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Abstract 

The structure and interlayer exchange coupling in :MBE grown Fe/Si/Fe multilayers 
were investigated using the Magneto-Optical Kerr Effect (MOKE) and LEED. It was 
found that the amorphous Si layer became crystalline when the upper Fe layer was 
deposited. It was also discovered that the crystalline spaeer was Fe0.5Sio.s and this has 
been confrrmed by reinterpretation of literature data. Benchmarking shows that the use 
of sulphur as a surfactant improves the structure. Epitaxial growth was sustained up to 
a spaeer thickness of 20 A without and up to 30 A with surfactant. Less pinholes were 
found in the latter case. Also the interlayer exchange coupling between two Fe layers 
was stronger. It decays exponentially as a function of the spaeer thickness. This is in 
accordanee with theoriesof Shi and Bruno. The decay length was 3.5 A. A theoretica! 
value of 2.1 A has been obtained by combiDing the coupling theories of Shi and Bruno 
and ASW band structure calculations. Superimposed on the decay, possible oscillations 
were found. The 'oscillation period' was 6. 7 A, which is in reasonable agreement with 
the theory. 

The variabie temperature MOKE set-up, which is nearing its completion, is 
presented, with the latest test results. It will be used for further investigations of 
Fe/Si(FeSi)/Fe multilayer systems. 



Preface 

Long term cooperation between the educational system and industry is becoming more 
common. One of the frrst of the Physics Department of the Eindhoven University of 
Technology was started in 1984. The cooperation between the Solid State Division and 
Philips Research Laboratorles in a broad area of magnetic aspects ( cooperative 
phenomena) has been beneficia! for all parties. Students are given a chance to gain 
experience making a contribution to the work of academie and company research. The 
invested effort will pay off a second time when the students, after their graduation, are 
workingin the industry, in business, fora university or elsewhere. 

Cooperation also brings together the resources of two organisations. These are 
both material and immaterial. The yield for both is larger ü the joint effort can profit 
from the different strengtbs of each. This synergy is achieved by the combined use of 
talent, knowledge, enthusiasm, equipment and experience. 

This master thesis is part of the yield of the cooperation. It reports of work done 
on multilayers and the reconstruction of a set-up. The work was not only a product of 
one graduate student, but also of a PhD student, scientific personnel, craftsmen, 
computer experts, and Philips staff. It was really a cooperation. 



Technology Assessment 

Multilayers can be very sensitive to magnetic fields. Therefore, the future of multilayer 
technology lies mostly in the area of magnetic data storage systems. Applications can 
be found both in the consumer market and the industrial market (business-to-business 
and (semi-) government contracts). 

Already, multilayers are found in products which can be purchased in the store. 
After a relatively calm period, sales of products related to the Digital Compact Cassette 
(DCC), which uses multilayers for information readout, are increasing. Consumer are 
learning to appreciate the advantages of digital recordings of which the perfect CD 
sound quality over a long period of time is the most important. Multilayers can also be 
used to satisfy the increasing demand for more storage capacity in computer hard disks. 
Five years ago, standard PC's were equipped with 40 Mbyte hard disks. Now, this 
tigure has risen to 1.2 Gbyte, a 30 fold increase, whereas the average computer clock 
frequency only increased from 10 MHz to 150 MHz (15 fold increase). The future 
Digital VCR can also be equipped with multilayers. 

Busmesses are also requiring more storage capacity for their servers and tape 
streamers. They are digitizing existing information and new information is preferably 
stored directly digitally. The megatrend called internet, of which the number of users 
annually doubles, also demands much more storage capacity. The internet can provide 
its users with information, entertainment, (commercial) services, communication and 
much more. Currently in development is digital television, which requires a smaller 
bandwidth and therefore allows more TV channels. TV programs, after recording, are 
digitally stored, processed and edited before they are broadcasted. 

Magnetic storage systems are becoming more important. Rival systems lack 
speed (optical systems still have a large access time), or are very expensive for large 
quantities ofinformation (statie RAM). With multilayers magnetic systems have still the 
possibility to increase capacity and speed, and have a prominent place in the future. 
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Chapter 1 Introduetion 

A common viewpoint in our contemporary society is that we live in an information 
age. This can be seen as a period where information is regarded so highly, that it is 
a widespread opinion that impravement of the quality of life is best done by acquir
ing, combining, processing and passing on information to optimize an increasing 
number of aspects of our daily lives. This attitude towards information has already 
had implications for all of us. It has created new multinational companies, new lines 
of work and changed the way we work and live. It has helped to educate, enlighten 
and empower people. 

Two aspects are very important: mobility and accessibility. Today, informa
tion is very mobile, because of global information networks, like the Internet. These 
networks are increasingly benefitting from the most modem systems for telecommu
nication, such as optical fibre cables, communication satellites and modems. 
Accessibility is related to the way how information can be reached and how it is 
structured. This aspect is clearly different for information in a book in a library 
across the globe, or information stored digitally on an Internet server. The attitude 
of people towards information demands more mobility and more accessibility. The 
most effective way to realise this is to cast information in a digitalized form. 
According to Bill Gates1 digitalizing information is a megatrend of the (increasingly 
dominating) computer industry. This megatrend can be broken up into two (sub) 
trends which increase the amount of digital information: all new information only 
exists digitally and existing information is converted into a digital form. Two 
examples of the frrst trend are the Boeing 777 which was designed, developed and 
manufactured completely by computer (and without one piece of paper) and the 
digital hospita!, where all patient records, including MRI and Roentgen CT -scans are 
kept on servers. An example of the second trend is an encyclopedia on CD ROM. 
The consequence is that there is a strong growth in demand for storage capacity, 
coming from companies, institutions and consumers on the market. There really is a 
business opportunity for successfully marketing high capacity data storage systems 
as in dustrial and consumer products. 

On the supply side a distinction can be made between magnetic, magneto
optical and optical data storage systems. Historically, it was frrst possible to use 
magnetic systems (tape, hard disks) to read and record data, foliowed by read only 
optical media (Compact Disc, Laser Disc) and later by magneto-optical systems, 
which also are (re-) writable using a laser and a magnetic coil. At the moment, 
much research is done to develop a magneto-optical system which can read and write 
data using only a laser. The most important technological aspects of these types of 
system are explained in the following part. 

In magnetic recording, two orientations of the magnetic momentsin magnetic 
domains are regarded as the basic unit of digital information, a bit. Currently, thin 
fllms of magnetic materials deposited on tape or disk are used and the magnetic 
moments lie in the plane of the fllm. The information is read using a small magnetic 
coil, which measures the flux change of (moving) domains, or via Anisotropic 

Founder, majority shareholder and chief executive officer of 
Microsoft Corp. 
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Chapter 1 

Magneto Resistance (AMR), a change of the resistance of the material depending on 
the applied magnetic field. Higher information densities in magnetic media can be 
obtained using multilayer films. These are ftlms of magnetic and non-magnetic 
layers, which allow the magnetic moments to be perpendicular to the plane, with 
directions up or down. This contiguration of the magnetic moments allow much 
smaller and more stabie domains, leading to new types of high capacity magnetic 
storage media. Another phenomenon displayed by specific multilayers is Giant 
Magneto Resistance (GMR), which can be applied in extremely sensitive magnetic 
field sensors needed to detect smaller domains. 

Optica! storage systems have the advantage of avoiding contact with the 
information carrying part of the medium. A bit is stored in the form of a pit ( or the 
absence of one) protected by a transparent coating and is detected as an intensity 
varlation in a reflected laser beam. At the moment, it is possible to write data to a 
blank CD once and readingit many times (WORM CD I CD-R). 

Hybrid magneto-optical media combine the rewritebility of magnetic 
materials with the advantage of no contact between medium and the systems sensors. 
Reading makes use of the Magneto-Optical Kerr Effect (MOKE), which is the 
rotation of polarised light upon reileetion on a magnetised surface. The Kerr effect 
is specifically large for the multilayers described earlier. Writing is still done using a 
coil to influence the local magnetisation of the medium, which is possible when the 
laser is used to heat the medium. Research is now challenged to develop exclusively 
optica! information carriers, which can be rewritten many times (i.e. for the future 
Digital Video Disk). A possible new optica! system makes u se of the phase-change 
mechanism: different heating intensities by a high-power laser changes the state from 
crystalline to amorphous or vice versa. Sites with the two states have a different 
reflectivity, and are read using the same laser (and a detector). Another way to 
influence the local state using only light makes use of the interaction that exists in 
multilayer between two magnetic layers, but are separated by a non-magnetic spaeer 
layer. This is the interlayer exchange coupling, which is governed by electrons in 
the non-magnetic spaeer layer. A new feature is to use semiconducting materials for 
the spaeer layer. The light can influence the number of electrons in semiconducting 
material and therefore it is logica! to assume that light can influence the coupling in 
multilayers with a semiconducting spaeer layer. For metallic layers the coupling 
decreases as the temperature increases, however, it has been predicted for insulating 
spacers and possibly semiconductors that it may become stronger. Another advantage 
of semiconducting layers exists for GMR magnetic field sensors. The GMR is larger 
if the current flows perpendicularly through the multilayer (compared to in-plane), 
but the resistance in that direction is smaller. The use of semiconducting layers 
enlarges the resistance so that perpendicular GMR sensors become feasible. 

The foundation of all applications which have been mentioned bere are 
structural investigations of the solid state physics of elements, alloys and amorphous 
materials. The strategie importance of scientific research in the area of multilayers 
can be explained in a twofold way. First, the new artificial structures can be 
regarded as a new type of material exhibiting new physical phenomena, some of 
which maybe have still not even been discovered. These bidden properties may lead 
to new technologies and new applications. Second, the research done on multilayers 
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Introduetion 

can be seen as part of the technological trend to make devices smaller, which is 
called nanotechnology. The dimensions of artificial structures are already so small 
that nanotechnology can be placed on the boundary of solid state, molecular and 
quanturn physics. Sharing the benefits of these sciences with mankind is an ideal, to 
which the scientists may contribute. 

Both the gain of scientific know ledge and the prospect of applications are 
motivations to perform experiments on the interlayer exchange coupling of Fe/Si/Fe 
multilayers. Theory for understanding these systems is described in Chapter 2 
'Interlayer Exchange Coupling Theory' in multilayers, which explains the essential 
physical mechanism. Experimental results are presented in Chapter 4 'Coupling in 
Fe/Si multilayers ' and discussed with respect to the theory and literature. This will 
be foliowed by Chapter 5 'Conclusions, Recommandations and Outlook'. Part of the 
work has also been the development of a MOKE set-up, with the capability to 
control the temperature, which will be used to study the temperature dependenee of 
the coupling of magnetic multilayers. This is detailed in Chapter 3 'Experimental 
techniques'. 
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Chapter 2 Interlayer Exchange Coupling Theory 

The phenomenon of interlayer exchange coupling in multilayers was discovered in 
1986, by Grunberg et al. [GRUl]. They found that the magnetisations in the two iron 
layers of a Fe/Cr/Fe system have an antiparallel orientation. Parkin et al. [PARl] 
showed that this orientation could be antiparallel or parallel: it oscillates as a function 
of tbe non-magnetic spaeer thickness. In other words: at certain spaeer thicknesses, the 
total energy of the multilayer (part of which is magnetic) is lower in the antiparallel 
state than in the parallel state and at other thicknesses the other way around. This is 
called interlayer exchange coupling and the energy difference between the two statesis 
named coupling energy. And the coupling energy is a measure for the coupling 
strength. 

Many different approaches to explain interlayer exchange coupling resulted in 
several types of theories. To mention the most important categoties of theories among 
many others, one can discem the free electron model [BARl], the single band tight 
binding model [EDWl], theories derived from the Anderson (or sd-mixing) model 
[WANl,BRUl] and roodels in which the RKKY interaction is held responsible for the 
coupling [Y AFl, CO El]. 

However, the many theories mentioned above were not able to account for all 
physical aspects. The untransparency caused by the abundance of theories was clari:fied 
by Bruno, who's theory bas introduced the new conceptsof complex Fermi surface and 
imaginary Fermi veetors and quanturn interference. The theory of Bruno unifles the 
theories mentioned above and treats systems with metallic and insulating spacers also 
in a uni:fied way. Shi et al. have attempted to explain the temperature dependenee of 
the coupling in Fe/Si/Fe multilayers, using a different approach [Sllll, SHI2]. 

First, it is necessary to introduce magnetic multilayers and the principle of 
coupling. This has been done in section 2.1 together with an explanation of important 
defmitions. Section 2.2 contains the theory of Bruno on interlayer exchange coupling 
and the corresponding physical interpretation. Special attention is placed at the thickness 
dependenee of the spaeer layer (2.2.2), magnetic layer (2.2.5) and temperature 
dependenee of coupling (2.2.6). This is foliowed by section 2.3 explaining coupling 
theory on Fe/Si/Fe multilayers by Shi and the temperature dependenee for that specific 
case. This chapter is closed by a summary (2.4). 

5 



Chapter 2 

2.1 Coupling in Magnetic Multilayers 

2.1.1 Multilayers 

A fairly new and exciting subject in solid state physics that receives attention is the area 
of multilayers. Multilayers are artificial structures of stacked thin layers, each of which 
consistsof only a few or just one atomie layer (AL) and have a very high purity. The 
most simple multilayers consist of two materials arranged altemately inlayers of certain 
thicknesses, as can be seen in tigure 2.1. If the materials used are metals they are 
known as metallic multilayers. The work described bere reports on samples of which 
one material is a magnetic metal and which are called magnetic multilayers. Of course 
much more multilayers can be thought of, consisting of more different materials. Layers 
of a few or just one atomie layer (ALs) have thicknesses that are only a couple of 
Angstroms. Hence, the state of the materials is far from bulk and because the 
periodicity of the layers there arises a new kind of material, with new and different 
material properties. Also, sharp interfaces between layers can result in good electron 
reflection coefficients for interlayer exchange coupling. As mentioned in the 
introduetion two of these new properties in magnetic multilayers which are interesting 
and meaningful are coupling and Giant Magneto Resistance. GMR is the phenomenon 
that the resistance depends on the alignment of the moments of the successive magnetic 
layers, which may be influenced by a magnetic field. 

Artificial structures like multilayers have been made possible thanks to new 
deposition techniques, like Molecular Beam Epitaxy (MBE). This technique can even 
be used to deposit thin layers consisting of just one atomie layer, with a very high 
purity. With MBE, it is also possible to grow wedge shape layers. It is even possible 
to grow a sample having wedges in two perpendicular directions. This is very useful 
for multilayer investigations: only one multilayer sample is needed to investigate the 
thickness dependenee of e.g. the coupling on one or two layers, insteadof a multitude, 
providing that measurements can be done very locally. 

Figure 2.1 A multilayer consisring oftwo materials. The width and length ofmultilayer 
samples are usually afew millimetres (e.g. 8 by 12), while the thickness is only in the 
order of Angstroms ar nanometres. 
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lnterlayer Exclumge Coupling Theory 

2.1.2 Coupling in multilayers 

In a magnetic multilayer, consisting of two magnetic layers, separated by a non
magnetic spaeer layer, the two magnetic layers each have a magnetisation, which for 
this theoretical case is considered to be uniform. Each layer is regarded as a single 
domaio and bas a single magnetisation vector. This vector represents the magnetisation: 
the magnitude is constant but its orientation is allowed to rotate. In the cases treated in 
this report, the magnetisation veetors and the extemal field lie in the plane of the 
layers. The situation is shown in tigure 2.2. The magnetic momentsinteract with each 
other. The relative orientation of the two magnetisations is partially given by the 
minimum of the coupling energy, which depends on the angle fJ, with () the angle 
between the magnetisations. Different angular dependencies are used to distinguish 
different types of coupling. An expansion of the coupling energy EAB per unit area, e.g. 
Brono's expression (2.28), in powersof cos(fJ) can be made, writing: 

(2.1), 

where J0 is the non-magnetic coupling constant, J1 is the Heisenberg coupling constant 
or bilinear exchange coupling constant and J2 is the biquadratic exchange coupling 
constant. From equation (2.1) it can be seen that the J0 term does not depend on the 
angle (), the bilinear coupling is uni-directional (cos ()) and the biquadratic coupling is 
bi-directional (cos2fJ). The word bilinearcomes from the fact that its coupling term is 
the innerproduct of the two magnetisation veetors M1 and M2: 

Mt. Mz 
EJ = -J1 = -J1 cos (61 - 62) (2.2). 

Ml M2 

Here, 01 and ()2 are the angles between the applied field and the magnetisation veetors 
M1 and M2 respectively. J1 can be calculated using the theory of Bruno (see equation 
(2.33)). The biquadratic coupling term contains the square of the innerproduct of the 
magnetisation vectors. 

In the remainder of this report the bilinear exchange coupling constant J 1 is 
meant, whenever coupling constant or J is mentioned. If J > 0, the layers have a parallel 
orientation and the coupling is called ferromagnetic. If J < 0 the layers are antiparallel 
(AP) and makes the coupling antiferromagnetic (AF). 

2.1.3 Magnetisation Loops for Coupled Layers 

An extemal magnetic field applied to a multilayer will induce a torque on those 
magnetisations, which are not aligned with the field. The magnetisations not only have 
coupling energy depending on their relative orientation, but also magneta-statie energy, 
which depends on their magnitude and orientation with respect to the field. Varying the 
magnetic field between the value ~ and -Rwax (the same magnitude, opposite 
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Chopter 2 

direction) and back will influence the (coup led) magnetisations of the multilayer and the 
total net magnetisation. This is a magnetisation loop (also called M-H loop or hysteresis 
loop). Hence, M-H loops exhibit information about the coupling between magnetisations 
in multilayers. The coupling can therefore be investigated by measuring M-H loops. To 
clarify this, analytical calculations of four cases will be carried out resulting in 
theoretical M-H loops: 
* ferromagnetic coupling, zero anisotropy 
* ferromagnetic coupling, infmite cubic anisotropy 
* antiferromagnetic coupling, zero anisotropy 
* antiferromagnetic coupling, infmite cubic anisotropy 
Magnetic anisotropy is an energy contribution which depends on the orientation of the 
magnetisation vector relative to the crystal axes. Minimum energy calculations are used 
to obtain the results. The procedure is simply to add up all relevant energies and then 
minimize the sum. Three energy contributions are taken into account: the coupling 
energy E,., the magneta-statie energy ~ and the anisotropy energy ~' 

(2.3). 

For the frrst contribution, the result of (2.2) can be used to calculate the coupling 
energy per unit area: 

E = -J cos (e - e ) J 1 2 (2.2a). 

Here the assumption is made that the coupling acts on the surface of a magnetic layer, 
which means that the energy has to be taken per unit area. Note that the subscript of 
J has been dropped. The magneto-static energy for the two magnetic layers is simply: 

EM = -J.L0 tHMscos(81) - J.L 0 tHM
9
cos(82) (2.4). 

