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Errata 

p3, 126: within a the deposition of a single Co atom thick layer 

to be: already before a layer of one Co atom thickness was deposited. 

p14, 116: Nél 

to be: Néel 

p15 132: anisotropic 

to be: an isotropie 

p29 11: (from) which light a certain fraction 

to be: (from) which a certain fraction 

p29 130: A disadvantage is the effect 

to be: A disadvantage is that the effect 

p33 figure 3.4: the arrow in the inset for analyser must be omitted 

add to text: The arrows indicate the stress axis of the PEM and the disconti
nuous lines indicate the axis of transmission of the analyser and polarizer. 

p40 equation (3.24), add to term in between parentheses: +ti<:~~~11 

p54 110 (below figure caption): magneto-crystalline anisotropy 

to be: magneto-elastic anisotropy 

p57 133: new line Cu(lll)/NijCo wedgejNi/Cu 

p65 132: magneto-elasticity anisotropy 

to be: magneto-elastic anisotropy 

p68 116,17,18: add minus sign to all ( 4) values for the anisotropy constant 

p69 figure 4.14: unfortunately the numbers are left out, hopefully the positions 
of the numbers are clear from the text 

p70 117: flip 

to be: flop 
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Abstract 

Various thin films consisting of magnetic and non-magnetic metallic layers, mul
tilayers, are deposited on single-crystalline substrates by molecular beam eva
poration. In all samples, one or more layers were grown in the form of a wedge, 
so that the infl.uence of the wedge-material on some magnetic properties can be 
investigated. The locally prohing magneto-optical Kerr effect (MOKE), is used 
to measure several types of Kerr loops (similar to hysteresis loops) from which 
the Kerr effect, coercive field, magnetic anisotropy or interlayer coupling can be 
obtained. MOKE does not measure the magnetisation, but is proportional to 
the magnet ie moment (hence si mil ar). Various unquantified optica! properties 
are involved, hindering the determination of the proportionality constant. 

With this method the Kerr effect and the coercive field of Pd(111)/Co 
wedge/Pd and Pt(lll )/Co wedge/Pt were measured as a function of Co thick
ness from 0 to 16 A. The magnetic anisotropy of the latter system was also 
investigated. The Kerr effect increases nearly proportional to the Co thickness 
(related to magnetic moment), as expected. However, extrapolation to zero 
Co thickness yields an offset, which is attributed to the polarisation of Pd and 
Pt. This polarisation sametimes results in an enhancement of the Kerr effect. 
Amount nor direction of the polarisation can easily l>e determined, due to the 
infl.uence of optica} properties. The coercive field shows a sharp peak at 3.7 A 
Co for Pd(lll)/Co/Pd and 3.1 A Co for Pt(111)/Co/Pt. A high surface ani
sotropy of each Co/Pt(111) interface, K;;o/Pt(lll) = 1.15 mJ/m2, and a volume 
anisotropy of K~o = -0.77 MJ/m3

, lead to a thickness of tèo = 30 A below 
which the easy axis of magnetisation lies perpendicular to the film. The volume 
anisotropy can not be explained by demagnetisation anisotropy ( K~0 = -1.27 
MJ /m3 ) only. LEED pictures revealed that Co adapted its bulk l~ttice para
meter within a the deposition of a single Co atom thick layer. It is concluded 
that no stress, and therefore no magneto-elastic anisotropy, is present. The 
magneto-crystalline anisotropy is probably involved, but from the LEED pic
tures it can not be determined if Co grew in fee u<:.~~c = -0.07 MJ /m3

) Of 

hcp (I<~~~cp = 0.53 MJ /m3
) structure. Extremely sharp interfaces probably 

account for the high surface anisotropy, compared to values found by others. 
Fora Cu(111)/Ni/Co/Ni/Cu sample the sameproperties as already menti

oned are studied, both as a function of Co and Ni thickness. In one sample the 
Co thickness was varied (0 to 8 A), whereas the thickness of the two Ni layers 
was fixed at 10 A each. In another sample, the Ni layers were grown as two 
overlapping wedges ( each 0 to 45 A) separated by a 4 A thick, uniform Co layer. 
The Kerr effect increases proportionally, and at zero Co or Ni thickness an offset 
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remains which is explained by the presence of Ni or Co, respectively. A remar- · 
kable enhancement by a factor 2 occurs on the addition of the first 2 A of Ni on 
both sicles of the uniform Co layer. Only in the latter sample, the coercive field 
showed a peak (at (2x 2 Á Ni). Stress, imposed by the coherent epitaxial growth 
of Co and Ni on the Cu substrate, considerably influences the magnetic anisot
ropy. Both Ni and Co have a smaller lattice constant than Cu, thus a tensile 
stress results if the layers grow coherent. The experimental volume anisotropy, 
J<Cj0 = -0.68 MJ jm3 , agrees qualitatively with the expected value of the sum of 
the demagnetisation and magneto-crystalline anisotropy ( 1<:,0 + I<:,Mc = -1.34 
MJ jm3 ) and the calculated magneto-elastic anisotropy (J<:,ME = 0.30 MJ /m3

), 

in case of an fee structure for the first sample. Again, the surface anisotropy, 
]{~o/Ni(lll) = 0.42 mJ fm2 is higher than values observed by others, probably 
for the same reason as above. The magnetic anisotropy behaviour of the second 
sample is complicated. A few ideas are presented that could explain it. 

The interlayer coupling in Cu(llO)/Co/Cu wedge/Co/Cu between the Co 
layers as function of Cu interlayer thickness (0 to 44 À) is studied. Coupling 
strength as well as sign oscillate as a function of Cu interlayer thickness with a 
period of 12.5 A and a maximumstrengthof 0.66 mJ/m2 at 8.0 A Cu. 
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Chapter 1 

Introduetion 

Impravement of growth techniques has made it possible to grow ultrathin, down 
to monolayer thickness ("'À), layers of various elements alternatingly onto a 
substrate. These multilayers display new phenomena in various fieldsof physics, 
also in the field of magnetism. 

If some layers are magnetic, then the preferential direction of the magne
tisation can he either in the plane of the layer or perpendicular to it. This 
phenomenon is related to magnetic anisotropy. The size of magnetic domains 
can he reduced if the preferential direction is perpendicular compared to the size 
of domains with an in-plane preferential direction. In this way the information 
density of magnetic data storage media can he increased. 

Also coupZing is observed between two magnetic layers separated by a non
magnetic spaeer layer, a sandwich. The coupling is ferromagnetic (F) if the 
magnetisation veetors of the layers are parallel, or antiferromagnetic (AF) if the 
magnetisation veetors lie antiparalleL The strength of the coupling as well as 
the sign, F or AF, oscillate with the thickness of the spaeer layer. This is of 
fundamental interest. 

There are also application possibilities for this sandwich. The resistance de
pends on the alignment of the magnetisation vectors. Giant magneto-resistance 
effects have been measured. The alignment of the veetors can he changed by 
an external magnetic field. The resistance thus depends on the external field. 
Magnetic field sensors and reading heads are examples of applications. 

In this project the magnetic anisotropy and interlayer coupling are investigated 
for a few cobalt-based samples. In addition the coercive field and the magneto
optical Kerr rotation and ellipticity are measured. 

Each chapter starts with a short summary to guide the reader quickly to 
the parts of his interest. After this introduetion chapter 2 defines multilayers 
and indicates the advantages of, and demands on wedge-shaped layers. Further, 
it treats the theory of magnetic phenomena in multilayers, magnetic anisot
ropy and interlayer coupling. The coercive field is also defined. The theory 
of the magneto-optical Kerr effect (MOKE) and the measurement technique is 
provided in chapter 3, together with the method of measurement of the menti-
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oned magnetic phenomena with MOKE. Some analysing techniques, other than · 
MOKE, that are used too, are mentioned. The results, in chapter 4, are se
parated in three sections. First two candidates for magneto-optical data sto
rage media, Pd(111)/Co/Pd and Pt(111)/Co/Pt, are investigated. Following 
this, measurements on Cu(111)/Ni/Co/Ni/Cu are discussed. Special attention 
is given to the anisotropy of this sample. Finally, interlayer coupling data of 
Cu(llO)/Co/Cu/Co/Cu are presented and commented on. The conclusions and 
recommendations in chapter 5 are foliowed by appendices A, B and C. Appendix 
A contains the derivation of the approximation of the Kerr rotation and ellipti
city on the bases of parallel and senkrecht linearly polarised light. In appendix 
B equations for other set-ups than treated in chapter 3 are derived and some 
additional remarks are made. The saturation field of a cubic crystal is expressed 
in the anisotropy constant for the [100]- and [110]-axis in appendix C. 
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Chapter 2 

Magnetic properties of 
rnultilayers 

First the term multilayers and the reasons for growing wedges are cla
rified. Three magnetic properties, coercive field, magnetic anisotropy 
and interlayer coupling, are discussed. The origin of the various 
sourees of magnetic anisotropy is indicated and specific equations 
are given. The analysis of magnetic anisotropy data is explained. 
The theory to calculate the effect of interlayer coupZing on hysteresis 
loops is outlined, in order to relate transition fields in the loop to the 
coupling strength. 

2.1 Uniform and wedge-shaped layers 

Magnetic multilayers consist of magnetic and non-magüetic layers of various 
thickness and stacked in some order. The overall properties depend on the 
thickness of magnetic as well as non-magnetic layers, among other variables. 

In order to investigate the various magnetic properties as a function of the 
thickness of a layer, usually a series of samples has to be grown. This is time
consuming and slightly different deposition conditions may complicate the dis
cussion of the results. Growing the layer in the form of a wedge avoids these 
two problems. In multilayers containing wedge-shaped layers, the total number 
of layers and the total thickness of the sample are usually small. It should be 
noted that a wedge-shaped sample is actually regarcled as a series of samples 
next to each other, prepared simultaneously. The thickness of a layer in these 
samples varies and the various properties can be stuclied as a function of this 
thickness. This is correct only if the investigated properties are locally deter
mined and independent of the same properties elsewhere on the wedge. As an 
example, consider a wedge that has a perpendicular preferential direction of 
the magnetisation in the thin layer region, but in-plane magnetisation in the 
thicker layer region. If the magnetisation was ordered throughout the wedge, 
due to ferromagnetic exchange, all magnetic moments would lie parallel to each 
other. This is not in agreement with earlier observations on wedge structures. 
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(a) 
uniform layer 

wedge 

substrate 

o ML I 1 ML I 2 ML I 3 ML l 4 ML I 5 ML / 6 ML I thickness 

~------ 3 108ML -------.. 

6mm 

D OML ~ 1ML • 2ML 

(b) increasing thickness 

Figure 2.1: The assumed appearance of a wedge (the shaded area). (a) Side
view. Different shading corresponds to different columns. The columns extend 
tbraughout the multilayer structure (not shown). In practise there are much 
more columns. Another uniform layer is deposited on top of the wedge. The 
thickness of the wedge is written below the wedge. (b) Top view. The wedge 
thickness does not increase in steps; patches are formed that become larger in 
the direction of the wedge, until they become continuous and a new monolayer 
is formed. 
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Apparently, harriers exist, that break the correlation of the local magnetisation · 
and other properties in the direction of the wedge ( the direction of increasing 
thickness), making the wedge technique as powerfull as it is. 

In thick multilayers these harriers are helieved to be forrned by the edges of 
grains. TEM pictures of thick (over 1000 Á) Co/ Au multilayers with uniform 
layers reveal that these multilayers grow in columns extending about 1000 Á in 
lateral direction. Within each column the multilayer structure in the vertical 
direction is maintained [1]. No TEM studies on thin (10-100 Á) samples with a 
wedge-shaped layer have been carried out up till now, therefore it is not known 
if these columns also exist in these samples. In a thin wedge sample the harriers 
may also he formed by steps on the substrate surface (roughness), onto which 
the wedge is grown. The steps should he larger than the local wedge thickness. 

Properties like magnetic anisotropy, magnitude and direction of the magne
tic moment, interlayer coupling, wedge thickness and stress are assumed to be 
locally determined by the configuration of the multilayer. Properties like com
position, structure, roughness, thickness of uniform layers and mismatch are 
assumed to be the same everywhere. 

The wedge thickness does not vary in perfect steps, see figure 2.1. It is 
assumed that patches, islands of material that are only one atom thick, are 
formed. The lateral size of the patches increases as function of position on the 
wedge, until they forma continuous layer, a next monolayer. A monolayer is a 
layer that is one atom thick. Monolayer (ML) also denotes the distance between 
neighbouring atomie planes. It depends, of course, on the lattice parameter, but 
also on the viewing direction. 

In order to grow a wedge, a shutter shield is translated at constant velocity 
across the sample, while there is a constant vapour stream directed towards the 
sample. The amount of material deposited is less at places where the shutter 
longer obstructed the vapour from the source. 

Various properties depend on the crystal structure or the orientation of the 
surface of a sample. The orientation of the surface of a layer will be indicated 
by the axis that is normal to the surface of this layer. In fact, a planeis defined 
by this axis and the axis is put between parentheses, e.g. (110). To define the 
direction of a crystal axis square brackets are used, e.g. [111 ]. 

2.2 Coercive field 

To define the coercive field, a magnetic hysteresis loop must be defined first. A 
hysteresis loop displays the magnetisation parallel to the applied magnetic field, 
where the field sweeps from positive to negative saturation of the magnetisation 
and back again. An example is given in figure 2.2. The part of the curve 
measured during the negative sweep and the part measured during the positive 
sweep ( usually) do not overlap. Th ere is hysteresis, which is why these loops are 
named hysteresis loops. The coercive field is defined as the field value at which 
the magnetisation parallel to the field becomes zero, figure 2.2. 
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M 

Figure 2.2: A magnetic hysteresis loop. The coercive field is indicated by He. 

2.3 Magnetic Anisotropy 

2.3.1 Definition of magnetic anisotropy 

The phenomenon that the total energy of a magnetic material depends on the 
direction of the magnetisation is called magnetic anisotropy. Magnetic anisot
ropy energy is expressed in a magnetic anisotropy constant I< and the direction 
cosines ai of the magnetisation. 

EK= I: Kklma~a~a~ (2.1) 
k,l,m 

These direction cosines are the components of the unit vector parallel to the 
magnetisation on the axes of a suitable three-dimensional basis. The expression 
must be invariant for syrnrnetry operations of the crystal structure. It is assumed 
that the constants approach zero for higher order terms. The equation is usually 
being approximated by the first or first two non-vanishing terms. 

In thin films, such as multilayers, the magnetic anisotropy energy usually 
depends less strongly (or not at all) on the azimuthal angle, </J, than on the 
equatorial angle, () ( angles are defined in figure 2.3 ). In gener al, the first non
vanishing term compatible with the symrnetry of the crystal structure is: 

(2.2) 

The magnetic anisotropy constant, in this case, can be defined as: 

(2.3) 
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x 

normal 
z 

a 
3 M 

a2 
?--------:------1~ y 

film plane 

Figure 2.3: Definition of the angles 4> and () in thin films. The direction cosines 
are also indicated. 

where EK,/ 1 and EK,l. are the energies of the states with magnetisation saturated 
parallel and perpendicular to the film plane, respectively. Using this definition, 
the magnetic anisotropy energy in the case of thin films is minimal for () = 90°, 
if I< is negative. Therefore the preferential direction of the magnetisation, the 
easy axis, lies in the film plane. Conversely, the energy is maximal for () = 0°, 
if I< is negative. This direction is called the hard axis. When I< is positive the 
easy axis is normal to the plane, or perpendicular, and the hard axis lies in-plane. 
Absolute mininmum and maximum anisotropy energies define the easy and the 
hard axis, whereas a relative minimum and maximum define an intermediale 
easy and hard axis, respectively. 

The magnetic anisotropy constant and, hence, the magnetic anisotropy itself, 
is expressed in [J /m3

], if the anisotropy originates from the volume, or in [J /m2], 

if the anisotropy originates from a surface ( or interface if another material is 
present). Surface anisotropy is used for anisotropies originating from both the 
surface and the interface. Surface anisotropies are denoted with a subscript s 
and volume anisotropies are denoted with a subscript v. The above equations 
apply to both surface and volume anisotropies. If there is no subscript s or 
v then the energy in [J] is indicated, except for the equations above. In the 
following the various contributions to the magnetic anisotropy are described. 

2.3.2 Demagnetisation anisotropy 

In the continuurn approach, an applied magnetic field, H, has to overcome the 
demagnetisation field, that is proportional to the rnagnetisation, M, in case of 
ellipsoids of revolution. The constant of proportionality is the dernagnetisation 
factor N. For a sphere N = ~' for a thin film N = 1 perpendicular to the film 
and N = 0 parallel to the film plane and for a needie N = 0 parallel to the 
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needie and N = t perpendicular to it. The energy per volume equals: 

Ev =- j HdB = -Jlo j HdH- Jlo j !vfdH (2.4) 

The first term on the right hand side is the field energy in vacuum which is in
dependent of the material present and is isotropic. The second term depends on 
the magnetisation of the material present and can he magnetically anisotropic. 
Substituting H;; = -N M = 0 and HL = -N M = -Min case of the thin film, 
yields: 

(2.5) 

If the field is applied making an angle () with the film normal, instead of normal 
to the film, we have: 

fM• cosfJ 1 
Ev,D = Jlo Jo MJ.dMJ. = 2,JloM? cos

2 
() (2.6) 

where MJ. is the component of the magnetisation perpendicular to the film. ()is 
also the angle between the magnetisation and the film normaL This contribution 
to the anisotropy is called the demagnetisation anisotropy. Other narnes are 
magnetostatic, shape or dipolar anisotropy. The demagnetisation anisotropy 
constant can be obtained with equation (2.3) and yields the same value as above. 
It is always negative and the demagnetisation anisotropy thus promotes an in
plane easy axis. 

The demagnetisation anisotropy constant can also be derived by a more 
fundamental, macroscopie approach. A geometrical anisotropy ( asymmetry) of 
a magnetic sample results in a magnetic anisotropy. This magnetic anisotropy 
is a consequence of the magnetic dipole-dipole interaction. The induction of a 
magnetic dipole m in the origin at position i is: 

(2.7) 

Jlo is the permeability of vacuum. The energy of an identical dipole at this 
position in the induced field is: 

To determine the dipole energy of the total sample the sum must be taken over 
all interacting moment pairs. 

(2.9) 

The sum is taken over all combinations i,j except those where i = j. (i and 
j range over all moments.) The factor ~ corrects for counting each interaction 
twice. 
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Only in the case of uniform magnetisation are the resulting equations simple. 
This restricts the shape of the sample to the class of ellipsoids of revolution, 
including limiting cases of a thin film and a long, thin cilinder. 

In case of a uniform magnetisation all moments are parallel and equation 
(2.9) becomes: 

Erup =~PoL {~2- 3(m ~fij)2} 
2 47r i::Fj rij rij 

(2.10) 

The fi.rst term between braces is independent of the direction of the magnetisa
tion and does not lead to magnetic anisotropy. The second term between the 
braces does depend on the direction of the magnetisation and can lead to mag
netic anisotropy. In case of a magnetic sphere, perfect geometrical symmetry, 
it is apparent that there is no magnetic anisotropy. Applying the field in any 
direction leaves the situation and thus the energy unchanged. In case of a thin 
film there is a difference. If the magnetisation is directed perpendicular to the 
film plane by an external field, then the second term between the braces in 
equation (2.10) will often be close to zero. The vector Tij is mainly parallel to 
the film plane. If the magnetisation lies in the plane of the film, then the same 
term will rarely be close to zero ( m and Tij are mostly parallel). In figure 2.4 
the dipole field lines are drawn for both directions of the magnetisation. If the 
magnetisation is perpendicular to the film most moments are oriented opposite 
to the dipolar field of a neighbouring moment. If the magnetisation is in-plane 
most moments lie parallel to the dipolar field of a neighbouring moment. 

- ~ - - - ltt / 

I' ' I .". ...... ~-- _, - .... 

' 
I 

/ ' / 
s 

-~-- --- - -- .... ~e;.--·r--~ ' I I I ' 
I I I ,, 

.1• 

' ' ' ' ' -,;;;'~ ~ ~ 
__., __., 

--..-:~--

/I . ' I I I I I + I 
\ I 

I\ ' 

' -- ~ - ' t 
'-

,,,,, __ 
I 

I ,, .I ... M .". 

