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Chapter 1 

Introduction 

Magnetism, although a very old field of research, is still an extremely active 
area, which has come to play a very important role in modern life. One of 
the most illustrative examples is the ability of magnetic materials to store in
formation through (controllable) changes in magnetization directions. This 
property is at the heart of toda.y's computer technology (rigid disks, flexible 
disks), consumer electronics {tapes for audio and video apparatuses) and 
many other important applications (such as magnetic strips for personal 
data. on credit cards, etc.). The performance of magnetic devices is obvi
ously largely determined by the properties of the magnetic solid involved. 
Since these properties depend heavily on the type of atoms and their envi
ronment, a high degree of control of composition and structure is desired. It 
is therefore not surprising that most research being performed today is on 
man-made magnetic materials, for which this control is implicitely possible. 
An example of such artificially-prepared magnetic materials is formed by 
magnetic multilayers. These are the subject of investigation in this thesis. 

Multilayers (in their most simple form) consist of two materials arranged 
alternately in layers of certain thicknesses. They are mostly prepared by 
sputtering or molecular-beam epitaxy under ultra-high vacuum conditions. 
The progress in developing and refining these preparation-techniques in the 
last decade has been such that it is now possible to grow layers of very 
high purity and with extraordinarily good thickness-control (down to the 
monoatomic layer regime), for almost every desirable material combination. 
The fact that artificial multilayers thus prepared do not occur in nature 
suggests that, given the unique manipulation opportunities and unique ge
ometry, they may be engineered (or tailored) to have properties which might 

7 



8 introduction 

not otherwise be attainable. 
Several interesting and sometimes spectacular physical phenomena have 

been reported. Among these are dimensionality effects already exhibited by 
single films (i.e. multilayers are not necessary). An example is the increase in 
film resistivity with decreasing thickness, which seems merely a consequence 
of surface scattering becoming important when constraining the material 
in one or more directions [1]. Another example concerns the temperature 
dependence of the magnetization, which can be affected considerably due to 
the reduction in the number of magnetic neighbours. Curie temperatures 
which are strongly reduced with respect to the bulk metals, with reductions 
of an order of magnitude for monolayers, have also been reported- see e.g. 
[2]. 

A second group of effects can be classified under proximity or interface 
effects i.e. effects which occur due to the presence of a boundary between two 
different materials. An example is the remarkable observation of strongly 
reduced magnetic moments of atoms a.t or near the interface (so-called 'dead 
layers'). An extreme case of the opposite situation, whereby non-magnetic 
bulk materials become ferromagnetic when deposited as a. monolayer on 
a suitable substrate, has been theoretically predicted, but a.s yet requires 
convincing experimental verification. Another striking phenomenon in this 
category of interface effects is the occurrence of an easy direction for the 
magnetization perpendicular to the plane of the magnetic layer. This dis
covery was particularly amazing, since magnetic films were always expected 
to have their magnetization oriented parallel to the film plane as a. result of 
the strong demagnetizing fields created when tilting the magnetization out 
of the film plane. The phenomenon was quickly ascribed to an interface or 
surface anisotropy, which in fact had already been predicted in 1954 by Neel 
[3], who argued that atoms a.t the surface of a. magnetic layer, due to their 
reduction in symmetry, should exhibit a considerably different magnetic 
anisotropy than their inner counterpart atoms. 

The phenomena just mentioned ca.n be observed or studied using single 
films only i.e. multila.yers are in principle not needed, but are often used for 
practical advantages, such as the possibility to prepare large volumes of ma
terial, making many studies easier and limiting possible contamination or 
oxidation effects when the sample is exposed to air for ex situ measurements. 
Also, for recording applications, a minimum amount of material is needed, 
since otherwise the signals from the layers are too low. However, several 
interesting physical phenomena have been discovered which only occur for 
systems consisting of at least two magnetic layers. One of these is the mag-
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netic coupling between two ferromagnetic layers separated from each other 
by an intervening non-magnetic layer. For the Fe/Cr/Fe system it was ob
served that, for certain Cr thickness~s, the Fe layer magnetizations aligned 
preferably antiparallel with respect to each other [4]. This magnetic cou
pling has recently been found to oscillate between antiferromagnetic (AF) 
and ferromagnetic (F) as a function of the Cr thickness [5]. Moreover, the 
phenomenon appears to be very general i.e. displayed by almost all 3d, 4d 
and 5d non-ferromagnetic transition metals [6]. It is interesting to note in 
this respect that the observed oscillation periods, just as in the de Haas-van 
Alphen effect, are related to the extremal dimensions of the spacer layer's 
Fermi surface. Measuring interlayer coupling therefore provides a new tool 
to probe Fermi surface topologies. Another fascinating but also important 
effect, which accompanies the antiferromagnetic coupling in the Fe/Cr sys
tem, is a so-called giant magneto-resistance. It was observed that the elec
trical resistance of an Fe/Cr multilayer (exhibiting AF coupling) decreased 
strongly upon applying a magnetic field [7, 8]. Multilayer magneto resis
tance (MR) ratios 1 of more than 50% have been reported- ratios which 
were much larger than the maximum MR ratios observed in bulk materials, 
and larger than, for example, the MR ratio of permalloy (:::::: 2 %), on which 
several commercial field sensors are based, such as read heads in magnetic 
recording devices. This MR effect appeares to correlate perfectly with the 
relative orientations of the successive Fe magnetizations in the Fe/Cr multi
layer. The high resistance state at zero field corresponds to an antiparallel 
alignment of the Fe magnetizations and the low resistance state (at high 
fields) corresponds to the saturated state (i.e. parallel alignment). 

The above-mentioned scala of phenomena observed in multilayers is not 
complete: pure superlattice effects such as the formation of magnon bands 
and phonon folding, exchange biasing effects, stabilization of crystal struc
tures, which are different from their equilibrium bulk-phase counterparts, 
mechanical effects, etc., are not mentioned. For reviews, the reader is re
ferred to [9, 10]. 

The work described in this thesis primarily concerns research on the 
magnetic anisotropy, and the magnetic interlayer coupling. Chapter 3 is 
devoted to the magnetic anisotropy, and contains a discussion of the con
tributions to the magnetic anisotropy important for thin films, a review of 
experimental results obtained up to June 1992, and two detailed studies on 

1defined as the relative difference between the zero field resistance and the high field 
resistance: (Rhigh- Ro)/Ro. 
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Co/Ni and Co/Ni/Co/Pt multila.yers. Chapter 4 consists of a. number of 
experimental studies concerning the magnetic interla.yer coupling, preceded 
by an introduction in which, apart from a. brief discussion of the important 
physical mechanisms underlying the phenomenon, also an overview of the 
important developments in this field is given. In. the research described in 
these two chapters, several different characterization techniques were used 
to study the multila.yers. A discussion of these techniques is to be found 
in chapter 2. In. this chapter, the preparation methods used to grow the 
samples are also briefly discussed. The final chapter comprises a summary 
and concluding remarks, in which an attempt is also made to predict future 
trends in research in this extremely rapidly developing field. 

Regarding the structure of this thesis, it is useful to know that several 
sections, specifically sections 3.6.1 and 3.6.2 and most of the sections in 
chapter 4, have been compiled (with or without minor changes) from arti
cles that have been published, accepted or submitted for publication in the 
scientific literature. Although small parts may therefore seem redundant, 
one is hereby offered the advantage of reading these sections independently 
of each other. 



Chapter 2 

Preparation and analysis 
techniques 

In this chapter the basic principles underlying the different methods or 
techniques that have been used to prepare and characterize the samples are 
briefly discussed. Rather than giving a detailed description of the exper
imental set ups, attention is focussed on the possibilities, difficulties and 
advantages of the methods. 

2.1 Preparation 

2.1.1 Sputtering 

Sputtering is a process whereby material is dislodged and ejected from the 
surface of a target due to bombardment by energetic particles. The material 
thus evaporized condenses on a substrate which faces the target and forms 
a thin film. The bombarding particles are usually ions of an inert gas to 
avoid chemical reactions at the target and substrate. The sputtered sam-

. ples investigated in this thesis were fabricated with a de planar magnetron 
which operated with AI at (AI) pressures of typically Sxlo-3 Torr (0.7 Pa). 
The background pressure is near 4xlo-7 Torr (5xlo-5 Pa). For a sticking 
coefficient of 1 this would correspond to the building in of impurities at a 
rate of 0.1 monolayers (ML)fs. For a typical deposition rate of 1 ML/s this 
would yield 10% impurities, in theory. However, Auger studies have shown 
that actual oxygen levels, for example, are below 0.5 % for samples prepared 
with the present equipment. 

11 



12 

(a) 

-t= 

sample 
holder 7 

shutter 

=+ 

lnllnl 
target 

(b) anode 

~+ __ 
target = ~'77""7'7-7! 
cathode __.... N 

preparation 

Figure 2.1: Schematic (and oversimplilied) representation of some 
of the elements making part of the sputter machine used to prepare 
samples. (a) Three circular plates containing three targets, three 
holes and ten substrate holders, respectively. (b) More detailed ver
sion of a target. The shaded part represents the material to be 
sputtered, N and S denote the north and south poles of a permanent 
magnet. 

