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THE EFFECT 

OFTHE 

MAGNETIC LA YER 

ONTHE 

INTERLA YER EXCHANGE COUPLING 

'Nobody gets out of bed, eats his breakfast, kisses his wife goodbye and says: today /' m 

gonna fail' 

'Every organisation has its great individuals and slowstarters, who have to be pushed to 
come to great deeds' 

'Even the best seed will nat flourish on paar soil' 



PREFACE 

Since 1984 a structural cooperation exists between the group Cooperative Phenomena 
of the Solid State division of the department of physics at the Eindhoven University of 
Technology and the group Magnetism of Philips Research Eindhoven. The research performed 
within this cooperation is focused on the intrinsic and extrinsic magnetic, magneto-optic and 
magneta-transport properties of a wide variety of metallic magnetic multilayers that are grown 
by Molecular Beam Epitaxy and sputtering techniques. 

The man made matenals appear to display several fascinating and remarkable 
properties that are important from fundamental as well as technological point of view -
sarnething that is exemplified by the presence of both industry and university in this world 
wide very rapidly developing field. 

This masters thesis has been performed within the context of the above mentioned 
cooperation and was carried out at Philips Research Eindhoven. The primary subject involves 
a number of detailed studies of the interlayer exchange coupling phenomenon. Without the 
aid of the people responsible for growing the high quality samples and supporting the 
understanding of it, this thesis would not have been possible. 



SUMMARY 

Experimental results are presented of various exchange coupling experiments on 
Co/Cu( 1 00) and Co/Cu( 11 0) sandwich systems, grown by Molecular Beam Epitaxy on single 
crystalline Cu-substrates. Dedicated experiments have been performed to investigate the 
dependenee of the exchange coupling on the thickness and composition of the magnetic layer. 
The thickness dependent effects were investigated using triple wedged samples containing two 
Co wedges and one Cu wedge. The composition effect was investigated using specially 
designed samples containing a Cu wedge and several strips of different magnetic materials 
(Co, Ni, Co50Ni50 and Ni40Fe60). 

All samples were characterized using the Magneto Optical Kerr Effect. This effect, 
which is a change in polarization of light when reflected from magnetic material depending 
on the magnetization, enabled us to make a highly localized study of the exchange coupling 
on the wedged samples. 

The experiments on the thickness effects presented in this thesis were the first 
experiments that show a clear dependenee on the Co layer thickness. This behaviour is 
oscillatory-like with a period of 6 -7 Á. The period is in agreement witharecent model which 
describes the coupling phenomenon in terms of multiple reflections of electron waves within 
the magnetic and non-magnetic layers. Considerable attention has been given to the discussion 
of this model including the extension to the more complicated case in which the magnetic 
layer is composed of an arbitrary number of sublayers of magnetic material such as in the 
present experiments. 

The experiments on the magnetic composition dependenee of the exchange coupling 
resulted in accurate data on the phase shift. The phase shift in the oscillatory coupling for 
magnetic layers composed of Co50Ni50, Ni40Fe60 alloys and pure Ni relative to the pure 
Co/Cu/Co case have been determined, and appeared to vary from -0.5 Á to + 1.7 Á. The 
experiments on triple wedge samples revealed that the phase of the exchange coupling is not 
affected by the thickness of the magnetic layer. 

The central condusion of this work is that the exchange coupling is not merely an 
effect originating at the interface between magnetic material and non-magnetic spacer, but a 
property of the sample as a whole. 
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INTRODUCTION 

Magnetism was even known by the ancient Greek and our knowledge of the field and 
its practical use has evolved significantly since. lts use varies from strong magnetic 
superconducting coils in levitation trains and Magneto-Hydro-Dynamic (MHD) propelled 
boats to cassette tape and DCC heads. One of the most recent developments is the use of 
stacks of very thin magnetic and non-magnetic layers, so-called multilayers. 

Last decade thin layer technology has evolved to the point that we are able to control 
the growth of epitaxial metallic layers to submonolayer thicknesses. The rapid development 
of deposition techniques such as MBE and UHV sputtering has made this possible. This has 
given rise to a wealth of new phenomena and navel behaviour, not least in the sense of 
magnetic properties. 

In comrnon bulk dimensions, only a fraction of about 10-7 of the atoms is in contact 
with the surface, so any surface contributions are very small. However, in thin layers, this 
fraction is orders of magnitude larger, so surface effects come to play a very important role 
in the physics of thin layers. By growing multilayers, therefore increasing the number of 
interfaces, surface effects are even enhanced. Many interesting effects have been observed in 
these layers. One of these effects is the so-called perpendicular magnetic anisotropy. In some 
bulk materials the magnetization prefers a specific direction. This is called magnetic 
anisotropy. In thin layers, the magnetization usually prefers an in-plane orientation. However, 
in Co/Pt ( 111) multilayers for in stance, the magnetization is perpendicular to the plane of the 
layer [1]. This effect may be used in next generation high density information starage 
media like Magneto-Optical(MO)-discs. Another effect is the Giant Magneto Resistance 
(GMR) effect. The electrical resistance of two magnetic layers separated by a non-magnetic 
layer depends on the orientation of the magnetization of the two magnetic layers. Roughly, 
there are two types of magnetic alignment, ferromagnetic - where the magnetizations are 
parallel - or antiferromagnetic - where the magnetizations are antiparallel oriented with respect 
to each other. When antiferromagnetic aligned the electrical resistance can be much higher 
than for ferromagnetic alignment. MR-ratios of more than 50% have been reported 
[2],[3]. Moreover, the two magnetic layers appear to interact in many cases [4]. This 
effect, which is called interlayer coupling1

, aften has an oscillatory nature, which means the 
alignment alternates between ferro- and antiferromagnetic, depending on the interlayer 
thickness. 

Since its discovery in 1986 [5] much effort has been invested to understand this 
phenomenon. The oscillatory period of the exchange coupling is well understood for simple 
metals, like Cu, Ag and Au. However, many aspects of the coupling are still poorly 
understood and ill-determined. This is the case for, for instance, the phase and strength of the 
coupling, or the magnetic layer thickness dependence. 

This master thesis focuses on these aspects of the interlayer exchange coupling. 
Chapter one presents an introduetion to exchange coupling theory. Measuring methods and 
sample techniques are introduced in chapter two. Chapter three is an introduetion to exchange 
coupling in Co/Cu systems. Chapter five and four discuss exchange coupling phase and 
magnetic layer thickness experiments respectively. 

1Coupling across a non-magnetic interlayer. 
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CHAPTER 1 
EXCHANGE COUPLING THEORY 

1.1 Introduetion 
Although early magnetic interlayer coupling experiments date from the early sixties [6] 

[7], most theories conceming interlayer exchange coupling are less than two years old2
• 

Many of these models are based on or show great resemblance to theories descrihing the 
behaviour of magnetic impurities in metal. Examples are the theories based on RKKY 
(Ruderman-Kittel-Kasuya-Yoshida) interaction [8][9][ 10] and s-d m1xmg theories 
[11]. Other theories work with brute total energy calculations, such as first principles 
calculations (Herman [12][13] and E. Bruno [14]) or tight binding calculations 
[ 15]. These theories are hampered by the very small contri bution of the exchange 
coupling tototal energy. A tight-binding hole-confinement model was developed by Edwards 
and Mathon [16]. From their approach it appears that the problem of exchange coupling 
is to a high degree analogous to the de Haas-van Alphen effect. 

In all models mentioned above, the emphasis was a correct predietien of exchange 
coupling periods. All models, the RKKY model in particular, predict a close relationship 
between these periods and the extremal dimensions of the Fermi surface of the spaeer layer. 
It appears that the oscillation periods that occur are equal to 2rrJq;, where q; are the lengths 
of the wave veetors along the growth direction in reciprocal space that span the Fermi surface 
at the extremal points. At the moment this picture is well accepted and verified by several 
interlayer coupling experiments. The number and values of the periods seem reasonably well 
understood. However, this is not the case conceming the phase and strength of the exchange 
coupling. For instance, tight-binding calculations yield coupling strengths which are an order 
of magnitude too large [9]. Also none of them consider possible dependencies on the 
magnetic layer thickness. A more recent development which might provide an answer to the 
latter problem is pioneered by Stil es [ 17] and Bruno [ 18] [ 19], whose models 
describe the exchange coupling in terms of reflection of electrans at an interface. Since this 
theory is physically very transparent, Bruno's approach in particular, we will limit our 
discussion of the exchange coupling theory to the most important points of this model. 
Although this model can be applied to real metals, we will focus on the free electron case in 
this chapter. This is less realistic, but as we will see, it has the advantage that we can easily 
extend the model, originally used to describe a simple sandwich, to the more complex layered 
structures that are used in experiments. It also explains most of the experimental features of 
the exchange coupling. 

All theories share the same underlying physical picture for the coupling mechanism: 
a ferromagnetic layer in contact with a non-magnetic layer induces a spin polarization in the 
latter3

• This polarization extends through the spaeer and eventually interacts with the second 
ferromagnetic layer, resulting in an exchange interaction. Thus it is clear that the behaviour 
of electrans near an interface already supplies the key to understand exchange coupling. This 

2Some theoretica! work was done in the sixties, but by Jack of experimental evidence, this work feil into 
oblivion. See for instanee [7). 

\e. in contrast to bulk non-magnetic metal, the local spin-up and spin down conduction electron density no 
Jonger balance each other. Depending on position relative to the interface, the up or down density dominates. 
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is subject of section 1.2. An exchange coupling model for a free electron gas, a special case 
of Bruno's model [19], is contained in paragraphs 1.3 and 1.4, while the exchange coupling 
in real metals will be discussed in chapter 1.5. Special attention will be paid to the phase and 
the magnetic layer thickness dependenee of the interlayer exchange coupling, since these are 
subject of experiments in chapter four and five. For the same reason, emphasis of quantitative 
results will lay on Cu as non-magnetic material and Co and Ni as ferromagnetic materials. 

1.2 Origin of oscillatory exchange coup/ing. 
In this section the physical origin of the interlayer exchange coupling will be 

discussed. It will become clear that many of the important features such as its oscillatory 
nature, its period and its envelope function can already be understood by consictering the 
standard textbook quantummechanical problem of free electrans reflecting at a potential step. 
Since the basics of this problem form important ingredients for a more complete theoretica! 
model (see section 1.3), we will consicter this model bere in some detail. 

It may be clear that the appearance of a potential step such as mentioned above can 
be regarded as a natural consequence of an interface between two different (metallic) 
materials. Both materials have energy bands at different energy levels, and usually these do 
not match. At the interface this results in a abrupt change of potential energy which can be 
modelled by a potential step. For the free electron case, the complete calculation of reflection 
at such a step is treated in numerous textbooks (see for example [20][21]). Therefore, 
the derivation of reflection is kept rather short. 

-----------------------------------------------------

0 z-

Figure 1.1: The potential step. The Fermi levelEp is located above the step and is indicated 
with the dotted fine. 

Suppose we have a three dimensional electron gas, and a potential V which is given 
by: 

z < 0 ( 1.1) 

z ~ 0 

This potential is shown in figure 1.1 and is independent of x and y. This means the x and y 
component of the Schrödinger equation can be split off, and only a one dimensional problem 
remains. Parallel momenturn is conserved. lf we consicter an incident wave from the left with 
wavenumber k in the z-direction, the solution u of this problem is given by: 
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{ 

u = e ik-z + Re - it-z, z < 0 

u = Te •P, z ;::: 0 

( 1.2) 

Here, q is the wavenumber of the transmitted wave, whereas R and T represent the amplitude 
of the reflected and transmitted wave. The amplitude of the incident wave is chosen to be 
unity. The wavenumber k depends on the energy E of the incident electron wave and is given 
by: 

2mE 
e (1.3) 

'h2 

The wavenumber q of the transmitted wave differs because of the extra potential V0 and 
equals: 

(1.4) 

Equation (1.4) is valid for E > V0 as well as E < V0• In the latter case, q is complex and 
tunnelling occurs. From the boundary conditions, imposing continuity of u and its derivative 
at the interface at z = 0, it can be shown easily that the reflection amplitude R is equal to 
[20][21]: 

R = k- q 
k + q 

(1.5) 

The reflection of the wave at the step results in changes of the probability density I u 12 of the 
electron in the area in front of the step. Applying ( 1.2), this probability density is given by: 

I u 12 = u *u = 1 + IR 12 + R • e 2ikz + R e - 2ikz 

(1.6) 
= 1 + R 2 + 2R cos(2kz) 

The latter equality results from real R. Equation (1.6) shows that the electron density of a 
wave has changed from a uniform one (no step) to an oscillatory one (with step). This is 
caused by the interterenee of the incident and reflected electron-waves. As a result of the 
IR 12 term, the average amplitude <I u 12> appears larger than unity. Ho wever, one should 
realize there is also a contribution of electrans incident from the right and travelling to the 
left (k < 0). These do not result in oscillatory terros on the left (z < 0), but compensate for 
the IR 12 component in (1.6). Knowing the probability density for one electron, the next 
logical step is to calculate a solid state like situation i.e. the behaviour of a sea of electrans 
with a distribution of wave-veetors ranging from zero up to the Fermi wave-vector. The 
potential step is regarded not to affect the Fermi level. Only electrans with ~ > 0 contribute 
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to the reflection4
• Thus, equation (1.6) minus the IR 12 term is integrated over all occupied 

states in k-space with ~ > 0, yielding the total electron-density p(z): 

( 1.7) 

Here, f(e) is the Ferrni-Dirac distribution function. If we, for simplicity, assume zero 
temperature and make use of the fact that Iu 12 depends on z only, the three-fold integral 
reduces to: 

k, 

p(z) = - 1- Jrc(k 2 
- k 2) (1 + R • e 2ik,z + Re -2ik,z}dk 

4 3 f z z 
1C 0 

(1.8) 

In the integrant of this equation, R is a slowly varying function of kv and can be considered 
constant compared to the rapid oscillating exponent. This is especially true for large z. In that 
case, terms with kz < kr largely cancel each other and R(~) can be replaced by its value at kr. 
If we also realize that for practical cases Er > V0 and thus that R(kr) is real, we obtain the 
following outcome: 

_ k/ R lsin(2k;) - 2k1zcos(2k;) J 
p(z) - - + - ----~---

3rc2 4rc2 z 3 

(1.9) 

The damping feature of oscillation can be understood if one considers the contribution of all 
wave numbers. At increasing z the contributions of the different electroos become more out 
of phase, resulting in a decrease of oscillation strength. Thus, the final result is a damped 
electron density oscillation in proxirnity of the potential step. 

If the potential is a result of an interface between a magnetic and non-magnetic 
material, the height of the potential V0 should be spin dependent, as majority spin bands (spin
up) and rninority spin bands (spin-down) are exchange split and have different energy. Thus, 
V0 splits up into vt and vr for spin-down and spin-up electrons, respectivell and the 
procedure described above is to be carried out for both spin orientations. Since V -:f:. Vî and 
therefore RJ. -:t:. Rî the electron density oscillation of majority and rninority electroos have a 
different amplitude and result in a non-zero oscillatory polarization of the spin density, 
defined as: 

cr(z) = Pt(z) - Pr(z) ( 1.10) 

To evaluate a simple case, we chose vi = 0. The electron density for majority electroos (no 
step) is then simply: 

4From hereon we replace k with kz to distinguish between the different directions of k (kz and k.). When k is 
mentioned, the absolute length of the wavevector is meant. 
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(1.11) 

The electron density for rninority electrans can be found straightforward by using equation 
(1.9), resulting in: 

( 1.12) 

The spin density near the interface is now easily found by taking the difference of (1.12) and 
(1.11), yielding: 

cr(z) = _R_(_si_n(_2_k;_)_-_2_k1_zc_o_s(_2....:..k;_) J 
87t2 z 3 

(1.13) 

This result shows a density asciilation of the spin in the non-magnetic material, falling off 
at long distances as l/z2

, and with a period A set by the diameter of the Fermi sphere: A = 
2n/2kf. 

To generalize this result to interlayer exchange coupling, we apply the following 
intuitive approach. A magnetic probe spin S is placed at a distance z from the interface. lts 
energy will depend on its orientation and the local spin moment or polarization through the 
Heisenberg form: 

E = J cr(z)·S = J ISI·Icr(z)lcos8 (1.14) 

Here, J represents the interaction between the localized probe spin S and the electrans spins. 
8 is the angle between the orientation of S and cr(z). Since cr(z) changes sign as function of 
z, this results in a alternating ferromagnetic (parallel alignment) and antiferromagnetic 
coupling (antiparallel alignment), depending on the distance relative to the interface, which 
in the case of a probe layer corresponds to the non-magnetic layer thickness. Thus, we see 
how we can understand from a surprisingly simple quantumrnechanical model the most 
important features of the interlayer exchange coupling (i) that it oscillates (ii) the reason for 
the oscillatory behaviour, (iii) the period of the asciilation and (iv) the fading of the coupling 
wi th increasing distance. 

However, when we consicter the interaction between two magnetic layers separated 
with a non-magnetic spacer, bath layers induce spin-oscillations in the spaeer layer. That is, 
an electron in the spaeer layer is reflected on bath magnetic layers. The problem becomes 
more complex since the resulting spin asciilation in the magnetic layer is not just the sum of 
the two oscillations, because both layers tagether form a potenrial well and in this well, 
additional interference effects like transmission resonance can occur. Bruno [ 19] and Stil es 
[ 17] accounted for this and calculated the resulting exchange interaction by using the 
reflection properties of the interfaces. Bruno' s model is subject of the next section, since this 
model contains both the non-magnetic as well as the magnetic layer thickness dependent 
effects. 
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1.3 Bruno' s retlection model. 
In the following we consicter Bruno' s model [ 18, 19] for the calculation of the 

interlayer exchange coupling strength. The model is based on energy calculations of multiple 
reflection of electrans in the spaeer layer and makes use of Green's function and t-matrix 
formalism. Here, we will not discuss these aspects but merely focus on the underlying 
physical principles and the outcome of this mathematica! treatment. For a complete derivation 
of the exchange coupling formula used in this section, the reader is referred to [ 19]. More 
information about Green's functions and the t-matrix formalism can be found in [22]. 