M \ 
(a) (b) 

Figure 2.4: The origin of demagnetisation anisotropy. The influence of the in
teraction of a magnetic moment with other magnetic moments depends on the 
direction of the magnetisation in a magnetic layer. 

Draaisma and De Jonge [2] have effected the summation in the case of a thin 
film, and found that the demagnetisation anisotropy constant closely approaches 
-~p0M52 , but deviates from this value for the outer layers (most outer layer 30 
% deviation). The dipole-dipole interaction applies to all shapes of samples, but 
only in case of a uniform magnetisation the result is uniform. 
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There is another demand on a thin film if the magnetisation has to he uni- · 
form, which we shall often assume in our theory. The ferromagnetic exchange
length must he larger than the film thickness, in order to keep all magnetic 
moments across the film thickness parallel by exchange interaction. Van Alphen 
[3] has shown that this is correct if the film thickness is below about 30 Á in the 
case of Co and below about 70 Á in the case of Ni films. 

2.3.3 Magneto-crystalline anisotropy 

Crystal structures display geometrical anisotropy. This geometrical anisotropy 
can result in a magnetic anisotropy, if the magnetic moment, which mainly 
results from the electron spin, is influenced by the crystal structure. There 
exists a coupling between the spin and the orbital momenturn of an electron, 
the spin-orbit interaction. The orbital shape and also its momenturn are directly 
affected by the atomie arrangement, therefore the spin feels the crystal lattice 
through this coupling. This contribution to the magnetic anisotropy is called 
magneto-crystalline anisotropy. It can originate either from the structure in the 
bulkor from the structure at the surface (interface). Nél anisotropy is often used 
to indicate the surface anisotropy. The following equations are derived using 
symmetry arguments corresponding to the symmetry of the crystal structure 
only [4]. 

The volume part of the magneto-crystalline contribution to the energy ap
proximated to second order for cubic crystals is: 

E~,Mc = I<~,Mc,I(o:~o:~ + o:~o:~ + o:~o:D 
(2.11) 

where the O:i are the direction cosines of the magnetisation with respect to the 
three [001]-type cubic axes. K~,Mc; is the ith anisotropy constant for a cubic 
lattice. These terms are often small compared to the demagnetisation term, if 
it also plays a role, in layers of cubic structure. 

The surface magneto-crystalline anisotropy is usually larger and can, in ge
nera!, depend on the orientation of the surface. Therefore the orientation is 
indicated as a superscript. To first order for a face centered cubic structure with 
a [111]-orientd surface, this is: 

Efcc,lll _ -Kfcc,lll 2 () 
s,MC - s cos (2.12) 

The volume magneto-crystalline term of hexagona/ close packed crystallayers 
is not small, compared to the demagnetisation. 

E;~c = J{;~c,I(o:~ + o:~) 

(2.13) 

The o:i are again the direction cosines, here with respect to the c-axis and any 
pair of orthogonal in-plane axes. This anisotropy is a uniaxial anisotropy. It 
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only depends on the direction of one axis, i.c. the c-axis. For a thin film with 
the c-axis parallel to the normal, equation (2.13) can be expressed as: 

Ehcp }yhcp 2 () }~hcp 4 () 
v,MC = - \v,MC,I COS - iv,MC,2 COS (2.14) 

() is the angle between the magnetisation and the film normaL In fact, a~+ a~ = 
1 - a5 = 1 - cos 2 e. Constant terms do not contribute to the anisotropy and 
may he omitted. 

The surface part is the same as for fee, but I<!~~u in equation (2.12) must 

be replaced by /(:,~gxn. The [0001] axis in hcp denotes the c-axis. 
As we saw before, the dipole-dipole interaction is primarily responsible for 

the demagnetisation anisotropy. Draaisma and De Jonge [2] calculated that 
in some cases (i.e. tetragonal structure) it also produces a magneto-crystalline 
volume contribution. Further, they found that in most structures the dipole
dipole interaction only results in a small surface magneto-crystalline anisotropy. 

2.3.4 Magneto-elastic anisotropy 

In a similar way, mechanica} stress may lead to magnetic anisotropy. Stress can 
change the length and the direction of electronic orbitals and, via this geometrie 
anisotropy, cause magnetic anisotropy. This contribution is called magneto
elastic anisotropy and it originates from the stressed volume. The magneto
elastic energy for cubic crystals is expressed as (see for example equation (8.79) 
in [5]): 

E c 3 À ( 2 2 2 2 2 2) 
v,ME - -2 1000' Q('ft + Q2T2 + a3T3 

-3Àma(aiTia2T2 + an2a3T3 + anta3T3) (2.15) 

for an applied stress of magnitude a, oriented along direction cosines Ti with 
respect to the cubic [100]-type axes. A positive value indicates a tensile stress, a 
negative one a compressive stress. The ai are the direction cosines of the mag
netisation with respect to the same axes. À100 and À111 are the magnetostriction 
constants in the [100]- and [111]-direction. 

The thin multilayer films in this report often have an in-plane uniform stress 
due to lattice mismatch (see below). The corresponding magneto-elastic ani
sotropy is sought. Dionne [6] has proved that a planar stress of magnitude a 
produces essentially the same expression for E~.ME as a uniaxial stress along the 
normal, with equal magnitude but opposite sign. The only difference is anisa
tropie term that may be omitted. Thus to find the magneto-elastic anisotropy 
of a planar stress of magnitude a, the opposite stress -a must he substituted in 
equation (2.15). The direction cosines of the stress correspond to the direction 
of the normal of the film with respect to the cubic crystal axes. 

Consicier a (100)-oriented surface with a planar stress, then Tl = T2 = 0 and 
TJ = 1. Substituting these values in equation (2.15) yields: 

c 100 3 2 3 2 
Ev'ME = --ÀIOo(-a)a3 = -ÀtooO'COS () . 2 2 

(2.16) 
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where () is the angle of the magnetisation with the normal of the film. Using · 
equation 2.3) the anisotropy constant is found. 

}
:?e 100 3 \ 
~v,ME = --A100a 

' 2 
(2.17) 

Similarly, the result for a ( 111 )-oriented surface with 11 = 12 = /J = ~ J3 is: 

Ee,111 3, 2() 
v ,ME = 2" 111 a cos (2.18) 

and the anisotropy constant becomes: 

}:?e,111 3 \ 
~v,ME = -2"111a (2.19) 

In this derivation constant terms are omitted and use is made uf: 

(2.20) 

In case of a (110)-oriented surface the energy can not be expressed in the angle 
between the magnetisation and the normal alone, see [6]. 

The stress is obtained by multiplying the strain t: with the elasticity modulus 
E. 

a= Et: (2.21) 

Strain is the relative deformation, dimension [1] and stress, dimension [N/m2] 

or [J fm3 ], is the energy per unit volume associated with the strain. The relation 
resembles Hooke's law: the force on a spring is proportional to the extension. 
Strain depends on the depastion method (internal strain). Sputtered layers are 
usually compressively strained (a < 0), while evaporated layers normally have 
tensile strain (a > 0). Strain can also result from different thermal expansion 
coefficients ( thermal strain) or different lattice constants of the equilibrium layer 
material and the substrate material onto which the layer is grown ( epitaxial 
strain). In case of such a lattice mismatch between a (thin) layer and a (thick) 
substrate, growth of the layer proceeds in two phases [7]: 

1) coherent The layer completely adapts to the in-plane lattice parameter of 
the substrate. 

2) incoherent Coherent growth continues only up to a critica! thickness, te. 
Above te, dislocations format the interface, so that the strain in the volume 
is gradually reduced, approximately as r 1

• 

On the one hand, there is an energy associated with uniformly strained, coherent, 
layers. This energy is proportional to the strained volume. On the other hand, 
a dislocation at the interface costs an amount of energy, proportional to the area 
of the interface with dislocations. lf the strained volume increases, with further 
deposition, then at certain critica! thickness it is energetically favourable to form 
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0 
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Figure 2.5: The theoretica] relation between strain and thickness in a thin film. 
te is the critica] thickness where the growth changes from the coherent phase to 
the incoherent phase. 

dislocations at the interface. The volume energy is reduced at the expense of 
the interface energy, but the total energy is also reduced. In general, a larger 
strain (larger mismatch) leads to a smaller critica! thickness. 

In the coherent situation the strain is equivalent to (minus) the lattice mis
match parameter, TJ· 

(2.22) 

a1 and a5 are the equilibrium bulk lattice parameters of the layer and substrate. 
In the incoherent phase, the strain reduces approximately as t- 1. 

te 
f = -ry

t 
(2.23) 

t is the thickness of the layer. The theoretica! relation between strain and thick
ness in a layer deposited on a substrate, is shown in figure 2.5. In both phases, 
coherent and incoherent, the stress is present in the volume and therefore a vo
lume term in the magnetic anisotropy. expressed in [J /m3

]. The t- 1 dependenee 
of the stress in the incoherent phase will, however, cause the magneto-elastic an
isotropy to appear as a surface term. This is explained in the next subsection. 

2.3.5 Analysis of magnetic anisotropy 

In experiments, the total energy or total energy difference is measured. This 
camprises two terms: (i) the volume anisotropy (I<v) times the magnetic volume 
and (ii) the surface anisotropy (I<s) times the the area of the surface of a thin 
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j_ j_ 

t 
0 0 te 

11 11 
Figure 2.6: (a) An example of an anisotropy plot in casethereis no strain. The 
slope is equal to the volume part of the effective anisotropy and the intercept 
is equal to the surface part of the effective anisotropy. (b) If there is strain the 
plot changes. In the coherent phase the magneto-elastic anisotropy contributes 
to the volume anisotropy, the slope. At the transition to the incoherent phase 
this anisotropy disappears from the volume and enters in the surface anisotropy, 
the intercept. 

film. 
(2.24) 

Kv,eff is the effective anisotropy constant that is obtained in measurements. This 
energy divided by the volume yields the effective anisotropy constant in [J/m3]. 

Ks 
Kv,eff = Kv+ -t- (2.25) 

where t is the thickness of the magnetic layer. I<v contains the demagnetisation, 
the volume magneto-crystalline and the magneto-elastic anisotropy. Ks contains 
the magneto-crystalline surface anisotropy. Now, if a part of Kv depends on t 
as t- 1

, as the magneto-elastic anisotropy in the incoherent phase, it will behave 
like a Ks or surface anisotropy. 

The most instructive manner of analysing the anisotropy is via an anisotropy 
plot, where Kv,efft is plotted against t. Multiplying equation (2.25) by t shows 
that the slope is determined by the volume anisotropy and the offset by the sur
face anisotropy. Figure 2.6 gives two examples of such an anisotropy plot. Reeall 
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that a positive Kv,eff indicates an easy axis of the magnetisation perpendicular · 
to the magnetic layer, a negative value means an easy axis parallel to the layer. 
If there is nostrain the volume term is usually negative due to demagnetisation, 
figure 2.6(a). If the surface term is positive, the effective anisotropy changes sign 
at a certain thickness. The easy axis changes from in-plane to perpendicular. 
In case of coherent strain the volume term can be positive due to a magneto
elastic contribution, figure 2.6(b ). If the growth becomes incoherent at t = te, 
the magneto-elastic anisotropy reappears as a surface term in such a plot. 

2.4 Inter layer coupling 

2.4.1 Ristory of interlayer coupling 

An oscillatory coupling between magnetic impurities in a non-magnetic material 
was predicted by Ruderman, Kittel, Kasuya and Yosida (RKKY theory [8]) 
some 40 years ago. Only recently deposition techniques could produce high 
quality growth multilayers, consisting of two magnetic layers separated by a 
non-magnetic spaeer layer (sandwich), that displayed coupling. This coupling 
is called interlayer coupling. In 1986 Grunberg et al. [9] succeeded to grow a 
Fe/Cr/Fe-sandwich that showed interlayer coupling. Oscillation of the coupling 
strength with the thickness of the spaeer layer was observed experimentally in 
1990 by Parkin et al. [10]. 

RKKY theory is basedon spin density waves, penetrating from both magne
tic impurities into the non-magnetic material, that have to be matched. In case 
of a parallel (anti parallel) alignment of the magnetic moments the coupling is 
called ferromagnetic (antiferromagnetic). The coupling strength J is defined as 
J > 0 in the farmer and J < 0 in the latter case. Coupling strength and sign 
asciilate with the distance between the impurities. A modification of the RKKY 
theory has also been applied to the multilayer sandwich, where magnetic layer 
should be read for magnetic impurity and non-magnetic material is replaced by 
non-magnetic layer [11]. Whereas the distance between magnetic impurities suf
fers a large spread and average and spread are not easily determined, the spaeer 
layer thickness is extremely uniform and well-defined. The system stuclied is 
thus more precisely defined in the case of a sandwich. 

2.4.2 Analytica! calculations of hystersis loops 

In this subsection and the next one, the magnetic layers of a sandwich are 
taken to be equally thick and to have equal magnetisation. An external field, 
H, is applied parallel to the easy axis of the layers, which is taken in-plane, 
and the magnetisation parallel to the field is monitored. The magnetisation is 
assumed uniform and rotates under the action of the field. ; we shall use the 
term magnetisation vector (constant magnitude and varying direction). lt is 
assumed that the interlayer coupling acts on the surface of the magnetic layers. 
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Therefore, the coupling is expressed pee area. 

(2.26) 

where </>1 and </>2 are the angles between the magnetisation vector of the respec
tive magnetic layers and the applied field. The subscript s denotes an energy 
per area (surface). If J > 0 (ferromagnetic coupling), the minimum energy is 
reached for </>1 = </>2, parallel alignment of the magnetissation veetors of the mag
netic layers. Similarly, J < 0 corresponds to antiparallel alignment, in agreement 
with the definition in the previous subsection. The coupling J depends on the 
material of the rnagnetic layers and the non-magnetic layer of the sandwich, and 
is assumed to he isotropic. 

We shall treat two situations. First, the hysteresis loop is calculated in 
case there is no magnetic anisotropy and, secondly, the loop is calculated for 
an infinitely large magnetic anisotropy. The calculations are minimum energy 
calculations. As the minimum energy state only depends on the current situation 
and not on any previous state, the calculated loops will not display hysteresis. 

The total energy per area, if there is no magnetic anisotropy, equals: 

Es,J = - jlotH Ms cos( </>1) - jlotH Ms cos( </>2) - 2J cos( </>1 - </>2) (2.27) 

t is the thickness of each of the magnetic layers and Ms is the saturation mag
netisation of each layer. No magnet ie anisotropy means that there is no pre
ferent ia} direction (in the plane of the film) for the magnetisation. The stabie 
configurations for the magnetisation are found by solving g~ = 0 and g~ = 0 
simultaneously. This yields: 

tH Ms sin </>1 + 2J sin( </>1 - </>2) 

tH Ms sin </>2 - 2J sin( </>1 - </>2) 

0 

0 

(2.28) 

(2.29) 

The equations are exactly the same, thus the behaviour of the magnetisation 
of layer 1 and 2 is expected to he the same. The energy of layer i, apart from 
coupling energy, is symmetrie in </>i· Because of this symmetry two possibilities 
remain: (i) </>1 = </>2 or (ii) </>1 = -</>2. In case of ferromagnetic coupling (i) is 
substituted and in case of anitferromagnetic coupling (ii) is substituted. The 
coupling energy contribution is minimised with these substitutions. The problem 
of a ferromagnetically coupled pair of layers reduces to the problem of a single 
layer in an applied field. The saturation field is zero in this calculation. The 
magnetisation will always be parallel to the field, so that the field energy is 
minimum. Therefore, the strength of ferromagnetic coupling between two layers 
separated by a spaeer can not be determined from hysteresis loops of these 
sandwich systems. The calculated hysteresis loop is shown in figure 2.7(a). 
Consiclering antiferromagnetic coupling, </> = </>1 = -</>2 is substituted. The 
solutions of the coupled pair of equations are: 

sin </> 0 

JlotH Ms + 4J cos </> = 0 
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The first salution has minimum energy above the saturation field, where the 
magnetisation parallel to the field reaches the saturation value (magnetisation 
veetors lie parallel to the field). If the magnetisation rotates during the switching 
process, it can written as: 

cos4J = M/Ms (2.32) 

where M is the component of the magnetisation parallel to the field. Substitu
ting and rearranging this, results in: 

(2.33) 

This relation gives the dependenee of M on H, below the saturation field. Fur
thermore, the field where the magnetisation saturates parallel to the field, H8 , 

found by substituting M = M5 , is: 

-4J 
Hs = ---

J-LoMst 
(2.34) 

The calculated loop is depicted in figure 2. 7(b ). With this relation, the coupling 
strength can he calculated from the field where the magnetisation saturates 
parallel to the field. Remember that J is negative and there is no magnetic 
anisotropy. The transition from antiparallel to parallel alignment takes place 
gradually. 

Now, consider the case of an infinite magnetic anisotropy. The magnetisation 
of both layers is always parallel to the easy axis, to have a minimum energy. 
A part from the restrietion of 4J11 4J2 = { 0°, 180°}, the energy equation is identical 
to the case where there was no anisotropy. The minimum energy contiguration 
is found by substituting all possibilities. If the coupling is ferromagnetic the 
magnetisations are parallel to each other. Again the magnetisation will always 
be parallel to the field, resulting in the same loop as for the case of no anisotropy, 
see figure 2. 7( a). Antiferromagnetically coupled layers are preferably aligned 
antiparallel, unless the gain in field energy for one layer is larger than the loss 
of coupling energy. Equating both terms leads to: 

(2.35) 

Thus the saturation field is: 

(2.36) 

Note that this is exactly twice as low as compared to the the case, where there 
is no anisotropy. The calculated loop is displayed in figure 2. 7( c ). lt is clear 
that the magnetisation can not rotate in case of an infinite anisotropy, this fact 
is obscured in a minimum energy calculation. The minimum energy calculation 
does not regard any energy harriers that are to he passed in practise, in order 
to reach the minimum energy state. 

If the hysteresis is small, the values of the experimental saturation fields are 
close to the calculated fields using the minimum energy criterion. Note that hys
teresis results from energy harriers that hinder the magnetisation configuration 
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Figure 2. 7: Calculated hystersis loops. (a) Two identical ferromagnetically coup
led layers and no magnetic anisotropy or infinite magnetic anisotropy. (b) Two 
identical antiferromagnetically coupled layers and no magnetic anisotropy. ( c) 
Two identical antiferromagnetically coupled layers and infinite magnetic anisot
ropy. The arrows indicate the orientation of the magnetisation veetors of the 
two layers with respect to the field. 
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to reach the minimum energy state. The amount of hysteresis in experimental· 
loops should justify the approach of a minimum energy calculation. 

We have seen two types of a phase transition from parallel to antiparallel 
alignment of the two magnetisation vectors, in case of antiferromagnetic coup
ling. The transitions take place gradually (low anisotropy) or quickly (high 
anisotropy). It is also possible to have bath types in one hysteresis loop, de
pending on the relative magnitude of the coupling and the anisotropy. A quick 
transition is called a spin-flip (180° change) or a spin-flop (less than 180° change), 
a gradual transition is called a spin-rotation. The theoretica! derivation of the 
saturation fieldsin termsof J, I<, tand M9 , is required to calculate the interlayer 
coupling strength, if the other quantities are known. In genera!, the total energy 
equation for a sandwich is given by: 

E (2.37) 

(2.38) 

This equation is limited to two layers, of different thickness, different saturation 
magnetisation, different angle with the field and different anisotropy. However, 
it is assumed that the anisotropy can he expressed in a function of </>1 or 4>'2 only. 