A schematic representation of some of the basic elements of the sputter 
equipment is given in Fig. 2.1. What is shown is a cross-sectional view of 
three horizontal circular plates. The lower one is fixed and contains three 
targets. In Fig. 2.1 (b) one of the targets is shown in more detail. The sec
ond plate is also fixed and contains three holes equally spaced all at a radial 
position corresponding to the target to axis distance. Also three computer 
controlled shutters are attached to this plate. The substrates are mounted 
on 10 circular holders which are attached to the upper rotatable plate at 
again the same radial position as the targets. Each circular holder contains 
one or more substrates with a maximum of three for typical 4 x 12 mm2 sub
strate dimensions. The shaded plate in Fig. 2.1 (b) represents the (planar) 
target which also serves as a cathode. The ion bombardment is obtained 
by ignition of an electric discharge between the anode and the cathode. 
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Due to bombardment a number of 'secondary' electrons are emitted· from 
the target surface. These are accelerated and collide with gas atoms and 
produce the ionization required to sustain the discharge. The cylindrical 
shaped (NdFeB) permanent magnet which is placed just below the target 
material, generates a magnetic :field which serves in this respect as a trap 
for the above·mentioned electrons. This is because the :field lines are mainly 
parallel to the target surface and cause the electrons to spiral with a drift 
motion parallel to the surface. The purpose of this is to avoid a motion 
towards the grounded second plate and therefore confines the plasma in a 
region near the target surface. This ensures an effective sputtering process. 
Moreover, an unwanted heating of the substrates due to bombardment of 
the secondary electrons is prevented. 

The procedure to grow a multilayer is simply rotating the upper plate 
such that the particular substrate holder faces alternately two (or three) dif. 
ferent targets during a certain time interval. This interval, which determines 
the layer thicknesses, is controlled through the movement of the shutters. 
Commonly 10 samples with different composition are sputter-deposited in 
one so-called (main} run. After the run the substrates are removed from 
the substrate holders on the upper wheel (Fig. 2.1 {a)), replaced with new 
ones and the chamber is again evacuated. For the layer thickness calibration 
i.e. to determine the relation between the applied power and the sputtering 
rate, such a run is usually accompanied (preceded} by a short (satellite) 
run involving the sputter deposition of only three :films with compositions 
corresponding to the three target materials. The thicknesses of these three 
:films are then determined (ex·situ) from glancing angle X-ray diffraction ex
periments yielding a very good accuracy (better than 5 %) . It is remarked 
that to enable completion of a main run and a satellite run in one day, 
the satellite run is performed at a somewhat higher background pressure of 
R: 2 X w-6 Torr (3x10-4 Pa}. 

The fabrication of multilayers by sputtering offers a number of advan
tages but also disadvantages with respect to vapor deposition. An advantage 
is that because of the fact that the material is passed into the vapor phase 
by a mechanical process, virtually any material can be deposited 1. A dis
advantage is the fact that in the bombardment process of the target also Ar 
atoms are reflected towards the substrates where they bombard the grow
ing :film. This may result in an enhancement of the interdiffusion at the 

11n MBE, for example, the thermal process put limits on the melting temperatures of 
the materials to be deposited. 
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multilayer's interfaces. Compared to evaporated multilayers this commonly 
reduces the magnetic interface anisotropy considerably. On the other hand 
this, a. priori, unwanted bombardment seems to prevent the formation of 
sharp column boundaries. TEM studies have shown that these are often 
encountered in evaporated multilayers whereas in sputtered multilayers of 
equal composition they appear to be absent, see, for example, [11]. This 
may alter, for instance, the magnetic behavior appreciably. An example 
illustrating this can be found in §4.5 (see Fig. 4.19 on page 124). 

2.1.2 Evaporation 

Molecular Beam Epitaxy (MBE) is the combined process of thermal evapo
ration of a. material from a source and the condensation onto a. substrate to 
form a. (thin) film. The word 'epitaxy' refers in this respect to film growth in 
which the condensing material crystallizes in a. structure with a. well-defined 
relation between the crystal axis of the film. and the crystal axis of the sub
strate. Despite the prefix 'Molecular' which comes from the semiconductor 
technology where MBE was first applied to evaporate (Ga.As) molecules, 
the present use of MBE is to evaporate atoms from a. metal source in order 
to grow metallic (multi)layers. The evaporation is obtained by heating the 
source material until above its melting point. For this purpose e-guns may 
be used, in which the heating occurs through an intense electron bombard
ment of the source, knudsen cells where the crucible containing the metal. is 
heated electrically, filaments where a high current is passed through a thin 
wire of the metal to be deposited or where thin wires of the deposit are 
winded around a. current carrying wire, and many other related {or derived) 
methods. The VG Semicon V80M MBE system a.t Philips Research, with 
which a considerable amount of the samples investigated had been grown, is 
equipped with 4 e-guns, 3 knudsen cells and a variable amount of filaments 
(typically 2). The system is operated a.t ulta.high vacuum (UHV) i.e. a.t 
pressures of about 10-10-10-11 Torr. Apart from the evaporation sources, 
the deposition ·chamber contains a. reflection high energy electron (RHEED) 
facility to monitor the growth with possible employment for thickness cal
ibration, a number of quartz crystal monitors which serve to measure the 
amount of deposited material 2, a rotatable manipulator containing a 6 inch 
substrate holder, and several eclipsing shutters located between the ma.nip-

2The quartz crystal monitors are also part of a regulation circuit to control the evap
oration rates 
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ulator and the respective evaporation sources. 3 

An A/ B multilayer is grown by alternatingly opening and closing the 
shutters which eclipse the substrate for the respective evaporation sources. 
To investigate the thickness dependence of some property one commonly 
grows a series of separate samples differing from each other in the thickness 
of a particular (type of) layer. However, if the property of interest can be 
measured locally, a better alternative may be to grow a sample in which the 
thickness of one or more layers is varied 'continuously' across the sample. 
The thickness dependence can then be studied by performing measurements 
at different positions on the sample. In Fig. 2.2 a schematic representation 
of such a {wedge-shaped) sample is displayed. Here, the typical geometry is 
shown for investigation of the magnetic coupling between two ferromagnetic 
layers across a non magnetic spacer layer as a function of the thickness of 
this spacer layer. 

ferromagnetic layer 

non magnetic wedge 

ferromagnetic layer 

substrate 

Figure 2.2: Schematic representation of a sample typically used in 
coupling studies. It should be remarked that the drawing is not on 
scale. The typicallinea.r substrate dimension is 10 mm w~ereas the 
thickness increase is usually 6 orders of magnitude smaller. 

The advantage of the use of wedge-shaped layers such as shown in Fig. 2.2, is 
that all measurements are performed on one sample only, i.e. effects of vari-

30bviously the deposition chamber contains many more important parts. Only those 
essential for the discussion have been mentioned. 
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ations in deposition conditions which usually occur over a series of separate 
samples, are eliminated. Moreover, all desired thicknesses are available with 
an, in principle, virtually perfect relative accuracy. These factors may be 
of crucial importance in revealing fine details and highly sensitive thickness 
dependent effects. 

The method of growing a wedge-shaped layer is very simple and is in
dicated schematically in the left part of Fig. 2.3. An evaporation source 
located below (not shown) produces a beam of atoms (indicated by the ar
rows) which traverse in the direction of the substrate. By withdrawing a 
shutter located between substrate and source with a constant speed from 
the right to the left, a wedge-shaped layer is automatically formed. After 
the shutter has reached the desired starting point of the wedge (the point of 
zero thickness) commonly another shutter will quickly eclipes the substrate 
from the source, at least if no overgrowth of the wedge is desired. To obtain 
a linearly increasing thickness with distance, the evaporation rate should be 
constant in time during the growth and the flux should be uniform across 
the sample area. These two requirements pose no problems in practice: 
the samples are typically 1 em in diameter whereas in the present MBE 
machine a uniformity is garuanteed in a region of about 5 em in diameter. 
Typical wedge slopes and applied deposition rates are 4 A/mm and 0.2 Ajs, 
respectively, so that a wedge is grown in typically 40/0.2 = 200 sec, a dura
tion short enough to ensure a constant rate. After the wedge is completed 
the sample is transferred to a preparation chamber adjacent to the depo
sition chamber, where the structural quality is checked 'visually' from low 
energy electron diffraction (LEED) patterns. Also the perpendicular lattice 
spacings are determined by slightly tilting the sample and examining the 
energies at which the intensity for the [00] reflection is at a maximum. For 
the magnetic studies significant changes in the lattice parameters may be 
important, see, for example, §3.2.4 where the relation between strain and 
magnetic anisotropy is discussed or §4.2 (Eq. 4.4 on page 87) for the relation 
between the oscillation period and the interplanar distance of the interlayer 
material. Obviously, also the wedge start and wedge slope are essential 
quantities which need to be known since they are of direct importance for 
the relation between the measured position on the sample and the local layer 
thickness. These quantities are determined using the combination of scan
ning electron microscopy (SEM) and Auger electron spectroscopy (AES)
facilities which are loc.ated in an analysis chamber adjacent to the prepara
tion chamber. After transportation of the sample onto a translation table 
in this chamber, the electron beam is scanned across the surface by moving 
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the table. At each position the intensity of the AES signals of the substrate 
and of the wedge material, at suitably chosen energies, are measured. Fig. 
2.3 (right side) shows an example of the obtained intensity variations. 