Figure 1.2: The configuration of the system used by Bruno. FM represents a ferromagnetic 
layer, NM represents a non magnetic layer. 

The starting point of this model is a system consisting of two ferromagnetic layers, 
FMA and FM8 , separated by a non-magnetic spacer. The layers are embedded in an infinite 
crystal of the spaeer layer material (see figure 1.2). The thicknesses LA(B) of the magnetic 
layers and the thickness D of the non-magnetic spaeer are equal to an integer number of 
atomie planes. Further, to keep in-plane symmetry, the layers should be translational invariant, 
i.e. moving the layer in an in-plane direction should notchange the system. The ferromagnetic 
layers are modelled by their electron reflection coefficients ,Ar, rA!, r8 i and r8!. Here, the 
convention of notation of these coefficients is such that the reflection of a spin-up electron 
on ferromagnetic layer A is denoted as rA i etc. 

The magnitude and form of the standing spin polarization wave depends on the angle 
8 between the magnetizations of the two ferromagnetic layers. The exchange coupling energy 
E(S) sterns from terms containing this angle, and phenomenologically this energy E(S) is 
written in powers of cosS as: 

( 1.15) 

Here we recognize a Heisenberg-like coupling 11• The biquadratic coupling 12 and higher 
order terms are usually small compared to 11, Therefore, 1 1 is commonly what we refer to as 
interlayer exchange coupling. 

Under the assumptions mentioned above Bruno derives a formula for the exchange 
coupling energy E(S). We will not give the expression herebut refer to [19]. Aftera Taylor 
expansion of this formula in cosS he obtains the following expression for 11: 

'D 
1 J ""J 2~r A/).r Be •q, 

11 = -=._
3 
Im d 2k 11 def( e )-----:--::----::------::-------:--::-

4 I 2- - iq D r.;2 A_ 2)r.;2 A 2) 2iq D 
1t WBZ -oo - r Ar Be ' + V A - Llf A \r B - LJ.fB e ' 

(1.16) 
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Here, an average reileetion rA<B> at an interface is defined as: 

i ! 
- rA(B) + rA(B) 

rA(B) = ---:-2--

and a difference in reflection & A<B> as: 

( 1.17) 

( 1.18) 

In equation ( 1.16), qz is the scattering vector and equa1 to the difference of kz;, the incident 
wavenumber, and kzr' the reflected wavenumber, both in the z-direction, i.e. the direction 
perpendicular to the interface. The integral over all occupied energy-states, i.e. ku and E, must 
be performed over the two dimensional Brillouin zone. Details regarding this integral are 
supplied in [ 17] and [ 18]. 

From equation (1.16) it is clear that the coupling depends on the spaeer thickness D. 
A dependenee on the magnetic layer thickness is also present, and this is completely 
contained in the reileetion amplitudes ri<!>. To make this clear, consider that within a 
magnetic layer of finite thickness an incident electron is not only reflected on the first, but 
also on the back interface. Therefore, within the magnetic layer multiple reflections take place 
which result in destructive or constructive interference, analogous to a Fabry-Perot 
interferometer. Thus, the ejfective reflection coefficient depends on the magnetic layer 
thickness and on the wave vector travelling within the magnetic layer, i.e. also on the 
composition of the magnetic layer. The reileetion on a magnetic layer with finite thickness 
Lis equal to [19]: 

. >rtJL 

r !<i> = r :<i> 1 - e •q" 

1 ( 
!(i))2 i >rt;L - r~ e q,,, 

( 1.19) 

Here, qz/<i> is the wave-vector of the transmitted spin down (up) electron. r! ~ is the reileetion 
of a spin down electron on the same magnetic layer extended to infinite thickness. In general, 
the reflection coefficients r!<i> ~ for real metals are very hard to calculate. 

The model described by equations ( 1.16) and ( 1.19) is fairly generaL Model details 
i.e. the specific choice of a Hamiltonian, which is to describe the detailed behaviour of the 
electrons e.g. the interaction between the electrons and the magnetic spins is completely 
contained in the reflection coefficients. They generally do not obey the free-electron 
expression (1.5). However, a free electron approximation can already supply a considerable 
insight in the coupling behaviour of several layered systems. Moreover, equation ( 1.19) can 
then be generalized easily to the case in which a magnetic layer is composed of an arbitrary 
number of different magnetic 1ayers stacked upon each other. In appendix A, the recursion 
relation is derived that has to be used for that situation instead of ( 1.19). For these reasons, 
we therefore present in the following sections a number of calculations using (1.16) with the 
free electron approximation. The aim of these calculations is to increase our understanding 
regarding the effect of several system ( or model) parameters. 
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1.4 Free electron exchange coupling calculations. 
As mentioned above, this section is devoted to free electron calculations based on the 

Bruno model. The influence of several factors like band mismatch are considered. The 
equations below together with equation ( 1.16) form the basis on which the calculations were 
performed. 

The use of the free electron gas approximation greatly simplifies equation ( 1.16). For 
instance, the relatively simple dispersion relation e(k) of a free electron gas enables us to 
convert the energy integration into a kz integration. Also, the integration over ku becomes 
trivial. The dispersion relation is equal to: 

't?lè- 'h
2 ( 2 2) = -- + U0 = -- ku + kz + U0 2m 2m 

E(k) (1.20) 
e e 

Here, me is the electron mass, and U0 is the ground energy level. In the current model U 0 = 
0 for the spaeer layer, U0 = Vi for the spin-up and U0 = vt for the spin-down electrens in the 
magnetic layer. These potentials can be calculated from the Fermi-veetors k/ of the majority 
electrens and k/ of the minority spin electrens of the ferromagnetic layers by applying: 

( 1.21) 

To obtain this formula, use is made of the fact that the Fermi level of the sandwich is taken 
constant across the total crystal. This is jusrifled if one assumes the sandwich to be embedded 
in an infinite amount of spaeer material For clarity, the situation is shown in figure 1.3. 

NM FM FM NM 
spin spin 
up down 

E 
F 

v' 
kf k.f k'f kf k ..... 

Figure 1.3: The relative positions of the free electron bands bath for spin-up and spin-down 
electrans of non-magnetic (e.g. Cu) and ferromagnetic (e.g. Co) materials. 

Formula (1.21) was applied to the (100) wave veetors of Co and Ni. The results are 
shown in table 1.1. In this table, the Fermi wave veetors have been calculated from ab-initio 
self-consistent band-stroeture calculations using the Augmented Spherical Wave (ASW) 
method [23]. The magnetic layers in the sandwich are replaced by the potentials 
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calculated using (1.21) and table l.I. By using complex contour integration techniques, rapid 
numerical convergence of the integral in (1.16) is achieved even at largeLand D [24]. 
Table 1.1: Fermi-veetors in the 1-~-X direction. au is the in-plane and a .i the perpendicular 
lattice constant. The periods A are calculated using eq. ( 1.24 ). 

me tal au (Á) a.L (Á) k/ (Á"l) k/ (Á"l) V! vr A! Ar (Á) 
(eV) (eV) (Á) 

fee Cu 3.61 3.61 1.471 - 0 0 11.6 -

fee Co 3.538 3.538 1.261 1.363 2.18 1.16 6.1 7.6 

fee Ni 3.523 3.523 1.362 1.389 1.17 0.89 7.5 8.0 

fct Co 3.609 3.401 1.182 1.332 2.92 1.48 4.7 6.1 

fct Ni 3.611 3.398 1.300 1.340 1.80 1.40 7.1 6.2 

1.4.1 The non-magnetic layer thickness dependence. 
The most simpte exchange coupling problem is the exchange coupling over a non

magnetic layer by two identical, infinitely thick magnetic layers. Perfect band match is 
assumed for majority spin electrons, so vr = 0 and V! = V0• Therefore, the difference 
between rand ~r disappears, as one can infer from equation ( 1.17) and ( 1.18), so r = ~r! 
= 'l'zr!. With these simplifications, equation ( 1.16) red u ces to: 

(1.22) 

In case of large spaeer thickness D the k-dependence of r! can be neglected for the same 
reason as in sec ti on 1.2. Also, r!( kf) < 1, so the denominator can be replaced by 2. Replacing 
rlkz) by r! jkf) and calculating the integral results in the well known long range exchange 
coupling function: 

(1.23) 

The free electron exchange coupling shows an oscillatory behaviour with period of 2rt/2kf that 
decays like 1 /D2

• This behaviour, numerically calculated using equation (1.22), is shown in 
figure 1.4 (V!= 1.5 eV, kf = 1.36 A- 1

, Brono's parameters for the Co/Cu case). 
In practice, we only need to consicter those spaeer thicknesses which are an integer 

number of monolayer thickness d. This is because one cannot physically measure at fractions 

- 10-



1 
....-.... 

C\1 0.5 
E 
~ 0 ~~~-r+4-r~~~~~~ 
E 

._... -0.5 
J 

-1 
0 10 20 

Cu thickness (À) 

Figure 1.4: The dependenee of the exchange coupling on spaeer thickness. The numerical 
calculated is shown. 
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Pi gure 1.5: The aliasing effect illustrated in a Co/Cu/Co sandwich. 

of monolayers. Related to this fact is that oscillations with a period less than 2d, such as those 
in figure 1.4 cannot be measured. Such oscillations are sampled in the experiment at discrete 
monolayer thicknesses. This yields effectively a larger period which is known as aliasing. To 
calculate the observed oscillation period A, the wave vector of the period 2kr is folded back 
in the first Brillouin zone by subtracting a number n reciprocal lattice vectors: 

( 1.24) 

Here, n should be chosen that A > 2d. As mentioned, the aliased period becomes much larger 
(for example Cu(lOO): nlkr = 2.31 A- 1 and d = 1.8 À, then A = 8.3 À) in real space. The 
phase of the exchange coupling is not effected by aliasing. The aliasing effect is illustrated 
in figure 1.5. From here on, we will usually show only the aliased behaviour. 

The exchange coupling strength depends highly on the reflection rJ. 
00

, which is, in this 
case, completely deterrnined by the exchange potential V!. Obviously, a higher exchange 
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Figure 1.6: The phase (a) and strength (b) of the coupling versus the exchange splitting of 
the magnetic layer (no mismatch) (around 9 A Cu). For typical exchange splitting values see 
table 1 .1. 

potential, indicating higher magnetic moment of the ferromagnetic layer, yield higher 
reflection and thus higher exchange coupling strength. From table 1.1 it should be clear that 
for example Ni results in considerably smaller exchange coupling strength than Co - a 
condusion that has been verified experimentally, see chapter 4 and 5. The effect of the 
exchange splitting is further illustrated by figure 1.6(b ), where the exchange coupling strength 
is shown against the exchange potential. The effect on the phase of the coupling is shown in 
figure 1.6(a). The phase of the exchange coupling is almost completely determined by the 
reflection amplitude at the Fermi-leveL Only if this contains an imaginary component, a 
sizable phase shift occurs. As the figure shows, the exchange potential therefore has only very 
small effect on the phase of the exchange coupling when the splitting is smaller than the 
Fermi energy EF. When the exchange potential passes the Ferrni energy - a situation equal to 
complete confinement - the phase of the exchange coupling rapidly changes -7t before it 
approaches its asymptotic limit of -27t. 

1.4.2 The magnetic layer thickness dependence. 
The fust increment in complexity is the use of a finite thickness of the magnetic 

layers. This results in a change in the reflection amplitude rJ.. In the same way as in 1.4.1 an 
analytica! expression for large spaeer thickness D and magnetic layer thickness L can be 
obtained: 

(1.25) 

Here, equation ( 1.19) is used to describe the reflection on a fini te layer. This equation shows 
an oscillation in the exchange coupling strength as a function of Co thickness and with a 
period of 21t/2k/. The oscillation damps approximately as 1/L2

• From this equation it appears 
that for spaeer thicknesses D chosen at the toy of the AF-peaks, its relative oscillation 
amplitude increases with larger D and smaller r =· The latter can physically be understood 
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Figure 1.7: The magnetic layer thickness dependenee ofthe phase (a) and strength (b) ofthe 
exchange coup/ing. Both asciilate as a function of magnetic thickness. De dashed fine is the 
unaliased behaviour. 

if one realizes that for a smaller reflection on the first interface, the reflection on the last 
interface becomes more important and thus also the effect of the thickness L. The multiple 
reflections within the magnetic layer also has influence on the phase of the exchange 
coupling. To visualize this effect, the position of a (unaliased) point where the exchange 
coupling is equal to zero was calculated as a function of Co layer thickness. From this 
position, the phase of the exchange coupling was calculated. We reeall that the phase of the 
exchange coupling is unaffected by the aliasing process. The result is shown in figure 1.7(a). 
It is visible that the phase oscillates as a function of magnetic thickness. The phase shift is 
relatively large at thicknesses below two monolayers, and at the second monolayer 
approximately n/4 in amplitude. For Cu, this is equivalent to a thickness variatien of 2 Á. The 
magnitude of the variations in phase is determined by the reflection amplitude. The phase 
variations are also reflected in calculations of the coupling strength as a function of the Co 
thickness at constant Cu-thickness. In principle, one should always correct for the phase shift 
when consictering Co-thickness dependent strength effects. However, this effect only yield 
small changes and is only visible at thin Co layers. This can be seen in figure 1.7(b) where 
the corrected and uncorrected aliased coupling strength oscillations are shown. The 
oscillations in phase originate from the right term of ( 1.25). Here, the phase of the D
dependence of this term is equal to 2k/L. 

1.4.3 The effect of band mismatch. 
Until now, we only considered reflection of the minority electrens (Vl = 0). The 

assumption that majority electrens are not reflected is only an approximation, and in practical 
systems this is mostly not the case. Mismatching majority spin electron bands result in non
zero reflection of the majority electrens which certainly has an influence on the strength of 
the exchange coupling. This can be understood easily since it is the difference between the 
reflection of spin-up and spin-down electrens that is responsible for the existence of exchange 
coupling. If both reflections are equal, no spin dependent reflection occurs, resulting in zero 
exchange coupling strength. As the wave veetors of both spin-up and spin-down electrens are 
equal within the non-magnetic spacer, the resulting oscillatory dependenee on the non
magnetic thickness is unaffected in shape. Only the amplitude is reduced. 
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Figure I .8: The Co-thickness dependenee of in a Co/Cu/Co sandwich, one with vr = 0 and 
one with vr * 0. The reduced strength is clearly visible. 

The situation regarding the magnetic layer thickness dependenee is different. Here the 
result of a non-zero spin-up potential is that an additional oscillation period comes into play 
i.e. a biperiodic behaviour will be the result. This is caused by the fact that the spin-up 
electrans now also undergo multiple reflections in the magnetic layer combined with the fact 
that they exhibit a wave vector that differs from that of the spin-up electrons. For the case 
of fee Co, a calculation was carried out using the exchange potentials given in Table 1.1 thus 
with a non-zero spin-up potential. The result is shown in Figure 1.8. For comparison also a 
calculation is shown with vr = 0 (open squares). The reduction in strength for the fee Co case 
(solid squares) compared to the hypothetical zero spin-up potential case is clearly visible. 
Although two periods were expected for the fee Co case, only one seems to show up. The 
reason for this is that the reflection amplitude of the spin-up electrans is much smaller than 
that for the spin-down electrons. Obviously this yields the situation that the contribution to 
the coupling oscillation of the spin-up electrans is much smaller than that for the spin-down 
electrons. This is an important condusion since this means that in a Co thickness dependent 
exchange coupling experiment one basically probes the spin-down Fermi surface and not some 
combination of both Fermi surfaces. It is clear that for an arbitrary magnetic material one 
should expect the latter case. It follows that the magnetic layer thickness dependent exchange 
coupling behaviour is intrinsically more complicated than the corresponding non-magnetic 
thickness behaviour: for a ferromagnet two Fermi surfaces are involved instead of one for the 
non-magnetic spaeer materiaL 

1.5 The exchange coupling in re al metals. 
The calculations in section 1.4 and the theory in 1.3 mostly concemed free electrons. 

An important question is to what extent these calculations are valid for real systems. In 
reality, Ferrni surfaces of metals are not spherical and reflection coefficients are different from 
the ones calculated by using a potential step. 

A fust important effect resulting from a non-sphericity of the Ferrni surface is that the 
number of oscillation periods may increase. Without going into detail we mention that from 
the RKKY theory it appears that in principle all wave veetors that span extrema! parts of the 
Fermi surface in the growth direction may yield an oscillatory contribution, the period of 
which is inversely proportional to the length of the corresponding vector. For Cu(IOO) 
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interlayers, for instance, it is well known that two oscillations occur in an experiment of 
varying Cu thickness. Clearly, the free-electron calculations do not yield biperiodic behaviour, 
but only show one period as a function of Cu-thickness. This shortcoming of the model also 
holds for the spin-up and spin-down surfaces of the magnetic layer. So also in more realistic 
calculations of the magnetic layer thickness dependenee additional oscillatory contributions 
might be anticipated. 

Co Cu Co 
1.0 

0.8 
E, 

........ 0.6 
~ -..... 0.4 

0.2 

r x r x 
Figure 1.9: Bands in Coi (solid fine), Co.!- (braken fine), and Cu which determine the 
exchange coupling in Co!Cu(JOO). Figure from [25]. 

