ---> 0 when Im( kz ) ---> oo only the 
integration along C B has a non zero value. Therefore the variabie of integration kz can 
be written as kF +iK,, where K, runs from 0 to oo. Eq. (A.19) then becomes: 

1rn} loo J1 = --Jm dK,K, (kF + i/'î,) (2kF +iK,) Int (kF + i/'î,) 
m o 

(A.21) 

Eq. (A.13) can now be substituted into eq. (A.21). When we make the approximation 
that the refl.ection coefficient r oo does not depend on kz but is given by: 

kF- k} 
Too = l 

kF +kF 
(A.22) 

in accordance with eq. (2.3) we can perform the calculation of eq. (A.21) analytically. 
To show how the integration is performed we will integrate the first term of eq. (A.13), 
i.e. the dependenee of the exchange coupling on the thickness of the spaeer layer. 

1 n2 
[ . 1 ] J = --lm e2lkFD j dK, (2k2 K, + 3ik K,2 _ K,3) -r2 e-2KD 

1 47r2 m F F 2 oo (A.23) 

The integral can be solved by integrating by parts. The term 2k}K, will then result in a 
term proportional to .z52 • The other two terms of order K,2 and K,3 yield expressions pro
portionalto ria and .J4 respectively. These terms are omitted because they are negligabie 
relative to the .z52 -term since D was assumed to be large. This leaves: 

(A.24) 

(A.25) 
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This is exactly the first term of eq. (2.11). The others follow in the same way. Within 
the approximations outlined above the complete expression for J1 becomes: 

(A.26) 

The prefactor of the second term does not agree with that of the corresponding ex
pression derived insection 2.5. The prefactor derived there is too large by a factor of two. 
As stated in section 2.5 the cause of this discrepancy remains unclear. 
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Errata 

Page 17 

The substitutions for A and K have been interchanged in the last line of the first 
: paragraph on page 17. 

Page 19 

In the top line of page 19 it should read r~~2 insteadof r~~. 

Page 22/23 

The points r and X referred to in line 7 on page 23, are missing in fig. 2.13 on page 
22. They correspond to the lower left and lower right corners respectively in fig. 
2.13.d-f on page 22. Fig. 2.13.a-c relate to the same direction in k-space but with a 
non zero k11, cf. fig. 2.12.a page 21. 

Page 62 

Eq. (A.26) in the appendix contains some errors, it should be: 