Wedge Technique 

IIIIC::::::::::::::i ....___ 

t t t t t t 
flux from source (MBE) 

substrate 

wedge 

shutter 

::J 

.:S 
Iii 
c: 
Ol 
'iii 
(/) 
w 
<( 

400 

300 

200 
w 

A A A~ 

100 

0 
0 20 40 60 

position (a.u.) 

Figure 2.3: (left side) Schematic drawing visualizing the wedge 
growth. (right side) AES intensity (in a.u. ) of the substrate (s) 
and the wedge (w) material as a function of the position. 

From the onset of the AES signal of the wedge material (w) the starting 
position of the wedge is determined. From the rate of decrease in intensity of 
the substrate signal (s) (or previously deposited layer) the wedge slope can 
be determined using I= Ioexp(-xwf>-..). Here, Io is the AES .intensity at a. 
position before the start of the wedge, xw the horizontal position measured 
from the starting point and ).. the mean free path of the electrons. For the 
latter the bulk value is assumed. The accuracy of both the wedge start 
and wedge slope determinations may depend on the material combinations 
involved but are commonly better than 0.2 mm and 10 % , respectively. 
The value obtained for the wedge slope is commonly in agreement with the 
value calculated from the quartz crystal monitor data.. 
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2. 2 Analysis 

2.2.1 X-ray diffraction 

A powerful and non-destructive tool to obtain information on the structure 
of a sample is x-ray diffraction (XRD). Commonly the technique employs 
the so-called 8 - 28 scan mode. Here, x-rays are incident at an angle (} 
with respect to the film plane. This angle is varied through rotation of the 
sample (the x-ray source is fixed in position) and the intensity of x-rays 
scattered through an angle 29 is measured with a detector. The motion of 
this detector is coupled to the sample rotation in such a. way that the angle 
of incidence equals the angle of detection. 

It is well known that x-ray diffraction profiles thus obtained, essentially 
give the square of the Fourier transform of the materials density [12]. Since 
in the 9 - 28 scan mode the scattering vector is perpendicular to the film 
plane, the information is limited to the density variations along the film 
normal. A single periodic density variation along the film normal with a 
period d (for example the distance between the atomic planes parallel to 
the plane of a crystalline film) emerges in the diffraction profile through oc
curence of maxima in intensity at positions fhc determined by the Bragg law 
4 : 2dsin8k = k>.. with>.. the wavelength of the x-rays and k an integer. The 
width of these peaks is inversely proportional to the length over which the 
periodicity is maintained (the structural coherence length in perpendicular 
direction). For a perfectly grown film this would be the film thickness. 

In a multilayer consisting of a periodic alternation of two crystalline lay
ers A and B, three periodicities are present: the multilayer periodicity D, 
which is equal to the sum oflayer thickness A and layer thickness B, and the 
two lattice periodicities given by the respective interplanar spacings dA and 
dB of the atomic planes making up the layers A and B. Using a kinematical 
model, Segmiiller and Blakeslee [13] showed that the resulting diffraction 
pattern of such a multilayer consists of sets of (multilayer) peaks at posi
tions obeying 2Dsin9; = j>... These sets appear to be centered around the 
Bragg positions at which peaks would have occured for mono-composition 
films of material A or B: 2dA sin (}k = k>.. and 2dB sin fJ1 = l>... The width of 
the peaks is again inversely proportional to the coherence length (which for 
perfect multilayer would equal the number of repetitions times the multi
layer period). The angular range through which the ·sets extend is to a good 
approximation inversely proportional to the respective layer thicknesses of 

4neglecting effects due to small deviations of the refractive indices from unity. 
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layer A and B. As an example in Fig. 2.4 part of an x-ray diffraction pat
tern of a 100x (20 A Co/120 A Ag) multilayer is displayed. As for all x-ray 
diffraction measurements to which reference is made in this thesis, the pat
tern has been measured using a Philips PW 1710 diffractometer using Cu 
Kc:x radiation with A = 1.5418 A. 

A number of important conclusions can be drawn from the previous 
discussion. From a multilayer diffraction pattern, such as shown in Fig. 2.4, 
the actually realized multilayer period D of the sample can be extracted 
routinely through least squares fitting of 2D sin ei = j.A to the observed 
peak positions (see, for example, the inset of Fig. 2.4). From the location 
of the gravity points of the sets of peaks, the texture of both constituting 
layers can be determined. This is because these gravity points (the points 
around which the peaks are centered) are, as mentioned, determined by the 
interplanar spacings dA and dB which in turn 
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Figure 2.4: X-ray diffraction pattern (>. = 1.5418 A) of a 50 A 
Ag + 100x (20 A Co/120 A Ag) + 50 A Ag multilayer grown with 
sputtering on a Si substrate. The number of fotons counted in a 3 sec 
time interval, at each angle, is plotted logarithmically as a function 
of the scattering angle 29. The inset shows a 11t of the Bragg relation 
to the observed peak positions. 

depend sensitively on the texture or growth orientation. 
For example, the gravity center of fcc Co grown with its crystallographic 

(111) planes parallel to the film plane is at 20 = 44.16°, whereas for a (100) 
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texture the center is located at 29 = 51.45°. As will be clear from the 
following chapters, knowledge of this growth orientation is important since 
magnetic surface and interface anisotropies as well as magnetic interlayer 
coupling can differ significantly between the various orientations or textures. 

In practice the texture is not perfect, but the {100) axis, in case of (100) 
growth, for example, will exibit a spread around the film normal. A measure 
of the quality of the texture can be obtained from a so-called rocking curve. 
For this measurement the rotation of the sample and the motion of the 
detector are decoupled. The measurement procedure is as follows. First 
sample and detector are positioned (using the 9- 29 mode) at the Bragg 
peak of interest. Then the sample is rotated (rocked) and the intensity 
is monitored with fixed position of the detector. For {100) growth, for 
example, the (100) planes (of crystallites) which are slightly misoriented will, 
in such a scan, also come in an orientation to satisfy the Bragg condition. 
Thus the rocking scan will yield a peak with a certain width which will 
reflect the angular distribution of the crystallite orientations in the sample. 

2.2.2 Vibrating sample magnetometry 

For a magnetic characterization of the sample, a measurement of the depen
dence of the magnetic moment on an externally applied field is very useful. 
Such experiments may provide information on several important magnetic 
properties such as the saturation magnetization, the occurrence of pref
erential directions for the magnetization and on the existence of magnetic 
interactions. In §3.4.1 and §4.3 it is discussed how to extract the strength of 
the magnetic anisotropy and the strength of the antiferroma.gnetic coupling 
of a magnetic multilayer from such measurements. For recording applica
tions a number of additional properties such as the coercive field and the 
remanent magnetic moment, are also important. 

The magnetization measurements presented in Chapters 3 and 4 were 
peformed using a home-made Vibrating Sample Magnetometer (VSM), see 
[14] and. [15] for a detailed. description. The measurement of the sample's 
magnetic moment is based on the principle that the dipolar field of a moving 
sample causes flux changes in detection coils placed around the sample. The 
current thus induced is proportional to the magnetic moment of the sample. 
In the present VSM the sample is clamped in the slit of a long rod which, 
so as to minimize its contribution, extends appreciably in both directions 
beyond the region in which the detection coils are located. The motion of 
the sample is now caused by the vibration of the conus of a loudspeaker 
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operated at about 80 Hz to which this rod is attached. The accuracy of the 
measured magnetic moment is about 3 nAm2 (3 x 10-6 emu). As a result of 
the numerical cancellation that occurs when correcting the measured signal 
for the combined dia- or paramagnetic contributions of the substrate and 
sample holder, a VSM measurement is, in practice, limited to magnetic 
moments of about 3 x 10-4 emu. This is equivalent to about 50 A Co on a 
4 X 12 mm2 sample area or 2 x 1016 Co atoms (having their bulk moment). 

2.2.3 Magneto-optical Kerr effect magnetometry 

If light is reflected at the surface of a magnetic material it undergoes a 
change in its polarization state. This effect, which is termed the magneto
optical Kerr effect (MOKE) after the Scottish scientist John Kerr (1824-
1907), can be characterized by a change in the phase and a change in the 
amplitude of the light. The former corresponds to a rotation of the polariza
tion direction of linearly polarized light, a so-ca.lled Kerr rotation, while the 
latter measures the extent to which circularly polarized light becomes ellip
tical, the Kerr ellipticity. These effects (both originating in differences in the 
complex Fresnel reflection coefficients for left and right circularly polarized 
light) appear to be proportional to the magnetization. This makes MOKE 
suitable for magnetic studies comparable to those performed by vibrating 
sample magnetometry. 