Another consequence of non-spherical Fermi surfaces is that it affects the strength of 
the ex;:;hange coupling. This is because the strength of the exchange coupling depends on the 
local topology (curvature radii) of the Fermi surface at the spanning vector: a flatter Fermi 
surface leads to larger exchange coupling strength [9, 10]. 

The strength of the exchange coupling also depends on the reflection amplitudes. 
Within the free electron approximation, these are calculated using a exchange potential step, 
which is constant, i.e. independent of the wave vector k. This is a result of the free electron 
band structure E(k), see eq. (1.20) and figure 1.3. The bandstructure of real metals is more 
complicated and differs from a parabola. Consequently, the exchange splitting, which depends 
on the local band structure properties, is no longer independent of k as may be inferred from 
Figure 1.9. displaying more realistic bands for Co and Cu [25]. Another deficiency in the 
calculation of the reflection amplitudes is that it is not self-consistent. The electrans itself 
generate a potential and this change in potential, especially in shape, is not taken into account 
when calculating the reflection. Self-consistent calculations on reflection amplitudes might 
result in a significant change of the potential in the vicinity of the interface. This might not 
only concern the strength, but also the phase of the exchange coupling. There are strong 
indications suggesting that properties of the bands near an interface are different compared 
to bulk [26]. These deviations from bulk do not extend beyond a few ML around the 
interface, so their effect on the period is negligible. However, they probably have significant 
influence on strength and phase of the exchange coupling. 

As a final aspect that has not been accounted for in the model we mention that only 
fully coherent electron waves are considered. Electron scattering on for instanee phonons, 
magnons, dislocations or other electrans are neglected. These interactions destroy the 
coherence of the electron wave and thus the carefully build up interferences. Coherence is 
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essenrial for exchange coupling and its magnetic layer thickness dependence. The amount of 
influence of various scattering is deterrnined by the mean free path length of the electron. 

For electron-electron scattering, the mean free path length is approximately 10+4 Á at 
room temperature. The mean free path for electron-phonon scattering is a factor ten lower (see 
for instanee [27]). The mean free path lengths for these scattering processes are rather 
long. In practice it is therefore likely that other factors form the bottle-neck for the electron 
coherence length. For example impurities in the spaeer layer may play a role. In experiments 
where alloys were used as non-magnetic spacer, for instanee CuAu [28] and CuNi 
[29], the interlayer coupling strength decreases very rapidly with impurity concentration. 
Also, Leng et. al. [29] found a considerably larger coupling strength after annealing a 
CUo_55Au0_45 wedge. They concluded that the annealing treatment caused a transition from a 
random alloy to an ordered phase and therefore increasing mean free path length of the 
electrons. 

Another factor that disturbs the translation symrnetry and thus contributes to unwanted 
scattering, is roughness. Obviously, in practice, this will always be present in the layers in 
some degree and is likely to suppress oscillatory variations in the exchange coupling. 
Regarding the experiment this might cause more problems for magnetic layer thickness 
dependent studies than for spaeer thickness dependent studies. This is because the existence 
of oscillations with magnetic layer thickness depends on the quality of twice as many 
interfaces. Not only the reflection at both magnetic layer/spacer layer interfaces is important 
but in this case also the reflection at the back interfaces of the two magnetic layers. 
Therefore, it rnight be anticipated that an oscillation with the magnetic layer thickness damps 
more rapidly with increasing thickness, or is more difficult to observe because of a more 
strongly reduced amplitude, than a comparable oscillation with spaeer thickness. 
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CHAPTER 2 
PREPARATION AND CHARACTERIZATION 

2.1 Introduetion 
This chapter is devoted to the preparation and characterization techniques that have 

been used in the exchange coupling experiments. An introduetion of MBE growth of the 
samples and relevant details about the wedge technique is presented in the section 2.2. For 
a more thorough introduetion of MBE in general the reader is referred to [30]. Magnetic 
characterization of the samples has been performed using the magnetic optica! Kerr effect 
(MOKE), a technique that will be introduced in section 2.3. To understand the MOKE 
hysteresis loops, the behaviour of a set of two exchange-coupled thin magnetic layers with 
cubic anisotropy in an externally applied magnetic field is calculated (section 2.4). 

2.2 Sample preparation. 

2.2.1 Molecular Beam Epitaxy. 
One of the evaporation methods commonly employed to prepare ultrathin films and 

multilayers, is Molecular Beam Epitaxy (MBE). The MBE sample preparation method 
consists of heating a souree of the deposition metal to such a temperature that the metal atoms 
are allowed to evaporate. After the evaporation, the atoms conden se on a target (substrate ), 
forming a thin film. During evaporation the deposition chamber is at ultrahigh vacuum 
(UHV), typically at pressures of 10-10 

- 10-11 torr. 
One characteristic of MBE samples is the nature of the interfaces. In optimal 

conditions, interfaces between two different materials are sharp. No interdiffusion takes place 
at the interface, contrary to for instanee UHV-sputtering, where Ar ion bombardment naturally 
induces intermixing. However no diffusion also means that roughness plays a much larger role 
in MBE-samples. 

All samples reported in this thesis have been grown at Philips Research Labaratory 
in Eindhoven (PRLE) with a VG Semicon V80M multichamber MBE system. This MBE 
system is equipped with seven different evaporation sourees and a variety of characterization 
equipment. For instance, Low Energy Electron Diffraction (LEED) and Reflection High 
Energy Electron Diffraction (RHEED) are utilized to monitor layer quality and growth. Auger 
Electron Spectroscopy (AES) and quartz crystal monitors are employed to determine and 
controllayer thicknesses, respectively. Scanning electron microscopy (SEM) is also available 
for layer surface studies. 

The MBE system is also capable of growing wedges, alloys and steps. A wedge is 
a layer with variabie thickness that will be further introduced in the next section. Alloys can 
be grown by operaring two sourees simultaneously at a pretuned deposition rate. Steps are 
layers that do not completely cover the substrate. The latter are obtained by moving a shutter 
between the souree and the sample, such that the sample is shielded only partly from the 
source. lf one wants to grow a step of alloy material, it is unavoidable that a narrow strip of 
one of the components of the alloy is formed on the substrate, next to the alloy-step. This is 
caused by the fact that the sourees are not at the same position and therefore yield different 
shadowing-effects. This small band is typically less than a millimetre wide. 
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Figure 2.1: An example of a wedge shaped sample. The slope of the wedge is typically afew 
Almm. As one can clearly notice, this drawing is not to se ale! 

2.2.2 Multilayers versus wedges. 
In the early days of the multilayer project, the MBE apparatus used to run 14 hours 

teamshifts. Today, such shifts are no langer necessary. This is partly caused by the 
introduetion of the so-called wedge shaped layers in samples. A wedge is nothing more than 
a layer whose thickness is a 1inear function of position (see figure 2.1 ). To investigate a 
property as function of layer thickness, one aften grows series of samples, each with uniform 
thickness. However, the use of wedge shaped layers provides considerable important 
advantages. By using a wedge, a virtually infinite number of layer thicknesses are available 
in just one sample. Another very important advantage is that comparison between results of 
different thicknesses on the samesample yields considerably less scattering in the data, since 
any effect resulting from a variatien in deposition conditions5 in series of samples is clearly 
not present in a wedge sample. Also, along a wedge, relative thickness variations are very 
accurate, which is of great importance if one is to reveal highly thickness sensitive effects. 
Another apparent advantage in using wedged layers is the enormous reduction of preparatien 
time, since only one sample neects to be grown instead of many. This is particularly true in 
case use is made of single crystal substrates, which usually need to undergo several sputtering 
and annealing cycles for cleaning purposes. 

As a surface has two degrees of freedom, one can vary two layer thicknesses 
independently on the same sample by using two perpendicularly oriented wedges (See figure 
2.2). These so-called multiwedge samples even enhance the possibilities of wedge samples. 
For example, the magnetic layer thickness dependenee experiments, which will be discussed 
in chapter four, would have been considerably more difficult if not impossible to carry out 
without the use of triple-wedge samples. 

Of course, any innovation has its setbacks. First, multilayers utilize the effect that 
small signal of a trilayer, which consists of little material, is enhanced to measurable 
proportions by simply repeating this trilayer several times in a sample. In practice, for 

5for instance: variations in layer thickness, substrate quality, deposition pressure, temperature etc. 

- 18 -



Figure 2.2: An example of a triple-wedge sample. Two independent layer thicknesses can be 
measured this way. 

volumetrie techniques where the signa! is proportional to the amount of material, the latter 
is useful. However, employing multilayers is of lirnited use for wedge-samples, because (a) 
it is very difficult to grow a large set of identical6 wedges and (b) growing and especially 
characterizing a wedge takes considerable time, so we would eliminate our time advantage 
by growing multilayer-wedge samples. 

A second disadvantage of using wedged samples is that a large number of 
characterization techniques, with particular reference to bulk measurement methods, are 
unusable. They would average out thickness dependent effects. Consequently, we are limited 
to the use of local characterization methods. These typically work with focused light or 
electron beams, for instanee RHEED, LEED, AES and MOKE are employed. The latter will 
be introduced further in the next section. 

Auger electron spectroscopy (AES) is an energy analysis of the electrans emitted by 
a surface when it is bombarded by a (primary) focused electron beam of typically 3-5 keV 
energy. Ionized core levels which are generated in surface atoms by the primary beam can 
be filled from higher levels by a two-electron Auger process in which one electron may gain 
sufficient energy to leave the crystal. The energy spectrum of these secondary electrans is 
different for every element. This allows for example to infer the purity of a surface. Impurity 
levels of fractions of a monolayer of, for instance, S, 0 or N on the surface are detected 
easily in the present system. Here, it is noted that AES is a surface-sensitive technique 
because secondary electrans only emerge from the top few monolayers of ~he sample. A good 
standard work for AES u sage is [31]. 

2.2.3 Wedge growth and characterization. 
The growth of a wedge shaped layer is a rather simple process, and is schematically 

shown in figure 2.3. At first, a souree is stabilized, and evaporates a constant flow of 

6identical in the sense of identical wedge slopes and starting points. 
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deposition materiaL At this moment the shutter still completely shields the substrate from the 
source. Then the shutter located between substrate and souree is retracted to the left at a 
constant speed. As a result an increasing area is exposed to the vapour stream and covered 
by the deposition materiaL As the shutter reaches its endposition, the souree is quickly 
shielded and the flow of deposition material is stopped abruptly. The endpoint of the shutter 
coincides with the starring point of wedge, and the slope of the wedge is determined by the 
deposition rate and the retracting speed of the shutter. 

400 

Wedge Technique 

substrate 300 

~ 
:i 

wedge co 
+ 

IIIIL::::::::::::::~ shutter 
co + c 200 + s -- Cl + 
Ul + w 
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UJ "'"' fifj//;; 
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Figure 2.3: Schematic drawing of wedge deposition technique (left). Auger electron 
spectroscopy of substrate (s) and wedge (w) as ajunetion ofposition (right). 

To form a uniform wedge, i.e., a wedge whose thickness is a linear function of 
position and whose slope is constant all over the sample, a few requirements must be met. 
First the rate of deposition material must be constant during the preparatien time. Preparatien 
time is typically 200 seconds with deposition rates of 0.2 À s- 1

• This is short enough to 
rnaintaio a constant deposition rate. Second, the flux from the souree must be homogeneaus 
all over the sample. Two experiments were performed to investigate the homogeneity of the 
copper source. A 20 À copper layer was deposited on a 12xl2mm Silicon substrate, roughly 
the same size as a typical sample, and its thickness was determined by AES at various points 
across the sample. To investigate homogeneity at a larger area, the substrate holder was 
covered with a large amount of 4xl2mm Si substrates. A thick Copper layer (±500 À) was 
deposited on them and afterwards the amount of deposited copper was determined by 
chemical analysis. The results are shown in figure 2.4. As one can see, uniformity is 
guaranteed within 10% in de wedge growth direction, but only within 15% perpendicular to 
the wedge, resulting in a slightly non-uniform wedge slope. In case of deposition of uniform 
layers, these inhomogeneities are avoided by rotating the sample during growth. 

After growing a wedge, the wedge structure and lattice spacing is checked by low 
energy electron diffraction (LEED). The starting point of the wedge may be visualized by 
scanning electron microscopy (SEM). Auger electron spectroscopy (AES) is used to determine 
the wedge slope and the distance of the starting point to the edge of the substrate. At various 
points on the wedge AES spectra are measured. In moving the prohing electron beam along 
the wedge in the direction of increasing wedge layer thickness, the AES signal intensity of 
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Figure 2.4: (top) The result of the chemica[ analysis. ft is clearly visible that the Cu-source 
is targeted to the upper left. The middle square portion of this plot was also measured with 
AES (bottom). 
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the substrate material (s) decreases and the intensity of the wedge material (w) increases. 
However, the AES signal is not a linear function of layer thickness, but an exponential one. 
The wedge slope a can be determined by fitting the formula: 

(2.1) 

to the data. Here, 10 is the measured AES intensity of the blank substrate, I( x) is the intensity 
of the substrate AES signal at position x relative to the starting point, and À is mean free path 
of the secondary electrons, which is typically about 10 Á. As an approximation, bulk values 
for À are assumed. 

Another method employed to find out the wedge slope is the use of a quartz crystal 
monitor. This contains a quartz crystal, which resonance frequency is measured. The crystal 
is attached to the shutter between substrate and souree and therefore always exposed to the 
source. During evaporation its collected mass of deposition material increases hence the 
resonance frequency changes. The collected amount of material and hence the layer thickness 
can be determined from this change. Before one starts to grow the wedge, the deposition rate 
is determined by means of a quartz crystal monitor. After growing the wedge, the deposition 
rate is remeasured, and if both are the same, the deposition rate is assumed constant over 
wedge growing time7

• The results of the quartz crystals are usually in agreement with the 
AES data. 

Depending on sample composition, the accuracy obtained for starting point position 
and wedge slope determination is routinely better than 0.1 mm and 10% respectively. The 
starting point and wedge slope are typically 1.0 mm from the edge of the sample and 2 -
5 Á/mm, respectively. 

2.2.4 Wedge structure. 
Consictering figure 2.3, we see a layer of gradual increasing thickness. This is a rather 

misleading picture, as wedge slopes are only a few monolayers per mm. In figure 2.3, only 
the quantity of deposition material is a linear function of thickness, so only the average 
thickness is a linear function of position. This means, that if the layer is for instanee 2.5 ML 
thick, there is a distribution of layer thicknesses all over the substrate with an average 
coverage of 2.5 ML. Here it could be that half the surface is covered by two monolayers and 
half the surface is covered by three monolayers, but this is by no means necessary. 

The microscopie structure of a layer has been the subject of a considerable amount of 
study [32] in scientific literature, and depends highly on evaporation conditions and both 
layer and substrate materials. Also strain caused by lattice mismatch seems to play an 
important role. Substrates themselves, such as for instanee copper single crystals, are not 
ideally flat, and may not be exactly cut at the desired crystal plane. Therefore, the surface 
looks more like a rice-field: flat surfaces called terraces separated by monolayer high steps. 
In case of layer-by-layer growth, the first atoms condense mostly on the terrace edges of the 
substrate (this is called 'bordering'), and a few will be isolated on the terraces themselves. 
These act as condensation nuclei, and any more atoms will prefer to condensate next to one 
of the same materiaL The individual atoms form islands and these islands grow together until 

7This procedure is anly camman far knudsen-cell saurces. E-guns have their awn builct-in quartz crystals. These 
are calibrated befare grawth and can alsa be manitared during the wedge graw pracess. 
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they completely cover the substrate. Thereafter, the whole process starts again. In figure 2.5 
a general idea of a wedge structure is presented. In less ideal circumstances, the layer may 
never completely cover the substrate and may look like a collection of irregular shaped 
columns with pinholes. 

D OML ~ 1ML • 2ML 

lncreasing thickness 

Figure 2.5: The general idea of a wedge layer. Single atoms farm is lands which increase in 
size until they fully cover the substrate. 

2.2.5 Magnetic properties of wedged samples. 
Considering typical wedge dimensions, one can easily see that a wedged layer can 

locally be regarded as a flat uniform layer. However, many physical interactions have a long 
range, and we need to check if there is any process that can trouble the interpretation of our 
local measurement. Ferromagnetic materials are magnetically ordered, which is aresult of the 
strong spin-coupling within the ferromagnet. This spin coupling is typically two orders of 
magnitude larger than the interlayer exchange coupling, and this might influence our 
experiments if this direct coupling causes that two different points along the wedged layer are 
no longer independent. 

Ferromagnetic layers generally don 't show a uniform magnetization. A ferromagnet 
splits up in numerous domains with roughly the same size to reduce the total magnetization 
energy. The resulting domains are separated by domain walls, which are energy costing 
structures and thus there is an optimal domain size. Suppose, we have two magnetic layers 
exchange-coupled through a non-magnetic wedge shaped spaeer layer. Suppose also that there 
exists an anti-ferromagnetic coupling in an area with length !lL, and ferromagnetic coupling 
elsewhere. Suppose that the magnetization of both layers is parallel. lt is possible to determine 
a lower limit for !lL in which it is energetically favourable to form two domain walls and an 
area !lL, where the magnetizations are antiparallel aligned. lf !lL is small compared to the 
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typical di stance between measurement points, we can conclude that independent measurements 
on a wedge of given slope are possible. 

Corresponding in one of the two magnetic layers say the upper one, the magnetization 
in a region of width !lL is antiparallel aligned with respect to the surrounding within the same 
magnetic layer which favours parallel alignment everywhere. Nature may solve this by 
creating a domain wall at the boundaries of the AF-region in which the magnetic spin rotate 
gradually over 180°. It will actually do so if the energy 2y (J/m-2

) required to form two such 
domain walls is lower than the gain in interlayer coupling energy Al: 

(2.2) 

Here, tFM is the magnetic layer thickness. For Co/Cu layers, Al "" 0.01 - 0.1 mJ/m2
, and y "" 

3 mJ/m2 respectively. With tFM typically around 30 Á, this yields that !lL is approximately 
0.1 - 1 pm. Typical distance between measuring points is an order of magnitude larger: 
>50 pm. At typical wedge slopes in order of Á/mm, !lL corresponds with a change of 
thickness of only w-3 

- w-4 Á, too small to influence our local determined results. 