H 

Figure 2.2 The magnetisations in a multilayer are usually in-plane, as is the external 
magnetic field. Two conjigurations are displayed: ferromagnetic (F) and 
antiferromagnetic (AF}. 
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lnterlayer Exclumge Coupling Theory 

Here, t is the thickness of each magnetic layer, H is the magnetic field and M, is the 
saturation magnetisation of each magnetic layer. 

Ferromagnetic coupling, zero anisotropy 

In all of the four cases, the multilayer of tigure 2.2 section 2.1.2 is taken again. In this 
frrst example the coupling is ferromagnetic, expressedas J > 0. The extemal magnetic 
field is applied parallel to the layers. The magnetisation vector is allowed to rotate 
without constraints (as will be explained later, this system is regardedas a multilayer 
without anisotropy) and is only influenced by the magnetic field and the coupling 
between the magnetic layers. Combining the coupling energy with the magneto-static 
energy yields: 

E = -J.L0tHM
8
cos(61)- j.L0 tHM

8
cos(82)- Jcos(81 - 82) (2.5), 

Solving the physical problem is minintizing the energy in equation (2.5) with 01 and 02 

as variables, which can be done by equalling the partial differentials to zero: 

This results in: 

aE = 0 
aal 

1-Lo tHM
8
sinB1 + J sin(B1- B~ = 0 

1-Lo tHM
8
sin 82 - J sin(B1- 82) = 0 

(2.6a), 

(2.6b). 

(2.7a), 

(2.7b). 

These are two coupled equations for this mathematical problem, which is solved by 
substituting: (}1 = 02 or 01 = - 02 (this can be doneon the basis of symmetry). The frrst 
substitution corresponds with ferromagnetic coupling, the second with antiferromagnetic 
coupling. In the frrst case, both layers act as if they are one, leaving only the magneto
static energy to be minimized: 

(2.8). 

Equation (2.8) gives two solutions: (} = 0 and (} = 1r. Substituting both in (2.5) and 
comparing the answers tells us that if H is positive, (} = 0 is favourable and that if H 
is negative, (} = 1r is. In other words: magnetisation veetors of ferromagnetically 
coupled layers are always aligned along the field. From the general M-H loop for 
ferromagnetic coupling, which is displayed in figure 2.3a, it can be deduced that the 
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saturation field is always zero. (The defmition of the saturation field can be found in 
section 2.1.5.) 

Ferromagnetic coupling, ïnrmite cubic anisotropy 

The next hysteresis loop is the case of antiferromagnetic coupling in a multilayer with 
an infmite cubic anisotropy. Anisotropy is the phenomenon that the energy of a 
magnetic material depends on the direction of the magnetisation with respect to the 
crystal axes; it is the ~term in equation 2.3. Directions which have a minimum energy 
are called easy axis; directions corresponding with a maximum energy are called hard 
axis. The infmite anisotropy only allows the magnetisation to be parallel along an easy 
axis. All other directions for the magnetisation have an infmite energy and are therefore 
forbidden, prohibiting free rotation of the magnetisation vector. Here, the easy axes for 
the infmite cubic anisotropy are chosen to be in-plane, along and perpendicular to the 
field. This means that 81 and 82 can only have the values of 0, ±1rl2 or 1r. In the 
previous example of M-H loops the energy did not depend on the direction of the 
magnetisation, which means that the anisotropy was zero. 

In this particular case minimum energy is reached for the magnetisations parallel 
to the field (81, 82 = 0 or-x-), justas in the case without anisotropy. For this reason, 
the M-H loop is also the same: see tigure 2.3a. 

a i b i c i 
M - M - M -- - ---

H-. H-. - H-. -- - -- - -
Figure 2.3 Hysteresis loops for a) ferromagnetic coupling, for the cases with and 
without in.finity cubic anisotropy, b) antiferromagnetic coupZing without and c) with 
in.finite cubic anisotropy. 
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Antüerromagnetic coupling, zero anisotropy 

In case of the multilayer of tigure 2.2 and antiferromagnetic coupling (J <0), 
substituting (} = 81 = - 02 reduces the coupled set of equations (2. 7a) and (2. 7b) to: 

sine = o 

~0tHM9 + 2J cos6 = 0 

(2.9a) 

(2.9b). 

Equation (2.9a) bas again the solutions (} = 0 and (} = 1r and determine that the 
magnetisation veetors are parallel. Another salution can be found if equation (2.9b) is 
rewritten as: 

cosa = (2.10). 

The eosine can be expressed as a component of the rotating magnetisation vector 
parallel to the field, M, and the saturation magnetisation: 

cos a M 
(2.11). 

Substitution of (2 .11) in (2 .1 0) yields: 

M JJ.0 tHMs 
= 

M
9 

2/ 
(2.12). 

This relationship is only valid, when M/Ms does not exceed the range from -1 to 1: the 
magnitude of the component along the field is of course limited to the magnitude of the 
magnetisation itself. These two extreme values of the range of M/Ms mark the 
saturation field H8 , obtained by substituting M/Ms = 1: 

H =- 2J 
s (2.13). 

The importallee of equation (2.13) comes from the fact that it links the saturation field, 
which is a macroscopie quantity and can be determined from experimental M-H loops, 
to the microscopie interlayer exchange coupling J (which is a result of quanturn 
interference in micro- or nanostructures, here multilayers), and will be explained in 
section 2.2. The strengthof the coupling can only be determined from M-H loops of 
multilayers, when the coupling is antiferromagnetic; in the ferromagnetic casethereis 
no such relation. The saturation field is always zero. If the extemal magnetic field 
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exceeds the range between tbe maximum value of Hs and tbe minimum of -H" tben tbe 
magnetisation will remain at its saturation value for positive fields or negative saturation 
value for negative fields. 

Hence, tbere are two solutions: tbe frrst bas a minimal energy wben tbe field 
exceeds tbe range of Hs and -H5 , and gives two plateaus. The seeond one corresponds 
witb a minimum energy within tbe range. Combining tbe three ranges results in a 
bysteresis loop, whicb is sbown in tigure 2.3b. Hs is tbe value of tbe extemal field, 
wbere tbe antiferromagnetic coupling is braken. 

Antiferromagnetic coupling, inimite cubic anisotropy 

When an infmite cubic anisotropy is added to tbe case of antiferromagnetic coupling, 
antiparallel alignment of tbe magnetisations will stay intact, until tbe energy of one 
magnetisation pointing antiparallel towards tbe field beeomes larger tban tbe coupling 
energy. In the previous example, tbe magnetisation veetors were gradually aligned 
parallel to the field and the magnetisation gradually increased until tbe saturation value. 
In case of an infmite cubic anisotropy, magnetisation veetors are only allowed to be 
tilted at discrete angles. If the abrupt rotation bas an angle of 180 degrees, it is called 
a spin-flip. As a consequence, the M-H of the layers exhibits jumps. Antiparallel 
alignment of the magnetisation veetors is favoured if the magneta-statie energy of one 
layer is less than the coupling energy. If the field is increased, the minimum energy can 
become tbe contiguration in whicb tbe layer which bas been pointing antiparallel toward 
the field, is flipped and pointing along the field. At this flip field, the total 
magnetisation of the multilayer jumps from zero (antiparallel configuration) to the 
saturation magnetisation (parallel configuration). The flip field can be found by setting 
the coupling energy equal to the difference in the magneta-statie energy between the 
antiparallel and parallel configuration: 

(2.14). 

In this case the saturation field is the flip field: 

J (2.15), 

which is exactly half of the saturation field in the case without anisotropy (equation 
2.13). The M-H loop is displayed in tigure 2.3c. From equations 2.13 and 2.15 it can 
be concluded that the coupling strength J bas to be determined from different equation 
for the cases of strong or weak anisotropy. In section 2 .1. 5, a metbod will be 
introduced that is valid in both cases. 
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2.1.4 Unequallayer thicknesses 

Until now, all magnetic layers were equal, which was just an assumption for practical 
reasons. If this constraint is dropped, the loops change for the antiferromagnetic cases. 
The difference can best be explained by comparing the new loops with those of the 
previous part. See tigure 2.4. The multilayers have two magnetic layers, which have 
different thicknesses but have the same total thickness as the multilayer with equal 
magnetic layer thicknesses; the total magnetic moment of the multilayers are the same. 
A difference of the loops is the antiferromagnetic state, where in the new case the 
magnetisations do notcancel each other: The net magnetisation is not zero, but can be 
calculated with: 

(2.16). 

Here, t1 (tz) is the thickness of the thick (thin) layer. In equation (2.16) the factor (t1 -

tz) M. is the resulting net magnetisation of both layers. The same effect can be -
established with altemating layers with equal thicknesses, but different saturation 
magnetisations, which can result when using two different magnetic materials. 

The saturation field is also different. In equation (2.15) t bas now to be replaced 
by ~' the thickness of the thinner layer. The moment of this layer is the smallest, and 
is favoured to be antiparallel to the field if H is smaller than H •. It is the hardest to 
align along the magnetic field. 

i 
M 

+---
+--- -+--

-+-- --

Figure 2.4 M-H loops ofmultilayers which have unequallayer thicknesses: they exhibit 
a non-zero antiparallel plateau and a different (higher) saturation field. 

2.1.5 Loop Characteristic Defmitions 

Hysteresis loops can be obtained using many different techniques, such as MOKE, 
vibrating sample magnetometry (VSM), SQUID, torque measurements and polarized 
neutron reflectivity measurements. To quantify the shape of a hysteresis loop obtained 
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from a measurement of a multilayer correctly some characteristic parameters are 
defined. A clear and quick analysis of a loop cao be performed, using these 
characteristic quantities. An example of such an important quantity is the saturation 
field H" which cao be used todetermine the coupling in a multilayer. The saturation 
field H. is the magnetic field which aligns all magnetisations in alllayers. Coming from 
zero field, it is the field where the magnetisation reaches it maximum. To illustrate this, 
tigure 2.5 shows the important characteristics of an idealised hysteresis (M-H) loop. 

Here, another important field, the coupling field H
1 

is defmed: the coupling 
field is the field required to obtain the average magnetisation of the ferromagnetic and 
antiferromagnetic coupling of the multilayer. The reason this quantity is defmed is that 
it is usually used as a measure for the coupling, because of two reasons. The first 
reason is that the coupling field is related to the coupling strength regardless of the 
presence of anisotropy; the only one equation necessary is: 

(2.17). 

The second reason is that difficulties occur when determining the saturation field from 
a real measurement suffering from noise. The signalof the saturated magnetisation in 
an experimental M-H loop may fluctuate mak:ing it hard to precisely pinpoint the 
saturation field H 5 • The coupling field only gives a correct indication about the coupling 
if the M-H loop is quite linear. The average magnetisation MAv for unequal layers 
determining H1 can be calculated from: 

(2.18). 

H-. 

Figure 2.5 Characteristic fields Hs, HJ, Hn and He and the remanence in an idealized 
hysteresis loop. 
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It can be easily verified that if t1 equals ~' theMAvis 50 % of or half the M,. 
The nucleation field Hn is the field where the magnetisation starts to deviate 

from the saturation value, coming from a situation of saturation. The magnetisations 
rotate away from parallel alignment with the field or domains in the layers start to 
appear (multilayers). In the latter case the magnetisation vector of the layer which is 
sum of all the domain magnetisation veetors becomes smaller. Ha is the field where the 
total magnetisation starts to drop. The nucleation field differs from the saturation field 
as a result of hysteresis. 

Another measure for hysteresis is the remanence, which is the remaining 
magnetisation in zero field as a percentage of the saturation magnetisation, coming from 
a state of saturation. A large remanence in a loop only gives a slight indication fora 
small coupling strength, because then the down going branch of the loop is usually steep 
and the saturation magnetisation can be reached with only a small field (i.e. a small HJ. 

The coercive field ~ is half the difference of the two fields, where the 
magnetisation equals zero. This is used to determine the coercivity of the 
magnetisations. 

2.2 Theory of Bruno 

Much effort bas been done over the years to explain interlayer exchange coupling, of 
which the strength can oscillate or decay as a function of the spaeer thickness. The 
many attempts resulted in many theories, which all have different approaches and 
assumptions [BARl, EDWl, WANl, BRUI, YAFl, COEl]. A key element that all 
theories have in common is the fact that they all deduct the period(s) of the oscillations 
from the Fermi surface of the spaeer material (metal, alloy or semiconductor). A very 
complete theoretica! explanation has been given by Bruno, who also made a large 
contribution to a clear physical interpretation. Because it is important to understand this 
physical picture, this is explained first. Then, the exact expression for the coupling is 
given, and an approximation for the coupling in cases of large layer thicknesses. 
Expressions are obtained for the oscillating period and the decay length, with the help 
of the new concept of the complex Fermi surface. Finally, the magnetic layer thickness 
dependenee and temperature dependenee of the coupling are brought to attention. 

2.2.1 The physical picture of the interlayer exchange coupling 

The multilayer which is considered, consists of two ferromagnetic layers FA and FB 
separated by a non-magnetic spaeer layer of thickness D. The only condition that has 
to be satisfied is that the layers have to be flat: the in-plane translational invariance has 
to be maintained. (lt bas been shown that multilayers made by MBE can come close to 
this assumption.) See tigure 2.6. 

A conduction electron, which can be represented by a Bloch wave with wave 
vector ki, is moving across the non-magnetic spacer. It experiences a different potential, 
when it encounters the interface between the spaeer and a magnetic layer. Part of the 
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M 

spaeer 

NM 

D 

M 

Figure 2.6 A schematic representation of the sandwich structure of the multilayer. 

Bloch wave will be reflected back to the spaeer layer with wave vector k,., where it 
interferes with the incoming wave. The result of the original (uniform) wave ki and the 
reflected Bloch wave k,. is an oscillating wave in the non-magnetic spacer. This 
phenomenon and its implications are explained in the following part. 

The interface is modelled as a potentlal which is mathematically expressed as 
a step function on the coordinate z=O in a three dimensional electron gas. x and y are 
in the plane of the layers. This is schematically shown tigure 2. 7. The incident wave 
is coming from the left half, which is the spaeer layer. The energy of the electron E is 
taken larger than the potential step V0 at the interface. Due to the invariance in the x 
and y direction ( condition), the problem can be treated as one dimensional in the z 
direction. The one dimensional potential is: 

V= 0, z < 0 

z ~ 0 (2.19). 
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····· Ferrni level··································· ··························································· 

Vo 

0 z-+ 

Figure 2. 7 The modelZing ofthe mulrilayer potenrial by a potenrial step at the interface. 

The one dimensional Schrodinger equation for this simple quanturn mechanica! problem 
results in a salution 1/1 given by: 

lJ1 = eik, · z: + R e -ik, · z: , z < 0, 

lJ1 = Te ik, · :z , z ~ 0 (2.20). 

The wave veetors ~ and ~in (2.20) have the same potential energy and are therefore 
replaced by k.Wave numbers k and ~ depend both on the energy of the electron. The 
dispersion relation for free electrans is: 

2 2meE 
k = -

'li2 
(2.21). 

The energy is taken positive if the spaeer is a conductor. If it is an insulator, E is 
negative, which bas important consequences for the coupling, as will be shown in 
subsections 2.2.3 and 2.2.4. The potential decreases the energy of the electron by V0, 

resulting in ~ is the wave number of the transmitted wave: 

(2.22). 

In (2.20) RandT are the amplitude of the reflected and the transmitted wave. For this 
problem the expression for R can be found using (2.21) and (2.22): 
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R= (2.21). 

The probability density wave in the spaeer layer (in this model where z < 0 or V = 
0), can be found by multiplying the solution for that region with its complex conjugate: 

(2.24), 

which can be written as: 

(2.25), 

but only if the reflection is real. Then the wave vector ~ also has to be real, which 
means that the condition E > V0 has been satisfied. This has already been assumed 
from the start. The cos(2kz) in equation (2.25) is an oscillatory term, depending on the 
z coordinate. An oscillating probability density is quite remarkable, because the 
problem only started with one uniform incident wave and a potential. The oscillating 
probability density brings about an oscillating charge electron density of which the 
oscillation period depends on the one-dimensional reciprocal wave vector k. 

After the encounter with the interface of FA a reflected wave will then pass on, 
until it meets with the interface of FB. The same process repeats itself over and over 
again, so that one can speak of multiple reflections between the magnetic layers. This 
phenomenon in multilayers is called quanturn inteiference. This results in a net standing 
wave between layers FA and FB. In fact the electron system may be described by a 
whole set of k vectors. Summing the contributions of all electrons yields a standing 
wave, which is called a charge density wave. Stiles showed by adding the contributions 
of all electrons (below the Fermi level Ep) that the period of the standing wave is the 
period of the electrons at the Fermi level. See figure 2.8. 
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Figure 2. 8 Summing the contributions of aU electrons yields in a charge density wave 
with a period that equals the period of the electrons at the Fermi suiface. 
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Figure 2.9 The different potentials for the two spin electrons, resulting in a spin 
asymmetrie landscape. 

The magnetic character of the layers FA and FB can be modelled as a difference of the 
potential for spin-up and spin-down electrons, as is schematically displayed in figure 
2.9. Based on equations (2.21-23) the difference of the potentialis then subsequently 
expressed as a difference of the reflection amplitudes for spin-up and spin-down 
electrons: R t ;é R ~. The reflection amplitude depends on whether the spin of the 
incoming electron is parallel or antiparallel to the majority-spin in the ferromagnetic 
layer. Due tothespin-asymmetrie reflection amplitude, both the reflected wave and the 
standing wave are differentforspin-up and spin-down (asymmetrie in spin). There will 
be an oscillatory spin-polarisation induced in the spacer. In other words: a charge 
density wave in combination with the spin-asymmetrie reflection amplitude brings about 
a spin density waveS, which can be represented by 
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(2.26). 

The coupling is achieved in a stationary situation: both layers are emitting and receiving 
spin density waves at the same time. Spin waves that make contact at an interface 
polarize the magnetic moments, influencing the magnetisation of the other layer. This 
is coupling between two layers. The oscillations of the standing wave of the prabability 
density corresponds with an asciilating spin density. If this is substituted in the 
oscillatory term of equation (2.25), the oscillation period is: 

1t A=-
kF 

(2.27). 

Equations (2.27) is however the result of a heuristic deduction. Proof of eq. (2.27) is 
given insection 2.2.3. 

The energy related to these interferences and also oscillating with that period, 
is the interaction between layers FA and FB. The part of this energy which depends on 
the angle () between the magnetisations of the magnetic layers is the magnetic part 
which we now can call magnetic coupling or interlayer exchange coupling. The strength 
of the coupling depends on the difference (asymmetry) of the reflection forthespin-up 
electrans and for spin-down electrans. 