A disadvantage of the MOKE experiment is the fact that the proportion
ality factor between the Kerr rotation or ellipticity and the magnetization 
is unknown. Moreover, apart from a dependence on the magnetic elements, 
it genera.lly also depends on sample details such as the type of substrate 
which has been used and the presence of (non-magnetic) base- and caplay
ers. Therefore, conclusions or comparisons regarding the absolute values 
of the magnetic moments are commonly precluded. However, the MOKE 
technique also offers a number of important advantages. One of these is the 
fact that the magnetic behavior can be analyzed locally: The MOKE signal 
is determined only by the behavior of that region of the sample which is 
illuminated by the light beam. Since the degree of localization can be made 
rather high by focussing the light beam sharply (typica.lly to regions of 100 
J.Lm in diameter), a positional scan along a sample (typica.lly of 1 em in di
ameter) with one or more layers in the form of a wedge is performed easily. 
This allows, for example, an investigation of the interlayer thickness depen
dence of the magnetic coupling or the magnetic layer thickness dependence 
of the magnetic anisotropy, using one sample only. Examples of coupling 



22 analysis 

studies exploiting this advantage can be found in §§ 4.8 and 4.9. 
Another feature of the MOKE technique which makes it an ideal tool for 

studying ultrathin films is the fact that the penetration depth of the light 
(in the visible region) is limited to 200-500 A for metals. Magnetic layers 
which are located deeper in the sample i.e. further away from the surface 
at which the light is incident, contribute less to the total Kerr signal than 
equivalent layers at the top. As demonstrated in Fig. 2.5, which displays 
hysteresis loops obtained with VSM and MOKE on the same sample, this 
may affect the shape of the hysteresis loop appreciably. 
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Figure 2.5: Hysteresis loops measured using VSM and the (polar) 
MOKE on a sample consisting of effectively three magnetic layers. 

The effect may therefore be exploited in identifying which of a set of (equally 
thick) magnetic layers reverses its orientation at a particular field (see, for 
example, §4.5). Moreover, due to the finite penetration depth of the light, 
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problems related to large contributions of the substrate compared to the 
thin film, such as encountered with VSM, are therefore avoided here. A 
K~ hysteresis loop experiment on two or three monolayers of Co, for in
stance, can be performed routinely (see, for example, Fig. 4.37 on page 
159). Regarding the measurement sensitivity of the MOKE in general, it 
is important to mention that commonly three geometries are used, each of 
which has a different sensitivity. These polar, longitudinal and transverse 
geometries are depicted in Fig. 2.6. 

POLAR LONGITUDINAL TRANSVERSE 

Figure 2.6: Schematic depiction of the polar, longitudinal and trans
verse Kerr effect geometries . . The Kerr effect in each particular ge
ometry is sensitive to magnetization changes along the directions 
indicated by the orienation of the arrow in the film. 

In the polar geometry, in which case the angle of incidence, 8, is nearly equal 
to zero, the (polar) Kerr effect is proportional the magnetization component 
perpendicular to the film plane. The Kerr effect for this geometry is the 
largest of the three and is therefore also the one applied in magneto-optical 
recording devices. For magnetic anisotropy or magnetic interlayer coupling 
studies this geometry is usually employed in cases where the magnetic layers 
exhibit a perpendicular preferential orientation (see§§ 4.5 and 4.8). 

The longitudinal geometry is usually employed for samples exhibiting an 
in-plane preferred direction (see, for example, §4.9). The magnitude, which 
is an order of magnitude smaller than in polar geometry [16], is proportional 
to the magnetization component parallel to both the film plane and the 
plane of incidence. The angle of incidence for this geometry is typically 45°. 
The transverse Kerr effect, which is sensitive to an in-plane magnetization 
perpendicular to the plane of incidence, is even smaller than the longitudinal 
one and is seldom employed. 
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2.2.4 Ferromagnetic resonance 

Ferromagnetic resonance (FMR) probes the collective excitations of an en
semble of electron spin magnetic moments in a magnetic solid. In an exper
iment the sample is subjected to a microwave field 5 of :fixed frequency and 
to an applied static field, the magnitude of which is varied. At each field 
value, the reflected or absorbed power from the sample is measured. These 
may yield one or more minima and maxima, respectively, corresponding 
to resonance modes of the ensemble. The :field at ~hich resonance occurs, 
the so-called resonance field, depends on several magnetic parameters. This 
is because the magnetic moments in a ferromagnet 'experience' not just 
the applied field but also dipole-dipole coupling between moments, direct 
exchange interactions and spin-orbit interactions. These result in demagne
tizing fields, exchange fields in case of non-uniform magnetic moment ori
entations, and in magneto-crystalline anisotropy torques, magneto-elastic 
torques and to dissipative torques. Also a magnetic interlayer coupling may 
contribute to a torque or effective field. The fact that the total effective field 
and thus also the resonance field, depends on these factors makes FMR a 
powerful tool to determine the corresponding magnetic parameters. 

For the determination one needs to solve, in principle, the set of coupled 
Landau-Lifshitz and Maxwell equations, see, for example, [17]. However, 
in the case of 'thin' ferromagnetic films, i.e. where a non-uniformity of the 
driving microwave field 6 and a non-uniformity in moment orientation 7 can 
be neglected, the equations can be reduced to the Landau-Lifshitz equations. 
The derivation of Smit and Beljers [19] may then be employed to obtain the 
resonance conditions of the (coupled multi)layer. After having done so, the 
parameters are usually still considerably entangled in determining the value 
of the resonance field. To extract values for them, numerical calculations are 
commonly needed (see, for example, Eq. (3.15) on page 62 or Eq. ( 4.20) on 
page 95) which makes FMR experiments physically less transparent than, 

5 For a free electron in a magnetic field of a typically 2 kOe, resonance would occur at 
5.6 GHz, which is in the microwave range. 

6 For metallic layers, the high conductivity yields a limited penetration depth of the 
microwaves, typically 3000 A for Cu at GHz frequencies. 

7 Because of an interface magnetic anisotropy or a magnetic interlayer coupling, the 
equilibrium orientations for magnetic moments at the surface or interface of a magnetic 
layer may differ from those in the interior of the layer. The (strong) direct exchange 
interactions favouring parallelism of the magnetic moments commonly 'all~w' changes in 
moment orientations only on length scales larger than typically 100 A depending on the 
details, see, for example, (18]. 
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Figure 2.7: FMR experiments with in-plane applied field at 34 GHz 
on a Cu(l00)/30 A Co/50 A Cu/50 A Co/30 A Au structure. (a) 
The derivative of the absorbed power with repect to the applied field 
as a function of the applied field 'measured at several angles relative 
to the in-plane {100} axis. (b) Resonance fields as a function of the 
angle corresponding to the zero points in the absorbtion derivative 
(circles and squares). The solid lines represent tits from which the 
(cubic and uniaxial) anisotropy constants of both layers could be 
determined. 
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for example, MOKE and VSM experiments. However, an advantage of FMR 
is the fact that non-equivalent ferromagnetic layers yield (separate) signals 
at different fields, rather than an average or superposition of signals such as 
in MOKE and VSM experiments. 

For the FMR experiments in this thesis, the common field modulation 
technique was applied (i.e. a sma.ll alternating magnetic field was applied 
para.llel to the de field). Also a cylindrical (TEon) resonant cavity was 
used which operated near 34 GHz. Due to the use of field modulation the 
resulting signals are proportional to the derivative of the absorbed power 
with respect to the field. FMR is therefore characterized by a zero in the 
derivative. 

An illustrative example of an FMR experiment is given in Fig. 2.7. Here, 
FMR experiments were performed at several angles. of the in-plane applied 
field relative to the [100] axis of an 30 A Co/50 A Cu/50 A Co/30 A Au 
trilayer epitaxia.lly grown on a Cu(lOO) single crystal. The existence of two 
separate signals is indicative for different magnetic anisotropies of the two 
Co layers. The a:rigular postions of the minima in the resonance fields in 
Fig. 2.7 (b), such as determined from the zero points in the absorbtion. 
derivatives of Fig. 2.7 (a.), yields that the [110] axes are the easy axes of the 
present Co layers. Fitting the angular dependence of both resonance fields 
enabled a determination of the magnetic anisotropy of each individual Co 
layer. 



Chapter 3 

Magnetic anisotropy 

3.1 Introduction 

It is an experimental fact that ferromagnetic single crystals exhibit 'easy' 
and 'hard' directions of the magnetization; i.e. the energy required to mag
netize a. crystal depends on the direction of the applied :field relative to the 
crystal axis. From the technological viewpoint this magnetic anisotropy is 
one of the most important properties of magnetic materials. Depending 
on the type of application, high, medium or low magnetic anisotropy will 
be required, for respective application in, for example, permanent magnets, 
information storage media. or magnetic cores in transformers. 

This chapter will focus on the magnetic anisotropy of ultrathin magnetic 
:films and multila.yers. The physical basis that underlies a. preferred mag
netic moment orientation in these systems can be quite different from the 
factors that account for the easy axis alignment along a. symmetry direction 
of a. bulk material, and the strength can also be markedly different. The 
prominent presence of symmetry-breaking elements such as surfaces and in
terfaces, which automatically accompany the layered form of these systems, 
are the basic ingredients for this behavior. By varying the thicknesses of 
the individual layers and choosing appropriate materials, it appeared pos
sible to tailor (or engineer) the magnetic anisotropy. The most dramatic 
manifestation in this respect is the change of the preferential direction of 
the magnetization from the commonly observed in-plane orientation to the . 
direction perpendicular to the plane. This phenomenon is usually referred 
to as Perpendicular Magnetic Anisotropy {PMA) and is particularly im
portant for information storage and retrieval applications. In perpendicular 
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magnetic recording, for instance, a perpendicular preferential orientation al
lows much higher areal bit densities(~ 106 bitfmm2) than in conventional 
longitudinal storage (~ 5 x 103 bits/mm2 for a 3.5" floppy disk) (14]. This 
is also the case in magneto-optical recording 1 where, the perpendicular ori
entation is also essential to exploitation of the polar Kerr effect, which is 
sensitive only to the perpendicular component of the magnetization. 