2.3 Magnetic Optica! Kerr Effect (MOKE) measurements. 

2.3.1 The magneto-optical Kerr effect. 
A very powerful local magnetic characterization technique is the so-called magnetic 

optical Kerr effect (MOKE), named after James Kerr, who discovered the effect when 
investigating the reflection of polarized light from a magnet-pole. 

linearly polarised 

Incident light 

Ei 

elliptically polarised 

reflected light 

Figure 2.6: The definition of the Kerr rotation and ellipticity. The linearly polarized light E; 
changes to the elliptically polarized light E, after reflection on a magnetised suiface. 
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If linearly polarized light falls on a magnet, two effects occur. Pirst, its polarization 
angle is tilted with an angle ek, which is called the Kerr-rotation. Second, the light becomes 
elliptical. The Kerr ellipticity ~ is defined as the arctangent of the ratio between the short and 
long polarization axis (see figure 2.6). Linearly polarized light can be represented by a 
superposition of a left and a right circularly polarized light beam of equal amplitude, further 
abbreviated as LCPL and RCPL respectively8 [33]. The Kerr rotation and Kerr ellipticity 
can be regarded respectively as a relative phase shift and a relative change in amplitude of 
one of the CPL with respect to the other. As reflected circularly polarized light only 
experiences a change in amplitude and phase, LCPL and RCPL are eigenfunctions of the 
reflection and their reflection coefficients can be used to express ek and ~· 

The reflection of light on a surface is described by the so-called Presnel reflection 
coefficients. There are two different fresnel reflection coefficients: one for each electric field 
component perpendicular and parallel of the plane of incidence. These coefficients prove 
valuable for simple materials, but cannot be used to interpret the Kerr effect. The reason for 
this is the refractive index is not a scalar as supposed in the Presnel coefficients, but a tensor. 
The refractive index tensor elements depend on the electro-magnetic properties of the 
materials involved, and in the case of magnetic materials, a change in these properties can be 
observed when a magnetic field is applied. In this way the MO-Kerr effect depends on the 
magnetization strength and direction, and we are able to see differences in magnetization of 
materials by measuring ek and êk. Thus, in using MOKE, we are able to study the magnetic 
behaviour of a sample, for example, as a function of an externally applied field. 

As we can vary angle of incidence as well as the direction of magnetization, we could 
think there are a lot of possible measuring configurations. However, basically there are only 
three different MO-Kerr geometries: 

(1) The polar Kerr effect geometry is sensttive to the magnetization component 
perpendicular to the surface. The incident light beam is also perpendicular to the 
surface. This method is commonly employed in perpendicular anisotropy samples (See 
Introduction). 

(2) The longitudinal Kerr effect geometry is especially sensltlve to the magnetization 
component along the film plane and parallel to the plane of incidence. The incident 
light angle is typically around 45•. This method is commonly employed to characterize 
samples with in-plane magnetization. 

(3) The transverse Kerr effect geometry is also sensitive to the magnetization component 
along the film plane and perpendicular to the plane of incidence. This method is rarely 
used. 

These three configurations are illustrated in figure 2.7. All samples in this thesis showed in
plane magnetization and consequently only the longitudinal Kerr effect was used. 

2.3.2 Kerr measuring apparatus. 
The longitudinal Kerr effect on metal magnetic materials only yields small values of 

ek and ek, typically of about 10-3 degrees and to measure these small differences in 

8LCPL and RCPL are sametimes referred to as positive and negative circular polarized light respectively_ 

- 25-



Polar Longltudlnal Transvtne 

Figure 2.7: The three different Kerr configurations. From left to right: po/ar, longitud~nal and 
transverse Kerr effect. 

polarization, sufficiently smart apparatus needs to be devised. The Kerr measuring apparatus 
has already been described extensively in [34] and [35], so the description here is 
kept rather short. 

To measure Kerr rotation and ellipticity, the method of Sato [36] is employed. 
Sato made use of a photo-elastic modulator (PEM), an apparatus that consists of a birefringent 
crystal connected with a piezo-electric element This instrument has similarities with a quarter 
wave plate. lf a polarized light wave travels through a quarter wave plate, its component in 
the optical axis introduces a phase retardation of 90° compared to the component 
perpendicular to it, resulting in circular polarized light. The PEM in fact does the same, 
except that the retardation varies oscillatory in time. The piezo-electric element stresses the 
birefringent crystal in one direction, causing a stress-induced change of optical properties in 
this direction. By periodically stressing the crystal, a oscillatory phase shift is induced in the 
stress direction polarized component of the light wave, resulting in an oscillating retardation 
of this wave component to the one perpendicular to it. So we have two light components 
perpendicular to each other, the phase of one of them is constant and the phase of the other 
one is oscillatory (frequency /). The first one is measured by the detector of the Kerr 
apparatus. lf a Kerr rotation occurs, the detected signal will show a small oscillatory part, 
with a frequency of 2f lf a Kerr. ellipticity occurs, the signal will show a small oscillatory 
part, but with a frequency of f This is illustrated in figure 2.8. By measuring the oscillatory 
components and the initial intensity, we can determine Kerr rotation and ellipticity with an 
accuracy of around 0.001·. We find: 

(2.3) 

for the Kerr rotation and 

(2.4) 

for the Kerr ellipticity. 1(0 ), l(j) and 1(2/) are the strength of the constant,/ and 2/ components 
of the detector signal, 11 and 12 are first and second order Besselfunctions, and 8o is the 
average phase shift of the PEM. The derivation of these formula can be found in 
[36],[37]. 
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Figure 2.8: (a) The retardation of PEM. (b) Corresponding polarisation states of the 
modulated light. (c) As (b), but after the light has been reflected at the sample and showing 
a Kerr rotation. (d) as (c), but now showing Kerr ellipticity. 
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The measuring apparatus set up is shown in figure 2.9. A He-Ne laser is used as light 
source, ernitting unpolarized monochromatic light with a wavelength of 632.8 nm. The light 
is chopped with a frequency of 137 Hz, to cancel out background light and electricity noise 
of 50 Hz, allowing accurate Lock-In amplifier measurements of the constant part of the 
detector signal. Next, this light is linearly polarized and sent through the PEM. A lens is used 
to focus the beam on the sample placed between two magnet poles. The angle of incidence, 
ei , is usually around 45° in case of longitudinal Kerr effect measurements. The reflected 
beam crosses a polarizer and arrives at a Si-diode detector, which is connected to three loek 
in amplifiers. These determine the strength of the constant, f and 2/ components respectively, 
and send this data to a HP-computer which calculates the Kerr ellipticity and rotation. 

The use of the lens between the PEM and the sample might influence our 
measurements by spoiling the PEM light wave polarization, caused by stray magnetic fields 
in the glass. As the lens needs to be placed closely to the magnet, such stray magnetic fields 
are inevitable. The most important effect in the lens is the so-called Faraday rotation. Not 
only the reflected but also the transrnitted wave shows rotation and ellipticity, caused by a 
magnetization in the transmitting materiaL These are called the Faraday rotation and 
ellipticity. Glass is diamagnetic, and if the lens is thin, Faraday ellipticity can be neglected. 
The Faraday rotation in the glass of the lens results in a shift of the measured Kerr rotation 
which depends linearly on magnetic field9 strength. This can easily be recognized and even 
corrected if one considers a magnetically saturated sample. 

To apply a field to the sample a simple water-cooled 400 kAlm electro-magnet is used. 
The field between the magnet poles is certainly not homogeneous, but this is of little 
importance, as it nearly is homogeneous if we consicter the laser spot area. By keeping the 
laser spot at the same position and moving the sample, all measurements occur with the same 
field parameters. This way, a high accuracy can be reached in relative field deterrnination. 

The sample, which is placed between two magnet-poles, can be translated in two 
directions independently: (x, horizontal) parallel and (y, vertical) perpendicular to the applied 
field and both perpendicular to the plane of incidence. Two Oriel Encoder Mikes (a 20237 
and a 18237) in combination with a 18011 Encoder Mike controller are used to position and 
translate the sample. These encoders have the capability to read out their own position, so 
relative accuracy is very high, about ± 1 pm. The accuracy in absolute parameters in 
somewhat lower, because the absolute position is only accurate to about 0.1 mm. 

Because free movement of the sample in the field direction is obstructed by the 
magnet-poles, only a small range of around 4 mm can be covered with the x-directed encoder 
Mike. To be able to scan all parts of the sample, the laser-beam can be placed anywhere on 
the sample by moving the lens (see figure 2.9). 

2.3.3 MOKE hysteresis loops and coupling field determination 
In standard hysteresis loops, the total magnetic moment is measured as a function of 

applied magnetic field. However, Kerr hysteresis loops differ from standard loops. The Kerr 
rotation and ellipticity depend on the detailed magnetic and non-magnetic layer stacking of 
the sample, and on the optical properties of these layers. In most materials, light is absorbed. 
Light propagation can be expressed in the refractive index n and the extinction coefficient k. 
From these quantities, the penetratien depth, i.e. the depth at which the intensity of the 
transrnitted light is reduced to with a factor e- 1

, can be derived and it equals: 

9In fact, Sato [37) shows some loops with enormous Faraday rotation, for instanee those in figure 4_ 
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8 = 

Here, À is the wavelength of the light. 

À 

41tk 
(2.5) 

The magnetic materials subject in this thesis are all metals, and these are known to 
be almost completely opaque for visible light. Metals thank their shiny appearance to the fact 
almost all light is reflected at the surface. The penetration depth is extremely small: typically 
100 Á - 1000 Á in the visible light regime. Therefore, the MO-Kerr effect is a surface 
sensitive method, and is therefore suitable for the study of thin magnetic layers. Thus, the 
Kerr rotation and ellipticity do not only depend on the thickness and material of the magnetic 
layer involved, but also of the thickness and nature of any layer on top of it. This makes the 
MO-Kerr effect unsuitable to determine absolute magnetization values of the layers in a 
sample. But we are perfectly able to detect any relative change of magnetization, which 
suffices for most studies. 

The optical properties of some metals are listed in table 2.1. These values depend on 
wavelength, and only data around the HeNe laser light wavelength of 632.8 nm are shown. 

Table 2.1: Optical properties of some metals. Most figures concern bulk materials, and 
there could besome differences compared to thin layers. 

Material À (nm) refraction index extinction penetration 
n k depth ö (Á) 

Co 612 2.19 4.11 118 
654 2.25 4.27 122 

Cu 619.9 0.272 3.24 152 
652.5 0.214 3.67 141 

Au 630 1.153 0.750 668 

Fe 612 2.92 3.10 157 
654 2.88 3.05 171 

Ir 632.6 1.15 1.05 479 

Mo 635.8 0.660 0.940 536 

Ni 630 0.896 0.537 942 

Os 630 0.730 1.05 477 

Pt 630 0.914 0.924 543 

Rh 630 1.02 0.948 501 

Ag 619.9 1.098 0.548 900 
652.6 1.096 0.565 919 

w 632.6 0.549 1.07 470 

Al 635.8 0.646 2.84 178 

- 30-



It should be noted these data are not that accurate, and should be used as rough guide. For 
more comprehensive data on optical constants, the reader is referred to [38],[39]. In 
this thesis, only Co, Cu, Ni and CoNi and NiFe alloys were used . 
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Figure 2.10: Magnetic hysteresis loops with antiferromagnetic (a) and ferromagnetic (b) 
exchange coup/ing. The definition of the relevant fields Hf and He is shown in these figures. 

An example of a MOKE hysteris loop is presented in tigure 2.10. It is shown that a 
magnetic layers closer to the surface yields higher Kerr ellipticity values. We can define a few 
important fields which are usually referred to in this thesis: 

• The coercive field He which is half the difference of the upward and downward field 
at zero ellipticity, as shown in figure 2.10 (b ). 

• The coupling or flip field Hf which is a measure for the exchange coupling. In any 
hysteresis loop there are four fields where the Kerr ellipticity has reached half its 
saturation value, two at positive and two at negative magnetic fields. Hf is defined as 
half the difference between the average of these positive and negative fields, as shown 
in figure 2.10 (a). 

• The remanence of the curve is defined as the ratio of the ellipticities at zero field and 
saturation. 

• The saturation field Hs is the field at which the magnetization reaches its saturation 
value. As in practice determination of this field is difficult, in some cases the field at 
which the magnetization has reached 90% of its saturation value is used instead. 
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2.4 Magnetic hysteresis loops calculations. 
To derive the exchange coupling strength from our coupling field Hf as defined in 

figure 2.10, we need to calculate hysteresis loops. A very suitable methad is absolute 
minimum energy calculation. This methad is based on the assumption that at every magnetic 
field the system is in its absolute minimum energy state. Therefore, hysteresis is nat found, 
but the methad can be used successfully to extract the coupling strength from a hysteresis 
loop. 

Suppose we create a sandwich with two magnetic layers separated by a non-magnetic 
spaeer layer. The magnetization in the magnetic layers is assumed to be uniform: no domain 
walls are present. An in-plane magnetic field with strength H is applied on this sample. We 
express the total magnetic energy per unit area as the sum of different energy contributions 
such as: 

(i) The magnetic field energy. This IS the energy of a magnetic layer in a external 
magnetic field. It is given by: 

(2.6) 

Here, t1.2 are magnetic layer thicknesses, Ms1•2 the magnetization per volume element, 
and <!> 1•2 are the angles between the field axis and the magnetization directions. 

(ii) The exchange coupling energy. As explained in chapter 1, this contains two 
components: the bilinear exchange coupling strength 112, and the biquadratic exchange 
coupling strength Jq12• It's energy is defined as: 

(2.7) 

In this study, the biquadratic component of the exchange coupling is neglected. 

(iii) The magnetic anisotropy-energy. The anisotropy energy Ea is defined as: 

Ea = -~1 t1cos(4<j> 1 + 1t) - ~2 t2cos(4<j>2 + 1t) (2.8) 

Here, K1•2 are anisotropy constants. These consist of a volume term Kv and a surface 
term Ks: 

K=K 
K 

+ _v (2.9) 
s t 

More information about anisotropy can be found in [36],[40],[41],[42]. 

Tagether these different energy contributions yield the total magnetic energy of our sample: 
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E =E +E+E 
tot a 1 m 

(2.10) 

Minimum energy calculations minimise the total energy with respect to ~ 1 and ~2 at a given 
field H. The magnetization curve at this field can then be obtained from: 

(2.11) 

Minimizing equation (2.10) analytically is rare1~ possible. In the case that both magnetic 
layers are of equal composition (M51 = Ms2 = Ms, 1K1 = K2 = K) and equal thickness (t1 = t2 = 
t), the coupling field (at half height) equals for tioth K = 0 and K = oo: 

H·=~ (2.12) 
1 M t Pa s 
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Figure 2.11: The normalizedfield at half height '(!lH/in case of equal Layers as ajunetion 
of Kt/1. 

This suggests that Hf for arbitrary K will not dJfer much from (2.12). The variation of the 
ratio H/Hf. is shown in figure 2.11. Correspondin~ minimum energy hysteresis loops for three 
different values of Kt/J12 are shown in figure 2.12. The peak in figure 2.11 can be understood 
if one considers that at first, the coupling field is determined on the sloping part of the 
hysteresis loop. When Kt/J12 exceeds a certain v1lue, the coupling field is determined on the 
vertical part of the hysteresis loop, and therefore equal to the saturation field. From these 
figures it becomes clear that the error made by a&suming Hf= Hf* is less than 30%. This will 
be the case if Kt/J12 is large. I 

The behaviour of the H!Hf* versus Co layer thickness in Co/Cu/Co trilayers was 
calculated for two exchange coupling strengths, land the result is shown in figure 2.13. The 
anisotropy values were taken from [43]. The exchange coupling strengths are typical for 
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Figure 2.13: The normalized field at half heJht H!Hf* as a function of Co thickness, 
calculated for typical exchange coupling strehgths of the I st and second AF -peak in 
Co!Cu(JOO). 

1 st and 2nd AF-peaks in Co/Cu/Co trilayer syst,'ms. This figure clearly shows that the error 
in assuming Hf = H f• is a small and almast cons ant one. Thus, the u se of the coupling field 
as an indicator of coupling strength is justified. 
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CHAP'JlER 3 
STRUCTURE AND EXCHANGE COUPLING OF 

Co/<}u 

3.1 Introduction. 1 

Currently, a relatively large amount of interlayer exchange coupling studies are 
focused on Co/Cu layered systems. This interest! in Co/Cu systems, in particular, is based on 
four reasons: (i) The Fermi surface of Cu, like other monovalent metals such as Au and Ag, 
is relatively simple, mak.ing it very suitable to verify exchange coupling theories. (ii) Co/Cu 
compounds show considerable Giant Magneto Rfsistance (GMR) (see introduction), an effect 
that is important for industrial application in magnetic field sensors. (iii) Co/Cu multilayers 
yield relatively streng exchange coupling, which JiS also easily assessable because of the cubic 
magnetic anisotropy of the Co. (iv) Co/Cu systems can be grown with a relatively high degree 
of structural perfection. 

All samples described in this thesis ar~, or are based on, Co/Cu samples. In this 
chapter a brief summary is given on relevant aspects of Co/Cu structure and earlier work on 
exchange coupling. 