Subsection Summary 

It has been shown that electrans in the spaeer of the magnetic multilayer couple the 
magnetisations of those layers. The interlayer exchange coupling is just the result of the 
wave nature of electrans and the structure of multilayers. An important feature is that 
the coupling oscillates as a function of the spaeer thickness D with a period '71"/kp. The 
strength of the coupling depends on the asymmetry of the reflection amplitudes of the 
interfaces. These willlater be substituted by spin-dependent reflection coefficients (rt, 
r~) at the interfaces. 
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2.2.2 Brono's Expression for the Coupling 

The important conclusion of the last subsection is that the interlayer exchange coupling 
is in fact that part of the energy that depends on the relative orientation of the 
magnetisation veetors in the magnetic multilayer. Bruno [BRU2] was the ftrst to give 
the exact expression for the coupling. To this extent he started with the following 
model: the zero energy is taken at the bottorn of the majority band of the ferromagnetic 
layers and the potential of the minority band is given by the exchange splitting ~. The 
thicknesses of the magnetic layers are L, and the thickness of the spaeer is D. The 
potential of the spaeer layer is now called U. If the Fermi level is higher than the 
potential (Ep > U), the model describes the case of a metallic spaeer or else when (Ep 

< U) it is an insulating spaeer. A schematic representation is given in ftgure 2.10. 

M 

L 

spaeer 

NM 

D 

M 

L 
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k 

Figure 2.10 A schematic representation of the multilayer model Bruno used for the 
denvation of the coupZing energy. The band structure is that of the free electron 
approximation. 

The system described bere is in fact the same as the one in subsection 2.2.1, with the 
additions listed above. The exact expression for the interlayer exchange coupling is per 
unit area for variabie (): 

J de j{e) 

(2.28). 

Here w+ is an infmitesimal imaginary quantity, k 11 is the component of wave vector k 
parallel to the layer planes, q~ is defmed as the difference of the wave vector in the 
positive z-direction minus the wave vector in the negative z-direction (q~ = k+ ~ - k' ~)
The defmitions of~. which is the spin-asymmetry of the reflection coefftcients, and 
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r (the spin-average) have respectively the form of 

and 

2 

- rr+rl 
r=--

2 

(2.29), 

(2.30). 

The complete denvation of expression (2.28) involves the Green's function and the t
matrix formalism and can be found in [BRU2]. A clear interpretation of the Green's 
function can be found in [BOSl]. If coupling is regarded as the energy difference 
between the parallel and antiparallel alignment of the magnetisations, the difference 
should betaken of (2.28) for e = 0 and e = 7r. 

As mentioned in subsection 2.1.3, it is possible to expand equation (2.22) in 
powersof cosO. For the sake of completeness equation (2.1) is given here again: 

EAB(B) = J0 + J1 cos(B) + J2 co~(B) + ... (2.1). 

Except for the non-magnetic coupling constant J0 which is 

+oo+iO+ 

J de f{e) 

In[ 2 - _ iq v -2 2. - 2 "rn2.e2iq.J..D] x 1- rArBe J.. +(rA- ~rA)(rB- u ") 

(2.31), 

all other coupling constants can be obtained from the following general expression: 
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J de f{t) 

(2.32). 

Important is Jh because it usually gives the largest contribution and the sign of J1 
defmes the kind of coupling: if it is positive, the coupling is ferromagnetic and if it is 
negative, the coupling is antiferromagnetic. J1 is given by: 

J de f{e) 

(2.33). 

The following term of the expansion J2, the biquadratic coupling term, is usually 
much smaller than J1, so that it is usually neglected. Only when J1 approximates zero 
and becomes of the sameorder as J2 does the biquadratic coupling become relevant. In 
this theory, the biquadratic coupling is automatically obtained as a product of the 
expansion. Like the bilinear coupling it is inherent to multilayer systems. This is in 
contrast with the theory of Slonczewski [SLOl], which holds the interface roughness 
responsible for the biquadratic coupling; it is a consequence of spatial fluctuations of 
the spaeer thickness amounting to one (or two) atomie layer(s). The origin is thought 
to be intrinsic to a multilayer sample. Until now, none of the two theories has been 
confmned nor rejected. 

In the previous subsection, preliminary conclusions were made that the coupling 
dependedon the spaeer thickness D and the spin-asymmetry (Rt - R~). In expression 
(2.28) it can be seen that D is indeed a parameter for the coupling energy. The spin
asymmetry is incorporated in equation (2.33) in .dRA and LlR8 , conf1rming the 
preliminary condusion at the end of subsectien 2.2.1. 

At T = 0 K, the integration over the energy can be simplified using 

+oo+iO + 

J def(e) ... - J d(e) ... (2.34). 
-oo+iO"'" -co+iO + 

The integration variabie E is changed to k+ .L, when the integration over the k
11 

part is 
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performed frrst. This has to be done according to the complex integration paths, which 
are different for the cases of metallic and insulating spacers. These are shown in tigure 
2 .11. Both cases can be unified in the following result: 

2Llr 2 e -zKD 
00 

(2.35). x---------------------------------
- 2 2 D 2ik-n - 2 2.2 4-n -4ik-n 1-2r e- K e r- +(r -!::.r _) e- o.ue r-

oo 00 00 

Here, the reflection coefficients are calculated for k+ .L = kp+ iK, with 

(3.36a). 

The &'""is the spin asymmetry, given by equation (2.29), for the case of semi-infmitely 
thick layers. The spin dependent reflection coefficients for infmitely thick layers are 
given by 

r 

where 

i(l) 
00 

1}k 2 
..L 

2m 

r?kr2 
..L 

2m 
r?kl2 

..L 

2m 

k - ki(l) 
J_ ..L 

k+ki(l) 
J_ ..L 

r?k 2 

=e+w·---"-u 
2m 

r?k 2 

= e + w·- __ 11 

2m 
t,2k 2 

e + w·- ___ 11 - d 
2m 

(2.37), 

(2.38a), 

(2.38b), 

(2.38c). 

Equation (2.37) can be compared with (2.23) of the example of subsection 2.2.1. 
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(a) metallic spaeer (b) insuiaring spaeer 
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Figure 2.11 The integration contours fora) a metallic spaeer and, b) an insulating 
spacer. C' is an mathematically alternative integration path to kF' 

Metallic versus insulating spaeer 

For larger spaeer thicknesses, retaining only the leading contribution in equation (2.35), 
a much simpler result can be found for the coupling 

'h2k 2 
J = F Im(ar 2 e2ikpD) 

t 41t2mD2 oo 
(2.39), 

where the sign of the coupling is determined by the argument of the .lir00
2

• Equation 
(2.39) contains a factor exp(2ikpD), which describes the oscillatory behaviour of the 
coupling. The magnitude of the envelope of the oscillation is limited by n-2

• The 
theoretical behaviour of the interlayer exchange coupling is given in tigure 2.12a. 

Up till now, the Fermi level bas been considered to be larger than the potential 
step at the interface of the magnetic layers. If the Fermi level is smaller, as is the case 
for insulating spacers, it will bring about important consequences. The Fermi vector kp 
in equation (2.36a) will then be complex: 

kF = fJ2m(U- eF) (2.36b). 

The consequence of this is that the factor exp(2ikpD) is real. The oscillation is replaced 
by a decaying exponent. The phenomenon of quanturn interterenee is no longer 
responsible for the coupling, but tunnelling is. The theoretica! behaviour of the 
interlayer exchange coupling for insulating spacers is given in tigure 2.12b. 

The different behaviour of the coupling for metallic spacers and insulating 
spacers can be treated in a unified way if Fermi veetors are allowed to be complex, 
instead of only real. The concept of Fermi surface can therefore also be extended to a 
complex Fermi surface. This will be discussed in the following part. 
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Figure 2.12 The behaviour of the coupZing in case of a) a metallic spacer, and b) an 
insulating spacer. 

2.2.3 Complex Fermi surface and complex Ferm.i vector 

Multilayers that have layer thicknesses, which approximate the atomie scale, are 
really a new type of material. The foundation of this statement is that they are capable 
of allowing other states of the electron probability density, which are quite different 
from those of bulk material. These have been possible since MBE has been used to 
create new artificial structures, which have geometrie elements (layers) that have at 
least one very small dimension. These thin layered structures allow new states for the 
Bloch waves, which are in a crystal: 

(2.40). 

Here ukn(r) is invariant under translation by a lattice vector R. In bulk crystals, the 
wave veetors have to be real in order to have an imaginary exponent. If this were not 
the case, the exponent would be real, and the Bloch wave would diverge as the 
dimensions of bulk crystal are considered to be infmite. However, for the spaeer layer 
of a multilayer this is not the case. The diverging amplitude of the wave functions is 
limited by the interfaces ofthe magnetic layer 'sandwiching' the spacer. The component 
of the wave vector perpendicular to the layer planes, k .l is allowed to be complex. In 
figure 2.13 this is shown as an exponentially decaying electron probability density 
function. Only the in-plane component of the wave vector, k 11 , has to be real. The states 
which have such a complex component k.l are called evanescent states. Complex k.l can 
be obtained if the energy of an electron is taken negative in equation (2.22). This is the 
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case ü the spaeer is an insuiator, instead of a conductor. The coupling due to the 
evanescent states decays exponentially as a function of the spaeer thickness D. This is 
in contrast with the propagating states, where the coupling oscillates as a function of 
D. This decay of the coupling is linked with the decay in the electron probability 
density, just like an oscillation of the coupling is linked with an oscillation in the 
electron probability· density. This can be seen with the help of equation (2.24); an 
imaginary k causes the exponential factors to be real. 

a d 
b 

Figure 2.13 Electron probability density junctions in a) a metallic spaeer layer, and b) 
in a insulating spaeer of a multilayer. 

In experiments reported in chapter 4, both the oscillatory and decaying coupling 
have possibly been observed being present in one multilayer system. Since both types 
of coupling contribute on an equal footing to the interlayer exchange coupling, it seems 
logica! to treat both in the same way. From RKKY theory (section 2.3), it was already 
widely accepted that extrema! spanning veetors of the Fermi surface determined the 
period of the oscillations. A beuristic deduction has been given in paragraph 2.2.1, but 
no proof. A good defmition of the extrema! spanning vector, or calliper, is the vector 
between points on Fermi surfaces and perpendicular to the film planes, that have a 
maximal or minimallength. In figure 2.14a a cross-section of the frrst Brillouin zone 
(BZ) of Cu is shown to illustrate the concept of extrema! spanning veetors with an 
example along the (001) direction. From the lengthof the extrema! vector the period 
of the oscillation can be calculated. In equation (2.33) there is an exponential factor 
determining the period: 

(2.41). 

The difference of the wave veetors in the z-direction can be rewritten as: 
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= k+ - k 
q.l. .l. .l. 

(2.42). 

The extremal spanning veetors conneet two points on the Fermi surface, where the 
perpendicular component of the wave vector, k.L has the value of kp or -kp, the Fermi 
wave vector. This means for the two termsin the right side of equation (2.42), that the 
direction has to be taken into account: 

k- = -k 
.l. F 

(2.43a), 

(2.43b) . 

This results in the exponential factor exp(2ikpD) in equation (2.40), which proves that 
the period of the oscillation of the coupling is: 

1t 
(2.44), 

and verifies the heuristically found equation (2.27). The Cu Fermi surface cross section 
in the (100)(110) plane has a characteristic shaped hole that is called a dog bone (for 
obvious reasons). This shape results in the existence of multiple callipers, in this case 
two. The long calliper corresponds with a short period of 4. 7 A, and the short one with 
11.6 A. This example is a real Fermi surface, which results in an oscillatory coupling. 
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Figure 2.14 a) Callipers in the first BZ of the real Fermi surface of Cu, b) callipers in 
the complex Fermi surface of a metal and, c) its band structure. 

An equal treatment of oscillatory and decaying coupling was proposed by Bruno. 
For this purpose, the concept of the complex Fermi surface is introduced. This is 
defmed as the variety of Etn = Ep, in the (kil, k.L) space, with k

11 
realand k.L complex. 

This is a logical extension of the conventional Fermi surface, where k = (k
11

, k.L) with 
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k .L also real, but it bas a major difference; the complex Fermi surface depends on the 
crystalline orientation of the layers, i.e. which crystal axis bas tobetaken complex. 

Complex Fenni surfaces are indeed more complicated than conventional (real) 
ones: there are real and complex sheets of the Fermi surface and the complex 
component of the wave vector k bas to be displayed in a clear way to determine the 
complex extrema! vectors. Bruno bas proposed the following convention: if k .L is real, 
the cross-section is represented by a solid line; if k.L is complex, Re(k.L) is shown as 
a short-dasbed line, and Re(k.L)±Im(k.L) by a long-dasbed line. Using this convention, 
it is easy to notice when asolid line splitsintoa short-dasbed and a long-dasbed line. 
This is important when a real sheet becomes complex. Extrema! veetors corresponding 
with coupling can then again be found by placing tagether two (or more) Brillouin 
zones. Veetors between arealsheet and a complex sheet are forbidden. Real extrema! 
spanning veetors are then represented by a solid arrow, but complex extrema! spanning 
veetors have a dasbed line. The length of such a complex vector is related to the decay 
lengthof the coupling, insteadof the oscillation periodincase of a real vector. The 
decay length is the difference of the thickness, in which the strengthof the coupling 
drops by a factor 1/e. It is given by: 

l 1 A=-=---
2kF lm(q) 

(2.45). 

Figure 2.14b represents a complex Fenni surface of a metal. The simple picture, 
as presented in subsection 2.2.2, that the position of the Fenni level with respect to the 
potentlallandscape detennines the wave vector is more complicated. The Fenni vector 
is complex if the Fenni level does not interseet with the conduction band, but lies in 
a band gap. This means that there is no real salution for the Fermi vector, but that it 
is complex. This is displayed in tigure 2.14c. Hence, both oscillating and decaying 
contributions can coexist in a metal. An insuiator has only decaying contributions. 

Coupling expression for large spaeer thickness 

U sing the expression for J 1, it is possible to calculate the coupling strength for each 
multilayer system. However, it would be more practical to perform the integrations 
over e and k

11 
for the general case in advance, yielding an expression and simplifying 

the calculation of the coupling. This can be done for the asymptotic case of large spaeer 
thicknesses. In this part considerations for fmding the thick layer expression are 
described. The complete deduction, with matrix formulation, can be found in the text, 
appendices and notes of [BRU2]. 

The starting point is the expression for the energy per unit area, equation (2.28). 
The logarithm is expanded and if only the leading term is retained, then the coupling 
constant can be obtained: 
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+oo+iO.,. 

J d(e) j{e) 

(2.46). 

The integral is done more easily when consictering that if D is large, the exponential 
factor varies very rapidly as a function of E. The relevant part of the integral is then 
found in a close range surrounding Ep, where the Fenni-Dirac function f(E) falls from 
1 to 0. The calculation of the integral overEis now carried out by evaluating all other 
variables at the Fermi-energy Ep and deve1oping the calliper which was defmed as q.l 

= k.l + - k.L- around Ep: 

(2.47), 

where v .L ±F is a combination of the complex group veloeities v .l + F and v .l-F at the 
extrema! points k.l +F and k.l-F given by 

2 1 

+ 
VJ..F 

1 
(2.48). 

The purpose of equations (2.46-48) hereis to make clear that both the extremities at the 
complex Fermi surface spanning the calliper and the complex group veloeities at those 
extremities are important. See figure 2.15. Thus, the topology of the Fermi surface is 
also of importance. 

The integration of k11 has only significant contributions in the vicinity of critica! 
veetors k 1( where q.LF is stationary (a is the index of the calliper). q.LF is expanded 
around veetors k

1
(, resulting in: 

a 
lC 

x 

(2.49). 

Here Kx"' and Ky"' are combinations of the curvature radii of the complex Fermi surface 
at (k 11 "',k+ .L "') and (k(,k .l "'). This is the origin of the influence of the topology of the 
Fermi surface. Absence of crosstermsin equation (2.49) can be achieved by choosing 
the axis intelligently. Curvature radii K/x and Ky"' of the (complex) Fermi surface may 
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also be complex, as well as stationacy veetors q.LF. The fmal result for a thick layer 
expression is: 

where 

and 

x 
F(x) =--

sinhx 

(2.50), 

(2.51), 

(2.52). 

The result of this section, equation (2.50) is relatively simple compared to equations 
(2.28) and (2.35) for the general case. It is just a sommation of contributions from the 
different callipers. The influence of the spin-asymmetry is obvious. Modi:fied forms of 
(2.39) can be used to treat aspectsof interlayer exchange coupling, such as magnetic 
layer thickness dependenee (subsection 2.2.5) and temperature dependenee (2.2.6). 

\Ji.F 

Figure 2.15 The oscillation period involves both the extrema/ points and topology ofthe 
Fermi swface. 
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2.2.4 Aliasing 

The period of the coupling can be calculated using equation (2.44), however, in 
experiments the observed period not always corresponds with the theoretica! value. This 
can be the consequence of the aliasing effect. The thickness of any layer can only be 
an integer times the monolayer period (atomie layer thickness) d. Hence, the coupling 
can only be measured at the discrete layer thicknesses n ·d. This greatly affects the layer 
thickness resolution in the experiments. The procedure to calculate the observed 
oscillation period Aob is to fold the corresponding wave vector 2kr back into the flrst BZ 
(-1r/d, 1rld) by subtracting a integer number n of reciprocallattice vectors. Aob is then 
given by: 

(2.53), 

where, n assumes an integer value in such a way that 21r/Aoo < 1rld, or Aoo > 2 d. 
Oscillations with a period less than 2d can not be observed. And more importantly, the 
measured aliased period of the oscillation is always larger than the calculated unaliased 
quantity. This is shown in ft gure 2.16, w he re the aliasing effect is demonstraled for the 
coupling in a Co/Cu/Co multilayer. 

Aliasing only affects the oscillation period, but not the decay length of the 
coupling strength as a function of layer thicknesses. The decay length can be found by 
interpolating between measurements. The theoretica! oscillation period (A) of a 
multilayer with a Cu(lOO) spaeer is 2.31 A, which is 2 · 1rl2kf. Taking into account that 
d = 1.8 A, the result of (2.45) is Aoo = 8.3 A. 

The gradual increase of the layer thicknesses, which is the case in a wedge 
sample, is no salution to the complication of aliasing. In a wedge, there are two or 
more plateaus of atoms on the interface. If the average thickness of the wedge in an 
area where there are two (or more) plateaus increases, then the thicker plateau becomes 
more common. The observed coupling in a wedge sample is therefore the weighted 
average of the coupling of two (or more) separate samples with corresponding 
thicknesses, rather than the coupling at the averaged layer thickness. 

2.2.4 Magnetic Layer Thickness Dependenee 

The theory presented in this subsection also prediets that the coupling depends on the 
magnetic layer thickness. The effect of quanturn interference is nat only limited to the 
spaeer layer. As can be seen in subsection 2.2.1. there are also transmitted waves 
present, which enter the magnetic layer. Multiple reflections of the waves over there 
contribute to the net reflection coefficient. Therefore, the coupling depends on the 
magnetic layer thickness. Constructive interference in the magnetic layer enhances the 
coupling, and destructive interference reduces it. To illustrate this with a simple 
example a multilayer is considered with a fmite magnetic layer thickness L and a 
metallic spacer. The potential of the spaeer V0 is taken to be the same as that of the 
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thickness (ML) 

Figure 2.16 The aliasing effect in a multilayer with a Cu(JOO) spaeer results in a much 
larger observed oscillation period. 

majority electrons of the ferromagnetic layer and defmed as zero. This means that for 
majority electrons the magnetic layer is transparent. This is shown in figure 2.17. 
Hence, r' = 0 and r = -.ó.r = r~ /2, with r~ the reflection coefficient for spin minority 
electrons depending on L, as can be seen by summing all contributions. This results is 
a result of multiple interferences in the ferromagnetic layer: 

2ik 1 L 
l 1-e .L 

r 1 = r -----
oo 12 2ik1 L 
1-r e .L 

00 

(2.54). 