2.4.3 Numerical calculations of hystersis loops 

We will elaborate on the last equation of the previous subsection for the case 
of two identical layers that have a cubic magneto-crystalline anisotropy and a 
(110)-orientation. In the situation where the magnetisation rotates in the plane 
of a thin film, the contributions of demagnetisation, interface and magneto
elastic anisotropies remain constant. They depend mainly on the angle of the 
magnetisation vector with the normal of the film, which remains 90°. The 
magneto-crystalline anisotropy is left. With help of figure 2.8( a) the direction 
cosines of the magnetisation are: 

cos(</> + </>0 ) 

1 . 
2J2sm(</> + </>0 ) (2.39) 

where <Po denotes the angle between the direction of the applied field and the 
[100]-axis (both lie in the (110)-plane). </>is the angle between the magnetisation 
and the field, as shown in figure 2.8(b ). Substituting these relations for the 
direction cosines in the equation for the cubic magneto-crystalline anisotropy 
(2.11) yields: 

(2.40) 

The field is applied along the easy axis, which we shall determine first. To 
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Figure 2.8: Determination of the direction cosines of the magnetisation in the 
(110)-plane of a cubic crystal (a) and definition of 4> and c/>0 in the same plane 
and crystal (b ). 
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Figure 2.9: The cubic magneto-crystalline anisotropy as a function of the angle 
of the magnetisation with the {1 00}-axis in the (110 )-plane. K!.~·~~~ is negative. 
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do so, the anisotropy energies with the magnetisation directed along the three· 
crystallographic axes in the (110)-plane, are calculated. 

Ent 
1 

E(</>+ </>o = arctanJ2) = 3/(MC,fcc (2.41) 

EtlO - E(</> + </>o = 90°) = ~J(MC,fcc (2.42) 

E10o E( </> + </>o = 0°) = 0 (2.43) 

If the anisotropy constant is negative (see figure 2.9), then the [111]-axis is the 
easy axis, but if the constant is positive the [100]-axis is. Thus, depending on 
the sign of the constant, the field should he applied along the [111 ]- or [100]-axis. 
</>o changes correspondingly and with </>0 the total energy equation changes. The 
calculations are therefore only applicable to the specific situation defined by the 
sign of the anisotropy constant. We willlimit ourselves to the case of a negative 
anisotropy constant. The total energy per area for a sandwich of two identical 
magnetic layers becomes 

E = -tH Ms cos( </>1 ) - tH Ms cos( </>2)- 2J cos( </>1 - </>2) 

+~I<t{sin2 2(</>0 + </>t) + sin4 (</>o + </>t)} 

+~I<t{sin2 2(</>o + </>2) + sin4 (</>o + </>2)} (2.44) 

with </>0 = arctan -/2. However, the substitution </>1 = -</>2 can not he made 
anymore (for antiferromagnetic coupling). This is clear from figure 2.9, where 
the anisotropy energy is plotted as a function of the angle of the magnetisa
tion in the (110)-plane with respect to the [100]-axis. The anisotropy energy is 
not symmetrie in </> around the [111 ]-axis. Therefore, the magnetisation loops 
must be calculated numerically. Van Dalen and Bloemen have carried out these 
numerical calculations and expressed the saturation field in terms of J, I< and 
t. Their results are presented in figure 2.10. Note that these results can only 
be applied to the case of a sandwich of two identical layers of thickness t and 
saturation magnetisation Ms, with cubic magneto-crystalline anisotropy and a 
negative anisotropy constant and a (110)-orientation. The saturation fields of 
limiting cases of no (zero) and infinite anisotropy arealso found in the graph. To 
obtain the coupling strength from a measured saturation loop, in case of known 
I<, Ms and t, proceed as follows. Draw a line of slope J.LoM5 H /I< through the 
origin. From the point of intersection with the graph the coupling strength can 
be calculated. 
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Figure 2.10: The relation of the saturation field and the coupling strength for 
identical (11 0 )-oriented, with a negative magneto-crystalline cubic anisotropy 
constant (a {111)-easy axis). The graph is originally from Van Dalen and Bloe
men. A line through the origin and with a slope calculated from an experimental 
value, is drawn as an example of how to use the graph. 
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Chapter 3 

The rnagneto-optical Kerr effect 

and other analysing techniques 

In tbis cbapter tbe definition and some properties of tbe magneto
optical Kerr effect (MOKE) are given. Tbe effect is described on two 
bases; eacb basis is used in a particular situation. Tbe measurement 
tecbnique, based on polarisation modulation, is explained. Specific 
arrangements of tbe apparatus to measure tbe various magnetic pro
perties are discussed. Some analysing tecbniques used to investigate 
otber properties, i.e. related to tbe growtb of tbe samples, are briefly 
descri bed. 

3.1 Definition of MOKE 

The magneto-optical Kerr effect was discovered by J. Kerr in 1877 [12]. He 
noticed that the change of the polarisation state of light on reileetion from a 
surface, was proportional to the magnetisation of the surface. There are two 
effects: 

I< err rotation, a rotation of the long axis of elliptically polarised light, 
I< err ellipticity, a change of the ellipticity of elliptically polarised light. 

Ellipticity is defined as the arctangent of the ratio of the short and long axis of 
the ellipse described by the electric field vector of the elliptically polarised light. 
In the present experiments, the initial, incident light is linearly polarised. Then, 
a Kerr rotation, BK, is defined as the angle between the initia! direction of linear 
polarisation and the direction of the long axis of the elliptically polarised light 
after reflection. Kerr ellipticity, fK, is the arctangent of the ratio of the short 
and long axis of the resultant ellipse. Figure 3.1 illustrates the definitions of BK 
and fK. Kerr effect or Kerr angles are used to denote both Kerr rotation and 
Kerr ellipticity. 

The Kerr effect is proportional to the magnetic moment in the interacting 
volume. This interading volume depends on the detection depth of the light 
(100-1000 Á in the case of metals). The detection depth is the depth from 
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linearly polarised 

Incident light 

elliptically polarised 

reflected light 

Figure 3.1: Definition of the Kerr rotation, BK, and ellipticity, t:K. Linearly 
polarised, incident light changes to elliptically polarised light on refiection from 
a magnetised surface. The Kerr angels are proportional to the magnetisation. 
The long axis of the ellipse is rotaled away from the polarisation direction of the 
incident light. The propagation direction of the light is normal to the plane of 
the paper (at normal incidence). 

Pol ar Longitudinal Transverse 

Figure 3.2: Three Kerr geometries. The geometries are determined by the direc
tion of the magnetisation, see text. The paper is the plane of incidence. 
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which light a certain fraction of the incident light, penetrated until this depth · 
and reflected at this depth, still emerges from the sample, so that it can be 
detecteJ. Not only the depthof the magnetic layer but also its thickness, relative 
to the detection depth, are important. Deeper parts of a relatively thick layer 
contribute less to the Kerr effect, as less light emerges from this depth. In the 
case of a constant interading volume, e.g. a given sample, the magneto-optical 
Kerr effect is proportional to the magnetisation. 

There are three Kerr geometries, as shown in tigure 3.2. Geometry refers to 
the relative orientation of the magnetisation (or magnetic moment) with respect 
to the surface normal and the plane of incidence ( defined in the next section). 
In the polar geometry the magnetisation lies parallel to the surface normaL 
Mansuripur (13] has shown that at ( near) normal incidence, only the normal 
component of the magnetisation is detected. If the magnetisation lies parallel to 
the surface, we have either the longitudinal (parallel to the plane of incidence) 
or the transverse geometry (perpendicular to the plane of incidence ). At normal 
incidence there is no Kerr effect in these geometries. The preferred angle of 
incidence is Brewsters angle. All components of the magnetisation are detected 
when this angle of incidence is used. Fortunately, the interaction of the light 
with the magnetisation along the transverse direction, is usually much weaker 
than the interaction with the magnetisation along the longitudinal direction 
[14]. If the magnetisation remains parallel to the surface, then the longitudinal 
geometry is apt to monitor the in-plane component of the magnetisation along 
the longitudinal direction. 

The Kerr efect is a magneto-optical effect; apart from magnetic properties, 
also the optical properties play an important role. This is, for example, clearly 
demonstrated by the strong wavelength dependenee of the Kerr effect, see [15]. 

Advantages of the Kerr effect above other magnetisation measurement ap
paratus is the high sensitivity (1011 Bohr magnetons can be detected) and the 
spatial resolution (equal to the dimensions of the light spot on the sample). 
A disadvantage is the effect can not easily be expressed in the magnetisation, 
although it is proportional to it. 

The magneto-optical Kerr effect must not be confused with the electro-optical 
Kerr effect, often abbreviated to 'the Kerr effect' too. In that case the rotation 
and ellipticity are proportional to the square of the electric field, see page 318 
of [16]. In this report Kerr effect will always denote the magneto-optical Kerr 
effect. 

3.2 Description of MOKE 

Before starting the description a few terms are defined first. The angle of inci
dence is the angle between the propagation direction of the incoming light and 
the normal to the surface, from which the light reflects. The plane of incidence 
is the plane through the propagation direction of the incoming light and the 
normal to the surface; the propagation direction of the reflected light also lies 
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in this plane. Senkrecht is the direction perpendicular to the plane of incidence. 
Parallel is the direction parallel to this plane and perpendicular to the propaga
tion direction. The parallel direction of the incoming and reftected light is thus 
different. If the angle of incidence is zero then surface normal and propagation 
directions of incoming and reflected light coincide. As a consequence no plane 
of incidence can he defined. 

Reflection of light can he described in terms of Presnel reftection coefficients. 
These coefficients consist of an amplitude change r and a phase change é. A 
basis must he chosen with respect to which the coefficients are defined. Usually 
the basis of parallel and senkrecht directions is taken. This basis will he called 
the sp basis. At normal incidence, by definition, this basis does not exist, but it 
can easily he replaced by any orthogonal basis. However, at normal incidence a 
very elegant basis can he chosen. lt appears that at normal incidence circularly 
polarised light remains circularly polarised after reflection. Circularly polarised 
light is an Eigenvector of the reflection. A basis can he formed by left and 
right circularly polarised light, it is called the circular basis and is used in the 
polar geometry. This basis leads to a very concise and transparant description. 
At non-zero angles of incidence, circularly polarised light changes to elliptically 
polarised light on reflection. Circularly polarised light is no Eigenvector any
more and the circular basis does not lead to simple equations anymore. The 
circular basis is used at normal incidence (po lar Kerr effect) and the sp basis 
is used at non-normal incidence, where the in-plane magnetisation is monitored 
(longitudinal Kerr effect). 

Sato [17) has given a description of the measurement technique in terms of 
Presnel reflection coefficients on the circular basis. Here, the results of this de
scription of the polar Kerr effect on the circular basis are summarised, because 
the description is very clear and the measurement technique can easily he ex
plained with it. Purther, the description of the measurement of the longitudinal 
Kerr effect is given on the sp basis. 

The Jones matrix for reflection in the polar geometry on the circular basis, 
right ( +) and left (-) circularly polarised light, is given by: 

(3.1) 

The Kerr angles are expressed as: 

(3.2) 

(3.3) 

where the latter is an approximation for r + ~ r -· The rotation only depends 
on the relative phase change, ellipticity only on the relative amplitude change, 
in the circular description. Recalling the definition of the Kerr rotation and 
ellipticity insection 3.1, figure 3.3 demonstrates how easily equations (3.2) and 
(3.3) are found in this description. 
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LCP 

Figure 3.3: Linearly polarised light is considered as a superposition of left (LGP) 
and right circularly polarised (RGP) light. The differing phase shifts of LGP and 
RGP produce a rotation (a) and the difference in reflection amplitude leads to 
an ellipticity (b). In practise both effects appear simultaneously. 

The Jones matrix for reflection on the sp basis m the longitudinal (and 
transverse) geometry is given by: 

(3.4) 

Florczak and Dahlberg [18] have expressed the amplitude and phase changes for 
the longitudinal effect in optica} properties. The component r 5Pé5

•P is proporti
onal to the off-diagonal part of the relative permittivity tensor, which depends 
linearly on the magnetic moment, apart from various optica} properties. (In the 
transverse geometry a part of r 55 ei6•• is proportional to the off-diagonal part of 
the relative permittivity tensor.) Thus, in this description r 5 p and Ösp are the 
variables that contain the longitudinal Kerr effect. In appendix A, the expres
sions for OK and EK in term of the Presnel parameters are derived under the 
assumption that rsp ~ r 55 , the result is: 

(}K 
rsp 

(3.5) '"""' - cos( Öss - 8sp) '"""' 
rss 

EK ~ r sp sin( Ö
55 

- Ösp) (3.6) 
rss 

Both Kerr angles depend on phase as well as amplitude differences, in the de
scription on the sp basis. Substracting the complex conjugate of the equation 
(3.6) from equation (3.5) yields: 

(3.7) 
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From this equation it is clear that the Kerr effect is proportional to the magnetic · 
moment; rotation appears as the real part and ellipticity as the imaginary part 
of this equation. 

3.3 Measurement technique 

Neither of the Kerr angles in the presented experiments exceeds 0.1 °. To measure 
these effects with a sensitivity of 0.001°, the order of the effect of 1 ML nickel, we 
used the modulation technique developed by Sato [17). He uses a photo-elastic 
modulator (PEM) to modulate the polarisation of the light, while the intensity 
remains constant. 

A PEM consists of a transparent crystal, that becomes birefringent if stressed 
in one direction by a piezo-electric element. If a harmonically varying voltage is 
applied to the piezo-electric element it will vibrate, thereby periodically stressing 
the crystal in the direction of vibration. This direction is called the stress axis. 
The frequency with which the crystal vibrates is about 50kHz. A periodic phase 
difference between linearly polarised light components parallel and perpendicular 
to the stress direction, is now introduced. For two equally large components and 
a phase shift of 90°, circularly polarised light leaves the crystal. The phase shift 
amplitude can be adjusted by varying the amplitude of the voltage. In one 
oscillation period light leaves the crystal in the order: left circularly (±90°), 
linearly ( 0°), right circularly ( =t=90°) and linearly ( 0°) polarised. It should be 
noted that the polarisation changes in a continuous way from one state to the 
other. Only for the phase difference between the parentheses the mentioned 
states result. The sum intensity of all polarisation states is the same. This is 
easily understood from the fact that the two light components are perpendicular 
and can not interfere constructively or destructively. 

In figure 3.4 the modulator and polarisator together with laser, sample, ana
lyserand detector are shown. The paper is the plane of incidence. The apparatus 
is discussed in more detail by McGee [19). 

In the polar geometry, the polarisation direction of the incoming light is 
unimportant. Whatever direction is chosen the stress axis of the PEM should 
make an angle of 45° with the incident linearly polarised light, so that the 
components parallel and perpendicular to the stress direction are equally large. 
We chose an orientation of the PEM where the stress axis lies in the plane 
of incidence. The axis of transmission of the polarizer is then rotated ±45° 
( arbitrary) out of the plane. lnserting an analyser after the sample, only leaves 
the intensity unmodulated if the axis of transmission is rotated through an angle 
of ±45° ( again in an arbitrary direction) with respect to the axis of transmissio11 
of the polarizer, see the inset in figure 3.4. If a sample exhibits a Kerr effect, the 
intensity has a component with frequency equal to and a component with twice 
the frequency with which the piezo-electric element oscillates. The intensity 
of the double frequency component is proportional to the Kerr rotation, the 
intensity with the initia! frequency is proportional to the Kerr ellipticity. A 
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Figure 3.4: The apparatus to measure the Kerr effects with the modulation tech
nique. The orientation of the PEM, the polarizer and the analyser for the polar 
and longitudinal geometry are shown in the insets. The magnet poles can be 
rotated around the sample. In one of the poles a passage is made for the light 
in case the field is applied along the sample normal in the po/ar geometry. The 
paper is the plane of incidence. p lies in the paper, s perpendicular to it. 
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quantitative treatment is found in [17]. The ellipticity can also be measured if 
the analyser is omitted. This improves the signa! to noise ratio. A compilation 
of the processes is shown in figure 3.5, that is originally from Sato [17]. 

In the longitudinal geometry, the polarisation direction of the incident line
arly polarised light is important. Only the situation of incident s polarised light 
and detecting s polarised light is treated here. For other cases the reader is 
referred to appendix B. The stress axis of the PEM again should make an angle 
of ±45° with the incident linearly polarised light in order to effectively modulate 
the polarisation state. Thus the stress axis of the PEM is rotated ±45° out of 
the plane of incidence. 

The electric field vector of the incident s linearly polarised light on the sp 
basis is simply: 

(3.8) 

The action of the modulator in sp coordinates in a Jones matrix is: 

M= ( 
cos( ~8) i sin( ~8) ) 

-i sin( ~8) cos( ~8) 
(3.9) 

where 8 = 80 sin(2n'ft) is the phase shift, with f the oscillator frequency of the 
PEM and 80 its amplitude. The analyser action in general is: 

A = ( :s ~ sin ~ ) (3.10) 

</>is the angle between the axis of transmission of the analyserandthes direction. 
The action is not returned on the original sp basis, but on the rectancular basis 
rotated through </>. There is no need to return to the original basis, as the 
intensity is measured and it is independent of the basis. The intensity on any 
rectangular basis x,y is calculated by: 

(3.11) 

where * denotes the complex conjugate. Ex and Ey are the components of the 
electric field vector on the x and y axis of the basis. Here <P = oo, the axis of 
transmission of the analyser lies parallel to the s direction. The action of the 
analyser is returned on the original sp basis. With the reflection matrix on the 
sp basis given in equation ( 3.4), the resultant vector Êr on the sp basis and the 
resultant intensity, In normalised to the incident intensity, Ji, c;tn he calculated. 

Êr = ARs;pM Êi (3.12) 

( Eor Me"" cos( t<~l ~ iEor •Pe''" sin( thl ) 
(3.13) 

12 12 12 12 ( 
2rss + 2rsp + 2rss cos( 8) - 2rsp cos 8) 

(3.14) 
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Figure 3.5: The modulation technique explained in the po/ar geometry. Starting 
with linearly polarised light 45° rotaled from the stress axis, linearly, left and 
righ~ circularly polarised light leave the PEM alternatingly (a). The phase (c) 
and the amplitude influence (e) are treated separately. The magnitude of the 
electric field vector (related to the intensity) after the light passed the analyser, 
that is rotated 45° away from the polarizer direct ion, is unmodulated iJ there is no 
J( err effect (b). In case the sample exhibits a J( err effect the electric field vector 
is modulated with a frequency equal to the modulation frequency, ellipticity (J), 
or twice this frequency, rotation (d). (Figure originally from (17]). 
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Note that the last equation is expressed in the double phase, 6. As 6 
ho sin(2n}t), sin h and cos h can be expanded as follows: 

sin h 2J1 ( h0 ) sin(211' ft)+ 213 ( h0 ) sin(211'3jt) + · · · 
cos 6 - J 0 + 2J2( h0 ) sin(211'2jt) + · · · 

(3.15) 

(3.16) 

Jn are the nth order Bessel functions. Neglecting frequencies higher than 2f only 
three frequencies remain in the total intensity: 0, f and 2f. Normalised to the 
incident intensity they amount to: 

Io 12 12 12 12 
(3.17) 

!i 
2rss + 2rsp + 2rs8 Jo( </>o) - 2rspJo( </>o) 

Ie 
2rssrsp sin( hsp - hss)JI ( </>o) (3.18) 

J. I 

12e 
r;sJ2( </>o) - r;pJ2( </>o) (3.19) 

/i 
-

Again using the approximation rsp ~ rss, the ratio of the intensity amplitude 
with frequency f and the one with 0 frequency appears to be proportional to 
the Kerr ellipticity. 

Ie rsp . (c _ c ) 4Jt(</>o) 
~ Sin Osp Oss 

Io r ss 1 + Jo( <Po) 
(3.20) 

t:K 
4JI (<Po) 

1 + Jo( <Po) 
(3.21) 

Thus, from the intensity components with frequency 0 and f, the Kerr ellipticity 
can be calculated. 

The frequency components are measured with lock-in amplifiers. The re
ference signals of frequency f and 2f are produced by the PEM-driver. The 
0 frequency component can be measured by a simple intensity detector. The 
signal of this component is much higher ( 103-105 x) than the signals from the 
other two frequency components. Measuring the total intensity is thus a good 
approximation of 10 • In practise the light is chopped with a low frequency ( ........ lQO 
Hz). The 0 frequency is then in fact a low frequency, low compared to J, and 
the signa! is detected with a lock-in amplifier. The advantage of this is that the 
influence of background light sources, that are detected by the intensity detector 
directly, is reduced. 