3.2 Crystal structure and growth. 
In the studies discussed below and in dhapter four and five, single crystalline Cu 

substrates were used to obtain high quality epitaxial layers. The substrates used were 
electrically cut at a certain crystal plane and elecq-omechanically polished. In the UHV system 
several sputtering and annealing cycles are perfdrmed to remove impurities from the surface 
and to reduce microscopie roughness. 

In the case of Co, the thermal equilibrlum phase at room temperature for bulk is 
hexagonal close packaged (hcp), but if Co is deposited on Cu(l00), it forms a face centred 
tetragonal (fct) lattice, with a slightly deformed a~is in the growth direction. Lattice mismatch 
between Co and Cu is approximately 2%. In plane, the Co layers adopt the Cu lattice 
parameter of 1.81 Á, while in the growth directton the Co layer adopts a lattice constant of 
1.70 Á, instead of the bulk Co 1.78 Á [44]. I 

Various studies [33],[44],[45],[46] have been made to investigate the growth 
of Co on Cu ( 1 00) single crystals, using se verall kinds of characterization methods. Schmidt 
et al. performed STM studies on Co/Cu (100) growth at room temperature [46]. They confrrm 
that Co deposition on a (100) Cu single crystallyields almest perfect layer-by-layer growth, 
as described in paragraph 2.2.3. The growth of thle first two monolayers (ML) is an exception. 
lf 1 ML of Co has been deposited, about a fifth of the surface is uncovered. At 2 ML 
deposition, roughness reduces, and only a smfll fraction is covered by 3 ML thick Co. 
Additionallayers are grown in the layer-by-layer growth mode, roughness varying and being 
minimal at layer completion and maximal at half-rwnolayer deposition. No misfit dislocations 
appear for Co thicknesses below at least 18 Á ahd Cu layers deposited on the Co film grow 
in their undistorted fee bulk structure [ 47]. 

The growth of Co on Cu(l10) has also I been investigated [ 48]. They conclude that 
Co deposited on Cu( 11 0) at room temperature adapts a fee structure, and no growth phase 
transition occurs even at layer thicknesses over ~000 Á. LEED studies [45] confirm epitaxial 
growth. 
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Co grown on ( 111) at room temperature cas difficulty wetting the surf ace. It shows 
a structure of closely packed crystallites of roug ly 100 - 150 Á in size, separated by grain 
boundaries which extend down to the substrate [I 9]. 

3.3 Co/Cu exchange coupling studies. 
The exchange coupling of Co across ,Cu has been subject of various studies 

[2],[ 45],[50],[51],[52]. These studies verifitd the dependenee of the exchange 
coupling oscillation period on the extremal ve tors spanning the Cu Fermi structure, as 
predicted by Bruno and Chappert [67]. Also, the erromagnetic part of the exchange coupling 
in this orientation has been investigated, and by now the exchange coupling of Co across Cu 
is well known in different crystal orientations (figure 3.1 ). The periods stemming from the 
calculated Fermi-structure and those obtained ex~erimentally are shown in Table 3.1. 

For Cu( 1 00), biperiodic exchange coupli g was measured, and periods found agree 
rather well with those predicted by the extrema! Ferrni vectors. The long period is however 
difficult to extract from the experiment, which was due to the limited Cu thickness range at 
which the experiments were performed. 

In the case of Cu(l10), four periods have been predicted. Only one period shows up 
in measured exchange coupling and this one ag~ees well with the predicted 9.6 ML period. 
The reason only one period is found is probably ue to roughness. The other predicted periods 
are rather short and therefore easily averaged ou.. Two roughness effects were presented by 

Table 3.1: Predicted and measured values of the exchange coupling periods A1•2 in various 
Co if ft A k /Cu crystal orientations. t1 is the position o he zrst F-pea . 

Orientation A1 (A2) in Á ti (Á) [52] Predicted periods [9] 
[52] 

Co/Cu (OOI) 14 (4.6) 12 5.88 ML I 10.58 Á (q1) 

2.56 ML I 4.61 Á (qz) 

Co/Cu (110) 12.5 8.5 3.29 ML I 4.18 Á (qz) 
2.11 ML I 2.68 Á (q1) 

9.60 ML I 12.19 Á (q3) 

2.53 ML I 3.21 Á (q4) 

Co/Cu (111) 9 [53] 8.5 4.5 ML I 9.36 Á (q1) 

Bruno [ 1 0]. An interface is never atomically flat, and contains islands of at least monolayer 
height. Any oscillation period in range of two M} will be cancelled out, because contributions 
of the islands differ 1t in phase compared to the flat portions of the layer. In addition, 
roughness disturbs the translational invarianc . of the sample. Oscillations with periods 
stemming from extremal veetors whose Ferrni-vdlocity only makes a small angle with the film 
plane are sensitive in particular to lateral imperfections such as steps in the layer thickness 
and dislocations. This is likely the case for the unobserved short q1 and q2 periods in Cu(110). 
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Figure 3.1: Thisfigure shows the Fermi surface cross-sections with relevant extrema/ veetors 
and the exchange coupling as a function of Cu thickness, for Co/Cu( 100) (a,d), ( 1 JO) (b,e) 
and ( 11 1), ( cf). 
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Although substantial effort was invested to reveal the Co/Cu(lll) period, only one 
peak shows up in MBE experiments done at the PRLE [52]. Due to the 'poor' structural 
properties of Co on Cu(lll) [50] combined with the large angle between crystal plane 
normal and extrema! vector Fermi velocity (figure 3.1 ), the exchange coupling period has only 
recently been determined by experiment [53]. 
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CHAPTER 4 
MAGNETIC LA YER THICKNESS DEPENDEN CE 

4.1 lntroduction. 
In most interlayer coupling theories and experiments, magnetic layer thickness effects 

are neglected. Most theories only consicter magnetic layers of 1 ML thick (RKKY theory, 
see for instanee Yafet [8]) or magnetic layers of infinite thickness (confinement theories, for 
instanee Mathon[ 16]). The reason for this is that the thickness of the magnetic layer was 
believed not to have a significant effect on the interlayer exchange coupling. The exchange 
coupling was considered to be an effect originating exclusively at the interfaces between the 
ferromagnetic layers and the non-magnetic spacer, and independent of the configuration of 
the magnetic layer behind the interfaces. Stiles [17] did consicter magnetic layer thickness 
effects, but did not calculate them because he assumed that the effects would be to weak. 

Only recently Bruno's theory [18,19] predicted oscillations in the exchange coupling 
strength as a function of magnetic layer thickness. His theory is discussed in chapter one. 
Earlier, Barnas [54] used a free electron approximation and also found an oscillatory 
behaviour with the magnetic layer thickness. However, he used infinite potential boundaries 
behind the ferromagnetic layers, which is not realistic. 

Dedicated experiments to investigate a magnetic layer thickness dependenee are also 
very scarce. So far the only attempt (to our knowledge) to investigate such a dependenee was 
made by Qui et. al [55]. They grew Co/Cu/Co(lOO) sandwiches with three different Co 
thicknesses, and concluded that the exchange coupling was a pure interface effect, i.e. 
independent of the magnetic layer thickness. It is clear that because this condusion was based 
on only three data points it is rather questionable. The lack of experimental data is therefore 
evident and urges dedicated experiments to clarify the situation i.e. to investigate if the 
coupling depends on the thickness of the magnetic layer at all and thus automatically also to 
test the current models. In this chapter experiments are presented that show the first evidence 
for interlayer coupling oscillations as a function of the magnetic layer thickness in the 
Co/Cu(lOO) system10

• The experimental findings are confronted in detail with Bruno's model 
[ 18, 19]. It appears that the oscillation period that could be extracted from the data, viz. 6-7 Á, 
agrees surprisingly well with his prediction (6.3 Á). Before proceeding with discussing the 
detailed results it is worthwhile to remark that Okuno et al. [56] very recently obtained 
a similar result for the Fe/Cr(lOO) system. In his case an oscillatory behaviour was concluded 
for the magnetoresistance and interlayer coupling as a function of the Fe thickness. 

4.2 Sample composition: 
One of the problems encountered when performing experiments investigating 

magnetic layer thickness experiments is the sensitivity of the exchange coupling to the spaeer 
layer thickness. A small change in spaeer layer thickness already yields a considerable 
variation in exchange coupling strength. In studies investigating magnetic layer thickness 
effects one has to be very sure that the thickness of the non-magnetic layer is unchanged. A 
very good control of layer thickness is necessary if one is to guarantee to distinguish between 
real magnetic layer thickness effects and artifacts caused by spaeer thickness variations. By 

10The results will be publisbed in Physical Review Letters. 
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far the best and most elegant methad to avoid this problem is the use of wedged layers. The 
characteristics and advantages of the employment of wedged layers were already introduced 
and discussed in chapter two. For the experiments discussed in this chapter, a sandwich was 
used consisring of two magnetic wedges, whose orientation is in the same direction, separated 
by a single non-magnetic wedge, whose orientation is perpendicular to the magnetic wedges. 
This configuration, which is illustrated in figure 4.1, allows for independent measurement of 
the spaeer and the magnetic layer thickness dependenee of the exchange coupling. 

50or30ÀCo 

15ÀNi 

Co wedge 

Cu wedge 

Co wedge 

15ÀNi 

50or30ÀCo 

Cu(100J 

single 

crystal 

Figure 4.1: Simpte triple wedge sample for experiments to investigate a magnetic layer 
thickness dependenee (left). The configuration of sample I (50 A Co) and 11 (30 A Co) that 
have actually been used (right). 

The samples in this chapter were grown by Molecular Beam Epitaxy (MBE) on single 
crystalline fee Cu (100) substrates (see chapter two for more details). Cabalt was chosen as 
principle magnetic layer, and capper was chosen as spaeer layer. 

The theoretica} magnetic layer thickness dependenee of the interlayer exchange 
coupling has already been surveyed in chapter one. From the calculations shown there, it was 
clear that the largest effects are to be expected in the range of small magnetic layer 
thicknesses. However, there are some problems concerning the employment of very thin Co
layers. The Curie temperature of Co lowers with decreasing Co thickness resulting in a 
situation that a two ML thick Co layer is paramagnetic at room temperature [57]. In 
actdition it rnight be clear that, apart from problems related to low Curie temperatures, 
ultrathin Co layers yield very smalllongitudinal Kerr effects anyway. For clarity we remark 
(again) that the MOKE experiments could be performed only at room temperature in the 
present experimental setup. Another problem related to the use of thin magnetic layers is that 
at typical exchange coupling strengths in the frrst AF-peak, the coupling field Hr would 
exceed the maximum obtainable magnetic field that can be applied using the current magnet 
For these reasans longitudinal MOKE measurements on Co layers with thicknesses less than 
10 Á are precluded. Because of these anticipated problems, the present experiments do not 
make use of the configuration shown in Fig. 4.1 (left) but use the more complicated one 
shown in Fig. 4.1 (right). The difference is that a uniform 15 Á Ni layer and an extra Co 
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layer have been added to enhance the MOKE-signal to an acceptable signal to noise ratio at 
the very small Co wedge thicknesses. The extra Co layer was placed to take advantage of the 
cubic fourfold cubic anisotropy of Co. This causes a well defined sharp spin-flip transition 
from antiparallel alignment to saturation in the magnetic hysteresis loop. The exchange 
coupling strength can then be extracted more accurately from the loop, as explained in section 
2.4. Ni shows only rather small fourfold in-plane anisotropy, and when no additional Co layer 
was added, this would have led to a slowly varying transition from antiparallel alignment to 
saturation, resulting in a less accurate deterrnination of the exchange coupling strength. 
Another (more practical) advantage of the additional cobalt layer is that it reduces the change 
of the coupling field Hf resulting from the reciprocal magnetic layer thickness factor - an 
effect we are not looking for. Moreover, as aresult of the relatively small variations in total 
magnetic layer thickness11

, no significant changes in the magnetic anisotropy are expected. 
For more information on this, see section 2.4. 

Table 4.1:: The two samples grown for magnetic layer thickness dependenee studies. For 
more information about wedge growth and characterization, the reader is referred to chapter 
two. 

Sample Base !st Co wedge Cu wedge 2nd Co wedge top cap 
layers layers layers 

I 53 A Co 0-20 A Co 0-50 A Cu 0-20 A Co 15 A Ni 10 A Cu 
16 A Ni start: 1.3 mm start: 1.2 mm start: 1.3 mm 55 A Co 20 A Au 

slope: 2.2 A/mm slope: 5.0 Á/mm slope: 1.9 A/mm 

IJ 30 A Co 0-20 A Co 0-30 A Cu o- 20 A Co 13 A Ni 10 A Cu 

13 A Ni start: 0.9 mm start: 0.9 mm start: 0.9 mm 30 A Co 20 A Au 
slope: 2.3 A/mm slope: 3.1 A/mm slope: 2.3 A/mm 

Two samples were grown according to this configuration. Their detailed geometrical 
properties are listed in table 4.1. The orientation of the magnetic wedges is chosen parallel 
to one of the [ 11 0] directions of the crystal. This was done so for practical reasans regarding 
the experimental field orientation relative to sample translation directions and the wish to 
measure with the field along the easy axis. 

4.3 Theoretica/ predictions of magnetic thickness dependenee. 
As we have already seen in chapter one, the strength of the exchange coupling is 

partly deterrnined by the magnetic layer thickness. The magnetic layer thickness dependenee 
has been calculated in that chapter. However, the calculations presented there mainly 
concemed magnetic layers consisting of a single Co-layer. The samples we are interested in 
bere are considerably more complicated: each ferromagnetic layer in itself consistsof a stack 
of three sublayers. These additional layers affect the magnetic layer dependenee of the 
exchange coupling. However, as we will demonstrate below, this only concerns the strength 
and the phase but not the period of the oscillations. 

11If the Ni layer is replaced with a Co layer with an equal magnetic moment (5 Á Co), total magnetic thickness 
only varies from 55 Á to 75 Á for sample I and from 35 Á to 55 Á for sample II. 

- 41 -



eF 
-----------------------------------------

Cu Co Ni Co 

Figure 4.2: The potential resulting from one ofthe magnetic layers of sample I and 11. The 
dashed ( solid) fine denotes the spin-up (down) potential. The thickness of the various layers 
are listed in table 4.1. 
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Figure 4.3: The calculated Co-layer thickness dependenee of a Co/Cu/Co sandwich without 
(a) and with (b) the additionallayers mentioned in the text. The period of oscillation is not 
affect by these additional layers . 

U sing the model introduced in chapter one, it is a straightforward matter to calculate 
the dependenee of the exchange coupling on the Co wedge thickness for our experimental 
system. A schematic representation of the potential that is to be used is shown in figure 4.2. 
Here, the height at the steps are, as mentioned earlier, determined by the relevant Ferrni wave 
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vectors. U sing the wave-veetors of the fee phase of Co and Ni (see table 1.1 ), we obtain for 
the exchange coupling the behaviour shown in figure 4.3(b ). For comparison also a calculation 
(figure 4.3(a)) is shown for the simple Co/Cu/Co system i.e. without the additional Ni and Co 
layers. It is clear that the (aliased) period is the same for both cases, viz. 6.1 A and that it is 
determined by the spin-down Fermi surface spanning vector of Co (see also chapter one). 
From this we conclude that, although our experimental systems seems complicated, the 
coupling behaviour should provide information on the spin-down Fermi surface of Co. 

4.4 M easuring the exchange coupling. 
The samples introduced in section 4.2 were characterized with the MOKE apparatus 

described in section 2.3. The measuring process consistsof repeatedly rnaving a laserspot to 
a certain position on the sample, recording the coordinates of this position and measuring a 
MOKE hysteresis loop. The exchange coupling strength was obtained from the coupling field 
Hf, defined in section 2.3.3, of this loop. 

Although in principle the exchange coupling can be measured over the whole range 
of Co and Cu thicknesses, viz. the whole sample area, this would have led to measuring times 
of over 80 days(!) and many useless data since rectangular loops obtained in the 
ferromagnetically coupled regions yield no quantitative information on the coupling strength, 
except for the sign. Moreover, because of the absence of proteetion against corrosion, the 
sample, exposed to the extreme elimate in the Kerr-room, degenerates and would possibly 
become useless after a number of weeks12

• For these reasons, we limit our measurements 
on those areas corresponding to Cu-thicknesses where there exists a measurable AF-coupling. 
In practice this means that the easiest way to determine magnetic layer thickness effects is 
measuring the height of the AF peaks as a function of the Co-thickness. 

In the present case, the Co thickness dependenee was investigated for the 1 st (±9 A 
Cu) and 2nd AF-peak (±19 A Cu). In theory, one positional scan across the Co wedge, 
keeping the Cu-thickness constant, would suffice in measuring this. However, in practice by 
carrying out such a scan, a small variation in Cu thickness cannot be avoided. Always a slight 
misalignment occurs between the scan direction and the direction of constant Cu thickness. 
This can easily be understood, if one realizes that the AF-peaks for the Co/Cu(lOO) system 
are very narrow, only 4 A Cu wide. The width of the maximum of the peak (Hf> 90% 
maximum) is even smaller, approximately 1 A. With typical wedge slopes of 4 A/mm the 
error margin is thus only 0.25 mm. Since a normal scan length is about 10 mm the maximum 
azimuth misalignment of the sample would be around 1°. This is considerably lower than the 
typical alignment error of 3°. Also an inhamogeneaus wedge slope (see section 2.2.3) can 
contribute to Cu thickness variations. These small variations in Cu thickness would cause 
considerable changes in exchange coupling strength. To solve this problem, multiple parallel 
scans were performed close to the Cu-thickness of maximum AF-coupling. The maximum 
coupling strength at a certain Co-thickness over a (small) range of Cu-thicknesses can then 
be determined accurately. This methad farms the basis for the four different techniques used 
to determine the Co-thickness dependenee of the exchange coupling. These different methods 
are represented graphically in figure 4.4. and are described briefly in appendix B. 