Here, k.1 ~ is the minority spin wave vector in the magnetic layer given by eq. (2.38c) 
and r"" ~ the spin minority reflection coefficient for a semi-infmitely thick layer. The 
nature of the dependenee of r~ on L, which is oscillatory, corresponds with the 
(propagative) state of the wave vector k.1 ~. The most important states for the interlayer 
exchange coupling lay at the Fermi level. This results in an oscillatory dependenee on 
the magnetic layer thickness, which is found by performing the integrations of the 
general coupling expression (2.33), or much easier by substituting (2.54) in (2.39). This 
yields in the limit of large D and L: 

Here k~ F is the Fermi vector of the spin minority band of the magnetic layer. The 
complete deduction of (2.55) can be found in other work of Bruno [BRU3]. This 
equation makes a few important features clear. The coupling oscillates as a function of 
the magnetic layer thickness L. The oscillation period 1r/k~ F resembles the period of 
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asciilation of the spaeer thickness, but only the Fenni vector of the spin minority band 
of the magnetic layer is of importance. The amplitude of the coupling oscillations 
decays as (L+DY2

• Another important feature is that the coupling J1 does nat have to 
asciilate around zero, but can also asciilate around a positive value (ferromagnetic 
biasing) or a negative value (antiferromagnetic biasing), depending on D. 

r---------------, 
I I 

: minority spin : 
I I 

maiority spin 
I I 
I I 
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I I 
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I I 
I I 

------------------....1...---------------~---

Figure 2.17 The potenrial landscape of the magnetic multilayer system. 

In 1994, an oscillatory magnetic thickness dependenee on the coupling was 
established by Bloemen et al. [BL01] fora Co/Cu/Co(100) multilayer. Befare that, it 
was believed that the coupling is independent of the magnetic layer thickness. Now, the 
quanturn interterenee picture reveals the mechanism bebind the dependenee on the 
magnetic layer thickness. 

Within the quanturn interterenee picture, it is very understandable that the 
coupling is affected by any layer. In this respect it is interesting to note that an 
asciilating coupling behaviour depending on the cap layer1 thickness was frrst 
confrrmed by De Vries et al. [VRI1]. 

2.2.5 Temperature dependenee 

From the general coupling expression (2.33) a relatively simple expression for the J1 

for fmite temperatures can be obtained. This is done by integrating over k 11 and 
expanding the rapidly expanding factor exp(2ik.l +o) near the Fermi level Ep. Then, the 
integration over the energy E .L yields 

2rckBTDmfn2kF 
Jl(7) = Jl(O)-------

sinh(2rc kB TD m/1? kF) 
(2.56), 

where J1(0) is given by the coupling expression for large thicknesses (2.39). For 
complex kp it can be written as 

1 A cap layer is a layer of a (nobel) metal to proteet the corrosive multilayer material 
from the environment. 
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ix 
sinhix 

- .....:!..._ = sine -•x 
sinx 

Convergence of the integrals leading to equation (2.56) is only achieved if 

Im x< 1 

(2.57). 

(2.58) 

is satisfied as a condition. Although the temperature dependenee of the coupling in the 
cases fora metallic and insulating spaeer are expressed by one equation (2.56), the 
behaviour of both cases is very different. For a metallic spaeer, the coupling J1 

decreases as the temperature increases. For an insulating spaeer, it increases. The 
condition (2.57) demands that x < 1 in equation (2.57). The behaviour of the coupling 
for the case of a metallic spaeer and an insulating spaeer is displayed in Figure 2.18. 
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Figure 2.18 The behaviour ofthe coupZing as ajunetion ofthe temperaturefor the case 
of a metallic spaeer and an insuiaring spacer. 

The physical picture of the temperature dependenee for a metallic spaeer is that 
an increased temperature results in a broadening of wave veetors of states contrihuting 
to the coupling around kp, defmed as Akp. The hroadening of the width dk:p :::= 

kBTm/h2kp causes a hlurring of the coupling oscillations. More destructive interterenee 
in the spin density waves lead to a decrease of the strength. 

In the case of an insulating spaeer there is coupling due to electron tunnelling. 
The tunnelling probability increases exponentially with harrier height. The harrier 
height is effectively reduced by an increasing temperature. Responsible for the coupling 
are electroos with an energy E. Their contributions increase exponentially with E due to 
a larger tunnelling probability. Raising the temperature affects the distribution of 
electrons: the numher of electroos ahove the Fermi energy Ep with a relatively large 
contrihution (tunnelling probability) is increased hy decreasing the number of electroos 
from helow Ep, which have a relatively small contribution (small tunnelling probability). 
The total contrihution of all electroos to the coupling therefore is increased, or in other 
words: a higher temperature leads to more tunnelling and stronger coupling. 
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2.3 Theory on Fe/Si multilayers according to Shi 

The theory of Bruno presented in the previous section gives a very clear picture of 
interlayer exchange coupling and can be used in many cases. This is in sharp contrast 
with a coupling theory developed by Shi et al., which specifically focuses on Fe/Si/Fe 
[SIDI, SIIT2] and Fe/Cr/Fe [SID3] multilayer systems. The central feature is an 
additional coupling mechanism, called superexchange. However, this description of 
interlayer coupling is not as evolved as quanturn interference picture and the literature 
is not yet complete. Here, the coupling picture of Shi with RKKY (which is the subject 
of much literature, e.g. [COEI]) and superexchange will be briefly discussed. 

The starting point of the development of the theory by Shi et al. was the RKKY theory. 
But RKKY is not able to give an explanation for the antiferromagnetic biasing of the 
coupling in Fe/Cr/Fe multilayers: the coupling strength oscillates as predicted by the 
RKKY theory, but remains antiferromagnetic (biasing). Shi et al. therefore assume that 
the biasing is caused by another mechanism: superexchange2

• It is a slowly decaying 
non-oscillatory contribution, which can be added to the oscillatory RKKY coupling. Pro 
forma, the total coupling JT is then given by: 

(2.58). 

In [SID3] Shi shows that the two types of coupling can be derived from one model: the 
two-impurity Anderson model. The RKKY contribution comes from conduction 
electrons, the superexchange coupling from local states. In the now following part, both 
contributions are explained. 

2.3.1 RKKY coupling 

The Ruderman-Kittel-Kasuya-Yosida (RKKY) model was initially used to describe the 
interaction of two magnetic impurities in a non-magnetic metal. In a clear picture, the 
mechanism of RKKY can be broken down in three steps. In the fust step, the 
polarisation step, conduction electrans interact with the magnetic impurity. The electron 
can be regarded as an incident Bloch wave exp( +ikr), which is scattered into a wave 
Rexp( -ikr). The second step is the generation of an oscillating charge density due to 
interference of the incident and scattered wave. This is exactly the same principle as for 
the one dimensional model in subsection 2.2.1. The result is a spin density wave given 
by equation 2.26. The third step is the reverse process, where the spin density wave 
polarises the magnetic moment at the second magnetic impurity. The whole process is 
displayed in figure 2.19. 

2 The fust mentioning of superexchange is in [SHI3]: The salient contribution that 
enters the coupZing when using this model comes from considering a slowly decaying 
non-oscillatory superexchange coupling. 
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This is called indirect magnetic coupling, due to the fact that the magnetic 
moments interact with the help of a medium: the conduction electrons. The interaction 
between magnetic layers was simulated by calculating the RKKY interaction between 
two sheets of magnetic spins. This was fust done by Yafet [YAFl]. Shi et al. call the 
mechanism for RKKY interaction spin excitation. 

2 
~ .. ··~···~···~···~···~ T·.u ~.u ..._ __ .u ..._ __ .u -..._.u · .... .u ···-~ 

1 3 

Figure 2.19 The principle of RKKY coupling, in three stages: 1) scattering at the first 
impurity, 2) spin density wave travelling to the second impurity 3) where it polarises the 
magnetic moment. 

2.3.2 Superexchange 

The most important feature of the superexchange contribution is that it decays non
oscillatory. The decay is exponential. In the following part an attempt is made to 
explain the simplified physical picture of superexchange. 

The basis for superexchange is formed by localised magnetic moments as 
described by Anderson [ANDl]. This was done for the interaction of iron-group ions 
dissolved in non-magnetic metals. We start with a localised moment which bas an 
energy level E of a d-band. If it lies under the Fermi level it will be filled by an 
electron. Let us assume that it is a spin-up electron. The presence of a spin-up electron 
in an orbitally non-degenerate local state excludes another spin-up electron. A spin
down electron however, will nothave the same energy level E, because of the intra
atomie Coulomb interaction U. The unperturbed band energy levels of the magnetic 
layers are shifted by the on-site Coulomb interaction U: 

E. = E + Un. 
~a l,a 

(2.59), 

where ~.u is the number of electroos with spin u. This is shown in figure 2.20a. 
According to Anderson in a rough approximation each d-state will be filled just so that 
E+ < n> U is about ep. The next thing considered bere is the s-d interaction, in this 
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case purely a one-electron energy. This occurs on 'defect sites', near the interface of 
the magnetic and non-magnetic material, where Andersons s-d mixing can take place. 
This hybridisation of s and d electrons affects the DOS by an admixture of the du state 
to the continuurn of levels. 'Humps' are superposed on the DOS, at E+ U< n_ > and 
E+ U< n+ >, as can beseen from tigure 2.20b. The additional states behave as if there 
were an energy state- Andersons 'virtual state' or Shi's 'virtual bound state' (VBS). 
We only have assumed one impurity (or magnetic layer). If a second magnetic layer is 
added on the other side of the spaeer the DOS and the accupation of the states change. 
This was shown for magnetic impurities by Caroli [CARI], who also calculated that this 
results in a lower total energy of the whole system. The total energy bas also a part 
which depends on the orientation of the two magnetisations. This is then considered as 
the magnetic coupling. It does not decay exponentially with the distance, but Carali's 
calculations refer to impurities at discrete sites, not magnetic layers. The next step that 
bas to be done is to consider two sheets of magnetic spins and to calculate the 
interaction, as Y afet did for RKKY. The result of superexchange is an 
antiferromagnetic biasing of the coupling. This is used to explain the AF biasing in 
Fe/Cr/Fe [SIIT3] and Fe/Si(FeSi)/Fe [Silll, Sm2]. 

a b 

Jl 
'I 

,) I 
I 

Figure 2.20 a) The unpenurbed energy levels in absence of s-d admixture and, b) the 
DOS with VBSs as 'humps', which are responsible for the formation of spin-singlet 
states and therefore the coupling. 

To fill the new DOS (with the virtual bound states), electroos of opposite spin 
areneededon the defect sites near the interfaces. These come from the other magnetic 
layer. As they are hopping around, they have a probability of arriving at the same 
defect site at the same time. According to Shi et al. , if two electroos with an opposite 
spin meet, they form a spin-singlet state, and then split away. Shi et al. call this 
mechanism virtual charge excitations, which happens with electroos at the VBS above 
the Fermi level. They claim that electroos are promoted to the VBS above the Fermi 
level. Therefore superexchange requires a peak in the DOS of the spacer, just above 
the Fermi level. (In this way, superexchange coupling seems logical: lowering the 
energy of the electroos with the highest energy is a very effective way to lower the total 
energy.) 
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The DOS of Cr bas such a peak, as shown in tigure 2.21a. Figure 2.21b 
displays the DOS of crystalline FeSi. This too shows a peak just over the Fermi energy 
and an exponentially decaying contribution of the coupling might be expected. 
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Figure 2.21 a) The DOS of Cr with a peak above the Fermi leveland b) the DOS of 
FeSi which resembles that of Cr. 
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2.3.3 Temperature dependenee of FeSi 

The theory of Bruno (section 2.2.5) is not able to explain the tempera.ture dependenee 
of the coupling in FeSi. According to Shi [SID1], the coupling can change from strong 
AF at RT to weak ferromagnetic at low temperatures. The RKKY contribution is 
temperature dependent for FeSi when it is assumed that there is a temperature 
dependent energy gap Eg of the free electron gas approximation for the thermally 
activated electroos in the conduction band. A simple conduction-electron band for the 
spaeer is taken as: 

(2.59), 

where m· is the effective mass. AF coupling can be obtained if Eg is taken very small, 
e.g. 4.3 mV. Figure 2.22 gives the temperature behaviour of the coupling for this 
energy gap, a spaeer thickness of 13 Aandan effective mass m· = 4 me. There is an 
AF coupling between 150 K and 550 K, and a ferromagnetic coupling at low 
temperatures (T < 150 K). At high temperatures (T > 550 K), the coupling is very 
weak ferromagnetic. The latter bas not yet been confmned by experiments. The 
coupling at low temperatures, the ferromagnetic coupling is relative strong with respect 
to the AF coupling, whereas it should be weak. Shi argues that is a consequence of 
other factors such as a temperature dependent energy gap due to lattice effects. 
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Figure 2.22 The behaviour ofthe coupZing as ajunetion ofthe temperature in a Fe/Si 
multilayer. 
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2.4 Summary 

Multilayers are artificial structures of stacked thin layers, each of which consist of a 
few or only just one atomie layer and have a very high purity. The magnetisations of 
the magnetic layers, spatially separated by non-magnetic spaeer layers, cao interact with 
each other, due to the interlayer exchange coupling. The strengthof the coupling cao 
be determined from M-H loops of multilayer samples. 

The phenomenon of interlayer exchange coupling bas been explained by the 
concept of quanturn interferenee. Coupling is the consequence of the wave nature of 
electroos and the structure of multilayers. lts strength varles oscillatory or exponentially 
decaying with the spaeer layer thickness and the magnetic layer thickness. These are 
treated in a unified manoer with the help of the new concept of Complex Fermi 
Surfaee. Rea1 and imaginary spanning veetors connecting extremal points on the 
Complex Fermi Sulface determine the nature of the coupling, its period or its decay 
length. According to Bruno, the coupling decays with the temperature in the case of a 
metallic spaeer, and increases for an insulating spaeer. However, the theory of Shi for 
the temperature dependenee of the coupling in Fe/Cr/Fe and Fe/Si/Fe multilayers 
prediets a very different behaviour, but more in line with their physical measurements. 
Shi argues that the coupling in those partienlar multilayers consists of contributions 
from RKKY and superexchange mechanisms. 
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Cbapter 3 Experimental Tecbniques 

This chapter describes the whole process from sample preparation until the analysing 
of the data on the aggregate level of loops. First the multilayer preparation technique 
of MBE is explained ( section 3.1). This is foliowed by the Magneto-Optical Kerr Effect 
in section 3.2.1 and the description of the MOKE measurement technique and the basic 
set-up which is used to measure the interlayer exchange coupling multilayers (section 
3.2.2). A very substantial part of the activities of the work was aimed at realisinga 
MOKE-set-up, with the capability to vary the temperature in a large range (10 - 500 
K). In section 3.3, the adapted set-up will be presented. The results of the frrst test 
measurements are given in section 3.4 and fiuther recommendations for future 
improvements are pointed out in 3.5, the last section of this chapter. 

3.1 MBE 

MBE (short for Molecular Beam Epitaxy) is the combined process of thermal 
evaporation of a material from a souree and the condensation onto a substrate to deposit 
a (thin) film. This deposition technique can be used to grow multilayers. The multilayer 
samples reported on bere have been grown in the VG Semicon V80M MBE system at 
Philips Research, also called MEMULA1

• Evaporation of souree material is achieved 
by heating a souree up to its melting point. This can be done in many different ways. 
One of these methods is heating the crucible containing the material by ohmic heating. 
On the other hand, an e-gun can be used to bombard souree material and thereby 
heating it up. Due to its difference in the levels of concentration, evaporated material 
then diffuses toward a substrate, like a material flux. This flux then condenses on the 
(relatively cool) substrate where it forms a film. A great advantage of MBE is that 
deposition conditions for some materials can be adjusted in such a way that the film is 
deposited layer by layer, i.e. one layer is frrst frnished before another layer is started. 
This results in very flat multilayers (provided the substrate is already flat). This is 
possible due to the surface mobility of atoms [KRA1] (which can be influenced by the 
cantrolling the substrate temperature). Layer-by-layer like growth allows also continuity 
of the crystallinity of the substrate. This is called epitaxial growth. Another great 
advantage is the high purity of the deposited material, in contrast to other techniques 
like sputtering, which is described in the last part of this section. The high purity is 
obtained by realising sample growth under ultra high vacuum (UHV) conditions. 
Pressures of about 10-10-10-11 Torr (l0-8-10-9 Pa) are used to reduce the amount of 
impurities as much as possible thereby minimising contamination. 

A multilayer is grown by changing the material flux towards the sample. A 
multilayer of two materials, which is usually the case, is grown by altemating two 
sources. The flux is activated by opening the shutter, which is placed in front of the 
source. The thickness of the deposited film depends on the deposition rate, which is 
typically 0.1 Á/s, and deposition time. The flux is instantly interrupted by closing the 

1 This is the abbreviation of 'MEtallische MUltiLAgen', or Metallic Multilayers, the usual name of the 
deposition apparatus. 
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sbutter. To grow the next layer, another souree is then activateeL The materials, which 
are used as soureescan be metals (Fe, Co, Cu, Ni, Mn, Ag, Au) and semiconductors 
(Si, Ge). 

A great benefit for research on interlayer exchange coupling was the 
development of the technique to grow samples in which the thickness of one or more 
layers is 'continuously' varled across the sample. A layer with such a gradually 
increasing average thickness is called a wedge. The technique involves a shutter very 
close in front of the sample substrate. After the sourees have been activateel and the 
material flux is present, the shutter is slowly withdrawn with a constant velocity. Due 
to the constant shutter velocity the exposure time to the flux on the sample will vary 
linearly with the position. Because the deposited layer thickness is proportional to the 
exposure time, a wedge shaped layer will evolve. This process is demonstrateel in figure 
3.1a. The great advantage, of which the research of coupling also benefits, is that a 
wedge sample can be regarded as a series of samples, all grown under the same 
conditions: the variations in deposition conditions are eliminated. It is even possible to 
grow samples, which have wedges in two perpendicular directions. Such a double 
wedge sample is shown in figure 3.lb. Samples grown with the wedge deposition 
technique require local measurement methods sucb as MOKE (see sectien 3.2) and do 
not allow methods which average the signa! of the full sample, such as VSM [ZYLl]. 