No Kerr magnetic effect in the 2f-component can be measured in this set-up 
because there is an offset of order r;s, which is very large compared to a Kerr 
signal of order r;P. When this set-up was used, p instead of s linearly polarised 
light was in fact detected. In equation (3.20) ss should be replaced by pp. As 
rpp is usually smaller than rss the signal increases somewhat, see figures 4.29 and 
4.41 in [16]. The Kerr ellipticity can not be calculated from the signal anymore 
because the magnitude of rPP and rss are not known. There is also an influence 
from the phase hpp· In practise this did not cancel the increase mentioned. 
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The measured Kerr angles in chapter 4 are taken as the angle between the · 
case of zero magnetisation (no Kerr effect) and saturation magnetisation (maxi
mum Kerr effect). 

lt is possible to nullify an offset, to increase the signal to noise ratio, in the 
ellipticity by rotating the analyser in case of the set-up in the polar and longi
tudinal geometry. In the latter case an offset in rotation can not he eliminated. 
This is explained in appendix B in terms of sp coordinates together with some 
other remarks on this description. 

The phase problems encoutered by McGee [19] have not been solved yet. 
These problems concern the phase of the lock-in reference signa} with respect to 
the detected signal. In theory, switching the field from positive to negative or 
vice versa leads to a phase shift of 180°. In practise however, large deviations 
from this value, up to 90°, appear. It has been checked that adjacent detection
signal and magnet power supply lines are not the souree of the problem. The low 
frequency chopping of the light is not either. At bad reflection surfaces ( edge of 
the sample or dirty surface), the problem was observed to he large. Although 
the phase problem has been monitored duringa large number of measurements, 
the problem seems to appear randomly. 

3.4 Measuring magnetic properties 

3.4.1 Measuring hysteresis loops 

As the Kerr effect is proportional to the magnetisation, monitoring the Kerr 
effect as a fundion of the magnetic field, yields a loop that closely resembles a 
hystersis loop. In the polar geometry the field must he applied perpendicular 
to the surface of the sample. Such a loop is called a polar Kerr loop. In the 
longitudinal geometry the field is applied parallel to the surface and the plane of 
incidence, the loop obtained is a longitudinal Kerr loop. All properties that are 
read or calculated from field values of a hysteresis loop, can he obtained from 
a Kerr loop in exactly the same way. However, any property that requires the 
quantitative knowledge of the magnetisation, can not easily he obtained from 
a Kerr loop. The Kerr effect depends on various other parameters, of which 
the values are not known, so that the magnetisation can not he calculated. Of 
course, the Kerr rotation and the Kerr ellipticity, as defined in the previous 
section, can he read directly from a Kerr loop. In practise, the difference of the 
Kerr signals in positive and negative saturation of the magnetisation divided by 
two yields the Kerr effect. 

3.4.2 Measuring magnetic anisotropy 

We limit ourselves to measuring the magnetic anisotropy of samples with either 
an in-plane or a perpendicular easy axis. The principles of measurement of the 
magnetic anisotropy with MOKE are outlined briefly in this paragraph. To have 
maximum MOKE signal the polar geometry is best used, as the polar effect is 
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usually larger than the longitudinal and transverse Kerr effect [14]. Whilst mo
nitoring only the normal component of the magnetisation, a magnetic field is 
applied normalto the easy axis to exert a maximum torque on the magnetisation. 
Simultaneously, the field lies parallel to the hard axis. On increasing the field 
the magnetisation rotates away from the easy axis towards the field direction 
(the hard axis). The magnitude of the field needed to rotate the magnetisa
tion is related to the magnetic anisotropy. A theoretica! approach is required 
to quantify the anisotropy constant, but first the experimental arrangement is 
discussed in more detail. 

The easy axis is either perpendicular or parallel to the film plane in our 
samples. The angle of the field with the normal is </>, and the angle of the 
uniform magetisation with the normal is 0. Consicier the case of an in-plane 
easy axis, see tigure 3.6(a). The field is applied along the film normal, </> = 0°. 
At zero field the normal component of the magnetisation, Mn, is zero. lncreasing 
the field rotates the magnetisation towards the film normal, along which the field 
is applied. The signal increases until the magnetisation is parallel to the field. 
If the measurement is normalised to the saturation value of the magnetisation 
in the polar direction at high field, the data yield cos() = *."· A typicalloop is 
displayed in tigure 3.6(c). 

In the case of a perpendicular easy axis the field should preferably not he 
applied parallel to the film plane. The reason for this is given below. lnstead we 
used </> = 80°, see tigure 3.6(b ). lf the sample is 100 % remanent, the polar Kerr 
signal is maximum in zero field. lncreasing the field will rotate the magnetisation 
away from the easy axis, here the film normal, towards the field direction. At 
high fields the magnetisation becomes parallel to the field direction. As the field 
is applied at an angle of 80° there is still a component of the magnetisation in the 
normal direction of the film. The data are again normalised to the saturation 
magnetisation signal, the signa! at zero field. At high fields cos() approaches 
cos</>. A typical loop is shown in tigure 3.6( d). Note that for a perpendicular 
easy axis there is hysteresis because the magnetisation has switched parallel to 
the easy axis. This process involves energy harriers that prevent the system 
reaching the absolute minimum energy state. In the situation of an in-plane 
easy axis the magnetisation is only rotated away from the easy axis. There are 
no large energy harriers then. The system is always in an absolute minimum 
energy state and displays minimal hysteresis. 

If reversed domains are present, the magnetisation is lower than the satu
ration magnetisation. Reversed domains are regions with magnetic moments 
antiparallel to the net magnetisation of the materiaL The contributions to the 
magnetisation of opposite magnetic moments cancel. In the case of an in-plane 
easy axis the presence of reversed domains at zero field does not affect the measu
rement principle. The normal component still equals M3 cos(), see tigure 3. 7( a). 
At high fields the magnetisation is saturated by the field and no reversed do
mains are left. The Kerr signa! at these high fields is the signal that corresponds 
to saturation magnetisation. It is thus correct to normalize to this value. 

In the perpendicular easy axis case, there is no external field to ensure that 
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Figure 3.6: The arrangement to determine the magnetic anisotropy is shown in 
the case of an in-plane (a) and a perpendicular (b) easy axis. An example of a 
Kerr loop is given for the case of an in-plane (c) and a perpendicular easy axis 
(d). 

reversed domains are absent at zero field. Before measuring the loop, the sample 
is saturated in a high field applied perpendicular to the film plane. The rema
nenee must be 100 %, in order for the polar Kerr signalat zero field to correspond 
to saturation magnetisation. The remanence is checked with a polar Kerr loop 
before the anisotropy measurement is started. Suppose that we set </> = 90° 
in the case of measuring the anisotropy of a sample with a perpendicular easy 
axis. At high fields, the magnetisation is parallel to the film plane. If the field is 
reduced, it can be energetically favourable to form reversed domains, see figure 
3. 7( c). Th is red u ces the demagnetisation energy, but increases the exchange 
energy in the domain wall. A domain wall is the region where the direction 
of the magnetic moments changes from the orientation in one domain to that 
of its neighbours. The part of the loop measured after reversed domains have 
formed is useless, because the theory assumes a uniform rotation of magnetisa-
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Figure 3. 7: Rotation of magnetic moments under the action of an applied field 
in the case of an in-plane easy axis and with reversed domains (a) and in the 
case of a perpendicular easy axis (b ). The formation of reversed domains on 
reducing the field from the saturated state, if <P = 90° (c). 

ti on. However, if <P is less than 90°, there is an energy harrier that prevents the 
formation of reversed domains. It turns out that <P = 80° is well suited for our 
experiments. 

The experiment al loops of cos{) as a function of H are compared with the
oretica! loops in the following way. Both anisotropy and magnetic field energy 
contribute to the energy of the sample. 

Ev = -1-loH Ms cos({)- <P) - Kv,eff,l cos2 
{) - Kv,eff,2 cos4 

{) (3.22) 

The last two terms are the first and second order effective anisotropy contribu
tions. 

The sum of all anisotropy terms in the hexagonal close packed and the cubic 
case yields, respectively: 

E hcp ( J'hcp }' }' lJ,hcp,OOOl) 2 {) 
v = - '-v,MC,l + '-v,D + '-v,ME + t '-s,MC COS 

l ,hcp 4 {) 
- '-v,MC,2 cos 
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The equations are compared with: 

-I<v,eff,I cos2 
()- Kv,eff,2 cos4 

() 

Ev - -f<v,eff,ICOS
2 0 

(3.25) 

(3.26) 

respectively. Recalling the definition of I< the measured anisotropy constant 
equals the sum of the first and second order theoretica! anisotropy constants. In 
practise only the first term is used, because the second term varied considerably. 

The minimum energy with respect to () is found by equating ~~ = 0, given 
</> and H. The minimum energy state satisfies the following equation: 

poH Ms sin( 0 - </>) + 2I<v,I,eff sin 0 cos 0 

+4l<v,2,eff sin 0 cos3 
() = 0 (3.27) 

This equation devided by p0 Ms yields arelation between Hand cos 0, in which 
there are two unknown constants, I<v,I,eff/ poMs and I<v,2,eff/ J1-oM5 • This relation 
is compared with the experimental relation, while the two ( or one) constants 
are varied to minimize the difference between theory and experiment. </> is 
measured and substituted, but can he allowed to vary little to correct for little 
inaccuracy in setting or reading. Another fitting parameter is added to avoid 
incorrect normalisation due to noise or small deviation from 100 % remanence. 
Several fitting combinations are used to determine the constants. To calculate 
the anisotropy constants, literature values for M5 are used, as this value is not 
obtained from Kerr loops. 

3.4.3 Measuring the interlayer coupling with MOKE. 

Only the saturation fields need he determined to obtain the coupling strength. 
Thus, a simple Kerr loop measuring the magnetisation component along the easy 
axis as a function of the field along this direction is sufficient. The saturation 
magnetisation value is not obtained in Kerr measurements and must he taken 
from literature or determined with other measurement techniques. 

The appearance of the Kerr loop is usually different from the calculated 
loops due to the limited detection depth of the light. At zero magnetisation, 
antiparallel arrangement of two identical magnetic layers, the Kerr signal can 
still be non-zero. The contribution of the underlying layer to the Kerr effect 
is less than the contribution from the upper layer, so that they do not cancel 
completely, resulting in a typical loop as shown in figure 3.8. Note that this will 
only appear if the detected components of the magnetisation ( along the field) 
have different orientation. Therefore, this effect does not appear in the case 
of a symmetrical spin-rotation, as for zero anisotropy. A similar appearance 
of the loop can result from unidentical layers (different thickness or saturation 
magnetisation). This will also change the appearance of the loop of layers with 
zero anisotropy. In the case of a combination of detection depth effects and 
unidenticallayers the contri bution of each parameter can not easily he evaluated 
in the resultant loop. 
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Figure 3.8: A schematic Kerr loop of two identical, antiferromagnetically coup
led layers, with an infinite anisotropy. 

3.5 Other analysing techniques 

In practise, the slope of a wedge is ahout 1 ML/mm. To detect the influence of 
1 ML on any investigated or analysed property the prohing dimension must at 
the least he helow 1 mm. 

The MOKE set-up in this report uses a HeNe laser as a light source. The 
laser heam is focussed onto the sample with a spot of 100 11-m diameter. To 
measure the spotsize the heam was focussed on a rotating chopper hlade a given 
length from the center of rotation. On an oscilloscope, connected with a detector 
after the chopper, the time required to reduce the intensity from 95 to 5 % was 
read. From this time and the velocity of the hlade at the spot, the spotsize can 
he determined. 

With Auger Electron Spectroscopy (AES) the start of the wedge was found 
hy locating the onset of a peak associated with the wedge materiaL The slope of 
the wedge can he ohtained with AES too, hy measuring the intensity reduction 
of a peak associated with the material of an underlying layer. An advantage 
of AES over the quartz crystal in the next paragraph, is that the actual layers 
is investigated. AES is used to roughly check the quartz crystal value for the 
slope. 

The inclination of the wedge equals the quotient of deposition rate and shut
ter speed. The deposition rate is monitored with a quartz crystal that oscillates 
at a high frequency. During deposition, the mass of the crystal changes with 
the mass of deposited materiaL The frequency depends on the mass of mate
rial that vibrates. The decrease of the frequency is a measure of the deposition 
rate. This technique is not locally prohing. Once the mass flux is constant , 
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the depastion rate measurement can he averaged over a certain period to give · 
reasonahly accurate values. 

Low Energy Electron diffraction (LEED) gives information on the structure 
of the layers. The wedge can now he grown in a specific direction with respect to 
the crystal axes. LEED also reveals the lattice parameters in plane and normal 
to the plane of the layer During growth, the LEED spots hecome vague due 
to imperfect growth. However, if the diffuse spots exhibit the same symmetry 
as the overall pattern this is attrihuted to a change of lattice parameter ( due 
to incoherent growth for example). The accuracy of LEED depends on the 
sharpness of the spots, which depends on the quality of the structure of the 
sample. 

lnstead of prohing only a small part of the sample with the laser spot, the 
whole sample can he illuminated with polarised light also. Looking at the reflec
ted light, after it passed an analyser, a contrast is seen. In fact the quantitative 
data at one position are replaced by qualitative data at several positions. The 
contrast is related to the direction of the magnetisation. This technique is used 
to study magnetic domains and, for this reason, called Kerr domain rnicroscopy. 
The resolution of the technique is the same as the resolution of the light micro
scope that is used to look at the contrast. 
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Chapter 4 

Experimental results and 
discussion 

The results are compiled in three sections. In thefirst section Pd(111) 
jCo/Pd and Pt(111)/Co/Pt samples are treated. Both are possible 
magneto-optical recording media. The Kerr effect and the coercive 
field are measured as a function of Co thickness. The anisotropy of 
the latter sample is also measured. Cu(111}/Ni/Co/Ni/Cu is discus
sed in the second section. All magnetic properties mentioned so far 
are investigated as a function of Co thickness as well as Ni thickness. 
In particu/ar attention is given to the anisotropy of this system. Fi
nally, interlayer coupZing measurements on a Cu(110)/CojCu/Co/Cu 
sample are presenled and commented on in the third section. The 
coupZing was investigated in relation with giant magneto-resistance 
effects in Co/Cu sputtered multilayers with a {111)-orientation. 

4.1 Pd(lll)/Co/Pd and Pt(lll)/Co/Pt 

4.1.1 Introduetion and motivation 

The enhancement of the Kerr effect tagether with a large coercive field and a per
pendicular magnetic anisotropy of Co/Pd and Co/Pt multilayers (with thin Co 
layers), make them interesting candidates for magneto-optical recording media. 
Potentially high oxidation and corrosion resistance add to the interest in these 
multilayers for these purposes. The thickness of Co is varied in both samples to 
investigate its infiuence on the magnetic properties above. The ( 111 )-orientation 
is chosen because this was observed to have a higher anisotropy than (Co/Pd) 
samples with (100)-orientation [20]. A high magnetic anisotropy is preferred for 
magneto-optical media. The ( 111 )-orientation is also the orientation which is 
present in commercially interesting sputtered multilayers. 
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4.1.2 Preparation and characterisation 

Pd{lll}/Co wedgejPd 

A Pd single crystal disk of 12 mm diameter and 2 mm thickness with fee struc
ture and (111 )-orientation, was used as a substrate. Onto this crystal Co was 
evaporated at a deposition rate of 0.09 A/s and in the form of a wedge with 
an arbitrary direction and thickness varying from 0 to 26 Á Co. The slope of 
the wedge, based on the deposition rate indicated by the quartz crystal, was 
calculated to be 2.6 Á/mm; with AES a slope of 2.9 Á/mm is found. The first 
value is used and corresponds toa slope of 1.3 ML/mm, 1 ML of fee structured 
(111)-oriented Co being equal to 2.05 A (hcp structured (0001)-oriented Co has 
approximately the same value). A Pd top layer of 20 Á thickness was added. 
The deposition temperature was 20 oe in all cases. The background pressure 
was 10-8 to 10-9 Pa. 

The preparation of this sample is a bout the same as for the Pd( 111 )/Co wedge 
/Pd sample investigated by Purcell et al. (21]. Growth studies on this sample 
showed that the Co had largely relaxed to its bulk lattice spacing within the 
first monolayer (21]. The mismatch of Co on Pd is -9.8 %. The LEED pictures 
are not sharp enough to conclude that the Co has fully relaxed. In the presented 
growth model this observation is interpreted as incoherent growth that starts at 
a critica! thickness, which is a fraction (0.1-0.2) of a monolayer. It is concluded 
that little or no strain is present above 1 ML Co, where the epitaxial strain due 
to the mismatch, is reduced by at least a factor 5. The Pd toplayer also imme
diately adapted its own bulk lattice constant. The structure of the Co, fee or 
hcp, can not be determined from the LEED pictures, as the in-plane symmetry 
is the same in both cases. Measurement of the distance between atomie planes 
is not accurate enough to detect the difference between hcp and fee structures. 

Pt{lll}/Co wedgejPt 

A Pt single crystal disk 8 mm in diameter and 2 mm thick with fee structure 
and (111)-orientation, was used as a substrate for the Pt(111)/Co/Pt sample. 
The Co was grown in a wedge-shape, with thickness ranging from 0 to 16 A 
and a slope of 2.4 A/mm as determined using the quartz crystal. With AES a 
slope of 2.1 Á/mm was calculated. The quartz crystal value is again used and 
corresponds to 1.2 ML/mm. The wedge was grown in an arbitrary direction and 
at a deposition rate of 0.17 Ajs. LEED pictures taken after deposition of Co 
show sixfold symmetry like the fee ( 111) Pt substrate, but the spacing between 
the spots is larger. This indicates a changetoa smaller in-plane lattice constant. 
The lattice constant of Co is in deed smaller than the lattice constant of Pt ( the 
lattice mismatch between Pt and Co is -9.7 %). Apparently, the Co relaxates 
to its own lattice parameter (incoherent growth); the relaxation is completed 
within about a monolayer. However, the LEED patterns are not sharp enough 
to conclude that the Co has fully relaxed to its bulk lattice parameter. In any 
case, little or nostrain is present above 1 ML Co, where the maximum epitaxial 
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strain (mis~atch) is almost totally reduced. A toplayer of 16 Á Pt was added, · 
after which the LEED pattem still has sixfold symmetry and indicates a relaxa
tion to the bulk lattice parameter of Pt. The deposition temperature in all cases 
was 20 °C. From the LEED pictures it can, for the same reasons as above, not 
be concluded whether the structure of the Co is hcp or fec. A more thorough 
discussion of the LEED patterns is given in (22]. 

Comparison of Pd(lll)/Co/Pd and Pt(lll)/CojPt. 

In conclusion, the growth of both samples is almost the same. 

4.1.3 Magneto-optical Kerr effect 

The magneto-optical effects are measured with the applied field normal to the 
layers and at near normal incidence (polar Kerr loop), at a wavelength of 633 
nm from a HeNe laser in all cases. 

Pd(Jll}/Co wedge/Pd 

In figure 4.1, the Kerr ellipticity and negative Kerr rotation of this sample are 
plotted against the Co thickness. The data with a thickness of fractional mo
nolayers may appear strange at first sight. In fact, the thickness is calculated 
from the position on the wedge and the slope of it. Reeall that the wedge does 
probably not consist of perfect atomie steps but consists of a layer with patches 
on top of it. This hypothesis is supported by the results in figure 4.1. The 
resolution of the light spot (0.1 mm) is high enough to detect the steps in the 
wedge (1 mm apart) if they would be present. However, the curves of the figure 
do not show a steplike behaviour at all, instead they show a gradual change. 
Thus the wedge thickness, more precisely the average thickness within the light 
spot, does not vary in steps but gradually. 

The magnetic moment in the interading volume of the light increases with 
Co thickness. As the thickness of the magnetic layer is small compared to the 
detection depth of the light, the Kerr effect is expected to increase proportio
nally to the Co thickness. We have assumed, then, that the important optica! 
properties are not changed considerably by the addition of Co. 