Apart from the apparent industrial relevance, the physical mechanisms 
contributing to the magnetic anisotropy are clearly of fundamental interest. 
Systematic experimental investigations have revealed a pronounced mag
netic anisotropy contribution which scales with the reciprocal :film thick
ness. In a number of cases, this so-called surface or interface anisotropy 
promotes an easy axis along the surface normal, and can counteract the 
shape anisotropy inducing a perpendicular spontaneous magnetization (the 
above-mentioned perpendicular magnetic anisotropy). These experimental 
results considerably stimulated theoretical. For the bulk transition metals, 
it appears very difficult to calculate the magnetic anisotropy. The order 
of magnitude is correct, but the predicted sign is often wrong [20]. These 
difficulties are related to the fact that the corresponding energies are very 
small (of the order of 1p.eV per atom). However, for multilayers and ultra
thin films, which exhibit generally larger anisotropies, much progress has 
recently been made. For several Co-based multilayers, good agreement has 
been reached between first principles calculated anisotropies and the corre
sponding experimental values [21]. To increase the general understanding, 
these calculations can now, in principle, be used to calculate the magnetic 
anisotropy of magnetic layers and multilayers which cannot be made un
der laboratory conditions, such as free-standing monolayers; alternatively, 
one can make predictions for multilayers which have not yet been manufac
tored. An example of the latter (the only one so far), is formed by Co/Ni 
multilayers [22], which are subject of an experimental study in §3.6.1. 

This chapter 2 discusses the experimental aspects of the research per
formed on the magnetic anisotropy in thin films and multilayers. A re
striction has been made to (multi)layers containing 3d transition metals: 
rare-earth transition metal multilayers are ·not considered. The analysis 
of the experimental data will be discussed in terms of surface and volume 
contributions, their physical origin will be given, and some measuring tech
niques are introduced. Furthermore, commentary will be offered on the 

1toda.y's magneto-optica.I3.5" floppy disks contain 128Mb 
2ma.jor parts of this chapter will be published as an experimental review [23] 
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experimental data. published so far. In sections 3.6.1 and 3.6.2, two detailed 
experimental studies are presented for multila.yers containing more than one 
magnetic element, viz. Co/Ni and Co/Ni/Co/Pt multilayers, respectively. 

3.2 Origin of the magnetic anisotropy in thin films 

Ba.sica.lly, the two main sources ofthe magnetic anisotropy are the mag
netic dipolar interaction a.nd the spin-orbit interaction. Due to the long 
ra.nge, the dipolar interaction genera.lly results in a. shape-dependent con
tribution to the anisotropy, which is of particular importance in thin films, 
and is largely responsible for the in-plane magnetization usua.lly observed. 
In the absence of spin-orbit a.nd dipolar interaction, the total energy of the 
electron-spin system does not depend on the direction of the magnetiza
tion. With spin-orbit interaction, a small orbital momentum is induced, 
which couples the total (spin plus orbital) magnetic moment to the crystal 
axes. This results in a total energy which depends on the orientation of 
the magnetization relative to the crysta.lline axes, and which reflects the 
same symmetry a.s the crystal. This is known a.s the magnetocrysta.lline 
contribution to the anisotropy. The lowered symmetry at a surface strongly 
modifies this contribution a.s compared to the bulk, yielding a so-ca.lled sur
face anisotropy a.s pointed out by Neel [3]. In conjunction with the overlap 
in wave functions between neighbouring atoms, the spin-orbit interaction 
is also responsible for the magneto-elastic or magnetostrictive anisotropy 
induced in a strained system, a situation which is frequently encountered in 
multilayers due to the lattice mismatch between the constitutent materials. 

Before discussing each of these anisotropy terms in somewhat more de
tail in the following paragraphs, the phenomenological description of the 
anisotropy in terms of volume a.nd surface contributions usua.lly employed 
in multilayered thin films is first introduced. 

3.2.1 Surface and volume contributions 

Since the magnetic anisotropy is strongly connected to the crysta.lline 
symmetry and the shape of the samples, a general expression for the anisotropy 
energy, for a. given orientation of the magnetization and orientation of the 
surface relative to the crystal axes, will be a complex function reflecting the 
overall symmetry of the system. In the analysis and discussion of thin film 
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anisotropy, however, it appears that a uniaxial description 

E = -Kcos2 9 {3.1) 

is often sufficient. In this equation E is the orientational dependent energy 
of the magnetization, e denotes the angle between the magnetization and 
the film normal, see Fig. 3.1, and K is an anisotropy constant determining 
the strength of the anisotropy. 

M 

Figure 3.1: Definition of the Mgles e alld </> subtended by the magne
tization a11d the field, respectively, with respect to the film normal. 

A second-order uniaxial K2 cos4 e term, which is in some cases needed to 
account for experimental observations, is usually very small. By definition, 
a positive K describes the case of a preferred direction of the magnetization 
perpendicular to the layer plane. The anisotropy energy K (defined per 
unit volume) mcludes all contributions from various sources and is therefore 
sometimes mdicated as the effective anisotropy xef£. 

In the spirit of Neel's prediction, it has been found useful in the analysis 
of the anisotropy data on thin films and multilayers, to distinguish between 
contributions from the surface or mterface (K8 , per unit area) and contri
butions from the volume or bulk (Kv, per unit volume). This yields for the 
average magnetic anisotropy K of a magnetic layer of thickness t 

K = Kef£ = Kv + 2K,,ft (3.2) 

The prefactor 2 accounts for the fact that the magnetic layer was assumed 
to be bounded by two identical mterfaces. In the case of more complicated 
layered structures (examples of which will be discussed ill §3.6.1 and 3.6.2) 
equation (3.2) should be modified accordingly. Note that K,Jd {with d 
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the thickness of one monolayer) does not represent the magnetic anisotropy 
of the surface or interface atoms but represents the difference between the 
anisotropy of the surface or interface atoms and the inner (bulk) atoms. 
Equation (3.2) is commonly used in experimental studies, and the determi
nation of Kv and Ks can be· obtained by a plot of the product Kt versus 
t. Figure 3.2 shows a typical example of such a plot for CofPd multilayers 
[24]. 
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Figure 3.2: Magnetic anisotropy per unit area per Co layer verstis the 
Co layer thickness of Co/Pd multilayers. The y-axi.s intercept equals 
twice the surface anisotropy, whereas the slope gives the volume 
contribution. Data are taken from [24}. 

The negative slope indicates a negative volume anisotropy Kv, favouring 
in-plane magnetization, while the intercept at t = 0 indicates a positive 
interface anisotropy K8 , favouring perpendicular magnetization. Below a 
certain thickness t.L (= -2Ks/Kv, in this case 13 A) the surface anisotropy 
contribution outweighs the volume contribution, resulting. in. a perpendicu
larly magnetized system. 

It may be interesting to note that the surface anisotropy can be rather 
large. 
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Table 3.1: Magnetic anisotropy energies (MAE), calculated per unit 
volume magnetic material or magnetic transition metal (TM) atom, 
of multila.yers compared with several other compounds. 

I system MAE MAE 
[MJjm3] [J.~.eV /TM atom] 

Fe 0.017 1.4 J.l.e V /Fe 
Ni 0.042 2. 7 J.~.e V /Ni 
Co 0.85 65 }LeV/Co 
Multilayers 
Co/Ni 2 
Co/Pd, CofPt 5 300 peV/Co 
Permanent magnets 
YCos 7 760 peV/Co 
Nd2Fe14B 12 

1 SmCos 30 

In order to get an impression of the magnitude, a. comparison is made in 
table 3.1 between the magnetic anisotropy of the 2 A Co/11 A Pd multilayer 
of Fig. 3.2, and the values for several other compounds. The anisotropy of 
the Co/Pd multilayer is significantly larger than for bulk Co. Moreover, 
it is not much less than the anisotropies reported for permanent magnet 
materials such as Nd2Fe14B. 

Although the method of plotting Kt versus t as in Fig. 3.2 is frequently 
used and has contributed appreciably to the understanding of magnetic 
anisotropy in thin layers, Eq. (3.2) should be used with care, since the 
results might otherwise be rather misleading. Therefore a few comments 
are in order: 

• The description is based on the assumption that the "local" anisotropy 
at the surface or interface is felt, as it were, by the system as a whole, 
and that the system behaves as one magnetic entity with the individual 
magnetic moments aligned. This is only true when the anisotropy is 
much smaller than the intralayer exchange or when the layer is thinner 
than the so-called exchange length .j2Af poMf (see the introduction 
to this volume). For Co for instance, this exchange length is ~ 30 A. 