1~he degradation occurs rather slowly. After two weeks a thickness dependent coupling experiment yielded the 
same result as that obtained on day one. 
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Figure 4.4: The jour different scanning methods employed in determining triple wedge 
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Figure 4.5: MOKE hysteresis loops, of sample I at 14 A Co: I st AF-peak (left) and second 
AF-peak (right). 

4.5 Experimental results 
Both samples give good quality hysteresis loops, as shown in figure 4.5. The loops 

display a well-defined spin-flip transition from which the interlayer exchange coupling can 
be determined accurately. 

For both samples, the exchange coupling is measured as a function of Cu thickness, 
at a certain Co thickness. This is done to infer the quality of the sample. If the exchange 
coupling shows a short period oscillation, this can beregardedas a sign of good quality. This 
is because short exchange coupling periods demand a smooth surface, since otherwise they 
are filtered out (see chapter 3). A Cu-scan of the sample I is shown in figure 4.6. 

The Cu thickness dependenee shows no less than seven (!) AF-peaks. The scan was 
fitted to extract the exchange coupling periods. The short period appeared equal to 4.6 À 
(2.6 ML) whereas the longer period was equal to 9 À (5.3 ML). Th~ short period is in good 
agreement with the prediction by Bruno [9] (4.6 À) and with the earlier experiments 
(summarized in chapter 3 (4.6 À)). The long period value is considerably smaller than found 
earlier (14 À) and also smaller than predicted (10.6 À). However, we should remark that it 
is difficult to accurately determine the value of the long period. This is mainly due to the 
limited Cu thickness range in which the experiments are carried out. But of course the fact 
that only the antiferromagnetic part of the oscillation is measured also plays a role. 
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Figure 4.6: The coupling field of Sample I as ajunetion of Cu thickness. Seven AF-peaks are 
visible. The AF -peaks are numbered from left to right. The small peak at I 5 A should be 
passed since it is usually nat seen. 

For sample II, the presence of a short period could not be confirmed because of the 
fact that here the Cu-wedge slope was chosen smaller with the result that the third AF-peak 
was not in the available range anymore. Note that the distance between second and third peak 
is half the distance between first and second- a feature which enables confirmation of a short 
period. However, the fact that the first AF-peak is equally narrow as for sample I (:=:: 2 Á at 
the base) is a strong indication that also for this sample 11 the short period is present. (The 
width of a peak is approximately equal to half the asciilation period). The strength of the 
exchange coupling of the first AF-peak and second AF-peak is -0.17 mJ/m2 (sample I)/- 0.14 
mJ/m2 (sample 11) and -0.04 mJ/m2 (sample I)/ -0.04 mJ/m2 (sample 11), respectively. 

Todetermine the Co-wedge thickness dependence, scan methods discussed in appendix 
B were employed. The results are collected in figure 4.8. On sample I, multiple Cu-scans 
were employed and these yielded the datapoints in figure 4.8, suggesting oscillations in 
exchange coupling strength. On sample II, the exchange coupling strength on the second peak 
was measured by the multiple Co-scan method. A contour plot of the results are shown in 
figure 4.7. These clearly show (a) that the measurement methods employed really yield the 
maximum coupling strength in an AF-peak, (b) an oscillatory like behaviour with the Co
wedge thickness and ( c) the shift in the position of the maximum presumably caused by the 
Co-Ni alloying or patches of Ni on the interface at Co thicknesses of less than 2 ML (see also 
chapter five ). The latter is further corroborated by the steep declining of the exchange 
coupling strength, as Ni possesses a much smaller exchange splitring and therefore a much 
smaller exchange coupling (see chapter 1 and 5). Later on, the frrst AF-peak of sample 11 was 
measured with the gridscan method. This showed roughly the same result as the second peak 
and confirmed the results of sample I. 

Consictering figure 4.8, we clearly see two peaks in the Co-thickness dependence. Note 
that these do not only reproduce for the other AF-peak, but also for the other sample. This 
precludes that these peaks are results from some macroscopie roughness, viz. scratches, spots, 
stains etc. The behaviour can be described as oscillatory-like, with an associated period of 6 -
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7 Á, derived from the distance between the peaks. This is roughly the same period as 
predicted by Bruno [19] (see also the calculations in section 4.3) (3.5 ML = 6.3 Á), and 
provides support for the reflection theory. Also, the peak positions, 4 Á Co for the first and 
10 Á for the second are in agreement with the model calculations presented in 4.3. Another 
aspect which is in agreement with the theory is the fact that the relative amplitude of the 
oscillation, i.e. the ratio between the difference of maximum and minimum coupling strength 
and the average coupling strength, is larger in the second AF-peak (30%) than in the first 
(20%) (see discussion below eq (1.25) page 12). However, quantitatively, the relative 
amplitude is much smaller than predicted. For example, the first AF-peak should yield 
theoretically 80% instead of the observed 20%. Another discrepancy with the theory seems 
the absence of a third peak. At higher Co layer thicknesses the experimental results seem to 
show a more complicated behaviour. A reason might be that the magnetic layers are not of 
equal thickness, due to different wedge slopes or starting points. This was tested by 
calculations, one of which is shown in figure 4.9 (a). In this figure two calculations are 
shown, one (solid circles) for the 'perfect' situation and one (open squares) in which one of 
the Co-wedges was shifted such that the Co-thickness of Co-wedge#l was always one 
monolayer larger then the corresponding thickness of Co-wedge#2. 
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Figure 4.9: The calculated effect of an offset in wedge thickness of one ML (I st AF-peak). 
(b) The effect of changing fee Co by fct Co (lst AF-peak). 

As one can see the behaviour is relatively insensitive to an error in starting point. Except for 
the fust peak at small Co thickness whose strength has reduced strongly, the behaviour is 
roughly the same. 
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To evaluate if the tetragonal distortions such as observed experimentally (see chapter 
3) could be responsible for the complex behaviour at higher Co thicknesses, the Co-thickness 
dependenee is also calculated using the Fermi wave veetors of face centred tetragonal (fct) 
Co (see table 1.1). This calculation is shown in figure 4.9(b) as the open squares. For easy 
comparison also the fee Co based calculation (solid circles) is shown. The fct behaviour 
appears markedly different from the fee behaviour. Here a superposition of a long and a short 
period comes about more clearly. However, this behaviour does not seem to provide an 
explanation for the observations. For instance, the oscillation period (4.7 À) is considerably 
shorter than the experimental one. 

Apparently we are not able to fully describe the experimentally found Co thickness 
behaviour within the current free-electron model. This is mainly true for higher Co 
thicknesses. It might be possible that the results in that range can be accounted for with 
calculations using correct (non-spherical) Fermi surface (abandoning the free electron 
approximation). In this respect, we note that only the longer period of Cu-oscillation was 
taken in account by the free electron calculations. However, we know from our experiments, 
shown in figure 4.6 displaying biperiodic behaviour, that this is not realistic. This disregarding 
of the non-sphericity of the Cu Ferrni surface by which the second period was neglected is 
likely to play also a role for the Co Fermi surface. Indeed from self-consistent ab initia band
structure calculations using the augmented spherical wave (ASW) method [58] it is seen 
that the Fermi surface of Co is considerably more complicated and showed more than 10 
extrema! spanning veetors in the ( 100) direction. A number of them can be disregarded 
because only those electroos that are at the same ku as the extrema! spanning vector in Cu, 
are supposed to participate in the magnetic thickness exchange coupling oscillations [59]. 
Although this reduces the number of relevant extrema! spanning vectors, interlerences 
between the remaining ones could still be responsible for the absence of the third peak. 

As last point it should be remarked that the so-called preasymptotic behaviour 
might play a role. Recently, Zlatié [60] has calculated the effect of preasymptotic 
behaviour on the exchange coupling period (in the non-magnetic material). He concluded that 
the period at lower thicknesses may be considerably larger compared to the large thickness 
limit. This iocrement could be as large as 100%. Therefore, the above agreement between the 
Co fee period predicted by Bruno and the experiment could be fortuitous. In reality the 
behaviour might have resulted from preasymptotic behaviour and combined with fct Co. 

4.6 Condusion 
In this chapter we have presented a clear dependenee of the exchange coupling 

strength in the Co/Cu(l 00) system on the thickness of the Co layer. The behaviour found was 
oscillatory like and suggested a period of 6 - 7 À. This period is in good agreement with the 
period of 3.5 ML (6.2 À) predicted by the reflection model of Bruno. According to ASW 
calculations this period is to be related to the extrema! vector spanning the hole pocket around 
the X-point of fee Co. However, the structure of the Co-layers is not fee but face centred 
tetragonal, with an corresponding significantly smaller period: 4.7 À. Therefore the above 
agreement might be fortuitous. It is clear that at present we do not fully understand all details. 
In this respect it should be remarked that the theory is still in its infancy. However, the 
present experiments provide a good starting point for further research on this subject and most 
importantly show that the interlayer exchange coupling is not only an effect originating from 
the spaeer interfaces, but is a property of the total configuration of the layered system. 
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CHAPTER 5 
THE PHASE OF THE INTERLA YER EXCHANGE 

COUPLING 

5.1 Introduction. 
Today, it is very well verified that the period of the exchange coupling is determined 

by the topology of the Fermi-surface (see also previous chapter). However, the role of the 
magnetic layer is still not very well understood. As already introduced in chapter one and as 
experimentally investigated in chapter four, the thickness of the magnetic layer may have a 
considerable influence on the strength of the exchange coupling. The subject of this chapter 
is focused on the dependenee of the phase of the oscillation on the composition of the 
magnetic materiaL 

Theoretically, there are not many predictions concerning the phase of the exchange 
coupling, and the subject is at best cantroversiaL In the RKKY theory [9], the phase was 
regarded only to depend on the topology of the Fermi-surface (minimum, maximum or 
saddlepoint) at the spanning vector of interest. This is the result of a crude approximation 
made in descrihing the interaction between the conduction electroos and the magnetic spins. 
The confinement theories of Mathon [ 16] also do not predict the correct phase shifts. Ab initia 
band structure calculations like [61] result in prediction for a phase shift of 1t between fee 
Fe/Cu (100) and fee Co/Cu (100). In analogy to the Friedel-Anderson-Caroli (FAC) theory 
for the oscillating exchange interactions between magnetic impurities in a free electron metal, 
Bruno [11] predicted that the phase depends on the composition of the ferromagnetic layer. 
However, due to the restrietion of the model to monolayers of ferromagnetic material and the 
restrietion to non-degenerate bands, which is obviously not the case for the 3d transition 
metals like Co, Ni and Fe with five-fold degenerate d-bands, the model is not directly 
applicable to the experimental systems of current interest. The reflection theory of Bruno (also 
presented in chapter 1) is fairly general [ 18] and is in principle able to provide correct 
predictions for the phase. However, in order to achieve these, realistic spin-dependent 
reflection amplitudes need to be used as input for the model. These may be calculated using 
the Anderson Hamiltonian in which case one would expect to obtain a picture that is coherent 
with the FAC model. Unfortunately, these reflection coefficients are not calculated yet so at 
present one has to rely on the F AC theory for magnetic impurities. This model takes into 
account the five fold degeneracy of 3d-e1ectron states and prediets that the phase should scale 
with the number of electroos as (2nn/5 ). 

Experiments investigating the phase are scarce. Coehoorn et al [62] investigated 
the composition dependenee ofthe exchange coupling in Fe-Co-Ni/Cu (001) multilayers. They 
found rather small phase shifts ( < 1 Á), which do not seem to scale with the number of d
electrons. Experiments performed on CoxNi1_x/Cu (111) multilayer films by H. Kubota et al. [63] 
yield a trend that for ( 111) growth the AF-peak should move to smaller Cu thicknesses with 
increasing atomie number. This in contrast to the studies of Coehoorn et. al. who found the 
opposite shift for Cu( 100). This suggests that the phase shift depends on the growth direction. 

However, one should note that these studies were all based on series of sputtered 
uniform layered samples. The intermixing of the interfaces, being typically 7 Á in [62], 
could mask the real phase dependence. By using MBE-samples with sharp interfaces, this 
problem can be avoided. As yet however, no dedicated MBE studies have been addressed at 
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the phase shift problem: one is lirnited to comparison of the observations from different 
samples prepared under different conditions, by several groups, with the associated 
uncertainties in absolute interlayer thickness where AF-coupling peak.s are found. 

In this chapter, exchange coupling phase experiments are discussed concerning the 
variation of the magnetic layer type in MBE grown samples based on variatien of the 
magnetic layer composition in Co/Cu (100) and Co/Cu(llO). As alternatives for the Co layers, 
NiFe and CoNi alloy layers, as well as Ni layers were used. 

~OI 
[110) 

40Aeo 
12A CO..,Nieo ore A NI 

0- 30 A Cu wedge 

12 A Cos,Niso or e A NI 

40Aeo 

Cu (001) .single crystal 

Figure 5.1: The configuration of the phase shift samples. A small stripe of one of the alloy 
componentscan be found in pure farm next to the step. Here, the Co5rfli50 sample is shown. 

FeN i 

Ni 

Co 

Figure 5.2: Top view of the configuration of a magnetic layer of a sample (left) and SEM 
photo of the same sample, clearly showing the different regions (right). 

5.2 Sample composition. 
One of the problems encountered in the actual realization of the exchange coupling 

experiments to investigate the phase is that an accurate knowledge of spaeer layer thickness 
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is required. This is a comparable problem to the one discusseà in chapter four, and a 
equivalent solution was found. To determine phase shifts accurately, two (or more) 
sandwiches have been grown in the same single crystalline substrate, sharing the same Cu 
wedge (see figure 5.1 ). The sandwiches differ in the type of magnetic material used in the 
ferromagnetic layers. lt is clear that the wedge parameters of both sandwiches are identical, 
and that thanks to the very good accuracy in determining relative Cu-thickness variations, the 
phase shift can be extracted very accurately from such samples. On both sandwiches, the 
exchange coupling can be determined as a function of Cu thickness. By cernparing the 
positions of the AF-peaks, the phase shift is equal to the difference in the peak positions. 

The alloys used as magnetic material, like CoNi, but NiFe in particular, are known to 
be soft magnetic. This means that anisotropy is very low, resulting in a slowly varying 
MOKE-hysteresis loop. To increase cubic anisotropy, an additionallayer of Co was added at 
the back of the magnetic layers. Co shows a large in-plane cubic anisotropy and this results 
in well defined spin-flip transitions, in the magnetic hysteresis loop. With these types of 
loops, accurate determination of exchange coupling field (and thus strength) is possible (see 
section 2.4). 

As mentioned in chapter two, MBE-grown step layers show a narrow shadow of one 
of the alloy components next to the step. Ho wever, we can take advantage of this artifact, as 
this narrow stripe presents a third type of magnetic material in the same sample. To illustrate 
how this works out in practice, Figure 5.2 shows on the right a SEM photo of a sample of 
the type shown in figure 5.1. The photo was taken after the growth of the bottorn magnetic 
layer. In this case the different shadowing for Fe and Ni yield a pure Ni strip at the step as 
indicated schematically on the left. That this is really the case was checked by taking Auger 
profiles across the sample. 

It is desirabie to perform the experiments on a well-defined system which shows 
coherent epitaxial growth on the Cu-crystals used for exchange coupling experiments. This 
means fee magnetic matenals need to be chosen. This excludes Fe as magnetic layer, since 
Fe adopts an bcc structure when grown at room temperature on a Cu-crystal. Therefore, we 
are forced to use Ni, and alloys of Ni, Co and Fe. These alloys adopt an fee lattice when Fe 
concentratien is kept low13

• 

Several samples have been investigated to reveal a dependenee of the phase of the 
oscillations on the type of magnetic layer. The detailed compositions are collected in 
table 5.1. Sample I is the triple wedge sample I, introduced in chapter four. It was originally 
designed to probe thickness dependent effect of the ferromagnetic layer. The three other 
samples were of a different type. Here only the Cu layer was deposited in the form of a 
wedge. The magnetic layers have uniform thickness (see figure 5.1). These samples are 
denoted by Ila,b,c. lt is important to remark that in each sample the pure Co/Cu/Co case is 
present enabling us to always make a perfect comparison with this situation. As might be 
clear, cernparing different samples with each other is extremely dangerous because of error 
in wedge slope and starring points. 

5.3 Experimental results. 
The samples in table 5.1 were characterized by using the MOKE-measurement 

technique as described in chapter 2. For each magnetic composition on the sample, a 

13The limit of Fe eoneentration in Ni is approximately 70%, while the limit of Fe in Co is around 20%. Alloys 
with more Fe adopt a bce lattiee, otherwise fee lattiee is adopted. 
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T able 5.1: The properties of the phase shift samples. Sample I is triple wedge sample I from 
chapter 4. Only one of the interface layers mentioned is on the spaeer interface when a 
measurement is performed. 

sample substr. bottorn bottorn Cu wedge top interface top layers 
layers interface layer layer 

I Cu(100) 53 Á Co Co wedge: 0-40 Á Co wedge: 15 Á Ni 
+ 0-20 Á sip: 5.0 Á/rnrn 0-20 Á + 55 ÁCo 
16 Á Ni sip: 2.2Á/rnrn strt: 1.2 rnrn sip: 1. 9 Á/rnrn + 10 Á Cu 

strt: 1.3 rnrn strt: 1.3 rnrn + 20 Á Au 

Ila Cu(100) 40 Á Co (Co) 0- 30 Á (Co) 40 Á Co 
7 Á Ni sip: 4.4 Á/rnrn 6 Á Ni + 10 Á Cu 
13 Á Co5aNi50 strt: 1.1 rnrn 11 Á Co50Ni50 + 20 Á Au 

Ilb Cu(lOO) 37 Á Co (Co) 0- 30 Á (Co) 34 Á Co 
4ÁNi sip: 4.1 Á/rnrn 6 Á Ni + 10 Á Cu 
11 Á Ni40Fe60 strt: 0.4 rnrn 17 Á Ni40Fe60 + 25 Á Au 

Ilc Cu(l10) 25 Á Co (Co) 0-35 Á (Co) 25 Á Co 
6 Á Ni sip: 3.5 Á/rnrn 6 Á Ni + 10 Á Cu 
12 Á Co5aNi50 strt: 0.4 rnrn 12 Á Co50Ni50 + 20 Á Au 

.-. . 
::J . Co Ni Fe n1 ._. 
. 