For Co thicknesses between 4 and 8 ML the magnitude of both ellipticity 
and rotation, indeed, increases approximately linearly with the Co thickness. 
Deviation of the rotation data above 8 ML Co, results from the fact that the 
maximum field ( 400 kA/m) was insufticient to saturate the magnetisation in the 
normal direction, the field direction. Below 4 ML Co, the magnitude of rotation 
increases more slowly and the magnitude of ellipticity faster. The offset and 
the slope of the lines through the points with Co thickness in the range 4 to 8 
ML, are determined by a least squares fit. For both magneto-optical effects the 
offset is positive (note that minus the rotation is plotted): the magnitude of the 
ellipticity effected by the Co is enhanced and the magnitude of the rotation from 
the Co is reduced. The Kerr effect of the Co can be discerned from this offset 
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effect by looking at the change of the Kerr effect with the addition of some Co· 
between 4 and 8 ML Co. 

It has been observed that the Curie temperature decreases with the Co thick
ness in Co layers a few monolayers thick [23). The saturation magnetisation at 
non-zero temperatures is reduced with respect to the bulk value. This can ex
plain a lower slope of the Kerr angles with Co thickness in the range of a few 
monolayers, because the magnetic moment of Co is smaller. However, for thicker 
layers the saturation magnetisation equals the bulk value. The Kerr angles are 
simply proportional to Mstco in the Co thickness range where Ms is indepen
dent of the Co thickness. If this line is extrapolated to zero thickness it will not 
produce an offset. This is in contradiction with the experimental result. The 
effect can still be present, but another effect must be sought that can explain 
the offset. 

The offset can he explained by polarisation of the Pd adjacent to the Co. 
If there is no Co, the Pd is not polarised. With Co thickness increasing from 
zero the Pd is increasingly polarised by the Co until the polarisation saturates. 
From the data it is concluded that the effect of Pd polarisation (and also the 
effect of the saturation magnetisation) does not change above 3-4 ML Co. The 
Kerr effect is ( almost) proportional to the magnetic moment, including the extra 
magnetic moment from the polarisation of the Pd. The extra contribution of 
the Pd adds to the ellipticity induced by the Co, but is opposite to the rotation 
induced by the Co, so only ellipticity is enhanced. As the optical parameters 
determining rotation and ellipticity may be different, the influence of the Pd 
polarisation, enhancement or reduction, is not necessarily the same for both 
Kerr angles (see for example equations (3.2) and (3.3)). Similarly, the difference 
in values of optical properties of Pd and Co hinder the determination of the 
amount of polarisation. The direction of the polarisation with respect to the 
magnetic moment of the Co can not he found directly either. The latter is also 
clear from the fact that the contri bution to both Kerr angles is opposite, although 
the direction of the polarisation with respect to the magnetic moment of the Co 
is the same for ellipticity and rotation. In the case of rotation the effect of Co 
is opposite to the effect of the Pd polarisation, whereas in the case of ellipticity 
the effects act in the same direction. Suppose, in a hypothetical example, that 
1 ML additional Co would produce an extra Kerr effect of 1 o. An offest of 
1° due to polarisation of Pd can not simply be ascribed to the same magnetic 
moment as 1 ML Co, assuming only 1 ML Pd is polarised. Properties that 
determine the interaction strength between a photon and a magnetic moment 
are not investigated in this report. The amount or the direction of polarisation 
can not easily be expressed in a magnetic moment. 

In table 4.1, the slope and the offset of this sample and of the similar sample 
investigated by Purcell et al. [21] are compared. Slope and offset of the ellip
ticity are in agreement, consiclering the errors in wedge start and wedge slope 
determination. In the case of rotation, offset as well as slope differ by about a 
factor two. The origin of this difference has not been found, but could be related 
to the phase problems encoutered during the measurement of rotation on the 
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Figure 4.1: Kerr ellipticity and Kerr rotation of Pd(111)/Co wedge/Pd as a 
function of Co thickness (1 ML = 2.05 A). The lines are least squares fits th
rough the linear region. Note that minus the rotation is plotted. 

2 4 6 8 

Co thickness [ML] 

Figure 4.2: The magneto-optical Kerr effect of Pt(lll)/Co wedge/Pt as a func
tion of Co thickness (lML = 2.05 A). The lines are least squares fits through 
the Iinear region. Note that minus the rotation is plotted. 
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EK offset slope 
(mdeg) (mdegfML Co) 

11 ~:~~~I 9 3.4 

11 12 3.6 

11 OK I 11 

11 g::~~ I 7 -3.7 

~ 13 -7.8 

Table 4-1: Offset and slope ofthe Pd(111)/Co wedgejPd sample investigated by 
Purcellet al. [21] (CoPdl) and the sample measured here (CoPd2). 

first sample. Phase problems reduce the detected intensity. 

Pt(111)/Co wedgejPt 

The same introductory remarks about fractional monolayers and expected be
haviour made above, apply here. The results are presented in figure 4.2. 

Again the average thickness (in the area of the spot) of the wedge varies 
gradually. Starting from zero Co thickness, both rotation and ellipticity increase 
in magnitude with the amount of Co. Above 1.2 ML Co the rotation increases 
nearly linearly until 8 ML, but less rapidly than below 1.2 ML. The ellipticity 
increases more slowly between 1.2 ML and 2.5 ML than below 1.2 ML; from 2.5 
ML until 8 ML the slope is slightly less. The small difference can be accouted 
for by the inaccuracy in the measurements. The offsets of the least squares fits 
through the data with thickness above 2.5 ML Co, are opposite. Ellipticity has 
a positive offset and rotation a negative one. 

In both cases the final proportional dependenee can be explained by the in
creasing amount of magnetic moment from the Co. To account for the faster 
increase of ellipticity and rotation at the start of the wedge an extra magnetic 
or optica! parameter that changes must be involved. Bloemen et al. [23] showed 
that the Curie temperature of layers of a few monolayers thickness, is lower 
than the Curie temperature of the bulk materiaL Consequently, the saturation 
magnetisation is also lower than the bulk value at non-zero temperatures. Lin et 
al. (24] measured a fast drop of the saturation magnetisation of Co layers with 
with decreasing thickness below 1 ML in Co/Pt multilayers. If these effects 
are present, no offset is expected for the line through the data at thicker fully 
saturated Co layers, as explained above in the case of Pd/(111 )/Co/Pd. There 
must be another effect to explain the offset. The effect of layer thickness on the 
saturation magnetisation can still play a role. 

Although Pt is non-magnetic, it may be polarised by the presence of a magne
tised materiaL Initially, the magneto-optical effects increase with Co thickness, 
not only due to a larger magnetic moment of Co, but also due to increasing 
polarisation of the Pt. Above 3 ML Co the polarisation and the Curie tem-
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perature effect do not change anyrnore. Only the increasing moment of Co is 
left to influence the magneto-optical effects. A line with constant slope and an 
offset, caused by the presence of polarised Pt, is expected. The first two slopes 
at thin Co in the ellipticity data might indicate that the polarisation a.s well as 
the saturation magnetisation effect are present. The two effects overlap below 1 
ML Co and only one is still varying until 3 ML Co. Again the amount, or even 
the direction, of polarisation expressed in magnetic moment ca.n not be ea.sily 
obtained. The enhanced Kerr effect, especially at a few monolayers Co, due to 
polarisation of the Pt in Co/Pt-multilayers, is one of the rea.sons for the interest 
in these layers for magneto-optical media purposes. 

Comparison of Pd{111)/Co/Pd and Pt(111)/Co/Pt 

The Kerr effect in the first sample is larger than for the second sample over 
a wide Co thickness range. Additionally, the slopes of the lines through rota
tion and ellipticity differ for the Pd(111)/Co/Pd sample, but are almost alike 
for Pt(111)/Co/Pt. At first sight, Co seems the only factor responsible for the 
slope and the main factor responsible for the Kerr effect. However, both obser
vations underline the importance of optica! properties, such a.s detection depth 
or reflection coeffi.cients at the Co/Pd and Co/Pt interfaces. For example, mul
tiple reflections could increase the interaction between a magnetic moment and 
a photon because the photon would encounter each moment more often. 

The saturation of the polarisation or the Curie temperature effect, is reached 
at less thick Co in the case of Pt(111)/Co/Pt. 

4.1.4 Coercive field 

Pd{111}/Co/Pd 

From the polar Kerr loops the coercive field can also he obtained. The coercive 
field shows a peak of 200 kA/m at 1.9 ML of Co, see figure 4.3, which agrees 
reasonably with the peak of 225 kA/mat 2.5 ML measured for the sample prepa
red before. The inaccuracy in the absolute thickness results from inaccuracy in 
determining the wedge start (0.1 ML) and the wedge slope (10 %). There is also 
a certain inaccuracy in positioning the light spot. Consiclering the inaccuracies 
the difference of the peak position is significant, however it is not clear if other 
properties that also depend on the Co thickness (e.g. saturation magnetisation) 
play a role. Kerr domain microscopy shows domain wall movement over the 
entire sample. In the case where the magnetisation mechanism is determined 
by domain wall movement Chappert et al. [25] predict that the coercive field 
deercases as t-L To check this prediction, the logarithm of the field is plotted 
against the logarithm of the thickness. A line with slope -~ is expected. The 
slope of the experimental data in figure, 4.5 is close to the predicted slope. The 
peak position is related with the reasons of the deviation at 2 ML Co from the 
behaviour predicted by Chappert et al. These reasons are not known. 
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Figure 4-3: The coerczve field as a function of the Co thickness, 

Pd{lll}/Co wedge/Pd sample. 
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Figure 4-4: The coerczve field as a function of the Co thickness, 

Pt(111}/Co wedgejPt sample. 
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Pt{lll}/Co/Pt 

In figure 4.4 the coercive field is plotted against Co thickness. The figure dis
plays a peak at 1.6 ML and a more or less constant value at thick Co. The 
curves do not overlap, although taking the coercive field from the rotation or 
ellipticity loops should not make any difference. Rotation and ellipticity data 
were not obtained simultaneously, because one lock-in amplifier was used to mo
nitor either the f or the 2f component in the intensity. Rotation data were 
measured later and the coercive field from these data has a higher peak value 
than the data from ellipticity. Oxidation of the layers can increase the coercive 
field. Determination of the peak height another month later, again showed an 
increase of the peak of the coercive field, although the position of the peak re
mainded unaltered. Kerr domain microscopy revealed that the magnetisation 
mechanism at Co layers thicker than 3 ML is not of domain wall movement type 
but looks more like a nucleation process. For thinner layers domain wall move
ment is observed. Chappert et al. [25] derived that in the case of a domain wall 
movement magnetisation mechanism the coercive field depends on the thickness 
as rî. Over the short range of Co thicknesses where domain wall movement 
is observed, a less convincing fit to the theory is obtained than in the case of 
Pd(lll )/Co/Pd discussed above, see figure 4.6. The nucleation process seems 
to be fairly independent of the Co thickness. 

Comparison of Pd{lll}/Co/Pd and Pt(lll}/CojPt 

The maximum coercive field of Pd(lll)/Co/Pd is roughly twice as high as for 
Pt(111)/Co/Pt. The inaccuracy in the Co thickness tagether with the and the 
broadness of the Pd(111)/Co/Pd peak are too large to make the difference in 
peak position significant. As the growth is quite the sa.me, it is striking that an 
offset in the coercivefield is found for Pt(lll)/Co/Pt but not for Pd(lll)/Co/Pd 
for thicknesses above the thickness at the peak. 

4.1.5 Magnetic anisotropy 

Pd{lll}/Co/Pd 

Although no anisotropy measurements were carried out on this sample, the hys
teresis loops revealed that the easy axis changed from perpendicular to in-plane 
at about 15 A Co. This is concluded from the remanence that changes from 100 
% to 0 %, reaching 0 % at the thickness mentioned. Anisotropy measurements 
on the first Pd(111)/Co/Pd sample showed this transition at 18 A. 

Pt(lll}/Co/Pt 

The first order effective anisotropy constant was determined by fitting the loops 
measured with <P = 80°, as explained in section 3.2. The contributions to the 
effective anisotropy are: (i) the volume contribution of Co and (ii) the surface 
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contrihution of the Co/Pt interfaces. Note that there are two interfaces. Acear
ding to the theory in section 3.1, the data should match the following equation. 

tf( = t](Co + 2J<Co/Pt elf v s ( 4.1) 

In figure 4. 7 ti< elf is plotted against t. The line is a fit through the points with 
Co thickness larger than 8 A; deviation from the line of the two points helow 8 
A Co is discussed further on. A slope of I<~o = -0.77 MJ/m3 is found. The 
intercept must he divided hy 2 to ohtain I<r;o/Pt, resulting in K;o/Pt = 1.15 
mJ /m2

• From the slope and the intercept values it is calculated that the easy 
axis remains perpendicular up to 30 A of Co. 
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Figure 4. 7: The effective first order anisotropy constant multiplied by the thick
ness of the Co against Co thickness. The slope of the line equals /(~0 and the 
intereepi of the line equals 2/(~o/Pt. 

The surface contrihution of the magneto-crystalline anisotropy (incoherent 
stress) is omitted, the theoretica! value is less than 10 % of the experimental 
value found. This results from the small critica! thickness (less than 0.4 A). One 
can verify the calculation hy using the data in tahle 4.2 for (111) fee or (0001) 
hcp Co, the reported lattice mismatch and equations (2.19), (2.21) and (2.23). 

Below 8 A Co the data deviate from the straight line. This deviation can he a 
result of discontinuous Co layers. The area of the interface is reduced and hence 
the interface contrihution to the effective anisotropy is reduced. However, the 
quality of the growth of the layers is usually such that this does not appear until 
the layer thickness is helow 2 ML ( 4 A). It is more likely that due to the extremely 
high anisotropy, the error in the fits is responsihle for the deviation. Reeall the 
appearance of the hysteresis loop in section 3.2 in the case of a perpendicular 
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easy axis. As a result of the high anisotropy the magnetisation vector is rotated · 
away from the easy axis only slightly at the experimental field values. The 
branches of the loop that are to he fitted are therefore nearly horizontal, thus 
increasing the influence of noise. Small normalisation errors and noise greatly 
influence the determination of the anisotropy constant. 

The demagnetisation term of Co is -1.27 MJ /m3• From the LEED pictures 
it was concluded that little or no strain was present, the growth phase being 
incoherent from the first monolayer. There is no volume magneto-elastic anisot
ropy in the region considered. For fee Co the magneto-crystalline term is -0.07 
MJ /m3 (but the dependenee on the direction cosines is different; the term will 
he omitted, thereby making a only small error) and in the case of hcp Co the 
magneto-crystalline term is 0.53 MJ /m3

. For hcp Co the resulting volume term 
then is -0.74 MJ/m3 , but it is -1.27 MJjm3 in the case of fee Co. Thus, if hcp 
Co is present, the experimental value can he explained. This can not he decided 
from the LEED patterns. Zeper et al. [26] have found J(~o = -0.68 MJ/m3 and 
J(;o/Pt = 0.42 mJ jm2 for evaporated Co/Pt multz1ayers on glass and silicon sub
strates. The samples were perpendicular up to 12 A and points deviated from 
the theoreticalline below 7 A. In multilayers the Co structure can he different 
compared to the structure in a bilayer on a thick substrate. Lin et al. [24] have 
stuclied the Co/Pt system on glass, silicon and Pt(111) single crystal substrates. 
They also conclude from TEM micrographs that Co grows in fee (111) structure 
on a fee (111) Pt base layer. Fortheir evaporated samples J(~o = -0.92 MJ/m3 

and J(;o/Pt = 0.76 mJ/m2. The volume term is explained by a small positive 
magneto-crystalline contribution to the demagnetisation anisotropy. The inter
face anisotropy is larger compared to the values for the Co/Pt layers on glass 
and silicon substrates. Lin et al. ascribe this to the sharper interfaces in their 
CojPt multilayer deposited on the Pt(111) single crystal. Sharp interfaces can 
account for the relatively high surface anisotropy in the sample measured here. 
The colurnnar structure of thick multilayers are separated by deep trenches, lea
ding to a considerably reduced interface. The slope found here does not agree 
with the theoretica! value if the Co grows fully relaxed with an fee structure. 
It is possible that a magneto-crystalline anisotropy froma tetragonal structure 
explains the discrepancy. However, from our in-plane LEED patterns the dis
tanee between atomie planes parallel to the surface, is not obtained. Further 
structural analysis is required. 
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4.2 Cu(lll)/Ni/Co/Ni/Cu 

4.2.1 Introduetion and motivation 

It has been observed (27) as well as calculated from first principles [28), that 
Co /Ni( 111) multilayers can have a perpendicular easy axis although they consist 
only of magnetic layers. This is surprising because the demagnetisation energy of 
both layers actsagainsta perpendicular easy axis. The technological advantage 
is that both layers contribute to the Kerr effect. In thi~ section, measurements 
of the Kerr effect and the rnagnetic anisotropy as a function of both Co and 
Ni thickness are presented for Cu(111)/Ni/Co/Ni/Cu. The coercive field is also 
measured. A Cu( 111) substrate has been used because the lattice mismatch 
with Co and Ni is srnall (about 2 %). Sirnilar Co/Ni layers deposted on Cu 
substrates with other orientations, are being investigated by Johnson et al. and 
McGee et al. An overview will be given in [29). 

4.2.2 Preparation and characterisation 

Cu(lll}/Ni/Co wedge/Ni/Cu 

A Cu single crystal with fee structure and (111 )-orientation in the form of a disk 
of 12 mrn diameter and 2 mm thickness was sputtered with argon and annealed 
at 750 oe. The LEED pattem over this entire substrate was very sharp indicating 
a high quality homogeneaus surface. An 8 Á thick layer of Ni was deposited onto 
the crystal at a rate of 0.2 Á/s at 20 oe, while the substrate was rotated. AES, 
based on the Cu 91 7 e V peak, yielded a Ni thickness of 10 Á. A Co wedge was 
grown, ranging from 0 to 9 Á Co, on the Ni layer in an arbitrary direction at 
a rate of 0.03 Á/s at 20 oe. The slope calculated with the information of the 
quartz crystal was 0.9 Á/mm and basedon AES the slope was 1.2 Á/mrn. The 
crystal value is used. On top of this layer a Ni layer of 10 A was deposited and a 
Cu layer of 7 Á. Finally a gold cover of 20 Á was deposited to hinder oxidation. 
The last three plain layers were deposited while rotating the substrate, at 20 oe 
and the rate being monitored by the quartz crystal. 

After subsequent depastion of Ni and Co layers the LEED spots grew vague 
but remained at their positions. From this it is concluded that the Co and Ni 
layers grew coherently. As there is a lattice mismatch between Co or Ni and Cu 
the layers are epitaxially strained. The strain is given by minus the mismatch 
parameter, which is -2.5 % for Ni on Cu and -2.0 % for Co on Cu. 

Cu{111)/Ni wedge/Co/Ni wedge/Cu 

The Cu( 111) single crystal was prepared as above. The first Ni wedge was 
deposited at a rate of 0.17 Á/s on the Cu substrate at 20 oe. The thickness 
varied from 0 to 45 Á and the slope of the wedge is 4.6 Á/mm. 4 Á of Co was 
deposited while the substrate was rotated. The second Ni wedge was deposited 
under the same conditions and with the same slope and range as the first one. A 
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layer of 6 A Cu was grown on top of the second wedge. Finally a gold toplayer 
of 20 A was applied to hinder oxidation. 

Inspeetion of the sample after the depastion of the first Ni wedge with LEED, 
showed no change of the spot distances up to 22 A of Ni. Thus, up to that 
thickness, the in-plane lattice constant did not change when Ni was deposited 
on the Cu; in terms of the growth model Ni grows coherently on Cu up to 22 
A. Above 22 A the LEED pattem alters as incoherent growth starts between 22 
and 26 A. After deposition of the Co layer, LEED pictures indicated a change 
from coherent to incoherent growth between a total thickness of 15 and 29 A, 
thickness values are the sum of Co and Ni of the first wedge. After depastion of 
the second Ni layer the LEED pictures indicate a critica! thickness of about 24 
A or 12 ML total layer thickness. 

The critica! thicknesses reported above are the sum of Ni and Co layers 
deposited so far. Thus the first value is only one Ni layer, the second value a Ni 
and a Co layer and the last value the sum of a Ni, Co and Ni layer. As the values 
areabout equal, the Co and Ni layers seem to behave approximately similar, as 
far as their elastic properties are concerned. Note that the lattice mismatch of 
Ni and Co on Cu is nearly the same. 