• The separation of the total anisotropy in terms of a. volume contri-
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bution Kv and an interface contribution Ks for thin layers of a few 
monolayers thick is rather questionable. 

• Volume contributions are not necessarily independent oft. As we will 
see later on, stress for instance can induce a 1/t dependence in Kv 
which, according to common analysis may be erroneously, associated 
with a surface contribution. 

3.2.2 Magnetic dipolar anisotropy (shape anisotropy) 

Among the most important sources of the magnetic anisotropy in thin 
films is the long range magnetic dipolar interaction, which senses the outer 
boundaries of the sample. 

Neglecting the discrete nature of matter, the shape effect of the dipolar 
interaction in ellipsoidal ferromagnets can be described, via an anisotropic 
demagnetizing field Hd given by Hd = -NM. Here N is the shape
dependent demagnetizing tensor. For a thin film, all tensor elements are 
zero except for the direction perpendicular to the layer: N.J.. = 1. Since the 
magnetostatic energy can be expressed as: 

(3.3) 

it results in an anisotropy-energy contribution per unit volume V of a film 
of 

(3.4) 

Here the magnetization is assumed to make an angle (} with the film nor
mal. According to this expression, the contribution favours an in-plane 
preferential orientation for the magnetization rather than a perp.endicular 
one. Because the thickness of the film does not enter into the continuum 
approach employed above, it contributes only to Kv. It is this contribution 
which is primarily responsible for the negative slope of the Kt vs. t plot 
in Fig. 3.2. This continuum approach is common in the analysis of the 
experimental data. 

However, when the thickness of the ferromagnetic layer is reduced to 
only a few monolayers (ML), the film should not, in principle, be consid
ered as a magnetic continuum, but has to be treated as a collection of 
discrete magnetic dipoles on a regular lattice. Calculations made on the 
basis of discretely summing the dipolar interactions for films in the range 
of 1 to 10 monolayers lead to the following results [25]. Depending on the 
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symmetry of the surface, the outer layers experience a dipolar anisotropy 
which can be appreciably lower than the inner layers. For the inner layers, 
the dipolar anisotropy is rather close to the value based on the continuum 
approach. Consequently, the average dipolar anisotropy can be phenomeno
logically expressed by a volume contribution Kv and a surface contribution 
Ks. The magnitude of the surface contribution however is of minor im
portance, and other sources of anisotropy, such as spin-orbit coupling, are 
apparently dominant. 

3.2.3 Magnetocrystalline anisotropy 

As stated before, the microscopic origin of the magnetocrystalline aniso
tropy is the spin-orbit interaction. In principle also the exchange interac
tion and the dipolar interaction could contribute to the magnetocrystalline 
anisotropy. The exchange interaction however, cannot give rise to anisotropy 
since it is proportional to the scalar product of the spin vectors and therefore 
independent of the angle between the spins and the crystal axes. The dipo
lar interaction energy on the other hand, does depend on the orientation of 
the magnetization relative to the crystal axes. In principle it results, apart 
from the shape contribution already discussed in section 3.2.2, in a mag
netocrysta.lline contribution. However, for cubic crystals it can be shown 
from symmetry arguments that the sum of the dipole-dipole energies can
cels. For structures with lower symmetry, such as hexagonal crystals, this 
is generally not the case. For bulk hcp cobalt however, this contribution is 
negligible. This is essentially a consequence of the fact that the deviation 
of the cfa ratio from the ideal value ..j8J3 is relatively small (-0.67 %) 
(20]. Thus basically only the spin-orbit interaction will be responsible for 
the magnetocrystalline anisotropy in Fe, Ni (both cubic) and Co. 

Before a good understanding of itinerant electron behavior was achieved, 
van Vleck discussed the magnetocrystalline anisotropy (in the case of bulk) 
in a pair interaction model assuming localized magnetic moments [26]. Neel 
[3] extended this model for surfaces and showed that the reduced symmetry 
at the surface should result in magnetic anisotropies. at the surface differing 
strongly from the bulk atoms. For this surface anisotropy energy he derives 
for fcc(lll) and fcc(lOO) surfaces for instance, a relation of the same form 
as Eq. (3.1): E = -Ks cos2 8, with Ks differing for [111] and [100] surfaces. 
Although the pair interaction model also played a role, as we will see later 
on in the discussion about roughness and interdiffusion and contributed 
significantly to the understanding, it is fundamentally not correct. In some 
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cases it predicts the wrong sign. Moreover, it does not give a dependence 
of Ks on the adjacent (non-magnetic) metal. A thorough understanding 
of the magnetocrystalline anisotropy can now be obtained from ab initio 
bandstructure calculations. As shown in [27], the symmetry and location 
with respect to the Fermi level of spin-orbit splitted or shifted states are 
of major importance. The symmetry of the state for instance, determines 
whether or not the state is splitted if the direction of the magnetization is 
e.g. perpendicular or parallel to the film plane, i.e. it determines the sign 
of the contribution of the state to the magnetocrystalline anisotropy. For 
further and more detailed discussions the reader is referred to [27]. 

3.2.4 Magneto-elastic anisotropy 

Strain (E) in a ferromagnet changes the magneto crystalline anisotropy 
and may thereby alter the direction of the magnetization. This effect is 
the reverse of magnetostriction which is the phenomenon that the sample 
dimensions may change if the direction of the magnetization is changed. 
The energy per unit volume associated with this effect can, for an elastically 
isotropic medium with isotropic ma.gnetostriction, be written as: 

3 2 
Eme == 2 ).q cos 0 (3.5) 

Here a is the stress which is related to the strain via the elastic modulus E 
by a== eE. Alternatively equation (3.5) thus reads in terms of strain: 

3 
Eme = 2).Eecos2 

(} (3.6) 

The magnetostriction constant ). can be either positive or negative. The 
angle (J measures the direction of the magnetization relative to the direction 
of uniform stress. If the strain e in the film is non-zero, the magneto
elastic coupling contributes in principle to the effective anisotropy. When 
the parameters are constant (not depending on t) this contribution can be 
identified with a. volume contribution Kv (compare equation (3.1)). 

Strain in films can be induced by various sources. Among them is ther
mal strain associated with differences in thermal expansion coefficients, and 
intrinsic strain brought about by the nature of the deposition process. 

Of particular interest in the present context, is strain due to the lattice 
mismatch between adjacent layers. Currently this problem is described in 
terms of the Vander Merwe model in which elastic as well as dislocation 
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energies are considered [29J. Two regimes should be distinguished. If the 
lattice mismatch fJ = (aA- as)/aA between materials A and B is. not too 
large, minimizing the total energy leads to a. situation whereby, below a. 
critical thickness tc, the misfit can be a.ccomodated by introducing a tensile 
strain in one layer and a. compressive strain in the other such that ultimately 
the two materials A and B adopt the same in-plane lattice parameter. This 
regime is called the coherent regime (the lateral planes are in full lattice
registry). 

The strain, as well as tc, depends strongly on the specific geometry 
(bilayer, sandwich, film on a. substrate, multilayer, etc.). For a general 
multilayer A/B in the coherent regime, minimization of the elastic energy 
yields for instance 

(3.7) 

with q the ratio between the elastic moduli E A and Es of layer A and B, 
q = EA/ Es. The in-plane strain in layer B is given by fB = fJ +fA· For 
other geometries, analogous relations can be derived. Assuming layer A to 
be the magnetic layer, substitution of fA in equation {3.6) gives the magneto
elastic contribution to the anisotropy K;_oh = -jAEAfA· In principle, this 
contribution contains the thickness of the magnetic layer, and therefore may 
obscure the simple analysis in terms of volume and surface contributions 
{Eq. (3.2)). This problem does not exist when tA « ts or tA/ts =constant. 
In these cases x;_oh contributes only to Kv. 

The elastic energy associated with the coherent situation is proportional 
to the strained volume. Increasing the thickness of one of the layers will 
therefore increase the elastic energy. At a certain critical thickness tc, al
ready mentioned above, it becomes energetically more favourable to in
troduce misfit dislocations which partially accomodate the lattice misfit, 
allowing the uniform strain to be reduced. The lattice-registry is then lost 
and the layers become partially coherent, or briefly "incoherent". 

In general, it is not an easy task to calculate the strain in the partially 
coherent regime. In the special case of a single layer A on a rigid substrate 
it has been shown [30, 31], by minimization of the sum of the elastic and dis
location energy, that the residual strain fA, which is assumed to be uniform 
within the layer, can be written as: 

fA = -TJtc/tA (3.8) 

Consequently, the contribution to the magneto-elastic energy (Eq. (3.6)) 
also contains the 1/t dependence. Following the common analysis of anisotropy 
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data as introduced by equation {3.2), this contribution, which is essentially 
generated in the volume, will emerge as a surface or interface contribution 
~i = ~2 >.EA1]tc. It should be noted that K!ni does not depend on 1J be-

' . ' cause tc is in first approximation given by tc = Gb/2l1Jl EA [24]. Here G is 
the shear modulus and b is the Burgers vector. An alternative expression 
for the magneto-elastic surface contribution can thus be given in terms of 
G and b [24]: 

{3.9) 

Fig. 3.3 illustrates the transition between the coherent and incoherent regim:e 
and the resulting effect observed in the magnetic anisotropy. 