+"" 
Cl. --Q) 
~ 1 st 1 st 
~ 

Q) 
~ -50 0 50 -40 -20 0 20 40 

H (kNm) H (kAlm) 

Figure 5.3: The loops ofthe NiFe (100) sample. Co as welf as NiFe show exchange coupling, 
but the magnetic loop has a very peculiar farm 

positior:al scan was performed ".long the Cu-wedge. The exchange coupling strength was 
determined by extracting the coupling field Hf from the MOKE hysteresis loops, as was done 
in chapter four and explained in chapter two. In this way the peak position and possible shifts 
could be determined for all measured AF-peaks. 

Figure 5.4 shows typical MOKE hysteresis loops for the first and second AF-peak 
measured on sample Ila at the area corresponding to the pure Co/Cu/Co situation (right) and 
for the situation with Co50Ni50 on the interface (left). Typical loops of sample Ilb are shown 
in figure 5.3. Here, both loops are taken at the first AF-peak: One at the Co partand one at 
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Figure 5.4: The magnetic hysteresis loops of the Co5JVi50 ( 100) phase shift sample. These 
clearly show AF-coupling. 

the Ni40Fe60 part of the sample. The Co-loops of both samples show a clearly visible AF
coupling. This is also the case for the loops of CoNi although the coupling is smaller and 
rounding occurs. For MOKE-hysteresis loops of sample I, the reader is referred to chapter 4. 

To determine the exchange coupling strength and phase in sample I, twelve Cu-scans 
were carried out, each at a different Co-thickness. From these scans, the position of the 1 st 
and 2nd AF-peak as function of the Co-thickness were extracted. The results are shown in 
figure 5.5. It is apparent that at larger Co thicknesses the peak positions show a weak linear 
behaviour with Co thickness without any indications of oscillation. The absence of oscillations 
is in agreement with theory, see section 1.4, where it was calculated that the amplitude of the 
oscillations in phase are rather small. Also no linear dependenee of phase was predicted. 
Therefore it is very reasanabie to attribute this linear dependenee fully to a rnisalignment 
between the scan direction and the direction of the Cu wedge. Any phase shift of the 
exchange coupling due to composition changes will then appear as an offset in the peak 
position relative to this baseline. Clearly, a peak shift of 1.5 Á towards thicker Cu can beseen 
when the ferromagnetic layer changes from Co to Ni. The deviations from the baseline 
disappears already at a Co thickness of about 4 Á. Apparently this thickness is already 
sufficient to completely cover the Ni-layer. No Ni is present at the interface with Cu anymore. 
Befare continuing with type II samples, it should be noted that i) the peak shift is identical 
for both AF-peaks so that in principle it is sufficient to only consider one AF-peak. ii) The 
peak shift does not depend (experimentally) on the thickness of the magnetic layer adjacent 
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Figure 5.5: The position of the first and second AF-peaks on sample I, clearly showing a 
weak linear dependenee at larger Co-thicknesses. 
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to the spaeer layer. Artifacts from thickness dependent phase shifts in the type U samples can 
thus be excluded. 
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Figure 5.6: The result of the measurements on sample 1/a, showing the exchange coupling 
as a function of Cu-thickness. Notice that the vertical axis are different for the two figures. 
A phase shift can clearly be seen. 
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Figure 5.7: The exchange coupling as measured on sample llb.(Ni4r:f'e60). We note that bath 
figures have different axis. 

As no magnetic wedges are present in type II-samples, less scans are necessary to 
create the baseline. In all samples clear AF-coupling was found, although only one AF-peak 
was visible in sample Ilc, the Co/Cu( 11 0) sample. For the Co/Cu/Co situation, the samples 
Ila and Ilb showed a similar coupling behaviour as a function of the Cu thickness to that of 
sample I. Both show a short and a long period. Typically, four AF-peaks are seen, albeit the 
third one is rather small, much smaller than earlier experiments (see figure 3.1, chapter 3). 
The dependenee of the Co50Ni50 (see fig. 5.6) only shows three peaks, and the last one is 
rather broad. However, the first two peaks are as narrow as the ones of the Co/Cu scan on 
the same sample. This is taken as an indication that the short period is present upto a Cu 
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Figure 5.8: The exchange coupling strengthof sample 1/c shows a phase shift of the Ni and 
Co5JVi5c,AF-peaks when compared to Co. Notice that the .figures refer to different axis. 

thickness range containing the first two peaks. Realize that the peak width at zero amplitude 
should roughly equal the half of the period which is only 2.3 Á for the short period. Also, the 
Ni40Fe60 only shows three AF-peaks (see figure 5.7). This could suggest that only the long 
period is present, but the full width half maximum of these AF-peaks are the same as the Co
peaks, again suggesting that the short period is present. The shift of the first AF-peak relative 
to the position of Co equals +0.8 Á for the Co50Ni50 case and -0.5 Á in the Ni40Fe60 case. For 
the second AF-peak, again the same values are observed. 

In the case of sample Ilc the peak shifts of both Ni and Co50Ni50 relative to Co could 
be determined. The exchange coupling strength as a function of Cu-thickness is shown in 
figure 5.8. Only one AF-peak was found on this sample, and thus no peak shifts were 
obtained on the second peak. The results shown in figure 5.8 suggest for this growth 
orientation (110) that the phase shift of Ni occurs in the opposite direction compared to (100), 
and the peak has shifted to thinner Cu. For Co50Ni50 on the other hand again a shift towards 
thicker Cu is found. The numerical values of the phase shifts of Co50Ni50 and Ni was equal 
to + 1.0 Á and -1.7 Á, respectively. 

In table 5.2, a summary is presented of all exchange coupling strengths and phase 
shifts of all AF-peaks. A discussion of those results will be presented in the following section. 

5.5 Discussion. 
In the introduetion we mentioned that the Friedel-Anderson-Caroli theory offers a 

prediction for the phase of the oscillatory exchange coupling. The Caroli model itself is based 
on the calculation of the scattering of a plane wave on a potential well representing an 
impurity. For the exchange coupling between magnetic impurities this model yields inthefree 
electron approximation: 
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Table 5.2: The coupling strengthof the first AF-peaks from the different samples. Note the 
different strength ratio' s. One should only compare the strength within the same sample. 

sample x AF-peak lco (mJ/m2) lx (mJ/m2) lxllco peak shift 
(À) 

I Ni 1 st - 0.165 - 0.015 0.09 + 1.5 
2nd - 0.042 - 0.014 0.33 + 1.5 

Ila CosoNiso 1 st - 0.207 - 0.029 0.14 + 0.8 
2nd - 0.053 - 0.016 0.30 + 0.9 

Ilb Ni40Fe60 1 st - 0.193 - 0.090 0.45 - 0.5 
2nd - 0.066 - 0.046 0.71 - 0.5 

Ilc Co50Ni50 1 st - 0.605 - 0.04R 0.08 + 1.0 
Ni 1st - 0.605 - 0.061 0.10 - 1.7 

(5.1) 

with: 

(5.2) 

Where n/<!) is the number of spin-up (spin-down) electrans occupying the 3d bands. In eq. 
5.1 the period rtlkr and the distance R between the impurities have been replaced by the period 
A (after aliasing) and the interlayer thickness D, respectively. Also the cubic fall off has been 
replaced by a quadratic fall off. From 5.1 and 5.2 it is clear that the strength (proportional to 
sin2(~i - qrl.)) and phase (equal to 2(~î + ~!))are determined by the number of electrans in 
the 3d band. Since these are known for Fe, Ni, Co the phase shift and relative strengths for 
the different magnetic materials used in the samples can be estimated. The results of these 
calculations are shown in table 5.3. 

The values for the alloys CoNi and NiFe have been calculated using the average of 
the accupation numbers of the components. In the table d~co represents the calculated phase 
shift relative to Co. To convert these into peak shifts dt expressed in À, the oscillation period 
A needs to be known: dt = d~co * A/2rt. In the rows indicated dts and dt1, the shift are 
calculated for the case that they originate from a shift of the short and long period oscillation, 
respectively. For comparison the last two rows show again the experimentally observed shifts 
dtexp· A graphical comparison is presented in figure 5.9. In the top-figure the solid line 
represents the strength of the coupling normalized to Co as a function of the number of spin
down electrans in the 3d-band. The filled and open symbols in this plot are the relative 
strengths such as obtained from the experiments in the (100) and (110) orientation, 
respectively. Similarly, in the bottorn figure the peak shift relative to the Co-case is plotted. 
The dashed and solid line are the ( 100) peak shifts such as obtained from the Caroli model, 
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Table 5.3: Caroli phase shifts and relative strengths and experimental peak shifts. llt1 and llt 
0 0 s 

have been calculated using A1 = 9.0 A and A. = 4.6 A. (See text also). 

Fe Co Ni Co50Ni50 Ni4oFe6o 

ni 
d 5 5 5 5 5 

n.l. 
d 2.5 3.4 4.4 3.9 3.3 

n i+ n.!. 
d d 7.5 8.4 9.4 8.9 8.3 

~i- ~.j. 0.51t 0.327t 0.127t 0.221t 0.357t 

2(~i + ~.).) 37t 3.367t 3.767t 3.567t 3.37t 

sin2(~i - ~.!.) 1 0.7 0.14 0.41 0.79 

~~Co -0.367t 0 +0.47t +0.27t -0.067t 

~ts (À) -0.83 0 0.92 +0.46 -0.14 

~t, (Á) -1.62 0 1.80 +0.90 -0.27 

~texp(lOO) (À) - 0 1.5 +0.85 -0.5 

~texp(llO) (À) - 0 -1.7 +1.0 -

using the experimental values (chapter four) for the long (A, = 9.0 À) and short period (As 
= 4.6 À). The equivalent line for the (110) orientation with slightly higher slope (A= 12.5 À 
[52]) was omitted for clarity. Consictering the phase shifts, the trend that the AF-peaks should 
shift to larger Cu thicknesses with increasing number of spin-down electrans in the 3d-band 
is also observed in the experiment. An exception is formed by Ni/Cu(110), which shows a 
shift in opposite direction, i.e. to thinner Cu. For quantitative comparison of the ( 100) phase 
shifts it is not clear at present whether these originate from a shift of the short or the long 
period of oscillation, or some combination. Also, it should be remarked that the Caroli theory 
is a free electron approximation. As was suggested by Coehoorn et al. [62], Bruno's approach 
( 11] when applied to 3d-magnetic layers, yields that not the total number of 3d-electrons 
(impurity case) is determining the phase but the number of d-electrons locallyin the ku-plane 
at the extremal spanning vector. This remark also holds for the strength of the exchange 
coupling and might account for the differences between the Caroli model and the 
experimental results in figure 5.9 (top). An additional point that should be remarked is that 
for the pure Ni/Cu/Ni case it is well known that the Ni layer in contact with Cu exhibits a 
considerably lower magnetic moment compared to bulk. To conclude the discussion we draw 
the attention to the Ni/Cu(110) case. Ni/Cu(l10) seems to be a special case. Not only the 
coupling strength for Ni/Cu(110) is larger than for Co50Ni5ofCu( 110), i.e. opposite to the 
trend predicted by the Caroli model but this also holds for the phase where the difference is 
even more drastic. Explanations for this peculiar behaviour are lacking. Possibly this might 
be a result of the free electron approximation already mentioned. Particular for the (110) 
orientation complications might be expected since the oscillation period originates in that case 
from an extremal vector spanning the neck of the Cu Fermi-surface (see q3 in figure 3.1) i.e. 
a part of the Fermi surface that is not free electron like. 
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Figure 5.9: (Top) coupling strengths normalized to Co and (bottom) peak shifts relative to 
Co bath as a function of the number of spin-down electrans in the 3d-band. Lines: Carali
madel symbols: experimental data. 

techniques introduced in section 5.2 enabled us to determine the phase of the exchange 
coupling with fairly high accuracy (10%). We also showed, in case of sample I, that the phase 
of the exchange coupling is mostly an interface effect. It did notdepend on the thickness of 
the Co-layer. The Friedel-Anderson-Caroli model provides a trend for the phase as well as 
the strength of the coupling as a function of the number of spin-down electrans in the 3d 
band. For the (100) orientation this trend agrees qualitatively with the experimental 
observations. However it is unclear which of the periods, the long or the short one (or both) 
is responsible for the phase shift. This problem does not exists for the (110) orientation since 
here only one asciilation period is observed, see also chapter 3. However in that case even 
the trends do not agree. Thus it is clear that the Caroli model cannot account for the peculiar 
experimental observations. Wethink that the experiments presented hereprovide a crucial test 
for future theories. Several features including the composition and orientational dependenee 
of phase and strength should be accounted for simultaneously. 

- 61 -



CHAPTER 6 
OUTLOOK AND RECOMMENDATION 

Considerable progress was made in the field of the interlayer exchange coupling this 
year. New theoretica! insight, like Stiles 's and Bruno 's theories (see chapter one and 
[ 17],[ 18],[ 19]) supplementing the existing ones were developed and these gave insight in the 
role of the magnetic layer for the strength of the exchange coupling. Bruno's theory supplied 
the key to understand the complicated magnetic layer thickness experiment discussed in 
chapter four. Contrary to earlier theoretica! expectations, the magnetic layer does play an 
important role for the interlayer exchange coupling. 

Although the Bruno model has the potential to explain the phase shift too, a 
completely different theoretica! approach, viz the Caroli theory, is still necessary to 
qualitatively explain the phase of the interlayer exchange coupling. And this theory can not 
account for all the phase shifts observed in chapter five. The most important challenge to 
theory in near future is the unification of this phase-theory with the Bruno model that was 
introduced in chapter one, eventually leading in a theory which can explain all features of the 
exchange coupling: period, strength and phase. Key to this theory is the ability to determine 
accurately and self-consistently the reflection amplitude of an electron on a realistic 
magnetic/nonmagnetic interface potential. 

Experimentally, oscillations in exchange coupling strength (chapter four) and accurate 
phase-shifts (chapter five) were demonstrated. Consictering the magnetic layer thickness 
dependence, the experiments in chapter four must be regarded as the pioneering ones of many 
new experiments. Already, a lot needs to be done to determine just the asciilation periods of 
different magnetic materials. Still many questions are open: does every magnetic material 
show oscillatory behaviour? Does the period depend on the growth orientation? Does the 
phase of the coupling oscillate as a function of magnetic layer thickness, as predicted in 
chapter one? Can the exchange coupling strength be enhanced by using specially designed 
magnetic layers composed of a multilayer of magnetic materials? Appendix C contains 
experimental data and suggestions concerning these experiments. Another possibility to 
enhance exchange coupling strength is the use of semiconductors or insuiators on the back 
of each magnetic layer. These semiconducting layers form impenetrable walls for the electrans 
and enhances the magnetic layer thickness effects, i.e. the amplitude of the asciilation as well 
in the strength as in the phase of the exchange coupling. This situation resembles the system 
used for the calculations of Barnas [54]. Even better results can be expected by using oxides 
like ferrites as magnetic layers, as these are metallic for one spin direction and insulating for 
the other (half metallic ferromagnet). 

Concerning the phase, the reversal of the phase shift sign camparing Ni with Co50Ni50 

in the ( 11 0) direction urges to more experiments of the phase shift in this growth orientation 
to explain whether this is caused by a phase shift which is larger than 7t, resulting in a sign 
reversal, or if the phase shift of a certain CoNi alloy is really 0 compared to Co. Clearly, 
phase-theory first needs to catch up here. 

An aspect of the interlayer exchange coupling completely neglected at the Philips 
Research Labaratory is the biquadratic component of the coupling (see page 7 and [64]). This 
component may be partly caused by roughness [65], but also an intrinsic biquadratic coupling 
may exist [18],[19]. A difficulty may bethefact that the intrinsic biquadratic coupling is very 
small in the Co/Cu case [18]. Possibilities might lay in Sloncewski's suggested loose spin 
experiment [65]. 
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Recently, the existence of exchange coupling across a semiconductor layer has been 
theoretically predicted. This should show a completely different form compared to the one 
through a metallic layer. An example of is new phenomenon of a the positive temperature 
dependent exchange coupling. Normally, exchange coupling decreases with increasing 
temperature, caused by the blurring of the Fermi surface. In the case of positive temperature 
dependent exchange coupling, at low temperatures the conduction band is empty: no electrans 
are present to carry the exchange coupling. At increasing temperatures, more and more 
electrans are excitated to the conduction band, resulting in an increasing exchange coupling 
with increasing temperature. Experimental evidence is still scarce, and possibilities for the 
future are here. 