In order to monitor the deposition of material on the sample, the MBE apparatus 
bas been equipped with different measurement systems. The deposition chamber is 
accommodated with a reileetion high energy electron diffraction (RHEED) system with 
the possibility to calibrate the thickness during deposition. After deposition the surface 
structure of the multilayer can be determined by low energy electron diffraction 
(LEED). This surface sensitive characterisation technique is done in an adjacent (UHV) 
chamber. After LEED pictures have been taken of a sample surface, it is possible to 
praeeed multilayer growth, by placing the sample back in the deposition chamber again. 
Wedge start and wedge slope are geomorphical quantities, which can be determined 
using a combination of scanning electron microscopy (SEM) and Auger electron 
spectroscopy (ABS). The characterisation techniques mentioned bere can be found in 
literature on spectroscopy [KONl]. The complete MEMULA facility, which is only 
described very briefly bere, is capable of producing high quality (pure) multilayer 
samples consisting of many different layers, while sustaining epitaxial growth. 

Surfactauts 

The structure of MBE grown multilayers can be improved by the application of 
surfactauts during growth. These are substances are placed on the surface of the sample 
befare MBE growth bas been initiated. The quantities of surfactants used are so small 
that a coverage of one monolayer is achieved. Surfactauts always float on the sample 
surfaces, not to be enclosed in the sample. They influence or react with the surface in 
such a way that epitaxial growth or layer-by-layer growth is facilitated. 

The use of surfactants is of great importance for device manufacturing in the 
semiconducting industry. The diamond structure of Si and Ge causes the existence of 
dangling (tetrahedral) boncts on their surfaces. Dangling boncts are orbitals which are 
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Figure 3.1 a) Wedge growth by the withdrawing of a shutter and, b) a double wedge 
system: a multilayer with two perpendicular wedges. 

highly reactive. They very easily and quickly form honds with material deposited on 
the surface. This is an aspect of some materials, that is not always beneficia! for MBE 
growth. It can disturb a crystalline build-up of layers in a sample. Hence, the reactivity 
of the dangling honds has sometimes to be eliminated: the surface has to passivated. 
The surfactant is bridge bonded to the surface atoms by the process of adsorption. 
However, the surfactant is substituted by deposited material in such a way that the 
original structure is continued. After growth the surfactant can be removed (desorption) 
by annealing. 

Treatment of a Ge(100)-(1 x 1) surface in an aqueous ~hS solution (which 
is also used for other semiconductor materials such as GaAs and InP(100)) by Anderson 
et al. [ ANS 1], resulted in sulphur as surfactant. It is suspected that the S is bridge 
bonded to the surface Ge atoms. Anderson found that applied procedure resulted in 
extremely flat surfaces, using X-ray Photoelectron Spectroscopy (XPS), AES, LEED, 
SEM and Atomie Force Microscopy (AFM). A roughness parameter (mean of the 
height variations) could be achieved of 3 A, which corresponds to 1 ML. Removal of 
the S occurs at temperatures between 460 and 750 K. It has been determined that the 
morphology of this annealed surface is identical to that of the initia! wafer. 

Sputtering 

Another deposition method to grow multilayers is sputtering. This deposition technique 
has several differences compared to MBE. The most important differences of between 
sputtering machines at Philips and MBE of MEMULA are discussed here. 

Low pressure argon gas is ionized by a high potential, producing a plasma of 
Ar-ions and electrons. This is used to bombard the source, spreading out souree 
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material in many directions. The flux toward the substrate is maintained by a direct 
current in case of metals (DC sputtering). Semiconducting materials are driven by a 
radio frequent voltage (RF sputtering). Another variant of sputtering is ion-beam 
sputtering (IBS). The souree material is frrst ionized. The ions are pulled toward the 
sample/ substrate by a potential. The impact speed of the atoms is much larger than with 
MBE and hence, they are not arranged as nicely. The deposition rate of sputtering is 
usually much higher (1-10 Á/s) and, the structure may be quite different. Sputtered 
samples have smooth interfaces at the macroscopie scale and show intermixed interfaces 
at the atomie scale. 

Another major difference is that sputtering is performed under high vacuum 
(HV). The (Ar) pressure is 10-3-104 Torr (10-1-10-2 Pa), which is much higher than 
UHV for MBE. As a consequence, there are much more impurities in the sputtering 
apparatus. Hence, the sputtered samples do nothave the same purity as MBE samples. 
Advantages of sputtering are that there is a wider choice of materials, which can 
sputtered. Also, samples are produced quicker (higher deposition rate, no UHV) and 
the preparation costs are much lower. Sputtering can be applied industrially (e.g. for 
magnetic tapes), whereas MBE is mainly for research. 

It can be concluded that the structural quality of sputtered multilayer samples is 
lower than of those grown by MBE. Also the purity is not as high. These factors can 
be responsible forthefact that sputtered samples are not always what they are supposed 
to be. Therefore, the corresponding physical quantities can be different. 

3.2 The MOKE-measurement technique 

The MOKE-measurement technique, based on the Magneto-Optical Kerr Effect, is a 
powerlul metbod todetermine the 'normalised' magnetisation of materials (multilayers) 
from the Kerr signal. It' s greatest advantage is the fact that it can measure Kerr-H loops 
very locally. This is required to determine magnetic behaviour in wedge samples. 
Another great advantage is its high sensitivity: it is possible to detect a magnetic 
moment of 107 Bohr magnetons. This technique and the basic measurement set-up are 
discussed insection 3.2 .2. But fust it is necessary to explain the Magneto-Optical Kerr 
Effect itself (section 3.2.1). 

3.2.1 Magneto-Optical Kerr Effect 

The Magneto-Optical Kerr Effect, discovered by John Kerr2, occurs whenever 
light is reflected from a magnetised surface. In this framework, it is only important to 
know that the Magneto-Optical Kerr Effect is proportional to the magnetic moment. 
Basically two effects can be distinguished. First, the polarisation plane of linearly 
polarised light is rotated with an angle proportional to the magnetisation. Secondly , 
after reflection linearly polarised light is elliptical. These two effects are called Kerr 

2 J ohn Kerr ( 1824-1907), Scottish physicist. Discovered fust birefringence of isotropie material in an electric 
field (electro-optical Kerr effect, 1875), and in 1876 the rotation of the polarisation plane of reflected light 
of a magnetic pole shoe. 
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rotation and Kerr ellipticity and are a consequence of the phenomenon that isotropie 
transparent substances become birefringent when placed in a magnetic field. 

This can be explained as follows. Linearly polarised light can be decomposed 
into left-circularly polarised light (LCPL) and right-circularly polarised light (RCPL) 
of equal amplitude, as is shown in tigure 3.2a with the help of vectors. There can be 
a difference in the interaction of these two kinds of circularly polarised light with 
magnetic material. This interaction result in phase shifts ocb+ and ocf,_, for respectively 
LCPL and RCPL. Superposition of the veetors then results again in a linearly polarised 
light, but with a polarisation plane which makes an angle with the original polarisation 
plane if ocb+ and ocb. do not compensate each other (see tigure 3.2b). This angle is 
known as the Kerr rotation angle OK: 

(3.1). 

The interaction of the circularly polarised light with the magnetic surface can also give 
rise to different reileetion amplitudes, i.e. there is a change of the amplitude of one of 
the components relative to the other. Superposition of the veetors now, will result in 
elliptical light, which is demonstrated in tigure 3.2c. The relative change between 
amplitudes is called the Kerr ellipticity €K, which is defmed as: 

r - r 
tane = + -

K r + r 
+ -

(3.2). 

Equations (3 .1) and (3. 2) both make u se of the complex Presnel reileetion coefficients 
for RCPL and LCPL: 

(3.3a), 

(3.3b). 

These are shown in tigure 3.2d, where also the total effect, if Kerr rotatien and Kerr 
ellipticity both occur, is illustrated. 

Faraday Effect 

The Faraday effect occurs when light passes through transparent material which is 
placed in a magnetic field B. The most important effect is that the polarisation plane is 
rotated. Faraday rotatien is given by: 

(3.4), 

where Op is the rotatien angle, d is the thickness of the material placed in the magnetic 
field. V is the Verdet constant, which depends on the transparent material. The 
important thing to remember is that in an experiment the Faraday effect (rotation and 
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ellipticity) can not be distinguished from the Kerr effect when analysing the signal. 
Knowing this, it might be not so sutprising to know that both the Kerr effect 

and the Faraday effect originate from the same physical phenomenon. The common 
origin is the spin-orbit interaction. The energy related to the interaction can be used to 
obtain quantitative formulas for ()K,EK,(JF and Ep via conductivity and polarisability 
tensors, which depend on the material [ARGI]. The Kerr effect refers to the reflected 
beam by a magnetised body, whereas the Faraday effect corresponds to the transmitted 
beam. Due to the magnetic field which is generated to measure the Kerr effect, the 
Faraday effect will occur in optical elements such as lenses, windows etc. This 
undesired side-effect has to be taken into account when (re)building a MOKE
measurement set-up, as is described insection 3.3.3.1. 
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Fig. 3.2 a) Decomposition into LCPL and RCPL, b) ()Kis due toa relative phase shift 
between LCPL and RCPL, c) EK toa rel. change of amplitudes, d) EK and ()K combined. 
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3.2.2 The Room Temperature MOKE-measurement system 

The function of a MOKE-measurement system in this framework is to measure the Kerr 
effect as a function of a magnetic field sweep. These are Kerr-H loops, from which the 
coupling strength of multilayer samples can be determined. The set-up which is 
described hereis one of two systems which have been operational at Philips for several 
years [VRI2, McGl, VORl, SCHl]. It has been taken asthestarting point for further 
expansion of its temperature capabilities. This is reported insection 3.3. 

There are three geometries used in MOKE set-ups, which are used to perform 
measurements. These geometries are displayed in tigure 3.3, showing the lightpathand 
the magnetisation direction in the sample. Important is the relative orientation between 
the plane of incidence (this is not the polarisation plane) and the measured 
magnetisation: the measuring technique is most sensitive to the component of the 
magnetisation in the plane of incidence. For this reason the transverse geometry is 
rarely used, while polar measurements are performed when the magnetisation is 
expected to be normal to the sample. Longitudinal geometry is usually used when the 
magnetisation is in-plane. At Philips Research Laboratories, there is also one set-up 
with a polar geometry beside the two with a longitudinal configuration. 

Po lar Longitudinal Transverse 

Figure 3.3 Three Kerr measurement geometries. The name refers to the orientation of 
the plane of incidence and the magnetisation. 

Kerr-H loops can be measured using a basic set-up which is schematically 
represented in figure 3.4. The ftrst element is a light source, preferably a (solid state) 
laser. The souree that is used in the present systems is a HeNe laser (À = 633 nm). 
The second element is a polariser. The sensitivity of the system is enhanced by making 
use of the lock-in measuring technique. This is necessary, because the Kerr angles are 
very small (typically 0.1 o, but usually much smaller). Modulation of the laser signa! 
is done by a PEM, which stands for Photo-Elastic Modulator. After the polariser the 
laser beam passes through a transparent crystal (of the PEM), which becomes 
birefringent if stress is applied in one direction. The stress induced by a piezo-electric 
element has a frequency of about 50 kHz. The effect of the PEM is that a periadie 
phase duferenee is created between the components of the light parallel and 
perpendicular to the stress directions. This perioctic phase duferenee is used for 
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modulation (polarisation modulation). The same frequency signa! that drives the PEM: 
is also led to a lock-in as a reference. It is used to piek up the detector signa! from the 
noise. The accuracy with which the Kerr effect can be determined is 0.001 o. More 
details ofthe PEM: lock-in modulation technique can be found in [SAT1, VRI2, VOR1]. 

The multilayer sample is placed on a sample rod, which can be positioned in one 
or two directions by stepper motors with an accuracy of 1 J.tm. The motors are 
controlled by the measurement PC computer. The option fora two dimensional sample 
translation is extremely useful when investigating multilayers with one or two wedges. 
The ideal position for the sample is within the homogeneaus area of the magnetic field. 
After being reflected by the sample, the laser beam passes though an analyzer and the 
intensity of the (modulated) light measured by a detector. From the intensity of the 
transmitted light I(OJ the Kerr angle can be obtained: 

(3.5). 

The Kerr signa! of the detector is ftltered by the loek-in. The lock-in output signa! is 
then converted by an ADC, to allow real-time acquisition and processing by a personal 
computer. The computer is also responsible for cantrolling the stepper motors and for 
cantrolling the power supply of the magnets. The magnet power supply is able to 
deliver a current of 14 amperes. The magnetic field depends on the shape of the pole 
shoes and their relative distance. lts magnitude is measured using a Gauss probe. The 
Gauss signa! is also digitalized by an ADC. Combining the lock-in signa! and the Gauss 
signa! fmally results in Kerr-H loops. 

The last step is to visualise the acquired data in a way that enhances a correct 
interpretation and a clear understanding of the physical mechanisms. The data ftles are 
usually transferred via the local area network to be processed with the help of more 
powerful computers3

. The characteristics, which have been described in section 2.1.5, 
are determined from the loops by making use of algorithms. Although this job can be 
done manually, it is nearly impossible to do when the number of loops is large. 
Visualisation of the loop characteristics is done by a combination of a self-developed 
software infrastructure, which can be adapted for each case, or professional software. 

3.3 The Variabie Temperature MOKE measurement system 

Investigations on multilayers at room temperature (RT) have been possible since many 
years. The theories of chapter 2 predict a variation of the coupling with the 
temperature. This leads to an area of multilayer research which could prove quite 
promising, both in terms of science and applications. Therefore, specifications were 
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issued fora variabie temperature MOKE measuring system. These were incorporated 
into the project definition. This resulted in a design, described in section 3.3.3. 

3.3.1 Motivation for the reconstruction project 

Since the beginning of the 80s it has been possible at Philips to investigate magnetic 
materials using the MOKE measurement technique. Much understanding was obtained 
with many experiments, which have made use of several set-ups. However, these 
MOKE set-ups lack the ability to cool multilayer samples for measurements below room 
temperature4

, whereas coupling theories, such as the theory of Bruno [BRU2] and 
especially of Shi et al. [Sllll], predict an interesting temperature dependenee of the 
coupling. And fundamental investigations of other multilayer phenomena, e.g. biasing, 
interdiffusion, and critical temperatures (e.g. Néel temperature and Tc) also benefit 
from measurements at low temperatures. Over the years, the need fora system capable 
of performing MOKE experiments down to helium temperatures, became apparent. 

Instead of buying the whole equipment as a turn-key system, the decision had 
been made to build a set-up by the company itself. The main advantage was that one 
of the existing longitudinal MOKE-set-ups could be converted by combining it with 
parts of a MOKE-set-up which had been a part of the M1Th1ULA :.MEE apparatus 
[McG 1], reducing the costs. 

The reconstruction was defmed as a project and executed (according to [PROl]). 
This was done for two reasons: 
- To keep the focus on the project requirements. 
- To guarantee effective and efficient use of the allocated resources. 

Every project must meet three types of requirements: 
1. A project must stay within the allocated budget. 
2. It must be fmished before the deadline. 
3. A project must meet the technical specifications. 

Details of items 1 and 2 cao fall out of the context of this teehoical report, although 
they highly influenced the teehoical design of the new set-up. The teehoical 
specifications and project requirements cao be summarised in the project defmition. 

4 
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3.3.2 Project Definition 

The project defrnition wastobuilt a set-up, with the capability toperfarm longitudinal 
Magneto-Optical Kerr Effect measurements and cantrolling temperature of the sample 
at a constant level, and meeting the other project specifications. This by converting one 
of the existing longitudinal MOKE-set-ups and making use of existing parts of a 
dismantled cryogenic set-up. The budget had to be kept to a minimum whenever .cost 
saving measures did not interfere with the project requirements. The time was limited 
by the requirement of having a minimal operational set-up at the end apprenticeship of 
the author. The project specifications were: 

1 The new set-up had to make use of the following parts from the original set-up 
described in sectien 3.2: 
- the laser 
- the analyzer and detector 
- the PEM 
- the magnet, Gauss probe and power supply 
- the measuring computer system and software 

2 The range of the sample temperature is 10K to 500 K. The lower boundary of 
this range is estimated from experience with cryogenic set-up, of which various 
parts have been used. The temperature has to be stabie within 1 K. 

3 The magnetic field, which depends on the distance between the poles, has to be 
maximized. As will be shown later, this eenstraint has important implications 
on the design of important parts of the set-up, especially of the chamber. 

4 The set-up must be able perfarm a one dimensional scan while doing MOKE 
measurement on wedge samples. The positioning on the sample surface has to 
have an absolute accuracy of 100 ~-tm (and a relative accuracy of 1-10 ~-tm). 

5 The measuring of aKerr-Hloop bas to be done by computer. In the fust phase, 
rnaving the sample is done by hand. In a later phase complete automation is 
desirable: a linear scan must be performed completely automatically. 

6 After the reconstruction, the set-up has to able to be easily converted to the 
room temperature system described in sec ti on 3. 2., leaving out the cryogenic 
parts for the cooling. 

7 The design must be flexible enough to allow future improvements and additional 
features, which will surely be the case, see sectien 3.5. 

The project definition and the specifications mentioned bere has led to the design which 
will be motivated in the following subsections. 
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3.3.3 Subsystems of the variabie temperature MOKE set-up 

The new system was not only detennined by the project defmition and desired 
specifications, but by the constraints posed by existing parts that were used as well. The 
result is an integration of the original automated room temperature system (see section 
3.3.2) with new mechanica! and cryogenic subsystems which have been specially 
designed, developed and built. The total system has the flexibility to perform measu
rements according to the procedures prior to the reconstruction, totally omitting the 
added mechanica! and cryogenic subsystems. The most important subsystems and their 
elements are listed down below. The numbers in the parentheses refer to the 
(sub)section of this report descrihing that particular element. 

List of parts and subsystems: 

1. The room temperature MOKE system (3.2): 
a HeNe laser 
b PEM and polarizer 
c Optie lens 
d Magnet, Gauss probe and power supply 
e Analyzer and detector 

2. The data acquisition subsystem (3.2) 
3. The cryostat and sample holder subsystem (3. 3. 3 .1) 

a Cryostat 
bChamber 
c Sample holder 
d Vacuum pump 

4. The mechanica! structure (3.3.3.2): 
a Manipulator 
b Platform 

5. The cryogenic subsystem (3.3.3.3): 
a Hot rod and cold rod 
b Integrated Temperature Control Unit (ITC-4) 
c Helium valve 
d Helium pump 

A photograph, shown in figure 3.5, has been taken to give the reader an impression of 
the new set-up. The some of the elements are denoted by designations corresponding 
the those used in the list of parts and subsystems. In the following part of this section, 
the instruments which has been added are described. 
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· Figure 3.4 A photograph ofthe new system. The denotations ofthe elements refer to the 
list of pans and subsystems. 
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3.3.3.1 The cryostat and sample holder subsystem 

The heart of the system is the vacuum space where the sample is placed during a 
measurement. The vacuum is used for thermal insulation and proteetion against 
oxidation of the samples at high temperatures. It is created and maintained by a vacuum 
pump, a turbo pump which is capable of creating high vacuum. Other parts of the 
system are the sample bolder, the cryostat and the chamber. See tigure 3.6. The sample 
holder consists of two parts: one carries the (multilayer) sample vertically with the help 
of a pair of clips. The other part is an angular correction disc allowing angular 
corrections, because it is attached to the frrst part with one centred screw, which defmes 
the rotation axis. These corrections have to be very accurate (the allowed deviation is 
1 °), because the laser beam has to pass through two long and narrow tubes of the 
chamber. On the other side, the angular correction discis connected to the cryostat with 
two screws (no rotation possible). The sample holder has been made out of copper to 
facilitate heat exchange with the cryostat and because copper is a non-magnetic materi
al. 