Figure 3.3: Thickness-dependence of (a) the strain and (b) the mag
netic anisotropy in the coherent and incoherent regime, for the case 
of a magnetic layer on a rigid substrate. 

3.3 Effect of roughness and interdiffusion 

So far, we have assumed the layers to have ideal flat interfaces. In prac
tice, films cannot be grown perfectly. Roughness and/or interdiffusion will 
be present and will modify the magnetic properties. Here, a brief comment 
will be made on their effects on the magnetic anisotropy. 

The effect of roughness on the dipolar anisotropy has been studied the
oretically by Bruno [32]. The roughness can be characterized by an average 
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fluctuation amplitude q and a mean lateral size e of terraces and craters. 
It creates, for in-plane magnetization, local demagnetizing fields at the sur
face thereby reducing the shape anisotropy. The anisotropy contribution 
resulting from the roughness will therefore always be positive (favouring 
PMA) and scale as 1/t. The magnitude of the corresponding dipolar sur
face anisotropy is a complicated function of q and e' which can be found 
in [32]. Under 'normal' conditions (q = 1-2 ML, e = 10 ML) however, the 
contribution appears to be small(:::::: 0.1 mJ/m2 for Co(0001)). 

Roughness also introduces step atoms at the surface. It has been derived 
[33], using the pair interaction model, that these step atoms should reduce 
the surface anisotropy contribution of ma.gnetocrystalline origin. The extent 
of this reduction will be determined by the change of the anisotropy of the 
step atoms relative to terrace or crater atoms and by the number of step 
atoms relative to the number of terrace and crater atoms. The former 
depends on the geometry of the surface; the latter is determined by the 
height Of the StepS q 1 their length e and the number Of StepS per unit length 
(1/e). Bruno [33] has derived that the relative reduction in Ks for a sc(lOO) 
surface is given by I::J.Ks/Ks = -2qfe, which can be substantial (20% for 
q = 1 ML and e = 10 ML). 

As mentioned, interdiffusion might occur during the deposition of the 
layers. It is clear that diffuse interfaces introduce randomness in the mag
netic pair bonds according to Neel's model, which obviously reduces the 
surface anisotropy. Draaisma et al. [25] have paid attention to this problem 
and have demonstrated via calculations based on the pair interaction model 
a strong dependence of Ks on the degree of mixing. 

Although the application of the pair interaction model in the latter two 
cases demonstrated the importance of the topology of the interface, it would 
be interesting to compare the results with the outcome of more advanced 
calculations such as in [27J. However such calculations have not been per
formed yet. 

3.4 Experimental Methods 

The magnetic anisotropy can be deduced from the dynamical response 
of the magnetic system or from the static response. 

The dynamic response of the magnetic layers can be measured with 
ferromagnetic resonance (FMR) and Brillouin light scattering (BLS). For a 
review on these techniques the reader is referred to [35]. 
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The static response can be measured by torque magnetometry, torsion 
oscillating magnetometry (TOM), the magneto optic Kerr effect (MOKE) 
and various techniques which measur~ the magnetic moment, such as vibrat
ing sample magnetometry (VSM), superconducting quantum interference 
device (SQUID) magnetometry, fluxgate magnetometry, alternating gradi
ent magnetometry (AGM), pendulum magnetometry, Faraday balance, etc. 

Most of the experimental data so far are obtained from static measure
ments. In particular magnetization- and torque measurements are rather 
common. This section is resticted to an introduction of the magnetization 
experiments. See [36] for discussions on the analysis of torque measure
ments. Furthermore the use of the Kerr effect for local anisotropy measure
ments will be introduced. 

3.4.1 Magnetization methods 

Most commonly the magnetic anisotropy is determined from the infor
mation provided by field dependent measurements along two orthogonal 
directions of the magnetic field relative to the sample. An example of such 
a measurement, with the fi~ld parallel and perpendicular to the film plane, 
is shown in Fig. 3.4, where the preferential direction is clearly perpendic
ular. The strength of the MA can be determined from the area enclosed 
between the parallel and perpendicular loops. This is based on elemen
tary electromagnetic considerations which show that the energy needed to 
change the sample magnetization in an applied :field H by an amount dm is 
given by J.toH dm. In some cases, as we will see later on, the strength of the 
MA can also be obtained from the fields at which saturation occurs. The 
angle-dependent part of the energy E of the magnetization of the thin film 
can be written as: 

(3.10) 

In this expression, Ki contains all first order (intrinsic) anisotropy energy 
contributions except the shape anisotropy or magnetostatic energy contri
bution, which, as we saw before, equals !J.LoM; for a saturated film. The last 
term describes the interaction between the applied field and the resulting 
magnetization; () and ¢ denote the angles subtended by the magnetization 
and field, respectively, and the film normal. 
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Figure 3.4: Hysteresis loops measured with the applied :B.eld parallel 
arid perpendicular to the layer plane of a 30x (2 A Co + 4 A Ni + 2 
A Go + 10 A Pt) multilayer §3.6.2. 

Energy minimi?.;ation as a function of the applied field H yields the field 
dependence of the equilibrium angle Oeq{H) and the field component of the 
magnetization M = M 11 cos(Oeq- rp). 

For easy-plane samples {Keff = Ki - iJ.LoM; < 0) this procedure gives 
the magnetization curves shown in Fig. 3.5 (a). The area enclosed be
tween the two curves clearly equals the effective magnetic anisotropy energy 
(MAE), xeff. As the figure shows, the MAE could also be obtained from the 
hard axis saturation field, the so called anisotropy fieid HA = -2Keff f J.LoMs. 

For the case of perpendicular easy samples (Keff > 0) one should be 
careful in applying this analysis. We take as a starting point (H = 0) a 
situation in which the film consists of up and down domains of equal size, 
as shown schematically near the origin of Fig. 3.5 (b). The magnetostatic 
energy contribution used in Eq. {3.10) is then not Vfilid in general because 
it depends on the size of the domains. 

For very small domains, the magnetostatic interaction between the do
mains is such that the magnetostatic term can be described by the con
tinuum result: !J.LoMf, with MJ.. the average perpendicular component of 
the magnetization. The perpendicular magnetization curve can then be 
obtained by minimizing E = ~p.oM1- p.oMJ..H with respect to the magne
tization. Here the ....: Ki cos2 f) term is left out because it is constant since the 
magnetization either points up (8 = 0) or down (8 = 71") in perpendicular 
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applied fields, with xetr > 0. Setting 8Ej8M1.. = 0 yields M1.. = H. For 
in-plane applied fields, !JLoMI is always zero and the magnetization curveis 
obtained by minimization of - Ki cos2 0 - JLoMsH cos( 1r /2 - 0) with respect 
to e. The resulting curves are shown in Fig. 3.5b. 
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Figure 3.5: Magnetization curves for magnetic layers having an in
plane (a) or perpendicular (b,c) preferential orientation; (b) situation 
with small domains; (c) situation with large domains. 

Again the area between the curves gives the MAE, xetr, including the shape 
anisotropy. In this case the saturation fields have no direct relation to xetr. 

In the case of very large domains, the effect of the interaction between 
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the domains is negligible and, although at H = 0 the average perpendicular 
component of the magnetization is zero, the magnetosta.ticenergy term is, 
for both perpendicular and in-plane applied fields, correctly described as 
in Eq. (3.10). In magnetizing the layer perpendicularly, the ma.gnetostatic 
energy does not have to be overcome. Minimization of Eq. {3.10) therefore 
gives a perpendicular curve saturating immediately and an in-plane curve 
saturating at a. the field 2Ki/ p.oMs - M, or 2KefF / p.oMSl see Fig. 3.5 (c). 
As in the previous cases, the area between the in-plane and perpendicu
lar magnetization curve gives the effective MAE, xefF, including the shape 
anisotropy energy. 

The general case of arbitrary domain size has been treated by Kooy 
and Enz [37). Their analysis shows that the dimensionless parameter r = 
~p.oMi· 4tftr-y, with 'Y the domain wall energy per unit area, largely deter
mines the domain size. The continuum approximation appears valid only 
for r > 103, whereas ~p.oMi may be used for r < 1. For intermediate situ
ations, 1o3 < r < 1, no simple expression for the magnetostatic energy can 
be given. It depends in a. complicated way on the applied field via the (field 
dependent) domain size [37]. The saturation fields vary continuously with 
r, but the area between the in-plane and perpendicular curves still gives 
xefF. 

Summarizing, in principle the MAE can be determined from the field de
pendence of the magnetization by measuring the saturation fields or the area 
between the in-plane and perpendicular magnetization curves. However, in 
general, no one-to-one relation exists between the hard-axis saturation field 
and the total effective magnetic anisotropy KefF. The area between the 
loops, on the contrary, yields xefF in all cases. 