Comparison of both Cu(111)/Ni/Co/Ni/Cu samples 

The sample with the Co wedge has a critica! thickness larger than 27 A because 
the growth is coherent up to that thickness. However, the sample with the Ni 
wedges has a critica! thickness of 24 A. The difference is probably explained 
by the amount of Co present in the samples. As the mismatch of Co on Cu is 
slightly smaller than the mismatch of Ni on Cu, the critica! thickness of Co on 
Cu is expected to he somewhat larger. The sample with the Co wedge contains 
more Co ( above 24 A, summed thickness) and would therefore remain coherent. 
Recent studies on a single Ni or Co wedge on Cu(lll) single crystal substrates 
and a Cu toplayer revealed a critica! thickness of 23 A and over 50 A, respectively 
(30]. 

4.2.3 Magneto-optical effects 

The magneto-optical Kerr effect is measured at a wavelength of 633 nm and in 
the polar geometry, in all cases. Cu(111)/Ni/Co wedge/Ni/Cu 

Both rotation and ellipticity are almost perfectly linear up to Co thicknesses of 
4 ML and show an offset that is assigned to the Ni, see figure 4.8. This agrees 
very well with the expected behaviour as outlined in the previous section. 

Cu(111)/Ni wedge/Co/Ni wedgejCu 

The Kerr effect as a function of total Ni thickness in ML, 1 ML = 2.03 A, 
is shown in figure 4.9. Rotation is proportional to the Ni thickness over the 
whole range, whereas, strangely enough, ellipticity increases less rapidly after 
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25 ML Ni. This effect is not understood. Apart from a different proportionality · 
constant the behaviour should be the same, because both Kerr angles depend 
on the same magnetic moment in the interading volume and film composition, 
roughness, penetration depth, etc. are the same. 

With the addition of a fraction of a monolayer of Ni on both sicles of the 
Co the Kerr ellipticity increases by a factor two, whilst the amount of magnetic 
moments increases less than 10 %. This is very interesting for applications as 
magneto-optical media. 

Comparison of both Cu{111}/Ni/Co/Ni/Cu samples 

The samples both contain the composition 10 A Ni/4 A Co/10 A Ni. At this 
composition the rotations are 10 and 5 mdeg, the ellipicities are 34 and 36 mdeg 
for the sample with the Co wedge and Ni wedges, respectively. The agreement 
for ellipticity indicates a similar structure of both samples at this composition, 
but this is not confirmed by the rotation data. Some experimental error could 
be induced by the small rotations involved. 

4.2.4 Coercive field 

Cu(111}/Ni/Co wedge/Ni/Cu 

The coercive field is constant (within 3 kA/m) across the entire Co thickness 
range, see figure 4.10. The large fluctuation is partly due to the large field ran
ges used; as a consequence the resolution of the field is reduced. Kerr domain 
microscopy reveals that the magnetisation reversal is nucleation limited and ap
pears to be nearly independent of the Co thickness. 

Cu(111}/Ni wedge/Co/Ni wedge/Cu 

The coercive field shows a sharp peak at 2.0 ML total Ni thickness, figure 4.11. 
Another (small) peak appears at 16 ML of Ni, which may be related toa broad 
maximum in the anisotropy around 18 ML as reported in the next subsection. 
A high anisotropy results in a high coercive field, if the magnetisation changes 
by a uniform rotation. 

Comparison of both Cu{111}/Ni/Co/Ni/Cu samples 

Comparing the composition 10 A Ni/4 A Co/10 A Ni of the first and second 
sample, a coercive field of 11 and 15 kA/m are found. Consiclering the fluctu
ation in the coercive field of the sample with the Co wedge, the agreement is 
reasonable. 
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4.2.5 Magnetic anisotropy 

The interpretation of the results in this section involve the demagnetisation, 
magneto-crystalline and the magneto-elastic anisotropies of Co and Ni on Cu( 111). 
To avoid repeating the same information, the values are summarised in table 4.2. 
Literature sourees of the values in this table are given via the superscript cha
racters and the footnotes. The magneto-elastic anisotropy is calculated using 
equations (2.15) and (2.21) . 

. Cu{111)/Ni/Co wedge/Ni/Cu 

The effective anisotropy was measured by the methad explained insection 3.4.2, 
with 4> = goo. There are two data ranges. One series is measured a few days 
after preparation and the other one month later to investigate the thin Co re
gion (0 to 2 A Co) in more detail. During this time the sample was kept in a 
surrounding at a pressure of 2 · 104 Pa with silica in it to reduce humidity. The 
slope of the line through the data, with thickness above the thickness at the 
maximum, is hardly different but the intercept is lower for the data obtained 
later. The Co thickness at the point of deviation from this line, has changed. 
The data with thickness below the thickness at the maximum, seem to overlap. 
Calibration errors in the thickness can only account for a fraction of the discre
pancy. Oxidation of the layers or diffusion are probably involved .. The data first 
obtained, are used in combination with the data in the thin Co region measured 
later. All data are displayed in figure 4.12. 

To see how the volume and the interface anisotropies can be obtained in this 
system with three magnetic layers, the total energy is evaluated. 

E = J{ V. = Vt ](Co + "' . J<Ni + 2AJ<Co/Ni + 2AJ<Cu/Ni eff tot Co v N1 v s s (4.2) 

V denotes the volume of all rnagnetic layers (subscript tot) or of the thickness 
of the Ni layers (Ni) or Co layer (Co). The volurne equals the thickness tirnes 
the area (A). Dividing by the area yields 

DJ{ = t ](Co + t . ](Ni + 2J(Co/Ni + 2J<Cu/Ni eff Co v N1 v s s (4.3). 

tNi is the combined thickness of both Ni layers. The total thickness of Co and 
Ni layers is written as D. H tco is varied, then D I<etr is plotted against tc0 • The 
resultant line has a slope equal to J(~o and an offset equal to the surn of the 
terms in the above equation that do not contain tco· 

The deviation of the data frorn the theoretica} straight line at 2 A is explained 
by the reduced Co /Ni interface contri bution in the total the anisotropy. A Co 
layer with an average thickness less than one monolayer, close to 2 A, can only 
exist in the form of patches of Co. 

The slope must be explained by the volume anisotropy of Co, which consists 
of demagnetisation, magneto-crystalline and magneto-elastic anisotropy. LEED 
pictures, taken after the second Ni layer is deposited, indicate coherent growth 
over the entire sample. Hence, the critica! thickness is larger than 27 Á. As in 
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11 Co (hcp/fcc) Ni (fee) 

demagnetisation both 
. t I M2 amso ropy, - 2 J.lo s -1.27 MJ/m3 a -0.15 MJ/m3 a 

magneto-crystalline hcp 0.53 MJ /m3 b 

anisotropy fee -0.071 MJ/m3 e -0.0057 MJ /m3 e 

magneto-elastic 
anisotropy 
lattice mismatch 
on Cu, TJ -2.0% -2.5% 
elastieity modulus (0001) hep 2.9 ·1011 Pad 
(Young), E (111) fee 2.0 ·1011 Pa e (111) 2.0 · 1011 Pa c 
magnetostriction (0001) hep -157 · 10-6 g 

constant, >. (111) fee -50 · 10-6 h -24. 10-6 i 

coherent growth on 
Cu, f = -ry 0.020 0.025 
volume magneto-elastie (0001) hep 1.37 MJfn3 

anisotropy ( ealculated) (111) fee 0.30 MJfm3 (111) fee 0.18 MJ/m3 

incoherent growth on 
Cu, f = -ryte/t 
surface magneto-elastie (0001) hep 1.37 te mJ/m2 

anisotropy ( calculated) (111) fee 0.30 te mJ/m2 (111) fee 0.18 te mJ/m2 

substitute te in [nm] 

Table 4.2: Literature bulk values for demagnetisation ( calculated from satu
ration magnetisation) and magneto-crystalline anisotropies of bcp and fee Co 
and fee Ni. Tbe magneto-elastic anisotropies of Co and Ni on Cu in tbe co
berent and incoherent growtb pbase, are calculated from tbe given values witb 
equations in subsection 2.2.4. Only in case tbe orientation is indicated, are tbe 
values given restricted to tbat particular orientation. Notes: a from page 19 
in [5]; b from [31]; e from [32]; d calculated by (c11 + c12 - 2c?3 /c33), see [33], and 
data from [34]; e elastic stiffness constants Cij for cubic Co are nearly tbe same 
as tbe constants of Ni, see [32], tberefore tbe elasticity modulus is expected to 
be tbe same as for cubic Ni; f from [35]; g equal to >.A + >.8 , see [33], and data 
from [32]; h from [36], it is not explicitly stated berein tbat tbe quoted value of 
>. 111 pertains to fee Co; i from page 173 in [5]. 
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subsection 4·.2.2 the Co and Ni layer thicknesses are added. v..;e thus consider · 
them the same, elastically. Den Broeder et al. [27] found a critica! thickness of 
25 Á in a Co/Ni multilayer. If the Co grew coherently with an fee sructure the 
theoretica! slope, the sum of the above anisotropies, is -0.97 MJ /m3 , where we 
have neglected the magneto-crystalline anisotropy. Cubic anisotropy does not 
depend on the direction cosines as cos2 0, so that it can not simply he added to 
the demagnetisation anisotropy for example. Fortunately, the error made when 
neglecting this contribution is small (7%). If the Co grew coherently but with 
an hcp structure the theoretica! slope is 0.63 MJ/m3. The slope of the lin'e 

. fitted through the points with Co thickness larger than 2 A is -0.68 MJjm3 • 

On camparing these values it is concluded that the sample mainly consists of 
fee Co. Several researchers (37] have stuclied the growth of Co directly on fee 
( 111) Cu. Hui He et al. found that whilst the Co mainly grew in the fee form, 
some 35 % adapted the hcp form. We assume that their results are applicable 
to our Co layer on Ni on Cu as well, because the Ni grows coherent on Cu, thus 
adapting its lattice parameter, and also with fee structure. If the anisotropies 
could he weighted with the relative amount of hcp and fee Co, a fraction of 18 
% of hcp is found bere. 

The intercept of the line consists of the following anisotropies: 

2J<Co/Ni + 2J<Cu/Ni + t ·(J< + ]{ ) . s s N• ME D N• (4.4) 

At zero Co thickness the measured anisotropy has the same contributions except 
for the Co/Ni interface term, the two Ni layers are connected and the Co/Ni 
interfaces are lost. The difference between the intercept, 0.98 mJ /m2

, and this 
point, 0.14 mJ/m2 , divided by two yields J{:o/Ni(lll) = 0.42 mJ/m2 • Den Broe
der et al. [27] found a value of 0.31 mJ/m2

, for multilayers. The difference is 
probably due to the interface sharpness. The last term in the above equation 
must he estimated so that J{:u/Ni can he obtained. If both 10 A Ni layers are 
coherent, consistent with the coherent Co, this term amounts to 0.06 MJ jm3 • 

Thus as a result, I<:u/Ni(lli) = 0.04 rnJ/rn2 is found. However, Gyorgy et al. 
[38] found 0.15 mJ/m2 • Recently, a value of -0.15 rnJ/m2 was found (30]. The 

· assumptions about growth phase or strain can infiuence these surface anisotro- . 
pies. Further, the inaccuracy of the data point at zero Co thickness as well as 
in the extrapolated intercept of the line limit the accuracy of these values. 

Cu(111}/Ni wedge/Co/Ni wedge/Cu 

The shape of the anisotropy plot shows a complicated behaviour, figure 4.13. 
This result can not he interpreted easily with the developed theory. Although 
it was not checked if the results reproduced, an attempt is made to explain the 
behaviour. The equation for J{eff is equivalent to equation ( 4.3). In this case 
tNi is varied, resulting in a line with slope J(~i and an intercept produced by 
the terrns in equation 4.3 that do not contain tNi· Four regions are considered. 
Start and end of each region are indicated by the total Ni thickness in table 4.3, 
which also cotains the slope and the offset of the line fitted through the data in 
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each region. 

region total Ni slope (MJ fm3
) offset (mJ /m2 ) 

thickness (A) 

1 o- 10 A "' 0.45 "' 0.20 
2 10- 21 A -0.27 0.94 
3 21 - 40 A 0.06 0.14 
4 40- 70 A -0.15 1.15 

Table 4.3: Offset and slope of the various regions in the anisotropy graph of 
Cu{lll}/Ni wedge/Co/Ni wedge/Cu. 

There are three transitions from one region to the next one. The only transition 
in the theory is the one from coherent growth to incoherent growth at the critica! 
thickness. Two other transitions must be found and one of the transitions must 
be identified as the transition from coherent to incoherent growth. 

The transition from region 3 to 4 is taken as the transition from coherent to 
incoherent growth. This implies a critica} thickness of 40 A Ni and 4 A Co, thus 
44 Á. A critica} thickness of 44 Á is not in agreement with the value from LEED, 
but it is more acceptable than a critica! thickness of 14 Á at the transition from 
region 1 to 2. Regarding the result on the single Ni wedge, see subsection 4.2.2, 
the critica} thickness is expected to be above 23 A. The other transition (2 to 
3) does not predict the right change of the slope. 

In region 4 the growth is thus incoherent. The only remaining contribution 
to the slope is the demagnetisation, as the magneto-crystalline anisotropy is neg
ligible for fee Ni and the magneto-elastic anisotropy contributes to the intercept 
in the incoherent phase. Sixfold symmetry of the LEED patterns indicate a fee 
structure for Ni (hcp is not a stable contiguration for the Ni). The experimental 
slope of -0.15 MJfm3 perfectly matches the demagnetisation anisotropy of Ni 
( table 4.2). 

In the incoherent growth phase (region 4) the intercept equals 

2J(Co/Ni + 2/{Cu/Ni + t ](Co + t /{Ni 
s s Co v c v,ME (4.5) 

From the former sample the first two terms amount to 0.92 mJ /m2
• The volume 

anisotropy of Co is taken as pure demagnetisation anisotropy. Two monolayers 
of fee Co or hcp Co are identical the third layer determines the difference in 
stacking of hcp (ABAB) and fee (ABCABC) Co. As mentioned before Co on 
Cu(111) grows in an fee structure, which has no important magneto-crystalline 
anisotropy. The volume magneto-elastic anisotropy of the Co is taken zero, as 
this term is in fact taken tagether with the incoherent Ni in the last term of 
the equation. Thus the third term is estimated 4 A ·- 1.27 MJ/m3 = -0.51 
mJ /m2 • However questionable, we take the magneto-elastic anisotropy of pure 
Ni, although a small amount of Co is present. With a critica} thickness of 44 Á 
(thus including the Co magneto-elasticity anisotropy omitted in the third term), 
the last term amounts to 0.79 mJ/m2• Summing all values yields an interface 
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term of 1.20 mJ/m2
• Regarding the assumptions, this value can only he an · 

indication, nevertheless the agreement is good. 
In region 3, the Co and Ni layers are coherently stressed. The magneto

optical anisotropy contributes to the volume anisotropy of Ni and, hence, to the 
slope of the line. Adding the demagnetisation and the magneto-elastic anisotro
py in table 4.2, a total volume anisotropy of 0.03 MJfm3 is obtained. 

The intercept in region 3 consists of 

2/(Co/Ni + 2/(Cu/Ni + i /(Co s s Co v (4.6) 

of which the first two terms equal 0.92 mJ/m2
• In this case the volume aniso

tropy contains a (fee) magneto-elastic contribution next to the demagnetisation 
and the magneto-crystalline anisotropy. With help of table 4.2, the third term 
is then calculated by 4 A ·-0.97 MJ/m3 = -0.39 mJ/m2

• The theoretica! value 
of 0.53 mJfm2 should he compared with an experimental value of 0.14 mJfm2 • 

The agreement is only qualitative. 
The behaviour in region 1 and 2 is not understood, but an effect that plays 

a role is discussed in the following paragraphs. Finally, an assumption is made, 
with which the behaviour could he explained. 

The effect is related to the interfaces in the sample. As we saw before, 
the interface contribution to the anisotropy can change if the layers become 
discontinuous. In this sample, there is not a simple loss or formation of interfaces 
but a change of interfaces. This change can also he a consequence of different 
wedge starts. AES measurements showed that the wedge start of both Ni wedges 
was 0.1 mm apart. The first wedge was already 1 A thick when the second began. 
This value may, however, he larger due to inaccuracies. 

If there is no Ni at all, the only interface is the Co/Cu interface, the interface 
anisotropy is 2I<';o/Cu. England et al. [39) determined this value to lie within 
±0.20 mJ/m2 , but recent measurements by Jungblut [30) indicate this value to 
he 0.40 mJ/m2

• The start of only one Ni wedge adds a Co/Ni (K~o/Ni = 0.42 
mJ /m2 ) and a Cu/Ni interface (J<';u/Ni ranging from -0.15 to 0.15 mJ /m2). A 
second Ni wedge adds the same two terms again. Both start of a Ni wedge or 
increasing continuity of the Ni lead to reduction of I<~o/Cu and a simultaneous 
increase of I<~o/Ni + I<~u/Ni. From the liter at ure the sum of the last terms is 
probably larger than the first interface term. The spread in the literature values 
is to large to he sure if the maximum increase can he as large as 0.40 mJ / m2 , the 
value that is observed in figure 4.13. The decreasein region 2 is not understood. 

Suppose, only hypothetical, that the deposited Co could migrate to the Cu 
surfaces, if the Ni layers are not too thick. Initially, only the Co/Cu interfaces 
exist. Addition of Ni would (after migration) lead to Co/Ni and Co/Cu inter
faces, which would mean a large increase (2I<~o/Ni = 0.84 mJ /m2 ). At larger 
Ni thicknesses (from the data 2x5 A Ni) we have Co/Ni and Cu/Ni interfaces, 
which could reduce the interface anisotropy again. In the other sample, this 
effect of migration would not he observed as the Ni layers are 2 x 10 A Ni there. 
I have no support for this last assumption, with which the behaviour could he 
explained. 
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4.3 Cu(llO)/Co/Cu wedge/Co/Cu 

4.3.1 Introduetion and motivation 

The discovery of giant magnetoresistance in (111)-oriented sputtered Co/Cu 
multilayers, [10] and [40], has motivated us to investigate the interlayer-coupling 
in evaporated Co/Cu (111)-oriented multilayers by molecular beam epitaxy 
(MBE). The interlayer coupling and magnetoresistance effects are related, see 
chapter 1. 

As no coupling was observed in evaporated ( 111 )-oriented multilayers, the 
magnetoresistance was ascribed to the presence of (100)-oriented grains, because 
coupling in (100)-oriented samples was observed [41). However, the coupling 
strength in (100) MBE grown samples is much lower than the observed coupling 
strength in ( 111) sputtered samples. The coupling must he stronger to correct 
for the reduced abundance of these minority grains. The coupling could also 
result from the presence of (110) grains. No observations of coupling in Co/Cu 
multilayers with this structure were found. 

Apart from a (111) sample that did not show coupling, a (110) Co/Cu/Co 
sample was grown. The coupling results of the latter are presented here. 

4.3.2 Preparation and characterisation 

Onto a Cu ( 110 )-oriented fee structured single crystal a 40 A thick uniform 
Co layer was deposited. On top of this a Cu wedge was grown with thickness 
varying from 0 up to 44 A in the direction perpendicular to the in-plane [111]
axis. The deposition rate of the Cu was 0.14 A/s and the substrate temperature 
was 50 °C. The slope of the Cu wedge calculated from the quartz crystal was 3.7 
Á/mm, which perfectly agreed with the value obtained with AES, 3.8 Á/mm. 
Further a 40 A Co, a 7 A Cu and a 25 A A u were grown, in this order, at 20 
oe substrate temperature and during rotation of the substrate. In [37] and [39] 
Co is observed to grow mainly with an fee structure on Cu(111). It is assumed 
that Co also grows with a cubic structure on Cu(llO). 