The cryostat is a very special part for the following two reasons. First it has a 
central insert space, stretching from the insertion point at the top to the 1 cm thick 
bottom, which serves as a heat conduct where the sample holder is attached. This is 
illustrated by tigure 3. 7. The insert space allows insertion of a cold rod or a hot rod to 
cool or heat the bottom. The cold rod injects helium near the bottom, absorbing heat 
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Figure 3. 6 The sample and sample holder are placed at the bottorn of the cryostat, 
surrounded by the chamber. A pump is used to create and maintain the vacuum. 
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as it flows upwards, making it a flow cryostat. At the top of the cryostat it is pumped 
out. The cold rod is used to set the sample temperature from helium temperatures up 
to 300 K. If a hot rod is inserted, an electrical current heats up the bottorn of the 
cryostat (see also 3.3.3.4). It is applied to realise a sample temperature between 300 
K and 500 K. 

The secend reason is that the insert tube of the cryostat can be translated in one 
dimension, while maintaining the vacuum on the sample side. This is done with the help 
of metal bellows. In the present contiguration translation is possible in the vertical 
direction, which corresponds with the rotation axis of the sample bolder. Therefore, the 
sample mounted on the bolder, which can be translated along the ftxed laser beam. This 
is done during measurement of a one dimensional scan of a wedge. Cantrolling the 
vertical position is done by the manipulator, part of the mechanical structure (3.3.3.2). 
To position the hot or cold fmger exactly in the centre, a teflon disc, which eentres the 
sample holder, bas been made. More information about the cryostat can be found in 
[OXFl]. 
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Figure 3. 7 A cross-section of the cryostat. Long inserts can be placed in the centre to 
heat/cool the bottom, which is a heat conduct, thereby changing the sample (holder) 
temperature. 

The laser light for the MOKE measurements passes through the chamber, which is 
placed under the cryostat. This part, shown in figure 3.8, has been specially designed 
and constructed to meet the specifications. The most obvious characteristic feature are 
the tubes, that protrode from the central cylindrical core. These have been made to 
reduce the effect of the Faraday effect of the optica! glass windows, where the light 
enters and exits the vacuum space. The windows are ordinary pieces of glass in a 
flanche, which can be delivered as a standard component, reducing costs. Test 
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measurements during the development of the chamber have pointed out that the Paraday 
rotation can become comparable to the Kerr rotation at fields of 200 kAlm. The 
dependenee of the magnetic field on the distance to the position of the window in the 
configuration of this system is progressive, approximating quadratic for large distances. 
If the distance becomes large enough, the Paraday rotation will considerably decrease. 
Por this reason it was decided to place the windows at a distance of 250 mm away from 
the magnet poles, where a negligible Paraday effect was measured. Also, possible 
condensation of water vapour on the windows is avoided, because far from the cold 
fmger they remain at room temperature. 

Pigure 3.8 The chamber, lying upside-down on a table, with the protruding tubes to 
reduce the Faraday effect in the windows. 

The angle between the tubes is 90 degrees, so that the angle of incidence and angle of 
reileetion are both 45 degrees. Por longitudinal MOKE measurements, these angles 
have to be large (see section 3.2) to distinguish it from polar measurements. 
Investigations by Janssen [JANl] have shown that an incident angle and refraction angle 
of 45° are close to the optimalangles for longitudinal measurements (i.e., where the 
Kerr effect is maxima!). Largerangles leadtoa smaller prohing depthof the laser light 
in the sample and therefore decreasing interaction of the magnetisation with the laser 
light. Much smaller angles turn the experiment into polar MOKE measurements. The 
inner diameter of the tubes is ju st 8 mm, which makes aligning of sample a very precise 
job. This is done by rotating the sample carrier around the rotatien axis for angular 
corrections of the beam. 

To prevent the sample from being heated by radiation, a copper heat shield bas been 
installed. This is cooled by liquid nitrogen , which flows through 2 mm thick tubes 
spiralling only around the upper half of the shield. The radiation heat of the shield 
incident at the lower half is removed by heat conduction. By leaving out the cooling 
tubes at the lower half of the shield, the diameter of the that part of the chamber has 
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been minimized. This bas been done to decrease the distance between the poles, which 
are situated around the lower part of the chamber. The pole distance can be varled in 
this system and the smaller the distance, the larger the maximum magnetic field. This 
is shown in tigure 3. 9. To meet the specifications mentioned in section 3. 3.1, a 
maximum diameter of 40 mm is allowed. The fmal diameter was 40 mm, so that the 
maximum field was 320 kAlm. 

If the chamber is removed and the sample holder is pulled up, enough space is left 
to perfonn RT measurements the same way prior to the set-up reconstruction: two 
stepper motors can then be used for two dimensional scans. 
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Figure 3. 9 The dependenee of the maximum magnetic field as a function of the pole 
distance. The chamber diameter of 40 mm allows a maximum field of about 320 kAlm. 

3.3.3.2 The mechanical structure 

The various partsof theset-upare being kept in place by the mechanica[ structure (see 
tigure 3.10), using specially fabricated parts, tubes and partsof the Variabie Building 
System [VBS1]. This system consists of standard parts which conneet the tubes, 
resulting in aframework. The remaining items are specially fabricated and non-standard 
parts. The plateau (1) holcts in position the cryostat via a damping ring (2), and carries 
the manipulator (3). The last part is used totranslate the sample holder. This makes it 
possible to scan the sample by passing it along the laser beam. The manipulator is 
placed on the plateau on a support block (4). 

3.3.3.3 The temperafure control system 

The last category of instruments are the parts which are used to control the temperature 
of the sample in the cryostat and are shown in tigure 3 .11. As already mentioned in 
subsection 3. 3. 3. 1, different inserts can be placed in the insert space of the cryostat: 
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Figure 3.10 The carrier structure, which consists of the jramework and special pans. 

a hot rad or a cold rad. The hot rad heats the bottorn of the cryostat. The end of the 
heat conduct, where the sample holder is ftxed, is then called a hot fmger. Heat is 
generated by passing an electrical current through a heater. The current is controlled 
by the PID controller of an Oxford Integrated Temperature Control unit, or ITC-4 
temperature unit. The magnitudes ofthe proportional, integrating and differential setting 
coefficients depend on the desired temperature ranges and are given in [OXFI]. The 
temperature is measured by an Fe vs Cr thermocouple. The maximum temperature 
which is allowed is 500 K. 

Cooling the sample below room temperature requires the use of a cold rad. The 
insert used for this set-up is at the sametime the helium transfer tube, which transfers 
helium from a helium reservoir (storage vessel) to the place near the bottorn of the 
cryostat, where the helium is released. There it will cool the bottorn where the sample 
holder is fixed, making it a cold finger. The helium flow, which then occurs, is then 
heated by a resistance of which the current is controlled by the ITC-4 temperature unit. 
By heating the helium a continuous sample temperature range can be reached, from 
liquid helium temperature up till 300 K. The flow is generated by a helium pump and 
controlled by a valve. Establishing a good He flow can be done by adjusting the valve, 
using the pressure gauge and the flow meter figure 3 .11. 
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Figure 3.11 The complete set of pans of the temperature control subsystem: a) the hot 
rad insen, and b) the cold rad insen with the pump and the valve in a .flow circuit. 

3.4 Test measurements 

One of the last activities of the project is the testing of the set-up. This has already been 
done with the available parts. The expected parts are for the temperature control, so 
that the test was done at RT. The test sample was a single layer of 500 A Co, which 
gives ferromagnetic loops. The Kerr loops can be found in Appendix B. The loops, 
done with a sweep between maximum field(± 0.2 T), do notshow Faraday rotation. 
However, there is much noise, which is caused by the vibrating of the windows at the 
ends of the long tubes. 
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3.5 Recommendations for future development 

The flrst phase is nearing its completion. The last parts, which have to be installed are 
expected quite soon. However, more improvements are still necessary to enhance the 
perfotmance of the set-up. These will be made in the following phase. 

The noise in the test measurements is caused by the vibrating of the windows at the 
ends of the long tubes. It is expected that it can be suppressed by additional 
reinforcements. The two ends of the tubes are to be conneeteel with each other and with 
the central part of the chamber by metal bars. 

In the current state, the sample that has to be translated manually by rotating the 
wheel of the manipulator. This causes interrupts in the measurement of a scan (series 
of loop measurements) and a lossof precision. Therefore, a stepper motor is planned 
to drive the manipulator. The stepper motor will be controlled by the measuring 
computer (via a stepper motor controller). 

The ITC-4 has the capability to be read and controlled by computer. The latter 
allows an automated temperature controL When this is realised with the help of an 
interface card, it will be possible to automatically perfotm a temperature sweep (i.e. 
MOKE measurements at discrete temperatures at a predefmed range). 

The set-up will eventually be moved toa place where there is a tunable laser. This 
will allow frequency dependent Kerr measurements. The Kerr effect depends on the 
wavelength of the light and can be sametimes stronger at wavelengtbs other than 632 
nm. By redirecting the beam from the tunable laser into the variabie temperature 
MOKE set-up an even better study of the coupling at various sample temperatures 
would become possible. 
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4. Coupling in Fe/Si multilayers 

In this chapter we report on the interlayer exchange coupling in Fe/Si multilayers. This work 
was motivated by the fact that the dependenee of the coupling is very different compared to 
that of metallic spacers. The subject currently receives a lot of attention. The interesting tem
perature dependenee of the coupling (positive temperature coefficient) for insulating spaeer 
multilayers is one of the putpOses to build a MOKB system with the capability to perform 
measurements at various temperatures. 

In the recent past, germanium bas been investigated by De Vries et al. [VRI3] in 
Fe/Ge/Fe systems using the RT setup. But these were regardedof limited interest, because 
they displayed a ferromagnetic coupling (and MOKBon a simple trilayer system is not able 
todetermine the coupling of these systems, see section 2.1.3) or no coupling. Hence, silicon 
was investigated, again in combination with iron, an obvious magnetic materiaL Shi et al. 
predict an interesting temperature dependenee of the coupling [Sinl]. A positive temperature 
dependenee for AF coupling was already discovered across an amorphous Si spaeer in Fe/a
Si/Fe by Briner and Landolt [BRil]. Mattsonet al. [MATl] found AF coupling intheir 
Fe/FeSi/Fe multilayers, with a crystalline spaeer. This was obtained by sputtering, altemately 
the deposition of 1 ML Fe and 1 ML Si. It was claimed that AF coupling could be 
photoinduced from a state of ferromagnetic coupling, but no thickness dependenee study was 
done. 

4.1 The effect of surfactauts on the growth and interlayer coupling in Fe/Si 

Section abstract 

In order to study the effect of surfactants on the growth of silicon layers, the following 
experiment was conceived and performed. Two Fe/Si-wedge/Fe multilayers were :MBE 
grown under the same circumstances, except that one was treated with sulphur as a surfactant 
and the other was not. LEED pictures were taken during growth and MOKE measurements 
were done along the gradient of the Si-wedge. As will become clear in this section, the 
silicon had intermixed with Fe which has a CsCI crystalline structure1

• The coupling in both 
multilayers was found to be antiferromagnetic and decaying exponentially (instead of 
oscillatory). It also was discovered that for the multilayer treated with the surfactant the 
coupling was better (higher) and the structure (morphology) was more crystalline (up to 30 
A Si thickness). 

1 The fust indications of intermixing came from the double wedge sample, which is discussed in the 
following sections. 
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Sample preparation 

For the investigation of the effect of S-surfactant on Fe/Si multilayers, two multilayer 
samples were grown, using the :MBE deposition technique. This structural study was part of 
the research on coupling in multilayers with spaeer layers of semi-conductor material (instead 
of metals). The two multilayers were grown under the same circumstances, using the :MBE 
deposition technique. Structural differences canthen be ascribed to the surfactant, which was 
only used on one sample. The sample substrates were germanium (100). Sulphur was used 
as surfactant, because Anderson [ ANS 1] showed that S improved epitaxial growth on Ge 
substrates. The multilayer films were deposited on substrates, with dimensions of 4 by 12 
mm. Then subsequently 80 A iron, a silicon wedge with thicknesses varying from 0 to 40 
A, and 40 A iron layers were deposited. This system is protected against corrosion by a thin 
cap layer of gold. Hence, the composition of the multilayers in A is Ge(100)/80Fe/0-
40Si/40Fe/Au. The gradient of the silicon wedge is aligned along the longest side of the 
sample. The wedgeslopeis 4.5 Á/mm in both cases. 

The layer and wedge thicknesses mentioned here are nomina! thicknesses. The 
nomina/ thickness of a layer is the thickness which might be expected, when the same 
settings are used to grow a single independent layer. This can be different from the actual _ 
layer thickness, e.g. by interdiffusion or formation of a different phase. In the remainder of 
this report, alllayer thicknesses are nomina!, unless stated otherwise. 

Magnetic results 

Both samples were scanned along the Si-wedges using the MOKE-measurement technique. 
This resulted in two series of Kerr loops, of which exemplary specimens are displayed in 
tigure 4.1. The frrst important condusion that can be drawn from these is that the (interlayer 
exchange) coupling is antiferromagnetic. The shape of the measured Kerr loops however, is 
not the same as the M-H loop in tigure 2.3b. In 4.1a (non-surfactant sample) there is ajump 
at zero field, probably due to pinholes (see structural results). For the surfactant sample the 
loop shows hysteresis and a negative Kerr effect at low fields. The latter is a consequence 
of the limited penetration dept of the laser beam. The magnetisation of top Fe layer is 
measured completely, while that of the bottorn layer is only measured partially (but has a 
larger magnetisation). Also, the loop (shape) only gradually approaches the Kerr saturation 
value. This is because the AF coupling is not the same for all domains. Certain domains have 
stronger AF coupling than others. A Kerr loop measures the magnetisation of stronger and 
weaker coupled domains and is therefore composed of many separate (F and AF) loops. The 
result is a gradually saturating loop, as displayed in tigure 4.2. 

Using the two scans consisting of these loops makes it possible to determine the 
dependenee of loop characteristics (section 2.1.5) on the Si-thickness. In tigure 4.3 the 
results are displayed for the remanence and the saturation field H. of both multilayer samples. 
Note that the saturation field is linear with the coupling strength. Part of the saturation field 
data could not always be determined directly from the Kerr-loops, but had to be obtained 
from extrapolation. This was the case whenever the magnetic field strength was not sufficient 
to saturate the magnetisation, i.e. break the coupling. The saturation fieldsin tigure 4.3 have 
been calculated by extrapolation in the Kerr loop. The gradient of the loop at the maximum 
measurable magnetic field is extended until it intersects with the maximum Kerr effect, which 

64 



~ 
..:! 
!:: .. ... 

fteld(kAJm) 

Coupling in Fe/Si Multilayers 

(b)F~SI(S) 

10.8A SI 

fteld(kAJm) 

Figure 4.1 Measured Kerr-H loops, which clearly displays AF coupZing for a) the non
surfactant sample and b) the with sulphur treated sample. 
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Figure 4.2 The composition of a Kerr-H loop from many loops of the different magnetic 
domains. The coupZing field is that of the domain with strongest coup Zing. 

is known from saturated Kerr loops. The value of the magnetic field of the intersection is 
then taken as the saturation field Hs. From figure 4.3 it is concluded that the coupling in the 
multilayer grown with S surfactant is larger. 

At low silicon thicknesses, almost no antiferromagnetic coupling exist. This is in large 
contrast to the theory of Shi et al., which says that the coupling increases if the layer 
thickness decreases up to 1-5 A. And at the same position (i.e. the samespaeer thicknesses) 
there is a large remanence, up to 100 %. The combination of these two facts indicates the 
existence of pinholes at low spaeer thicknesses. These are magnetic moments in the non
magnetic spaeer material, which are coupled by direct exchange coupling. Hence, a pinhole 
can couple two magnetic layers by bridging the spaeer with the help of the magnetic 
moments in a ferromagnetic way. It is clear that an increasing number of pinholes will 
eventually destroy the effect of antiferromagnetic coupling. In this case the ferromagnetic 
moments have to be iron atoms, which have diffused into the silicon. The smaller the silicon 
thicknesses are, the easier it is to bridge the spaeer by iron moments. At low silicon 
thicknesses, the antiferromagnetic coupling between the layers is completely lost, as a 
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consequence of pinholes. The effect of pinholes on loops is demonstrated in tigure 4.4. 
Pinholes prevent coupling up to 4.5 A nominal Si thickness in the sample not treated with 
surfactant and just up to 3.5 A in the treated sample. Hence, lesspinholes are found in the 
with surfactant treated sample, indicating a better structure. 

From tigure 4.3, it can also be determined that the intrinsic AF coupling strength 
monotonously decays on the thicknesses where the effect of pinholes is not dominant 
(nomina! Si thickness > 10 A). The lengthof the declining flank is very large meaning a 
very long 'oscillation period', which seems unlikely. No indications of an increasing flank 
of the second AF peak of the 'oscillation' can be found. Therefore, the dominating decay is 
not considered to be part of an oscillation. (Remark: this does not mean that no oscillation 
can be present, e.g. superimposed on the monotonous decay.) This decay is exponential and 
from the solid round markers a decay length of 3.1 A nomina! Si can be detennined, with 
a deviation of 10% (0.3 A). 
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Figure 4.3 The saturationfield and the remanencefor the a) non-suifactant sample, and b) 
the sample treated with sulphur. 
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Figure 4.4 The effect of pinholes on the coup !ing. The ferromagnetic coupZing of pinholes 
annihilates the effect of the AF interlayer exchange coupling. 
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Structural results 

Due to the fact that the use of a surfactafit is the only varlation in the preparation of the 
samples, the differences in the coupling behaviour must be ascribed to structural differences. 
To investigate the multilayered structures, several LEED pictures were taken at several stages 
of the multilayer growth. The diffraction patterns in these pictures give information on the 
surface structure, and hence the crystallinity of the last deposited layer. The pictures describe 
the processof multilayer growth. This can beseen in figure 4.5. 