Consictering the measuring techniques, the MOKE-apparatus has been automated 
further this year, leading to round the clock Full Automatic Kerr Measurements All Night 
(FAKMAN). We are now fully equipped to characterize automatically triple wedge samples, 
using the scan techniques in appendix B, and the scanmaker program. Furthermore, reliability 
has increased during last year, greatly improving reliability of the MOKE-apparatus. This way 
the effort necessary to completely characterize a triple-wedge sample has reduced 
considerably. 95% accupation time is now achievable. It is recommended to put more 
emphasis on the extraction of the oscillation period. Some work has been done using Fourier 
analysis, but due to the nature of the measured exchange coupling pattem (i.e. only Anti
Ferromagnetic coupling) the accurate extraction of phase, strength and period is still hard to 
obtain. Also, one should develop more accurate methods to determine the exchange coupling 
strength from the magnetization loops. Now, only ten measuring points out of typically 120 
are used, and no additional information is yielded from the other datapoints. Finally, it should 
be mentioned that the ±8000 loops measured during our work still contain a lot of information 
not used in present thesis. For instance, does the spin polarization in the non-magnetic layer 
cause a change in Kerr ellipticity of the saturation? And is this change oscillatory? Is it 
possible to assess the occurrence and strength of the exchange coupling by using this quantity 
and might it supply information about the ferromagnetic regime, which can not be measured 
using present techniques? The work on the exchange coupling is not finished with this report. 
As now might be clear, the answers supplied in this thesis arise many more new questions 
and urge to much additional work in near future. 
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Appendix A: Reflection on a multilayer. 

Within the theoretica! description of the interlayer exchange coupling, the reflection 
of electron waves on a multilayer of matenals plays a very important role as already 
mentioned in chapter one. Vanation in total reflection caused by constructive or destructive 
interference of reflections at different interfaces in the same magnetic layer are responsible 
for exchange coupling variations observed as function of magnetic thickness. To calculate the 
reflection on such a multilayer within the free electron approximation is analogous with 
calculations concerning light propagation in optica! thin layers. 

1 Al ~ 1\. ~ T 
_ .. .. .. .. _.. _.. 
.... ~ ... 

..... ~ R Bt .... B2 .... .... .... Bn 
... ~ ... 

E 

0 Xn-t ~-1 

Figure A.l: Schematic representation of a multilayer to define (a) right travelling (An ,T) and 
left travelling (Bn, R) wave amplitudes and (b) layer thicknesses (dn) and potential Vn. 

In figure A.l a schematic representation of a multilayer is shown, with all kinds of matenals 
each with its own thickness dn and potential vn. The position of the interfaces is denoted by 
X

0
• To derive the total reflection amplitude R of a plane wave for this multilayer, the 

schrödinger equation needs to be solved. If the incident amplitude is chosen unity, it is easy 
to show that the most general solution in the region x < 0 (V

0 
= 0) is given by: 

( ) 
•ik x R -ik x 'l'o x = e ' + e ' (A.l) 

The energy E of an incident electrons depends on the electron wavenumber ko and equal: 
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E = (A.2) 
2m 

e 

Here, ko is the incident wave vector, h is Dirac's constant, and me is the electron mass. 
Similarly for the nth layer we can write: 

(A.3) 

and for the region on the back side of the multilayer, x > xN, only a transmitted wave exists, 
and its wave function equals: 

k 
'l'r(x) = Te' ,.x (A.4) 

The wavenumber kn of a specific layer depends bath on the potential Vn of this layer and on 
the incident electron wavenumber ko and equals: 

(A.5) 

if E > V0 , and: 

k =i f2m,v - k 2 

n V 11, n o 

(A.6) 

if E < V
0

• At each interface the wave-function and its derivative should be continuous. These 
conditions result in the next equations: 

(A.7) 
.k A ik x .k B -ik x .k A ik x .k B -ik x l e n n - l e n n = l e .. , n - l e •" n 

n n n n n+l n+l n+l n+l 

for the interface between de nth and the (n+l r layer and 

(A.8) 

for the last interface. This set of 2N equations can be solved exactly with matrix techniques. 
Since the only purpose is the deterrnination of the total reflection R (defined in (A.l), it 
appears convenient to use another approach. lf we multiply in equation (A.7) the upper one 
by kn and devide the lower one by i, and subsequently farm the sum and the difference of the 
resulting two equations, we find: 
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2k A e ik,x, =A (k k ) ik x + Bn+t(kn k ) -ik x + e ,. .. , ... _ e " .. 1 .. 

n n n+l n n+l n+l 

2k Be -ik,x, 
=A (k k ) ik x + B n+t(kn 

k ) -ik x - e •• , . + e •• , . 
n n n+l n n+l n+l 

for the interface between layer n and layer n+ 1, and similarly 

2k~tl! ik,r. = T(kN + kr)e ik,-t. 

2k~ ti! -ik,r. = T(kN - kr)e ik,-t. 

(A.9) 

(A.IO) 

for the last interface. The reflection amplitude 9\n on a given interface is defined as the ratio 
of BN and AN corrected with a phase factor: 

ro B n -2ik x 
.J\n = _e 

An 
(A.ll) 

The reflection amplitude 9\N of back interface can be calculated easily from equation (A.lO) 
by dividing both equations and is equal to: 

9\N = B Ne -2ik,r. = _k_N_-_k_r = r 
A k k 

N,T 
N N + T 

Here, we have used the reflection amplitude on a step rn,n+t• which equals: 

kn - kn+l 
r = n,n+l _k_+_k_ 

n n+l 

(A.l2) 

(A.l3) 

The reflection 9\n on the nth interface can be found in a similar way from (A.9), By dividing 
the two equations: 

B (kn k )A e ik.~x. + (kn k )B -ik x 
-2ik x 

+ e •. , . 
9\ = _ne = 

n+l n+l n+l n+l 
n A (kn k )A ik x + (kn k )B -ik x + e .~. - e •• , , 

n n+l n+l n+l n+l 

(A.l4) 

This equation can be further simplified by dividing the numerator and denominator by 

An (kn + kn+t) e ik,.,x. , resulting: 

8 -2ik x 
r + ,., " •• , " 

B n,n+l -c-m n -2ik x A,., 
.J\n = -e = --------"---

A B ~k x I+r ~e ,.,, 
n n,n+lA .. , 

(A.l5) 

We can rewrite (A.l5) by using dn+t = xn+t - X0 and by applying equation (A.lO) on the 
reflection amplitude 9\n+t on the (n+ 1 t interface. We obtain: 
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2ik d r + 9\ e "1 
"'

1 

ro n,n+l n+l 
~\n = --------2ik d 1 + r 9\ e "'1 •<~ 

n,n+l n+l 

(A.16) 

Since the reflection amplitude 9\N on the last interface is known exactly (see (A.12)), the total 
reflection R of a multilayer can be calculated from these equations by recursive substitution. 
For instance, the reflection on a single layer with thickness d1 can be calculated 
straightforward. The reflection on the last interface is given by: 

kl - kT 
9\ =r =---

l,T l,T kl + kT 

(A.17) 

Applying formula (A.16) results: 

(A.18) 

Because kT = k
0

, it is easy to see that rl.T = -r0.1• By combining (A.l7) and (A.18) we obtain: 

1 - e z;kldl 
R =rol ____ _ 

· 1 2 2ikA - r e 0,1 

(A.19) 

which is exactly the Fabrey-Perot formula used by Bruno ( equation (5) in [ 19]). 
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APPENDIX B: SCAN METHODS 

B .1 The different scan methods employed. 
In this thesis, a lot of experiments were done on triple wedge samples. These samples 

desire special scan methods due to the problems presented in chapter four. Therefore, a more 
complete description of these methods is treated here. 

B.l The multiple Cu-scan. 
The first method that has been employed was the use of multiple Cu-scans. At a 

certain Co-thickness, a scan over the Cu-wedge is performed. This is repeated for several Co 
thicknesses. The different Cu-positions where the loops are recorded are closely spaced, to 
ensure that the maximum of the exchange coupling is determined accurately. Usually, 7 or 
13 MOKE loops were measured over one AF-peak. Sample I was measured using this 
technique. This resulted in the relatively low number of measured points in the direction of 
the Co-wedge (see chapter 4 and 5). A lens was used to (manually) position the laser beam 
at the several Co thicknesses. 

B.2 The multiple Co-scan. 
This method consists of performing multiple parallel scans along the Co-wedge over 

a limited range and at certain constant Cu-thicknesses. To cover the full Co thickness range 
this is repeated at several positions along the Co wedge. From all these scans, the maximum 
coupling field at a certain Co-thickness is extracted. A lens is us~d to manually position the 
laser beam at a certain Cu-thickness. In this way, a highly accurate Co thickness dependenee 
can be measured, at the expense of a tremendous number of measurements. The second AF
peak in sample ll was measured by this technique. More than 1100 measurements were done 
to obtain the results in figure 4.8. This proved to be necessary, since the methods described 
in the following paragraph could not be used. This was due to the fact that, apart from the 
azimuth misalignment of the peak, also an unknown phase shift of the exchange coupling 
occured (see chapter 5). 

B.3 The gridscan and diagonal scan. 
It should be noted that no second (horizontal) encoder mike was available during early 

measurements. Therefore, a full automatization was not possible resulting in inefficient use 
of the set-up (no loop measurements during weekends and holidays, only 50% measuring time 
a day) and less resolution in the Co-direction. When a second, horizontal placed, encoder 
mike became available, more efficient scan methods could be used. Both gridscan and 
diagonal scan methods were developed to the benefit of a second encoder mike. The multiple 
Cu-scan/Co-scan methods explained in B.l and B.2 are both greatly hampered by the small 
number of usabie datapoints. In principle, to obtain the maximum of the exchange coupling 
only three measurements per Co-thickness are necessary. One of them is the maximum of the 
exchange coupling. Two others are needed to prove this: both closely measured near the 
maximum, both with smaller exchange coupling strength, and one with a slightly larger and 
one with a slightly smaller Cu-thickness, compared to the Cu-thickness of the maximum. 

Both gridscan and diagonal scan use this idea to measure the magnetic thickness 
dependence. First, at two (or three) considerable different Co-thicknesses, the AF-peak is 
measured by hand (earlier) or by a closely-spaced scan across the Cu-thickness around this 
peak (today). An example of such a preparative scan is shown in figure B.l. This preprarative 
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Figure B.l: the different scan methods illustrated used in this thesis. (a) multiple Cu-scan, 
(b) multiple Co scan, (c) gridscan and (d) diagonal scan. 
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Figure 8.2: An example of a preparative scan (not from sample I or 1/, but another triple 
wedge). 

scan results in two (or three) known positions on the sample, corresponding to an AF-peak. 
A linear dependenee of the position of this maximum is then assumed. 

In case of a gridscan, a fine meshed grid of measurement points is placed over the line 
connecting the points where the maxima were found in the preparative scans. The number of 
measuring points at different Cu-thicknesses with constant Co thickness is typically four or 
five. More than three is necessary, for the AF-peak position along the Coline is usually nat 
linear due to inhomogeneity effects resulting from the evaporation geometry. The spacing of 
the measuring points in bath Cu and Co Co direction is constant. The first AF-peak of sample 
II was measured this way. Only about 500 hysteresis loops needed to be recorded. 

In case of a diagonal scan, multiple scans across the Co-wedge are performed parallel 
to the assumed line of maximum exchange coupling. Contrary to a gridscan, the measuring 
grid is nat rectangular, but has an oblique rectangular shape. This methad is now in camman 
u se. 

It should be noted that relative accuracy is very high because the measuring points are 
closely spaced: typically the measuring points are 0.1 mm apart in the Co-wedge direction 
and 0.05 - 0.1 mm apart in the Cu-wedge direction. This is rougly the same size as the laser 
spot diameter and, with present wedge slopes, equal to a thickness variation of less than 0.3 
Á. Actually, only a small section of the sample is measured: the dimensions of the area 
scanned by a grid- or diagonal scan are roughly of the size of a pencil stripe. 
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APPENDIX C: NO COMMENT 

Chapter four and five do not contain all experiments done regarding the magnetic layer 
thickness dependence. We also performed experiments on other systems, which were to recent 
to include in chapter four, or whose results were largely inconclusive. The results of these 
efforts are therefore included in this appendix. 

Four samples are involved, and their geometrie properties are listed in table C.l. All 

Table C.l: The properties of the three samples involved in this appendix. 

Sample Substrate magnetic layer spaeer magnetic layer cap layers 
(bottom) layer (top) 

C.I Cu (100) Co wedge 10 - 50 Á Cu wedge Co wedge 10 - 50 Á 10 Á Cu 
0-40 Á 20 Á Au 

C.II Cu (110) Co wedge 10 - 50 Á Cu wedge Co wedge 10 - 50 Á 10 Á Cu 
0-40 Á 20 Á Au 

C.III Cu (100) 30 Á Co/ Cu wedge 5 Á Co/ 10 Á Cu 
Ni wedge 0 - 20 Á/ 0-40 Á Ni wedge 0 - 20 Ál 20 Á Au 
5 Á Co 30 Á Co 

samples were designed to investigate magnetic layer thickness dependenee of the exchange 
coupling. Sample C.I was grown to check the results found for the more complicated sample 
(chapter four). The additional Ni and Co layers are not used! Sample C.II with a (110) 
orientation was grown in order to investigate the more simple situation with one oscillation 
period only for the Cu thickness dependence. Campare the (100) orientation, the case treated 
in chapter four, where the Cu thickness dependenee displays a bi-periodic behaviour. For the 
(110) case another oscillation period with Co thickness is expected because the relevant Ferrni 
cross section of the Co Fermi surface will be different compared to (100). 

Also Sample C.III was designed to check Bruno's reflection theory. Basically, this 
type of sample is the same as the one described in chapter four, but in this case the Co 
thickness near the interface was kept constant (5 Á) and the Ni thickness was varied, i.e. the 
thickness dependenee of the coupling strength is investigated for a magnetic layer that is 
buried: not present at the interface with the spacer. Also oscillations as a function of the Ni 
thickness are expected basedon Bruno's model. Moreover, the value of the oscillation period 
serves as an additional check of the model since its magnitude is, in this case, determined by 
the Fermi surface of Ni. 

The exchange coupling of sample C.I showed five AF-peaks as a function of Cu 
thickness. Unfortunately the results of the exchange coupling as function of the Co-thickness 
were largely inconclusive. Sample C.II only showed one AF-peak. Unfortunately, a deep 
scratch was present on this position, so no reliable exchange coupling experiments could be 
performed. Two samples of type C.Ill were grown, but these did not show a clear oscillatory 
behaviour. Only weak indications of peaks at 4, 9 and 15 Á Ni at the second AF-peak. The 
absence of clear peaks might have been caused by mismatch of the wedge slopes and the fact 
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that the strength of the oscillation is determined by the roughness of six interfaces. However, 
the results show a navel, at this moment unexplained behaviour! The exchange coupling 
strength falls off monotonously as a function of Ni wedge thickness! This unexpected 
behaviour is in fact consistent with the experiments in chapter four, where the exchange 
coupling strength was much lower than expected. 

A reason for the results shown in this section might be the inequality of the wedges. 
All samples mentioned here had magnetic layer wedge parameters which differed 
considerably. The Co wedges of sample C.I were not grown in the same direction, which 
might account for the different patterns seen at the different AF-peaks. A Co thickness 
difference of 6 A between the two magnetic layers of sample C.II possibly hampered 
measurements, while sample C.II and C.llla showed a lot of macroscopie roughness (same 
Cu crystal). A3 A thickness difference existed between the two Ni-wedges of Sample C.Illb. 

The results of the experiments will be reported through the figures on the follow 
pages. As no figure captions will be supplied below each figure (the reason for the title of 
this chapter), we will list them here: 

Page C.4 and C.5: All measurements on Sample I in chapter four. The values of Co and Cu 
thickness are not corrected for misalignment. 

Page C.6: The sample used for magnetic layer thickness experiments. Sample C.I is shown. 
Sample C.II is similar, but is grown in the (110) orientation. 

Page C.7: The result of two scans over the Cu-wedge of sample C.I: One at 35 A Co (top), 
and one at 26 A Co. Five AF-peaks are clearly visible. The convention for AF-peak 
numbering in the top-figure is: 
1: 5 A Cu 2: 14 A Cu 3: 18 A Cu 4: 22 A Cu 5: 26 A Cu 

Page C.8: The result of the Co-scans over the different AF-peaks shownon page C.7 (sample 
C.I). It should be noted that t*Hf is shown. This is done to correct for the 1/tco factor. The 
behaviour shown is largely inconclusive. Fourier analysis has been performed to extract any 
period, but these yielded different results for different peaks. 

Page C.9: Some loops of the first AF-peak of sample C.l. The large strength of the exchange 
coupling completely overrules the anisotropy at low Co-thicknesses. This hampers accurate 
exchange coupling strength determination, and is partly responsible for the noisy appearance 
at low Co-thicknesses. 

Page C.lO: Some loops of the 5th AF-peak of sample C.I. The peak at 30 A Co is probably 
caused by a stain on the crystal. The same crystal was reused for sample C.Illa, which again 
resulted in a large AF-peak at same position. 

Page C.ll: The position of the maxima of the exchange coupling on sample C.I. The different 
slopes of the lines for the frrst, second, fourth and fifth AF-peak suggest a change in period 
as a function of Co-thickness! The change in exchange coupling period can be explained very 
well using figure 2.4 (page 21) and is a result of the inhomogeneity in the Cu deposition 
process. The Co wedge is grown from right (thin Co) to left (thick Co). In this figure, the 
peak position of the first peak is considered constant. 
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Page C.l2: seven loops on the first AF-peak at different Cu-thicknesses on sample II. A is 
measured on the scratch position. The scratch has its influence on the shape of the loop as 
can be seen from this figure. The change in (calculated) thickness is simply to small to 
account for the change in loop shape. 

Page C.13: The sample configuration of Sample C.Illa and C.IIIb 

Page C.l4, C.15 and C.16: The loops of a preparative scan (see appendix B) on sample 
C.IIIb. From A to C the Ni thickness increases. The Cu thickness increases with increasing 
loop number. 

Page C.17: a scan over the Cu wedge on sample C.lllb. Three peaks are visible and the short 
period seems to be missing. 

Page C.18: the exchange coupling as a function of Ni-thickness on sample Illb ( 1 st and 2nd 
AF-peak, top) and the position of these two peaks (bottom). All values are uncorrected for 
misalignment. 
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