4.3.3 Interlayer coupling 

As explained in section 2.4, interlayer coupling is determined from phase tran
sitions in hysteresis loops. The Kerr hysteresis loops are measured in the lon
gitudinal geometry, because the easy axis lies in-plane, the (110)-plane. More 
information on the set-up is found in section 3.3. The field is applied along the 
in-plane [111]-axis, which is the easy axis, as we shall see. Along this axis the 
spotsize is enlarged relative to the diameter of the incident beam by a factor 
cos- 1 (), where ()is the angle of incidence. In the in-plane direction perpendicular 
to the [111] in-plane axis the spotsize is unchanged. To avoid lossof resolution 
of the Cu spaeer layer thickness, the wedge is grown in this direction, thus in 
the (110)-plane perpendicular to the [111]-axis. 
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Before taking a look at the measured loops, the anisotropy constant is deter- · 
mined. Remember, that the interlayer coupling can be obtained from figure 2. 7 
if the saturation field ( from Kerr hysteresis loops), the thickness ( from prepa
ration data), the saturation magnetisation (from literature) and the anisotropy 
constant are known. To get the anisotropy constant, the component of the mag
netisation parallel to the applied field is measured with a longitudinal Kerr loop. 
The field is applied along the (100] hard axis and the (110] intermediate hard 
axis. A position at the Cu wedge is taken where the coupling is ferromagnetic 
(15 Á Cu), so that the layers behave as one single layer (no coupling). The fitting 
procedure outlined in subsection 3.4.2 can not be used, because the dependenee 
on the direction cosines is different, here we have cubic anisotropy whereas in 
subsection 3.4.2 the dependenee is cos2 8 for a thin film. In appendix C, the re
lation between the saturation field and the magneto-crystalline cubic anisotropy 
constant is derived. The saturation field along the (100] in (110)-plane axis is 
200 kA/mand for the (110]-axis 150 kA/m. The anisotropy constant calculated 
from these values is 0.18 and 0.27 MJ/m3 , respectively. The literature value in 
table 4.2 is 0.071 MJ /m3

. There is considerable discrepancy, which is not under
stood. In the following a value of 0.20 MJ/m3 is used, as we take experimental 
values and the relative field error in the value determined from the highest field 
is the smaller. 

In figure 4.14 Kerr loops of astrong and a weak antiferromagnetically (AF) 
coupled pair of layers is shown, tagether with calculated loops for AF coupled 
layers (by R. van Dalen and P. Bloemen). The numbers indicate details of the 
loops that are discussed below. The calculation is a minimum energy calcula
tion and therefore shows no hysteresis. The hysteresis in the experimentallaap 
(number 1) is small compared to the field where the transition to parallel align
ment takes place. The saturation field is thus well-defined and can be compared 
with the saturation field obtained from a minimum energy calculation. The 
average of the field values halfway the transition from parallel to antiparallel 
and vise versa is taken as the saturation field. In other words, the field value in 
the middle of the hysteresis. 

At low fields the Kerr signal does not run flat but shows a clear slope ( due 
to hysteresis this is not visible in the experimental loop with weak coupling) 
(number 2). Apparently the magnetisations of the two layers rotate slowly to 
the direction of the applied field until at the transition they flop to antiparallel 
alignment (1~(</>1 - </>2 )1 < 180°, hence flop). The effect is attributed to the 
presence of in-plane anisotropy. In the theoretica! loops, at low fields, where 
the magnetisations are anti parallel, the loss of coupling ( magnetisations rotate 
towards each other) and anisotropy ( magnetisations rota te away from the easy 
axes) energy is compensated by the gain in field ( magnetisations rota te towards 
the field) energy. At the saturation field, the gain in field and anisotropy energy 
is larger than the loss of coupling energy if the magnetisations flop parallel to 
the field which is applied along the easy axis. The stronger the AF coupling 
the higher the loss of coupling energy, the fields at which the magnetisations 
flop will be larger. In the experimental loops, the torque of the field rotates 
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Figure 4-14: An experimental hysteresis loop (a) and a minimum energy calcula
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cussed details of the loop: 1) hysteresis of the transition, 2) gradual change of 
the signa/ instead of a constant signa/, 3) smal/ jump at low fields and 4) theo
retically predieled transition consists of two smal/ transitions. 

69 



the magneti~ations against the coupling and anisotropy harriers (see figure 2.9 · 
for the anisotropy harriers). The grad u al rotation continnes until the anisotroy 
harriers are overcome and the magnetisations flop parallel to the field along the 
easy axis. See figure 4.15. The interpretation in terms of minimum energy or 
energy harriers is different, the latter interpretation being the more realistic one. 
However, if the hysteresis in the experimentalloops is small the saturation fields 
are almast the same. 

At low field a smallextra jump is visible in the strongly coupled experimental 
loop that does not appear in the corresponding calculated loop (number 3). It is 
ascribed to the preserree of ferromagnetically (F) coupled regions illuminated by 
the lightspot. This explanation is consistent with the fact that these transitions 
are only found at thin Cu and stromg AF coupling. The sharp change from F to 
AF coupled layers at the edges of the first AF peak, see below, make this region 
very sensitive to roughness. Further, only in strong AF coupled loops the small 
jump is not obscured by the transition from antiparallel to parallel alignment or 
by hysteresis. 

The extra detail in the flip transition that is predicted theoretically (number 
4), in the case of strong coupling, is not observed in the experimental loop. It 
is probably hidden in the hysteresis, if it exists at all. If it is present in the 
experimental loops, although hidden in the hysteresis, it could he interpreted 
in terms of anisotropy harriers, the lower harrier of the [110] intermediate hard 
axis is traversed at little lower fields than the higher harrier of the [100] hard 
axis. In the weak coupled loop the detail is not predicted theoretically nor is 
it observed in the experimental loop due to the preserree of hysteresis, if it is 
present. 

An experimentalloop of two ferromagnetically coupled loops shows hysteresis 
around zero field. Reading the saturation field as the field at the middle of the 
hysteresis yields avalue equal to zero. 

The saturation field as a function of Cu spaeer thickness is shown in figure 
4.16. Three peaks and the onset of a fourth are seen. The period of the oscillation 
is 12.5 Á and the maximum of the first peak lies at 8.0 Á. With the numerical 
relation between saturation field and the coupling strength, the peak value of 
the coupling strength is found to he 0.66 mJ /m2 (21). 

Let us see how this result affects the problem of the observation giant magneto
resistance in (111 )-oriented sputtered Co/Cu multilayers versus no observation 
of coupling in (111) evaporated Co/Cu multilayers. The maximum observed 
coupling strength in (111) sputtered layers was as high as 0.5 mJ/m2 (21). In 
(100) evaporated layers the maximum only amounts to 0.4 mJ/m2 (21) and can, 
therefore, not account for the coupling in ( 111) sputtered layers. Here, in our 
(110)-oriented sample we found a maximum coupling strength of 0.66 mJ/m2 

(21), which can account for the coupling in ( 111) sputtered layers but only if 
the sputtered layers maicly consist of grains with a (110)-orientation. 

However, further investigation of the sputtered (111) Co/Cu multilayers re
vealed that only a small fraction of the grains are (100)- and (110)-oriented. 
As a consequence the coupling in the ( 111 )-oriented sputtered layers can eer-
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Figure 4.15: The rotation of two antiferromagnetically coupled magnetisation 
veetors in the (110)-plane. (a) At zero field the magnetisations are antiparallel 
( there are two possible directions, two {111] easy axes; the magnetisations ineach 
case are indicated by continuous and discontinuous arrows ). (b) At fields below 
the flip field the magnetisations rota te to each other. ( c) The lower intermediate 
hard {11 Oj anisotropy barrier is traversed first and ( d) above the saturation field 
the hard {100} barrier is passed and the magnetisations switch parallel to the field 
which is applied along the easy axis. Although the detail in the transition in the 
calculated loops is not seen in the experimental loops, its possible presence in 
the hysteresis could be explained by the configuration in (c) as a stabie situation 
befare the transitions to and from ( c). 
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Figure 4.16: The saturation field, related to the coupZing strength between two 
Co layers, as a function of Cu spaeer layer thickness. 

tainly not be explained by the prensence of (110) and (100) grains. The problem 
seems to be solved with recent observations of the strong coupling in a (111) 
MBE grown Co/Cu/Co sample [42]. It is believed that only in (111)-oriented 
Co/Cu sandwiches or multilayers with extremely sharp interfaces the interlayer 
coupling can be observed; insputtered layers the average (there arealso colums 
with bad interfaces at the edges) interface quality seems to be higher than for 
evaporated layers. 
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Chapter 5 

Conclusions and 
recommendations 

The longitudinal Kerr effect is described on the sp basis and equations for va
rious set-ups are given (appendix C). From these equations, a few experimental 
observations could he understood. It might he interesting to use the equations 
to determine the reileetion coefficients. 

Growing wedge-shaped layers in multilayered samples, is a very powerfull 
metbod to investigate the influence of the wedge material on several properties. 
Locally prohing measurement techniques, such as the magneto-optical Kerr ef
fect, must he used to measure the properties. 

A gradual change of the Kerr effect of Pd(111)/Co wedge/Pd and Pt(111)/Co 
wedge/Pt, with Co thickness in the monolayer range, supports the presented 
view of a wedge consisting of increasing patches. Enhancement (reduction in 
the case of Kerr rotation for the first sample) of the Kerr effect in these samples 
is ascribed to the polarisation of Pd and Pt, respectively. This is advantageous 
for magneto-optical data storage media, especially if the Co thickness is of the 
order of a few monolayers. Unfortunately, the Kerr effect can not easily he ex
pressed in the magnetic moment, so that neither the amount nor the direction 
of the polarisation is obtained. 

The coercive field of Pd(lll)/Co/Pd showsasharp peak of 205 kA/mat 1.8 
ML Co, and for Pt(lll)/Co/Pt a peak of 125 kA/mat 1.5 ML Co. Chappert 
et al. predicted a t- 512 dependenee of the coercive field on the thickness for 
thicknesses of the magnetic layer above the thickness at the peaK in the case of 
domain wall movement. The measurements confirm this prediction only in the 
case of Pd(111)/Co/Pd. 

An extremely high surface anisotropy of the Co/Pt interface is measured, 
1.15 mJ/m2 • Extremely sharp interfaces are believed to he the explanation for 
the fact that this value is higher than values observed by others. The volume 
anisotropy of -0.77 MJjm3 for Pt(111)/Co wedge/Pt agrees withother obser
ved values, but further investigation of the structure of the Co is required to 
understand it theoretically. 
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Qualitatively, the Kerr rotation and ellipticity in Cu(lll)/Ni/Co/Ni/Cu, as a· 
function of Co (Co wedge, Ni layers each 10 Á) and Ni (Ni wedge, Co layer 4 
A) thickness, are easily explained. A linear dependenee on Co or Ni thickness is 
observed, tagether with an offset due to the presence of Ni or Co, respectively. 
A remarkable increase of the Kerr ellipticity by a factor 2 is seen on the addition 
of 2 A Ni on each side of the 4 A Co. The increase can not be explained by the 
extra magnetic moment of the Ni. 

Only in the case of the Ni wedges a sharp peak in the coercive field is observed 
at 2x 1 ML of Ni and a peak value of 112 kA/m. 

The magnetic anisotropy as a function of Co thickness yields a Co/Ni surface 
anisotropy of J(~o/Ni = 0.42 mJ/m2. Determination of J(;u/Ni requires calcula
tion of the magneto-elastic anisotropy. Due to the lattice mismatch between Co 
or Ni and Cu epitaxial strain is present in the layers. The resulting value, 0.04 
mJ /m2 , lies in the range of literature values. Some ideas are given to explain the 
complicated behaviour of the magnetic anisotropy as a function of Ni thickness. 

Saturation fields {related to interlayer coupling) in Cu(llO)/Co/Cu wedge/Co/Cu 
between the two Co layers are observed to oscillate with Cu thickness. The pe
riod is 12.5 A Cu and the maximum coupling strength, 0.66 mJ /m2 , at 8.0 A 
Cu is obtained from comparison with numerical calculations of the saturation 
fields as a function of the coupling strength. 
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Appendix A 

Expressions for the Kerr effect 
on the sp basis 

In this appendix the approximations for the expressions of the Kerr effect in 
terms of reileetion coefficients on the sp basis are derived. The electric field vec
tor ( called vector) of the incident senkrecht linearly polarised light, E0 cos(wt)e-;, 
is represented by: 

Descrihing the reileetion by: 

( 
r ei6•• R _ ss 

- -r ei6•P sp 

the real part of the reilected vector, that is calculated by RÊil is: 

(A.l) 

(A.2) 

Êr = Eorss cos(bss- wt)ës + Eorsp cos(bsp- wt)~ (A.3) 

The reilected vector rotates in time descrihing in general an ellipse. Recalling 
the definition of the Kerr effect insection 2.1, the angle of the long axis of the 
ellipse with the direction of the incident linearly polarised light and the ratio of 
the short and long axis are sought. Figure A.l illustrates the reileetion process. 

The long and short axis are found by calculating maxima and minima of 
the modulus of the reilected vector as a fundion of the phase. From the phase 
associated with a maximum the angle of the long axis of the ellipse with the 
direction of the incident vector, ës, can be obtained. If the phase of a minimum is 
also known, the length of the long and short axis of the ellipse can be calculated. 
Here the extrema of the squared modulus are calculated. The corresponding 
phase is of course the same. 

1Ërl2 E6r?s cos2
( bss- wt) + E6r?P cos2(bsp- wt) (A.4) 

diErl2 

dwt 

0 (A.5) 
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(a) (b) 

Figure A.l: (a) Electric field veetors ofincident and reflected light in real space. 
The incident vector Ëi oscillates in magnitude and is parallel to ~. The reflected 
vector Er describes, in general, an ellipse due to a relative phase change and 
different magnitude of the components parallel to ~ and ~· (b) The reflected 
field veetors in complex space. Only projections on the real axis have physical 
meaning. Note that the two complex spaces are rotated 90° with respect toeach 
other. 

Splitting the arguments by use of a goniometrie identity and reordering yields: 

0 = - sin(2wt){ r! cos(2b55 ) + r;P cos(2bsp)} 

+ cos(2wt){r! sin(2bss) + r;P sin(2bsp)} (A.6) 

r;5 sin(2bss) + r;P sin(2bsp) 
tan(2wt) = (A.7) 

r'Is cos(2bss) + r;P cos(2bsp) 

Visualising the tangent function for one period of wt, that is two periods of 2wt, 
there are always four solutions, all !1r apart. For an ellipse two maximaand two 
minima are expected and in deed they are rotated 90° from each other. 

In the following it is assumed that rsp ~ r58 • If (i) sin(2b55 ) is not small 
compared to sin(2bsp) and (ii) cos(2bss) is not small with respeçt to cos(2bsp), 
then the tangent can be approximated as: 

tan(2wt) ~ tan(2bss) (A.8) 

Solutions are wt ~ b55 + !k1r, where k is a positive or negative integer or zero. 
This is also clear from figure A.l. The modulus of the electric field vector will 
be maximal if nearly the full length of E0 r ss is present, thus if cos( hss - wt) 
approaches 1. As rsp ~ r55 , the contribution of Eorsp is much smaller and 
therefore almost negligible. In the case that condition (i) is not met, lbss- !k1rj "' 
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2 

~ and sin(28sp) not small, the approximation needs a correction. 
r •• 

r2 
tan(2wt) ~ tan(28ss) ± s;' sin(28sp) (A.9) 

rss 

The + results if b58 ~ br, the - if 855 ~ br + f· In case condition (ii) is not 
2 

satisfied, l8ss + i1r- !k1rl ,....., ff, and cos(28sp) not small, the approximation must 
he adapted too. 

tan(28ss) 
tan(2wt) ~ 2 ( 26 ) (A.lO) 

1 + T1pCOS ap 

rl, cos(2cS.,) 

Although the correction in tan(wt) may he large the correction in wt is only 
2 

small, of order ~' which is estimated 10-3 
- 10-7 from experiments. The most 

r .. 

extreme corrections are nessecary in the situations where Óss = 0, Ósp - ~7r 
(condition (i) not satisfied) and Ósp = 0,855 = i1r (condition (ii) not met). 
Suhstituting these cases and correcting the approximation of wt = b55 with 10-3 

- 10-7
, the correction of the Kerr effect can he estimated. The exact equations 

for OK and fK, (A.ll) and (A.l3), must he used too. 
In this paragraph the correction for the Kerr rotation is calculated in the 

extreme situation 855 = 0 + k; and Ósp = ~ + k; ( condition (i) not satisfied). ln
stead of taking (wt)max equal to 855 as suggested hy equation (A.S) the corrected 
equation (A.9) must he used. As tan(28ss) is small, it may he approximated hy 

2 

the reduced phase, taking b55 ~ 0 the result is tan(2wt)max ~ 2855 ± ~ sin(28sp)· 
Note that any salution is a salution again if k1r is added. Thus, it""is allowed 
to write 2( b55 + ~7r ), so that the original phase can always he used again in the 
end, instead of the reduced phase. The salution that would result from equation 

2 

(A.8), (wt)max = b55 , is at most corrected to he (wt)max ~ b85 ± ~~· Suhstitu-
ting this corrected salution in the exact equation for the Kerr rotatf~n, equation 

4 

(A.ll), the eosine in the denominator is adapted at the most hy -41 ~ (approxi-
r .. 

mation around the argument 0°), and the eosine in the numerator at the most 

hy ~J2~ (around the argument 45°). The values b55 = 0 and Ósp = ~ are 
suhstitut~d to find the uncorrected arguments in the cosines. Comhining hoth 
adaptions, the relative correction in tan( OK), and as OK is small also in OK, is of 

2 

order ~ at the most. As said this relative correction amounts to 10-3 - 10-7 , 

which i~ clearly neglighle. By a same way of reasoning the relative corrections 
for the ellipticity in case condition (i) is not satisfied and for hoth Kerr angles, 
in case condition (ii) is not met, can he shown to he of the same order. The 
proof is omitted. 

With help of figure A.l the salution for one of the maxima is (wt)max ~ b55 

and for one of the minima (wt)rnin ~ 855 + ~1r. The Kerr angles are: 

( ) 
rsp cos( Ósp - ( wt )max) 

tan OK = 
T5s cos(8ss- (wt)max) 

(A.ll) 

(A.12) 
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r;P cos2 (bsp- (wt)min) + r;8 cos2(bss- (wt)mïn) 
r;Pcos2(bsp- (wt)max) + r;8 cos2 (b58 - (wt)max) 

"' rsp sin( Ósp - bss) 
rss 

(A.l3) 

(A.l4) 

In experimentsOK and fK aresmalland tan(OK) and tan(t:K) may he approxi
mated by OK and fK. 

{)K "' rsp ( ) 
- COS Ósp - Óss 
rss 

(A.l5) 

fK rv rsp sin( Ósp - b
88

) (A.16) 
rss 

In fact adding the squares of the last two equations yields an equation by which 
2 

the estimation of *' is obtained from experimental values of the Kerr angles. 
Although these equ'~tions have been derived assuming the corrections are small 
in case conditions (i) and (ii) are not satisfied, the results are consistent. Note 
that the relative corrections of the Kerr effect are of the order of the square of 
the Kerr effect (in radians). 
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Appendix B 

lntensity components for 
various set-ups 

Analogous to the calculation insection 2.2 the resultant intensity components are 
derived in case of other set-ups. The polarisation direction of the incident light is 
defined by the orientation of the polarizer. If senkrecht (parallel) polarised light 
leaves the polarizer it is in the s(p)-direction. If the polarizer is rotated 45° from 
the senkrecht and the parallel direction it will he called the diagonal direction. 
The orientation of the stress axis of the photo-elastic modulator (PEM) is either 
in the plane of incidence or rotated 45° out of it and almost normal to the 
propagation direction of the light. This is called PEM 0° and 45° with plane 
of incidence respectively. Similar to the case of the polarizer the orientation 
of the axis of transmission of the analyser can he changed. It is in the s- or 
p-direction leaving through s or p polarised light. The analyser can also he left 
out of the set-up. There is no analyser then. Below the ratios of the resultant 
intensities with 0, /, 2/ frequency components ( denoted by I with frequency 
subscript) and the incident intensity (Ji) are given. A negative intensity ratio 
means that the intensities are 180° out of phase. The 0 frequency is some 
frequency low compared to J, the frequency with which the piezoelectric element 
oscillates. The Jn are the nth order Bessel functions. b0 is the maximum phase 
shift introduced by the piezo element. The equations are collected in 3 groups 
depending on PEM orientation and the polarizer orientation. A few observations 
are compared with the equations at the end of this appendix. 
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la. PEM 45° with plane of incidence, polarizer in s-direction, analyser · 
in s-direction. 

fo 12 12 12 12 (B.1) 
1· 

- 2rss + 2rsp + 2r88 Jo(ho)- 2rspJo(ho) 
I 

Ir 
2r 58T5p sin( hsp - hss)Jl (ho) (B.2) -Ij 

12f 
r?sJ2(ho)- r?pJ2(ho) (B.3) 

1-
-

I 

lb. PEM 45° with plane of incidence, polarizer in s-direction, analyser 
in p-direction. 

lo 12 1212 () 12 ( (B.4) 
J. 