First a LEED picture was taken of the Ge substrate (figure 4.5a). This showsasharp 
(100) LEED pattern, indicating a very good crystallinity. This is of course an important 
requirement for any substrate. After the bottorn Fe layers were deposited, the LEED analysis 
showed patterns that were less sharp for both samples. The silicon layer (figure 4.5b) showed 
no LEED pattem at all. It is assumed that the conductivity for Si and Ge are approximately 
the same. Then it is unlikely that the semiconducting nature of the Si is responsible, because 
the Ge substrate did show a pattem. The most obvious explanation is that the deposited Si
layer was not crystalline, but has an ill-defmed or undefmed (amorphous) structure, denoted 
as a-Si (amorphous Si). Then the top Fe layer was LEED analyzed and it was remarkable 
to see that again a pattem was found (figure 4.5c). It matebed the pattem of the bottorn Fe 
layer, which is an indication for epitaxial growth. This is in contrast to the assumption of the 
Si-interlayer. The epitaxial structure of the top Fe layer has to have a crystalline 
'foundation'. This fact suggests that the Si layer was transformeel into a crystalline layer by 
the evaporation ofthe second iron layer. Pinholes already showed us that Fe atoms have been 
able to diffuse into the Si. It seems logica! that penetrating Fe from the second iron 
evaporation reacted with the Si, to form crystallite FeSi, or iron silicide. 

From LEED analysis it could be derived that for growth without the use of surfactafit 
crystallinity is maintained up to 20 A (nomina!) Si thickness. A better structure is obtained 
with surfactafit: crystallinity up to 30 A had been achieved. A schematic cross-section of the 
believed structure of such a Fe/FeSi/Fe multilayer sample is displayed in figure 4.6. 
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Ge(lOO) + 80 A Fe 

+ 5 A Si + 40 A Fe 

+ 28 A Si+ 40 A Fe (no S) 

+ 32 A Si + 40 A Fe (S) 

Figure 4.5 LEEDpicturestaken at various stages of the growth 
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remaining top Fe layer crystalline FeSi a-Si(+ Fe) 

bottorn Fe laver 

Figure 4.6 A cross-section of the multilayer sample, showing the believed structure of the 
wedge multilayer. 

Discussion 

The metbod of extrapolation used to calculate the saturation field is a worst case 
approximation. The reason for this lies in the shape of the Kerr loops: the gradient of the 
Kerr loops monotonously falls to zero as the Kerr signal approaches the saturation value. 
This means that it is the minimum value for the saturation field Hs that is determined by the 
extrapolation metbod (in case of the loop of tigure 2.3b, where a constant gradient jumps to 
zero at Hj. Hence, the actual value ofHs is higherand the coupling is even better than stated 
in the beginning of this section. Evidence was found that iron silicide was formed. Shi et al. 
[SID2] calculated the possible structure of the spaeer in Fe/Si multilayers. Chaiken et al. 
[CHA1] showed that the silicide interlayer of their multilayers, made by ion-beam sputtering 
(IBS), is crystalline and has a Cs Cl ( or B2) structure. A schematic representation of the Cs Cl 
crystal structure is given in tigure 4. 7. It can be 
regardedas two simple cubic lattices, one of which one 
is translated by half a body diagonal. 

It was found that the crystallinity of the 
multilayer treated with surfactant was maintained up to 
30 A. This is a better result than the IBS multilayers of 
Chaiken et al. [CHAl], which are crystalline up to 20 
A. Inomata et al. [IN01] claim that their Si spaeer 
layers are silicide when the spaeer thickness does not 
exceed 15 A and are combinations of a-Si and silicide 
when the spaeer layer is thicker. This is camparabie to 
the multilayer structure given in tigure 4.6. Mattsonet 
al. [MAT1] used sputtering to alternately deposit 1 ML 
Fe and 1 ML Si, to form crystalline iron silicide. They 
reported amorphous growth if the silicide layer became Figure 4. 7 The structure of Cs Cl: 
thicker than 20 A. It seems that this is a critica! two simpte cubic lattices translated 
thickness, above which crystalline structure can only be from each other. 
sustained if surfactants are used (up to 30 A). 
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Conclusions 

From the evidence presented in this section it is clear that intermixing of the top Fe layer and 
the Si spaeer during growth resulted in a crystalline structure for the spacer, similar to that 
of CsCl. The Fe/Si/Fe (actually Fe/FeSi/Fe) system exhibits an intrinsic antiferromagnetic 
coupling, which decays exponentially as a function of the iron silicide thickness. Coupling 
and crystallinity of the Ge(100)/Fe/Si/Fe multilayer can be improved using sulphur as a 
surfactant. The formation of pinholes, which destray the coupling, is much more suppressed. 

4.2 Double wedge sample 

Section abstract 

It was established that the dominant trend in the thickness dependenee of the coupling in 
Fe/Si multilayers is an exponentlal decay [section 4.1]. The next step ofthe investigation of 
multilayers with semi-conducting material as spacers was the preparation and study of a MBE 
grown Fe/Si double wedge sample: Ge(l00)/80 A Fe/0-40 A Si/0-80 A Fe/ Au. The purpose -
was to verify and further investigate the exponential decay of the coupling as a function of 
the spaeer thickness and to measure the Si-thickness dependenee of the coupling at other iron 
thicknesses, especially low thicknesses. Also, the coupling dependenee as a function of the 
iron thickness was measured. All this was done using MOKE measurements. These gave also 
information about the structure, showing that Fe was missing. The Fe reacted with the Si, 
forming Feo.5Sio.5 • The reaction equation is verified from the MOKE measurements. 
Indications for oscillations which are superimposed on the exponential decay are found. 

Sample preparation 

The knowledge gained from the structure analysis in the surfactant studies gave valuable 
clues for understanding of the interlayer exchange coupling in Fe/Si multilayer systerns. To 
investigate the exponential behaviour, a Fe/Si/Fe double wedge multilayer sample was 
prepared using MBE. The substrate is a Ge(100) slab, which rneasures 14.2 mm by 18.4 
rnm. The bottorn Fe layer bas a uniform thickness of 80 A. The (wedged) spaeer thickness 
and thickness of the top Fe layer varled respectively from 0 to 40 A and 0 to 80 A. The 
slope of the Si-wedge is 4.5 Á/rnm. For the Fe-wedge this is 5.56 Á/rnm. The relative 
orientation of the wedge gradients is perpendicular. The protective cap layer consists of 20 
A gold. Hence, the sample can be denoted as Ge(l00)/80 A Fe/0-40 A Si/0-80 A Fe/20Au. 
The double wedge multilayer is schernatically illustrated in tigure 4.8. To obtain the best 
epitaxial growth, sulphur was used as a surfactant. This choice was rnotivated by the results 
of structural studies [section 4.1], where the use of S surfactant resulted in sustaining 
crystallinity at higher Si-thicknesses and stronger AF coupling. 
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0-80 A Fe 

0-40 A Si (FeSi) 

aoA Fe 

Figure 4. 8 The configuration of the wedges in the double wedge multilayer sample. 

Structural results 

For the structural analysis of the double wedge, no morphological or surface characterisation 
techniques, such as LEED, were used. However, it is interesting to know that much 
information about the multilayer structure could be derived from MOKE measurements, 
which are magnetic measurements. To cover the interesting areasof the sample, linescans 
in the directions along the Si- and Fe-wedges were performed. Linescans are series of Kerr 
loop measurements. The spacial resolution of each scan was always 100 J.tm and the scans 
were positioned parallell mm from each other. The scan pattem was measured twice: for 
high field measurements and low field measurements. The field amplitude of a Kerr loop was 
for the high field sweeps CHmax = 280 kAlm) and for low field sweeps CHmax = 35 kAlm). 
An exemplary loop can be found in figure 4.9. Aseach point of a scan represents one Kerr
loop, the number of Kerr-loops totalled 5292. (Analysing of this data was done by computer, 
which was specially reprogrammed for this particular sample.) 

Fe/Si(S) 

• ..... 
-Hj 

0~------~~~-----------------~ 

-200 

25.0 A Fe 
15.3 A Si 

200 
field (kAlm) 

Figure 4.9 A measured Kerr-loop with AF plateaus. 
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Analysis of the structure of the double wedge sample is done by examining the Kerr 
loops, which contain infonnation about the magnetisations and therefore about the layers 
which display these magnetisations. The Kerr loops, one of which is displayed in tigure 4.9, 
exhibita non zero Kerr-effect in the antiparallel (AP) alignment of the magnetisations (as in 
the M-H loop of tigure 2.4). The method todetermine the actuallayer thickness ofthe upper 
Fe layer makes use of the plateaus of the AP contiguration of the magnetisations in the Kerr
loop. In this case, equation (2.16) for unequal layer thicknesses can be used. For 
convenience, it is repeated here: 

(2.16). 

As the thickness of the thin layer ti, approaches zero, the AP plateau Mu approaches the 
saturation value of the magnetisation, i.e. the difference between the Kerr-signal of the AP 
alignment (plateau) and the parallel alignment of the magnetisations (saturated signa!) 
becomes zero. Subtraction of M. and Mu yields: 

(4.2), 

which shows that the difference is linear with ti, the thin layer. The difference in the Kerr
signal of the plateau and saturation is therefore a measure for the Fe thickness of the top 
layer. If the difference is plotled as a function of the nominalti iron thickness for various 
Si thicknesses, the graph in tigure 4.10 results. As can be seen from the graph, the lines do 
not pass through the origin, but have a horizontal offset. This is in contrast with equation 
(4.2), but is ascribed tothefact that there is a difference between the nomina! Fe thickness 
and the actual Fe thickness. It is therefore concluded that Fe is missing. The quantity of 
missing Fe can be expressed in a (nomina!) Fe layer thickness. This missing Fe thickness is 
the horizontal offset of the graphs in tigure 4.10. For the various Si thicknesses, the missing 
Fe thickness is tabulated in table 4.1. From table 4.1 it is clear that the thicker the Si-wedge 
is, the thicker the layer of missing Fe. An obvious explanation is that a thicker Si layer can 
'absorb' more Fe. From the measurements of the double wedge sample, only four scans (Si
thicknesses) could be analyzed this way. 
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Figure 4.10 The diJTerenee of the Kerr signals of the paralleland AP alignment of the layers. 
The offset on the horizontal axis is the consequence of missing Fe. 

Table 4.1 

I Si thickness (Á) 
11 

missing Fe (Á) 

15.3 8.7 

17.6 10.2 

19.8 10.8 

22.1 14.1 

Table 4.1 The missing Fe thicknesses at 
various Si thicknesses. 

Magnetic Results 

I 

From the scans, the coupling of the double wedge sample is plotled as a function of the Si
thickness. Figure 4.11 displays an example of the general behaviour of the coupling along 
the Si-wedge. It clearly shows an AF coupling, which was also discovered in the surfactant 
studies [section 4.1]. The behaviour of the coupling is dominated by an exponential decay, 
which is represented by the solid lines. The decay lengthof this exponent is 3.3 A nomina! 
Si, which is 3.5 A FeSi (using equation 4.2). The observed coupling does not exactly decay 
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exponentially. It seems to fluctuate, around the decaying exponent. These fluctuations look 
in one case to be so regular, that it indicates a possible oscillation. The 'oscillation period' 
found in tigure 4.11. is 6. 7 A. 
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Figure 4.11 The oetzavwur of the coupüng along the Si wedge. The soua line is the 
exponential decay. The line elucidates the jluctuations, which can be regardedas possible 
oscillations. 

Along the Fe wedge the expected behaviour of coupling (according to the theory of 
subsection 2.1.4) is as a r1 decay. In tigure 4.12 the coupling field is fitted with a r1 curve2

• 

As can be seen it is in good agreement with the expected theory. There seem to be 
fluctuations which are so irregular that no period can be determined. However, Bruno notes 
that the shape of oscillations as a function of the magnetic layer does not have to be 
sinusoidal [BRU3]. But here we have to conclude that no oscillations have been found, 
although this is case in other kinds of multilayers [BLOl]. 

Discussion 

The MOKE measurements show that Fe has disappeared. It is assumed that this Fe is only 
missing from the top Fe layer. An important consideration which has tobetaken into account 
when explaining this is that the lattice parameter for Si (a = 5.43 Á) is much larger than that 
of a bcc lattice Fe (a = 2.87 Á). It seems very unlikely that Si can diffuse deeply into the 
much closer packed Fe bcc structure and much more likely that Fe atoms can penetrate 
deeply into the relative open amorphous structure of Si. Hence, it can be assumed quite 
safely that the vast majority of the missing Fe was lost when the top Fe layer was evaporated 
on the Si-wedge layer. 
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0~--~--~~--~r---+..---7. 0 10 20 30 40 50 
Fe thickness (A) 

Figure 4.12 The behaviour of the saturation field as a junction of the magnetic layer 
thickness. It decays as r1

• 

A theoretica! relationship between the Si layer thickness and the missing Fe layer 
thickness cao be found if it is assumed that the Si and Fe form a crystalline alloy. Evidence 
of this has been given in the previous section and is supported by Chaiken et al. [CHA1]. 
The Fe to Si atomie ratio in a Cs Cl lattice is 1: 1. This cao be used to calculate the ratio 
between the available Si layer thickness and the missing (absorbed) Fe layer thickness. Using 
indications from Kohlhepp and Den Broeder in [KOH1] De Vries has done this using the 
molar volume of iron (7.1 cm3/mol), silicon (12.1 cm3/mol) and iron silicide (6.4 cm3/mol) 
[LANI]. Combining this with the simple reaction equation: 

1 mol Fe + 1 mol Si .... 2 mol Fe0_5Si05 (4.3), 

it cao be deduced that in volumetrie terms this yields: 

(0.59xt5i) Fe+ (1xt5i) Si .... (1.06xt5) Fe05Si05 (4.4). 

The value of 0.59 is obtained from the ratio of the molar volumes of Fe and Si, 1.06 is the 
ratio of twice the molar volume of FeSi and silicon. Using equation (4.4), the theoretica! 
missing Fe layer thicknesses cao be calculated. These values cao be found in table 4.2. 
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Table 4.2 

Si thickness (A) 

15.3 

17.6 

19.8 

22.1 

missing Fe (A) 

8.7 

10.2 

10.8 

14.1 

theor. mis. Fe( A) deviation 

9.0 + 3.1% 

10.3 + 1.0% 

11.6 + 7.4% 

13.0 -7.8 % 

Tab1e 4.2 Comparison of the theoretica/ missing Fe thickness and the determined missing Fe 
thickness for different Si thicknesses. 

The measured thicknesses only slightly disagree with the theoretica! values, staying within 
a 10 percent margin. This provides more (quantitative) evidence that the silicon of the 
interlayer bas been transformed to Fe0.5Sio.5• 

Much speculations about the structure of the spaeer of Fe/Si multilayers were made by Shi 
[Silll], taking several possibilities in account: e-FeSi with a B20 rocksalt-like structure, 
amorphous Si, as is the case in the investigations of Briner and Landolt [BRil], FeSi with 
a CsCl structure. Proof of the formation of crystalline iron silicide (FeSi with a CsCl 
structure) insputtered samples has beendelivered by Chaiken et al. [CHAl]. They used ion
beam sputtering to grow several Fe/Si multilayers, with a repetition of 40 and 50 Fe/Si 
bilayers. In the multilayers they presented the thickness of the Fe layer was usually 30 A and 
of the Si layer 14 or 20 A. Hence, the (nomina!) bilayer period was 44 or 50 A. They used 
polarised neutron reflectivity measurements to determine the magnetisation curves of the 
multilayers. They discovered that their IBS multilayers have AF coupling, but that magnetic 
moment was missing. The loss of magnetic moment as observed in VSM measurements 
encouraged investigations on the multilayer structure. X-ray diffraction (XRD) and small
angle x-ray scattering (SAXS) were used to determine the (actual) bilayer period. The 
reduction in bilayer period varied continuously between 1 and 8 A. In the 'worst' case the 
bilayer period had been reduced to respectively 41.8 (was 50 A) and 38.1 A (was 44 A). 
Hence the decrease of the bilayer period was 8.2 and 5.9 A respectively. The missing Fe 
moment per bilayer however remained quite constant: 10-12 A. They explained this lack of 
variatien of missing moment by the diffusion of a constant number of Fe atoms into the Si, 
irrespective of its thickness. 

Transmission electron microscopy was used to investigate the morphology of the 
films. Combinations of a-Si and crystalline FeSi were found of the spacers in multilayers. 
Measurements on a Tunnelling Electron Microscopy (TEM) picture of a purely crystalline 
(Fe 40 A/Si 14 A) x 50 ('worst' case) multilayer, which was presented in their article, 
revealed a bilayer period of 46 ± 1 A. Hence, 8 ± 1 A is missing in agreement with the 
XRD result. Using equation (4.4) of De Vries [VRI3] the amount Fe that the 14 Á silicon 
can 'absorb' to obtain pure crystallinity is 8.3 A, which coincides with the missing bilayer 
period. This can beregardedas an additional argument for the applicability of equation (4.4). 
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Now that it bas been established that Fe0.5Sio.s can be fonned in Fe/Si multilayers, it 
is possible to re-interpret results in the literature about measurements on these kind of 
multilayers. The workof Den Broeder and Kohlhepp (DBRl, KOH2] focuses on a special 
kind of Fe/Si multilayers, of which sametimes the Fe layers had been Si doped 
(Fe0.75Sio.25/Si) and sametimes the Si layers had been Fe doped (Fe/Sio.5Fe0.5). The saturation 
field bas been plotteel as a function of the (nomina!) spaeer thickness in tigure 4.13a. This 
shows that the saturation field bas three different peaks for the three cases of Si-doped Fe 
layers, undoped Fe and Si layers and Fe-doped Si layers. Suppose that also bere Fe0.5Sio.s bas 
been fonned. The composition of the multilayers can be calculated using equation (4.4), 
yielding the actual layer thicknesses. This also affects the saturation fields due to different 
magnetic layer thicknesses. The saturation fields have been recalculated to those that would 
appear for a magnetic layer thickness of 30 A. The recalculated spaeer thicknesses and 
saturation fields result for the three cases in tigure 4.13b. The peaks of saturation fields are 
much closer. At the left side of the peaks they still differ, but at the right side they coincide. 

The latter indicates that the AF coupling strength monotonously decays as a function 
of the spaeer thicknesses. The left side of the peaks is dominateel by the effect of pinholes, 
as also was shown in [section 4.1]. This interpretation is supporteet by the fact that the cutoff 
of coupling depends on the probability that Fe is diffuses into the Si spacer. This increases 
in the order: Feo.75Sio.25/Si, Fe/Si, Fe/Sio.5Fe0.5• The probability is 100 % for the last 
multilayer, but the amount of diffusion of Fe in Si is less for the Feo.75Sio.25/Si than for Fe/Si. 
Recalculation of the spaeer thicknesses suggests a more unified picture of the behaviour of 
the couoline-. 
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Figure 4.13 a) The original data of Broeder and Kohlhepp in Fe- and Si-doped multilayers. 
The coupZing shows three peaks. b) The recalculated data shows a much more unified picture. 