- 2rPP + 2rsp + 2rspJo ho - 2rPPJo ho) 
I 

Ir 2rpprspsin(hsp- hpp)JI(ho) (B.5) 
Ij -

12r 
r;pJ2( ho) - r;pJ2( ho) (B.6) 

Ij 

lc. PEM 45° with plane of incidence, polarizer in s-direction, no ana
lyser. 

lo 12 12 2 12 12 (B.7) 
Ij 2T55 + 2rPP + rsp + 2r58 Jo(ho)- 2rppJo(ho) 

Ir 
2r55T5p sin( hsp - hss)Jl (ho) + 2r pprsp sin( hsp - 8pp)Jl ( 8o) (B.S) 

J. I 

/2f 
r;sJ2( 8o) - r;pJ2( 8o) (B.9) 

!i 
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2a. PEM 45° with plane of incidence, polarizer in p-direction, analy- · 
ser in s-direction. 

lo 12 12 12 12 
(B.10) 

I 2rss + 2rsp + 2rspJo(h'o)- 2r ssJo(h'o) 
I 

Ir 
2r ssrsp sin( Óss - Ósp)JI ( h'o) (B.ll) 

/i 

l2r 
r;pJ2( h'o) - r!J2( h'o) (B.12) 

1· I 

2b. PEM 45° with plane of incidence, polarizer in p-direction, analy
ser in p-direction. 

lo 12 1212 ( 12 () (B.l3) 
J. 2r PP + 2rsp + 2r ppJo h'o)- 2rspJo h'o 

I 

Ir 
2rpprsp sin(h'pp- Ósp)Jt(h'o) (B.14) 

/i 

l2r 
r;pJ2( h'o) - r;pJ2( h'o) (B.l5) 

/i 

2c. PEM 45° with plane of incidence, polarizer in p-direction, no ana
lyser. 

lo 12 12 2 12 12 ( (B.16) 
/i 

2rss + 2rPP + rsp + 2rppJo(h'o)- 2rssJo h'o) 

Ie 
2r55r5pSin(h'ss- Ósp)Jt(h'o) + 2rsprppsin(h'pp- Ósp)Jt(h'o) (B.17) 

J. I 

l2r 
r;PJ2( bo) - r!J2( bo) (B.18) 

/i 
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3a. PEM Ü0 with plane of incidence, polarizer in diagonal direction, · 
analyser in s-direction. 

Io 1 2 1 2 
(B.19) 

1· 
2rss + 2rsp + rssrsp cos(bss- Ösp)Jo(b0 ) 

I 

Ir 
2r88T5pSin(hss- hsp)Jl(ho) (B.20) 

Ij 

/2f 
2T55T5p cos( hss - hsp)J2( ho) (B.21) 

J. 
-

I 

3b. PEM 0° with plane of incidence, polarizer in diagonal direction, 
analyser in p-direction. 

Io 12 12 ( ) ( (B.22) 
Ij 2rPP + 2rsp- TppTsp cos hss- hsp Jo h0 ) 

Ir 
2rppTsp sin( hpp - hsp)Jl (ho) (B.23) 

Ij 

/2r 
-2rpprsp cos(hpp- hsp)J2(ho) (B.24) -

/i 

3c. PEM oo with plane of incidence, polarizer in diagonal direction, 
no analyser. 

Io 1 2 1 2 2 
Ij 2rss + 2rPP + rsp + 

TssTsp COS( hss - hsp)Jo( ho) - TspTpp COS( hsp - Öpp)Jo( ho) (B.25) 

Ir 
T55T5pSin(Ö55 - hsp)Jl(bo) + TspTppsin(Öpp- Ösp)Jl(bo) (B.26) 

Ij 

/2r 
T55 T5p cos( Ö55 - hsp )J2( ho) - rspr PP cos( hsp - hPP )J2( Öo) (B.27) 

J. I 
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It is clear from cernparing (B.19) and (B.22) that in the longitudinal geometry · 
the intensity of the 0 (low) frequency signa} depends on the analyser direction, 
this is experimentally observed. The difference which, sometimes was 30 %, can 
not be ascrihed to inhomogenous polarising sheets. In the circular description 
as presented, see sectien 2.2, no difference is predicted. This proves that it can 
not be used without further adaption in the longitudinal geometry. 

No rotatien can he measured in the longitudinal geometry with the stress 
axis of the PEM at 45° with the plane of incidence. This is due to the large offset 
and no linear dependenee on rsp of the 2/ component in the intensity, equations 
(B.3), (B.6), (B.12) and (B.l5), or nodependenee on rsp at all, equations (B.9) 
and (B.18). 

To prove theoretically that the offset with the PEM geometry as in the 
previous paragraph and incident s and detected (close to) p polarised light, can 
he eliminated hy slightly rotating the analyser, the equations must he exlicit in 
</>, the angle of the axis of transmission of the analyser with the p direction. The 
calculation is omitted and the result is given directly below. 

cos</>sin4>{2rpprsssin(8pp- Öss)lt(Öo)} + 
sin2 </>{2r88r 8psin(8sp- Öss)Jt(h'o)} (B.28) 

The second term contains T58 where the first term contains r5p, which is much 
smaller. the third term is small for small <f>. Slight variation of </> can thus 
eliminate considerable offsets. The term in the middle is also odd in </> so that 
positive and negative offsets can be reduced. ! 0 is almost constant for small 
<f>. From the equation below it is clear that the offset in the I 2r can not be 
eliminated hy rotating the analyser. 

l2r 

cos 4> sin</>{ ( T 5 pT pp cos( Ösp - Öpp) - r 85T sp cos( Ö55 - Ösp)) J2( Öo)} + 
sin2 </>{(r;P- r;p)J2(8o)} (B.29) 

The first term is ahout a factor rss/rsp larger than the second term, with which 
an offset should be eliminated. ' 
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Appendix C 

Determination of the anisotropy 
field 

The magnetic field value at which the magnetisation component parallel to the 
applied field reaches the saturation value is called the saturation field. It depends 
on the direction of the applied with the crystallographic axes via the magnetic 
anisotropy. A harder axis leads to a higher saturation field, as the field energy 
must compensate the energy cost of the orientation along an energetically unfa
vourable axis. Thus, the saturation field is related to the magnetic anisotropy 
and, therefore, also called the anisotropy field. In this appendix the anisotropy 
field will be expressed in terms of the anisotropy constant, which is negative 
here, for a cubic crystal and the field applied along the [100]- and [110]-axis in 
the (110)-plane. 

The equation for the magneto-crystalline anisotropy yields: 

E~.MC = ~ I<~,MC { sin2 2( </> + </>o) + sin
4

( </> + </>0 )} 

with the angles defined as in subsectien 2.4.3. The field energy is: 

Ev,H = -J-toMsH cos</> 

(C.l) 

(C.2) 

If the field is applied along the [100]-axis in the (110)-plane, </>0 = 0°, the 
sum of both energies becomes: 

(C.3) 

The extrema of this energy are found by differentiating with res'pect to </> and 
equating to zero. 

8

8~v = I<~.Mc {2 cos</> cos 2</> sin</>+ sin3 </>cos</>} + J-toMsH sin</>= 0 (C.4) 

with solutions: 

sin </> 

I<~.MC {2 cos</> cos 2</> + sin2 </>cos</>} + J-loMsH 
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(C.5) 

(C.6) 



The first solution has minimum energy if the field is larger than the anisotropy · 
field, the latter can he rewritten as: 

I<~.MC {3 cos3 </>-cos</>} + J.LoMsH = 0 (C.7) 

This solution has lower energy if the field is helow the anisotropy field. Note that 
cos</> = ~ can he suhstituted, where Mh is the component of the magnetisation 
parallel to the field. At the saturation field Mh = Ms and consequently cos</> = 1. 
Suhstituting this in equation ( C. 7) the anisotropy field Hk is found. 

H
c,lOO _ - 2J<~,MC 
K -

J.LoMs 

The theoreticalloop is shown in figure C.l(a). 

(C.8) 

On applying the field along the [110]-axis in the (110)-plane, <Po = 90° should 
he suhstituted. 

(C.9) 

The derivative with respect to </> is again equated to zero to find the extrema. 

0

0~v = I<~ ,Me { 2 cos </>cos </>sin </>cos 2</> + cos3 </>sin </>} + J.LoMsH sin </> = 0 ( C .1 0) 

with solutions: 

sin</> - 0 

I<~.Mc{3 cos3 </>- 2 cos</>} + J.LoMsH 0 

(C.11) 

(C.12) 

Again the first solution gives a minimum energy if the field is ahove the aniso
tropy field and the latter if the field is helow the anisotropy field. From the 
latter the anisotropy field can he found hy putting cos</>= 1. 

-J<C 
Hc,llO _ v,MC 

K -
J.LoMs 

(C.13) 

The theoreticalloop is shown in figure C.l(h ). 
If the field is applied along the [111]-axis, the easy axis, the minimum energy 

state the magnetisation always lies parallel to the field and along_ the easy axis. 
The saturation field is zero (in this theory there is no hysteresis ). The anisotropy 
constant can not he determined in that case. 
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cos</> cos</> 

(a) (b) 

Figure C.1: The theoreticalloop in case the field is applied parallel to the {1 00}
axis in the (110)-plane (a) and in case the field is applied along the {110}-axis 

(b). 

86 



Bibliography 

[1] F. Hakkens, W. Coene and F.J.H. den Broeder. 
Micro- and nanostructure of CojPd and Co/ Au multilayers studied with 
transmission electron microscopy. 
Mat. Res. Soc. Symp. Proc. Vol. 231, p. 397. 

[2] H.J.G. Draaismaand W.J.M. de Jonge. 
Surface and volume anisotropy Erom dipole-dipole interactions in ultrathin 
ferromagnetic films. 
J. Appl. Phys. 64, 3610 (1988). 

[3] E.A.M. van Alphen. 
Koppeling tussen ferromagnetische lagen onderzocht met behulp van FMR. 
Internal report, Physics dept. Eindhoven University of Technology (1991). 

[4] M.L. Néel. 
Anisotropie magnétique superficielle et surstructures d 'orientation. 
J. Phys. Rad. 15, 225 (1954). 

[5] S. Chickazumi. 
P hysics of magnetism. 
English edition, John Wiley and sons, Inc., NY (1964). 

[6] G.F. Dionne. 
Conditions for stress-induced uniaxial anisotropy in magnetic materials of 
cubic anisotropy. 
Mat. Res. Bull. 6, 805 (1971). 

[7] F.C. Frank and J.H. van der Merwe. 
One-dimensional dislocations I. Static theory and II. Misfittipg monolauers 
and oriented overgrowth. 
Proc. Roy. Soc. London 198, 205 (1949). 

[8] C. Kittel. 
Solid State Physics, edited by F. Seitz, D.Tumbull and H. Ehrenreich (Aca
demie, New Vork, 1968), Vol. 22, p. 1. 

87 



[9] P. Grü~berg, R. Schreiber, Y. Pang, M.B. Brodsky and H. Sowers. 
Layered magnetic structures: Evidence for antiferromagnetic coupling of Fe 
layers across Cr interlayers. 
Phys. Rev. Lett. 57, 2442 (1986). 

[10] S.S.P. Parkin, N.More and K.D. Roche. 
Oscillations in exchange coupling and magnetoresistance in metallic super
lattice structures: Co/Ru, Co/Cr and Fe/Cr. 
Phys. Rev. Lett. 64, 2304 (1990). 

[11] R. Coehoorn. 
Period of oscillatory exchange interactions in Co/Cu and Fe/Cu multilayer 
systems. 
Phys. Rev. B 44, 4666 (1991). 

[12] J. Kerr. 
On the rotation of the plane of polarisation by reileetion Erom the pole of a 
magnet. 
Phil. Mag. 3, 339 (1877). 

[13] M. Mansuripur. 
Analysis of multilayer thin film structures containing magneto-optic and 
anisotropic media at oblique incidence using 2x2 matrices. 
J. Appl Phys. 67, 6466 (1990). 

(14] R.P. Hunt. 
Magneto-optic scattering Erom thin solid films. 
J. Appl. Phys. 35, 1652 (1966). 

[15] W.B. Zeper. 
Magneto-optical recording media based on Co/Pt multilayers. 
Thesis, Technological University Twente (1991). 

[16] E. Hecht and A. Zajac. 
Opties. 
Addison-Wesley (1974). 

[17] K.Sato. 
Measurement of magneto-optical Kerr effect using piezo-birefringent modu-
lator. ' 
Jap. J. Appl. Phys. 20, 2403 (1981). 

(18] J.M. Florczak and E.D. Dahlberg. 
Detecting two magnetisation components by the magneto-optical Kerr ef
fect. 
J. Appl. Phys. 67, 7520 (1990). 

88 



[19] N.W.E. McGee. 
The magneto-optical Kerr effect: theory, measurement and application. 
Internal report, Physics dept. Eindhoven University of Technology (1991). 

[20] F.J.A. den Broeder, D. Kuiper, H.C. Donkersloot, and W. Hoving. 
A comparison of the magnet ie anisotropy of {1 00} and {111] oriented CofPd 
multilayers. 
Appl. Phys. A49, 507 (1989). 

[21] S.T. Purcell, M.T. Johnson, N.W.E. McGee, J.J. de Vries, W.B. Zeper and 
W. Hoving. 
Local structural and polar Kerr effect measurements on an ultra thin epit
axial Co wedge grown on Pd(111). 
subrnitted to J. Appl. Phys. 

[22] N.W.E. McGee, M.T. Johnson, J.J. de Vries and J. aan the stegge. 
Localised Kerr study of the general magnetic properties of an ultrathin 
epitaxial Co wedge grown on Pd(111). 
subrnitted to J. Appl. Phys. 

[23] P.J.H. Bloemen, W.J.M. de Jonge and F.J.H. den Broeder. 
The temperature dependenee of the magnetisation of magnetic multilayers. 
J. Magn. Magn. Mater. 93, 105 (1991). 

[24] C.-J. Lin, G.L. Gorman, C.H. Lee, R.F.C. Farrow, E.E. Marinero, H.V. Do, 
H. Notarys and C.J. Chien. 
Magnetic and structural properties of Co/Pt multilayers. 
J. Magn. Magn. Mater. 93, 194 (1991). 

(25] C. Chappert, P. Beauvillain, P. Bruno, J.P. Cheauyineau, M. Galtier, K. Le 
Dang, C. Marliere, R. Megy, D. Renard, J.P. Renard, J. Seiden, F. Trigui, 
P. Veillet and E. Vel u. 
Magnetisation, coercive lorces and magnetostriction in simple and double 
Co films with perpendicular magnetisation. 
J. Magn. Magn. Mater. 93, 319 (1991). 

(26] W.B. Zeper, F.J.A.M. Greidanus, P.F. Garcia and C.R. Fincher. 
Perpendicular magnetic anisotropy and magneto-optical Kerr effect of vap
our deposited Co/Pt layered structures. 
J. Appl. Phys 65, 4971 (1989). 

[27] F.J.A. den Broeder, E. Janssen, W. Hoving and W.B. Zeper. 
Perpendicular magnetic anisotropy and coercivity of Co/Ni multilayers. 
submitted to J. Magn. Magn. Mater. 

[28] G. Daalderop. 
Magnetic anisotropy Erom first principles. 
Thesis, Delft University of Technology (1991 ). 

89 



[29] M.T. Johnson, J.J. de Vries, F.J.A. den Broeder, N.W.E McGee and J. aan· 
de Stegge. 
Orientational dependenee of the interfacial magnetic anisotropy in epitaxial 
Ni/Co/Ni sandwiches. 
Submitted to Phys. Rev. Lett. 

[30] R. Jungblut. 
private cornrnunications. 

[31] W. Sucksmith, F.R.S. Thornpson and J.E. Thornpson. 
The magnetic anisotropy of cobalt. 
Proc. Roy. Soc. Lon. A 225, 362 (1954). 

[32] Landolt-Börnstein, New Series, group 3, volurne 19a (1986), 
Editors: K.H. Hellwege and 0. Madelung 
3d, 4d and 5d elements, alloys and compounds. 

[33] C.H. Lee, Hui He, F.J. Larnelas, W. Vavra, C. Uher and Roy Clarcke. 
Magnetic anisotropy in epitaxial Co superlattices. 
Phys. Rev. B. 42, 1066 (1990). 

[34] Landolt-Börnstein, New Series, group 3, volurne 18 (1984), 
Editors: K.H. Hellwege and A.M. hellwege. 
Elastic, piezoelectric, pyroelectric, piezooptic, electrooptic constants and 
non-linear.dielectric suseeptibilities of erystals. 

[35] C.J. Srnithells. 
Metals reEerenee book. 
p. 975, 5th edition (1976). Butterworths, London. 

[36] J .A. Aboaf, S.R. Herd and E. Klokholrn. 
Magnetic properties and structure of eobalt-platinum thin films. 
IEEE. Trans. Mag. 19, 1514 (1983). 

[37] Hui He, C.H. Lee, F.J. Larnelas, W. Vavra and R. Clarke. 
Coherent fee staeking in epitaxial Co/Cu superlattices. 
Phys. Rev. B 40, 5837 (1989). 

R. Clarke, S. Elagoz, W. Vavra, E. Schuier and C. Uher. 
Epitaxial strain, metastable structure and magnetic anisotropy in Co-based 
superlattices. 
J. Appl. Phys. 70, 5775 (1991). 

[38] E. M. Gyorgy, J.F. Dilion Jr., D.B. McWhan, L.W. Rupp Jr. and L.R. 
Testardi. 
Magnetie properties of compositionally modulated Cu-Ni thin films. 
Phys. Rev. Lett. 45, 57 (1980). 

90 



[39] C.D. England, W.R. Bennett and C.M. Falco. 
Magnetic and structural characterisation of Co/Cu multilayers. 
J. Appl. Phys. 64, 5757 {1988). 

(40] D.H. Mosca, F. Petroff, A. Fert, A. Schröder, W.P. Pratt, Jr. and R. Laloee. 
Oscillating interlayer-coupling and giant magnetoresistance in Co/Cu mul
tilayers. 
J. Magn. Magn. Mater. 94, L1 {1991). 

[41] M.T. Johnson, S.T. Purcell, N.W.E. McGee, R. Coehoorn, J. aan de Stegge 
and W. Hoving. 
Structural dependenee of oscillatory exchange interaction across Cu layers. 
Phys. Rev. Lett. 68, 2688 {1992). 

[42] M.T. Johnson, R. Coehoorn, J.J. de Vries, N.W.E. McGee, J. aan de Stegge 
and P. Bloemen. 
Orientational dependenee of the oscilatory exchange interaction in 
CojCujCo. 
to he published in Phys. Rev. Lett. {1992). 

91 



Acknowledgements 

At the end of this project I would like to thank a number of people who have 
contributed to it: 

Wim de Jonge and Jelto Smits, for enabling me to do this project 

Mark Johnson and Wim de Jonge for educative discussions about 
the results 

Bas Zeper, for discussing the application and the description of the 
measurement technique 

Nigel McGee, for explaining to me how to use the Kerr apparatus 

Pascal Bloemen and Rob van Dalen, for (numerical) calculation of 
hystersis loops and phase diagrams 

Auke Mud, for explaining and assisting with the Kerr domain mi
croscopy measurements 

Further, I want to thank all memhers of the group Magnetism at Philips and 
of the group Cooperative Phenomena at the university, who have made this 
graduation project such a pleasent work. 

92 