The morphological information, obtained with magnetic measurements, is again used to 
understand the behaviour of the magnetic coupling observed in the MOKE measurements. 
It was discovered that the behaviour is dominated by an exponential decay. This is in 
agreement with the theory on FeSi of Shi et al. [SHI2] (section 2.3.3). The structure of FeSi 
spaeer proved to be a CsCl lattice and therefore metallic as evaluated by Shi et al. The 
exponential decay of the coupling in metallic Fe0.5Sio.5 is explained by camparing its DOS 
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with the DOS of Cr. Both have a high peakjust above the Fermi level, which are necessary 
for the superexchange coupling mechanism. The superexchange gives an exponentially 
decaying contribution to the coupling possible. The decay length is 3.3 A. In [section 4.1] 
a value of 3.1 A was found. However, these are nominal Si thicknesses and from the 
structural studies equation (4.4) can be used to calculate the actual decay lengtbs for a 
Fe0.5Sio.s spacer. These are 3.4 A for the surfactant study of [section 4.1] and 3.5 A for the 
double wedge sample. Although the results of an exponential decay are qualitatively in 
agreement with the prediction by Shi, it is unfortunate that no quantitative measure for its 
theoretica! value is given. 

An attempt can be made to calculate the decay length using a combination of the 
theory of Shi and the Bruno coupling theory. Bruno showed that metallic spacers can also 
have complex Fermi surfaces, which have imaginary callipers (chapter 2). The problem of 
calculating the complex Fermi surface of FeSi is very difficult. It is assumed that the 
electrens responsible for the coupling have an energy which falls on the peak of the DOS. 
This is used to calculate the calliper. Equation (2.45) relates an exponential decay lengthof 
the coupling with the wave vector of a complex extrema! spanning vector on the complex 
Fermi surface. Therefore, the complex Fermi surface is belleveel to have the shape as is 
shown in figure 4.14. It is the real part of the Fermi surface (from Shi et al.), with complex 
sheets very close to the borders of the Brillouin zone (BZ) starting at the ends of the real 
sheets. This result was obtaineel by combining the theory of Shi (the real part of the Fermi 
surface) and augmenteel spherical wave (ASW) band structure calculations3

• Due to the fact 
that the (complex) Fermi surface is symmetrical with respect to the rx axis (in the frrst BZ 
k

11 
= 0, k = k 1 , parallel to the [100] direction), it is believed that this is a place were there 

is surely a calliper. Therefore, in an estimation of the calculation, the lengthof the calliper 
is determineel by calculating one point of the surface: the intersectien of the complex Fermi 
surface and the rx axis of the BZ. The length of the calliper can be estimated from the 
position of the peak in the DOS of FeSi relative to the Fermi level. Epeak-EF= 0.218 eV. From 
this, the imaginary wave vector of the calliper can be calculateel to be ~=0.24 A-1

• This 
results in an exponential decay length of (2kJ1 = 2.1 A. This is a rough estimation and only 
approximates the observeel decay length of 3.5 A. However, the calculations do not take 
other (relevant) factors in account, such as stress in the epitaxiallayers or the fact that bulk 
iron silicide is assumeel, whereas one of the basic assumptions of multilayers is that they are 
essentially different from bulk. Another consideration is that other callipers may have been 
overlookeel. Finally, the energy of the peak of the DOS does not necessarily have to coincide 
with the energy of the electrans responsible for the coupling. Proper calculation of the 
complex Fermi surface will lead to a much more reliable result. 

The behaviour of the coupling as a function of the magnetic layer thickness is in good 
agreement with the theoretica! r 1 decay. Clear fluctuations superimposed on the decay have 
been observed, but no asciilation period could be determineel. 

Indications for oscillations depending on the spaeer thickness in FeSi have also been 
found in measurements of sputtered Fe/FeSi/Fe samples by De Vries et al. The coupling 
field and the saturation field are plotted in figure 4.15. The coupling field displays peaks at 
26 A and 37 A. Like the :MBE samples, there is a large AF peak at 10 A. At lower FeSi 

3 The ASW band structure calculations have been performed by prof. R. Coehoorn. 

78 



Coupling in Fe/Si Multilayers 

·............... .. ...... ·· 
·····-··········· 

Figure 4.14 The estimated complex Fermi surface on the basis ofthe real Fermi surface and 
ASW band structure calculations. 

thicknesses ( < 11 A) the coupling is reduced by pinholes. The decay length here is much 
smaller (A = 2 A) than for the MBE samples (3.5 A). This difference may be a consequence 
of the difference of growing technique. A possible peak in the saturation field can be seen 
at a FeSi thickness of about 13 A. Tagether with the peaks of the coupling field, an average 
period of 12 A can be obtained. However, Shi et al. [Sill2] predict periods of 3.2, 8.2 and 
15.6 A. 

The existence of an oscillation would provide strong support for the theory of Bruno, 
because it proves that oscillating and the exponentially decaying contributions can exist 
simultaneously: that the effect of tunnelling is dominant, but that there is also quanturn 
interference. Forther measurements are necessary to give conclusive evidence. 
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Figure 4.15 The coupZing and saturation field of measurements on sputtered Fe/Si show 
strong jluctuations. However, conclusive evidence for oscillations has still to be found. 
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Conclusions 

The structure of the double wedge '80 A Fe/0-40 A Si/0-80 A Fe'-sample which was MBE 
grown has been detennined using only MOKE measurements. The Si-spacer layer has been 
crystallised into Fe0.5Sio.s by diffusion of Fe during the growth of the upper Fe layer. The 
reaction equation of the fonnation of iron silicide was confmned by own measurements and 
those of Chaiken [CHAl]. Sas a surfactant had been used to improve epitaxial growth. The 
behaviour of the coupling as a function of the spaeer thickness in the double wedge '80 A 
Fe/0-40 A Si/0-80 A Fe' -sample is dominated by an exponential decay, as predicted by Shi 
et al. [Sllll]. The decay length is 3.5 A Fe0.5Sio.s· A theoretica! value of 2.1 A was obtained 
by combining the theory of Bruno, Shi et al. and ASW band structure calculations, but there 
are much implications. Possible oscillations superimposed on the decay have been observed. 
The 'oscillation period' is 6. 7 A. This is in reasonable agreement with a theoretica! value of 
8.2 A [Slll2]. 
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5 Conclusions, Outlook and Recommendations 

Setup 

One of the existing longitudinal room temperature MOKE setups bas been adapted to 
have the capability to control the sample temperature. It should be possible in a range 
between 20 K and 500 K. A line scan can be perfonned semi-automatically: the sample 
bas to be repositioned manually. The setup makes use of most of the subsystems of the 
room temperature setup, such as the fully automated real time data acquisition system. 
The temperature capability can be very easily omitted, and room temperature 
measurements can be perfonned in the same way this was done prior to the 
reconstruction. 

At the moment, the last parts for the temperature control are being expected and 
will be incorporated as soon as possible. Test measurements at room temperature have 
shown that the Faraday effect bas successfully been suppressed. However, the adapted 
setup is now more sensitive for vibrations (mechanica! noise). To overcome this, simple 
reinforcements are planned connecting the ends of both tubes with each other and 
connecting them with the cylindrical part of the chamber. This will prevent the windows 
at the end of the tubes from vibrating. 

It is expected that the specifications of the project deftnition will be met very 
soon. Following this, second phase additional improvements are planned. Among these 
is the plan to equip the setup with a stepper motor to drive the manipulator. The stepper 
motor will be controlled by a computer, as is the case for the RT setup. After the 
second phase is completed, the MOKE measurement system will then be able to 
perfonn fully automated measurements, without repositioning the sample by hand. A 
second phase impravement is also a link between the ITC-4 and the computer, which 
will enable automatic temperature readout and controL After this bas been realised, it 
will be possible to perfonn temperature scans: Kerr measurements as a function of the 
temperature. Combined with an electrically driven manipulator this provides the 
experimenter with the option to automatically measure Kerr loop one dimensional scans 
at predetennined temperatures. Temperature can then be seen as the second 
'dimension', resulting in a quasi-two dimensional mapping of the coupling in (wedge 
thickness, T) space. It is expected that such a way of infonnation display can enhance 
understanding the relationship between coupling and temperature. 

The frrst multilayers that will be studied using the temperature capability are 
probably MBE-grown Fe/FeSi/Fe systems, in which the two contributions to the 
coupling differently vary as a function of the temperature. Other research will also 
beneftt, such as measurements on exchange-biasing in multilayers. 



Chapter 5 

Multilayer studies 

I EED pictures and MOKE measurements have shown that in MBE Fe/Si multilayers 
the amorphous Si spaeer layer becomes crystalline due to penetration of Fe atoms, if 
an Fe layer is deposited on top of the Si spacer. The chemica! reaction of the formation 
of Fe0.5Sio.5 is also confirmed, using own results and those of Chaiken [CHA1]. Using 
the reaction formula, it is possible to determine the thicknesses of the FeS i spaeer layer 
and the remainings of the top layer, and thus the complete multilayer structure. 
Recalculation of the composition (and saturation fields) can be applied to the results of 
Den Broeder and Kohlhepp [DBR1, KOH1], which results in a more unified behaviour 
of the coupling. 

It was also shown that the use of sulphur as a surfactant during growth of a 
Fe/Si multilayer on a Ge(lOO) improved the structure of the spacer. There were less 
pinholes and the crystallinity of the FeSi spaeer was sustained until 30 A nomina! Si, 
which is higher than in the sample treated without surfactant (20 A). This is also higher 
than the sputtered multilayers ofinomata et al. (15 A), the ion-beam sputtered samples 
of Chaiken et al. (20 A) and the very carefully grown sputtered multilayers of Mattson 
et al. The thickness of 20 A Si (or FeSi) seems to be a critica! thickness, above which 
crystalline growth of iron-silicon is very improbable if no surfactant is used. The 
sample treated with surfactant also displayed a stronger (AF) coupling. 

The coupling in the Fe/FeSi/Fe multilayers used in this work is 
antiferromagnetic, in contrast to Fe/Ge systems. The strength of the coupling as a 
function of the FeSi spaeer thickness is dominated by an exponential decay, which 
confmns the predictions of Shi et al. [SHI2]. The observed decay length is 3.5 A, in 
reasanabie agreement with the theoretica! value of 2.1 A, obtained by combining the 
theory of Shi and ASW band structure calculations. There are also indications for 
possible oscillations superimposed on the exponential decay as Shi et al. [SHI2] also 
predict. However, the observed 'oscillation period' of 6.7 A does not really match the 
values given by Shi (3.2, 8.2, 15.6 A). Oscillations in the coupling depending on the 
thickness of the magnetic layer thickness were indications that pointed towards the 
extended theory of Bruno. The fact that the behaviour of the interlayer exchange 
coupling can display both oscillations and an exponential decay would be another strong 
argument for the validity of the extended theory of complex Fermi surfaces of Bruno. 

More study will be done on Fe/FeSi/Fe multilayers. Now that the structure is 
known, attention will shift to the temperature dependenee of the coupling. At lower 
temperatures the theory of Bruno prediets that the exponentially decaying contribution 
of the coupling will be smaller than at RT and the oscillating contribution will be 
larger. lf this is the case, the possible oscillations will be more distinguishable from the 
decay. These experiments will be perfonned as soon as possible. 
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Appendix A 

Blue prints of:- the chamber (2 pages) 
- the sample holder + alignment disc 
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Appendix B 

Room temperature test measurements of the set-up. 

aOOlbOOl 
20 

fleld (kAlm) 

a001b002 
20 

0 



-·. 

Japanese consumer electronia 

Carving out a new future 
- TOICYO 

1be new digital video disc threatens to split japan's consumer-electronics 
c:ompanies into two groups: Matsushita and Sony, and a handfut of also-rans 

HAS the blockbuster product for which 
the consumeHlectronics industry 

has been waiting for more than a decade 
arrived at last? Despite last-minute squab
bles over how best toproteet the new digital 
video disc (ovo) from piracy, a dozen or so 
firms inAsia and Europe hope to have early 
versions of the machines that wiJl play the 
discs ready for the Christmas market 

11te new co-like silver 
platter is capable of storing 
4-7 gigabytes of data per side
enough to show a full-length 
feature film with stereo sound 
and a cinema-quality picture. 
It also allows a viewer to re
wind or fust-forward in a 
~Fans assume that it will 
replaee the clunky old vidro
cassette-not to mention the 
laser disc, audio co and even 
the CD-ROMS that are found 
in three out of four new com
puters today. 
_ In Japan the ovo is being 

hailed as the most important 
such product since the ap
pearance of the video cassette 
recorder (vcR) in the 19705. 
11te VCR helpeel Japan's con
sumer-electronics makers 
seize the leadership of their 
industry from their rivals in 
Europe and the United States. 
In its heyday a decade ago, the 
VCR accounted for more than 
half the sa les of} apan's consumer-electron
ics industry and two-thirds ofits profits. 

Already some fairly astounding num
bers are being bandied around. Toshiba 
reekons the world market for ovo prod
ucts-players, recorders and discs-will 

- amount to a dizzying V12 trillion {$112 bil
lion) a year by the turn of the een tury. Barry 
Dargan, an iridustry watcher in the Tokyo 
officeofsocWarburg, an investment bank, 
expects the Japanese to be tuming out an 
annual 25m ovo home-video machines 
plus a further 75m ovo drives for comput
ers by 2000, though others are a little less 
bullish (see chart on next page~ 

Is it really that good? The ovo's great 
weakness is that in its first two incama
tions, DVD-Video (which will show films) 
and DVD-ROM (video games), it cannot 
record. The disc's supporters reply that, 
once copyright laws and a few technica! 
problems have been worked out, a record
able version, known as DVD-RAM, will ap-
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pear in about a year's time. Besides, as the 
audio compact disc has already shown, 
there is considerable demand for any play
only product, providing that it is superior. 

The ovo can claim two advantages that 
the VCR could not 11te first is there wiJl be 
no format war, as there was between Sony 
and Matsushita over the VCR. Last Septem
ber, the Japanese and their American allies 

in the film and music business agreed on a 
new standard: the campromise candidate 
is the one the Toshiba camp came up with 
but modified enough to bring Sony and 
Philips, its Dutch ally, on board. The second 
strength is that ovo technology is "back
wardly compatible": people who buy ovo 
players will not have to throw away their 
old audio cos and CD-ROMS. 

The two companies best placed to take 
advantage of the coming ovo boom are the 
two giants of the Japanese consumer-elec
tronics business: Matsushita and Sony. 
Thanks to its four big brands {National, 
Panasonic, Technics and Quasar) plus its 
23,000 company-owned stores, Matsushita 
is the world's largest consumer-electronics 
firm, with consolidated sales last year of 
V6.8 trillion (see chart on next page~ By 
2000, the Osaka-based company hopes to 
have a third of the market for DVD-players 
and to genera te Vt trillion {$9.5 billion) of 
sales annually from various ovo products. 
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Sony is unlikely to be far bebind. Now 
thatMatsushitahassold8o%ofMCA,aHol
lywood studio and recording giant. to 
Seagram, a Canadian drinks company, 
Sony is the only Asian home-entertain
ment firm with a stake in both hardware 
and software. In theory, the company can 
now use its vast library of copyrighted 
films, lV programmes and popular music 
to push sales ofits own ovo products. 

· Sony wiJl make all the half-dozen key 
parts for its own ovo player; Matsushita 
will make everything apart from theoptical 
piek-ups that read the disc. By contrast, Ja
pan's other companies are being less ambi
tious. For instance, although Toshiba devel
oped much of the basic ovo design, it will 
at first make only its own encoders and 

disc-drives. Pioneer, too, will 
buy most of the in tema! bits 
for its ovo players from atb
ers, while concentrating itself 
on making the discs (the five
ioch ovos are manufactured 
on similar equipment as con
ventional12-inch laserdiscs,a 
market where Pioneer is the 
leader~ Meanwhile, Sanyo is 
aiming to become a domi
nant supplier of optica! piek-

' ups for ovo players. 
Why drop out of main

stream ovo manufacturing 
when the pickings look so 
good? Part of the answer lies 
in the sophistication of the 
product and the cost of 
distributing it. Designing the 
electro-mechanical parts and 
microchips needed fora ovo 
player is a gigantic task. With 
several times the sales of their 
principal rivals, Matsushita 
and Sony can reap big advan
tages of scale. 

The big diversified firms such as 
Toshiba, Hitachi and Mitsubishi Electric, 
which make everything from oudear
power stations to microchips, have the 
money, but prefer to let Sony and Matsu
shita lead the way in consumer markets. In 
other cases, lack of cash has forced firms to 
specialise. For instance, the smaller audio
video makers such as Aiwa, JVC, Pioneer 
and Sanyo are either tied to major groups 
(Aiwa to Sony,JVC to Matsushita)or lack the 
distri bution networks to justify tooling up 
for the various components. 

Until recently, Sanyo was trying to be a 
full-blown audio-video manufacturer as 
well as a major supplier of household ap
pliances. But the recession forced Sanyo to 
cut staff, shift production overseas and, 
above all, strengthen its component busi
ness. Though it still makes television sets 
and video-game machines, Sanyo now gets 
more than halfits revenue from non-con
sumer items such as air-conditioners, 67 
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memory chips, laser diodes for CD players 
and lithium-ion battenes for cell phones. 
Although the sales volumes in industrial 
electtonics and components may be small
er, the profit margins are more than twice 
the 3-4% of consumer electronics. 

This strategy (which has also been pur
sued by Sharp) should pay off with DVDS. 
One of Sanyo's specialities is making laser 
piek-ups for reading discs in CD machines. 
The liquickrystal piek-up it has developed 
for reading both the new DVDs and conven
tional cos uses fewer parts than any of the 
rival designs. lt should take the lead in the 
market for such components. 

Pioneer's position looks less healthy. 
Wi th so% of the laser-disc market and a tidy 
income from patents covering the conven
tionallaser disc, Pioneer is about to see its 
core business gutted. The s-inch DVD does 
everything the 12-inch laser disc does, only 
better-and, within a year or two, it will be 
cheaper and begin to challenge the laser 
disc's library of 30,000 video titles. Pio
neer's first DVD machines will play bath 12-

inch and s-inch discs. But having to sup
port both formats is going to be costly. 

With most of their Japanese rivals 
choosing to take supporting roles in the 
DVD industry, the most direct competition 
to Sony and Matsushita may come from 
outside Japan. Alnerica's resurrected con
sumer-electronics industry is focused on 
computers and the Internet and thus not 
directly involved yet. However, bath Phil
ips and Thomson of France have been in
volved in DVDS from the beginning (Philips 
is an ally of Sony; Thomson of Toshiba): 
they may take a big share of the European 
market Thomson also owns the RCA and 
GE brand na mes in America. 

The bigger long-term threat may come 
from the rest of As ia, especially companies 
such as South Korea's chaeboL-wnglomer
ates with enormous ambitions and re
sources, and lower manufacturing costs 
than the Japanese. Such firms have al ready 
taken over many of the lower-tech products 
that the Japanese used to regard as their 

68 own. Now the Japanese may have left the 

__ .I 
door open as regards DVD. To make sure 
that DVDhits theground running, the]apa
nese patent holders have agreed to license 
the technology fora royalty ofless than 1.5% 
per machine. Ominously, Goldstar of 
South Korea was one ofhandful of firrns to 
display a DVD player at this year's Con
sumer Electranies Show in Las Vegas. 
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