In practice, problems are encountered using the "area method". For 
instance, as Fig. 3.4 illustrates, the experiments can show a considerable 
hysteresis and the available field is in some cases not large enough to saturate 
the sample in the hard direction. In order to determine the MAE in such 
cases, the hysteresis is removed by averaging the hysteresis loop branches, 
and the hard-axis loop is extrapolated, which is often rather arbitrary for 
non-linear curves. These problems can be circumvented by measuring the 
angular dependence of the magnetization. In this method the applied field 
is set at a. constant value but its angle with respect to the film normal is 
varied by rotating the sample. During this rotation, the component of the 
magnetization along the field is measured. The magnetic anisotropy is then 
determined by fitting the obtained angular dependence by minimization of 
Eq. (3.10) . .See [38) for an example of such a. study. 
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3.4.2 Anisotropy determined from Magneto-Optical Kerr Ef- . 
feet (MOKE) measurements 

This section discusses the use of the magneto-optical Kerr effect in mea
surering the magnetic anisotropy. 

The magneto-optical Kerr effect is the change in the polarization state 
of light by reflection at the surface of magnetic materials. This change orig
inates from a difference in the complex Fresn~l reflection coefficients for left 
and right circularly polarized light. This difference or optical anisotropy is 
only present for a non-zero magnetization, and the magnitude is determined 
by the off-diagonal terms in the permittivity tensor, which are odd linear 
functions of the magnetization. It is the latter relation which makes MOKE 
suitable to study changes in the magnitude or direction of the magnetiza
tion. No direct information can be obtained regarding the magnitude of 
the magnetization. However, since the magnetization is only monitored in 
that region of the sample which is illuminated by a (sharply focussed) light 
beam, (typically 100 p.m in diameter, in present studies [40]), a highly lo
calized analysis of magnetic behavior is possible. This allows, for example, 
a positional scan along a wedge-shaped (magnetic) layer, which.enables one 
to investigate magnetic properties as a function of the layer thickness, in 
one single sample. 

In a polar Kerr effect measurement, where the light beam is at normal 
incidence to the sample, one usually applies the field perpendicular to the 
sample. The Kerr rotation and the ellipticity in this geometry are pro
portional to the perpendicular component of the magnetization [41]. For 
easy-plane samples one thus obtains, as we saw in the previous section, a 
linear increase of the magnetization (and thus of the Kerr signal) up to sat
uration. From the saturation field or anisotropy field one can determine the 
MAE. However, for perpendicular easy samples one may obtain a rectangu
lar loop from which the MAE can not be obtained. Applying the field at a 
non-zero angle with respect to the film normal, creates a torque between M 
and H allowing determination of the MAE. The perpendicular component 
is given by M.1 = M,. cos Oeq(H), and can be calculated relatively easy by 
solving the equilibrium angle Beq(H) from minip:l.ization of equation (3.10) 
for given anisotropy. The thus obtained M.1/ M8 versus H curve can be 
compared directly with the normalized experimental Kerr signal S(H)/So, 
where S(H) and So are the measured Kerr rotations or ellipticities at field 
H and field zero, respectively 3• A least squares fitting process routinely 

3 Preeeding the measurement, the sampleis saturated perpendicularly so that one starts 
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gives the magnetic anisotropy. Results of such a. procedure are the measure
ments and the corresponding fits shown in Fig. 3.6 (40]. A disadvantage 
of the method is the fact that the Kerr effect does not measure the mag
netization directly: the fits only provide the anisotropy fields. To obtain 
the anisotropy constants a. value for the saturation magnetization has to be 
assumed. Usually, experimental accuracies of 10.% are obtained. 
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Figure 3.6: Measurements of the Polar Kerr ellipticity a.t various 
Co thicknesses along a. Co wedge, sandwiched between Pd, with the 
applied field at an angle of 6(f with respect to the film normal. 
The solid lines represent fits using first and second order anisotropy 
constants {40]. 

However, this accuracy can not be obtained for large a.nisotropies because, 
in those cases, the drop in the Kerr signal, using maximum available field, is 

with a situation of maximum perpendicular remanence. 
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too low to reliably determine the anisotropy. The latter is best demonstrated 
in Fig. 3.6 by the upper curves. Nevertheless, due to its local character and 
its monolayer sensitivity, MOKE provides a powerful tool for investigating 
anisotropies of (single, wedge-shaped) ultrathin ferromagnetic layers. 

3.5 Review of experimental results 

Tables 3.2, 3.3 and 3.4 contain an up to date selection of experimentally 
observed anisotropy data in Fe, Co and Ni based multilayers. 

In the discussion of the experimental results, it should be· realized that 
the structure of the magnetic layers is extremely important for the actual 
observed magnetic anisotropies. The importance of the topology of the 
interfaces and the crystallographic structure of the magnetic layers was al
ready mentioned. The structural properties are strongly determined by the 
complex interplay between the employed growth technique ( e~g. sputter
ing, evaporation, laser ablation), the preparation conditions (temperature, 
growth rate, pressure), the elements which are grown, their thicknesses and 
lattice mismatch, the symmetry, lattice spacing and quality of the substrates 
which are used and the resulting growth mode (layer by layer, Volmer
Weber, Stranski-Krastanov). Moreover, actual data on the structural pa
rameters of the layers which have been realized are scarce and generally hard 
to obtain, or require at the least a series of dedicated experiments. The fact 
that, in Table 3.2, 3.3 and 3.4, various (sometimes quite different) numbers 
for Ks and Kv are cited for one particular system indicates the sensitivity 
of the anisotropy parameters to the conditions mentioned above. At the 
same time it makes comparison of the results and the search for trends and 
systematics quite hazardous. Therefore conclusions drawn from Tables 3.2, 
3.3 and 3.4 should be considered with care. In this spirit, commentary will 
be offered in what follows on some of the features apparent from the data 
tabulated in tables 3.2 and 3.3. 

Fe versus Ni versus Co 

Comparing the observed interface anisotropies, one notes that for Co and 
Fe these are often positive, i.e. favouring a perpendicular easy direction, 
whereas for the Ni based multilayers they are usually negative. There is no 
simple argument from which one can understand this difference in sign or 
the fact that a negative Ks should always be the case for Ni. 
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Table 3.2: Table of out-of-plane surface a.nisotropies of sandwiches 
and multilayers containing Fe or Ni layers. Ks is delined positive for 
favouring a perpendicular easy-axis. X denotes tb.at a single crystal 
was used. 

I sample K., [mJ /m2] I substrate I reference I 
Fe(001)/UHV 0.96 X (42] 
Fe(001)/Ag 0.81, 0.69, 0.79 X (42) 

0.64 X (43) 
0.8 (44) 

Fe(llO)/Ag(lll) 0.3 [45] 
1.45 [46] 

Fe(001)/Au 0.47, 0.40, 0.54 X {42] 
Fe(UO)/ Au(lll) 0.51 [47] 
Fe(OOl)/Cu 0.62 X [42] 
Fe/Cu(111) 0.29 [48] 
Fe/Mo(llO) 0.55 (49] 
Fe(OOl)/Pd 0.17 X [42] 
Fe(l10)/Pd(111) 0.14 [50] 

0.15 X [51] 
0.30 X [49] 

W(llO)/Fe(llO)/UHV 1.0 X [52] 
W(llO)/Fe{llO)/ Ag 1.1 X [52] 
W(llO)/Fe(llO)/ Au 1.2 X [52] 
W(llO)/Fe(llO)/Cu 1.4 X [52) 

Ni(111)/UHV -0.48 X [54] 
Ni/Au(lll) -0.15 X [53] 
Ni{lll)/Cu -0.22 X [54] 

-0.3,-0.12 [56] [57] 
Ni/Cu(lOO) -0.23 [57] 
Ni/Mo -0.54 [58] 
Ni(lll)/Pd -0.22 X [54) 
Ni/Pd(111) 0 [24] 
Ni(lll)/Re -0.19 X [54] 
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Table 3.3: Table of out-of-plane surface and volume anisotropies of 
Co based sandwiches and multHayers. K, and Kv are defined positive 
for favouring perpendicular easy-axis. X denotes th.at a single crystal 
was used. 

sample K, substrate 
[mJ/m2J 

Co/Au(lll) 0.42 (59] 
0.53 [31] 
0.45 [60] 
1.28 [61] 
0.34 -0.73 [62] 

Co/Ag 0.2, 0.3 -0.97 (24] 
0.16 -0.93 [45] 

Co/ AI 0.25 -0.76 [63] 
Co/Cu(lll) -0.02 -1.19 [64] 

0.53 [61] 
0.53 [31] 

0.10, 0.12 -0.8 [24] 
Co/Ir(111) 0.8 -1.20 [24] 
Co(lll) /Mo(llO} 0.3, 0.2 -0.84, -0.87 [24] 
Co/Ni(lll) 0.31 (22] 

0.20 [65] 
0.22 §3.6.1 
0.1 [66] 

Co/Os(lll) 0.7 -0.90 [67) 
Co/Pd(lll} 0.26 -0.72 [50) 

0.40, 0.56 -0.86 [24) 
0.58, 0.74 -0.91 (24] 

0.31 -0.80 (68] 
0.25 -0.64 [68] 
0.16 [69] 
0.5 -1.2 [62] . 

0.63 -0.50 X [70] 
0.92 -1.00 X (40] 

Co/Pd(lOO) 0.32 -2.19 [73] 
0.63 -4.50 X [70] 

Co/Pd(llO} 0.63 -1.82 X [70] 

47 
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Table 3.4: Table of out·of-plane surface and volume anisotropies of 
Co based sandwicbes and multilayers, continued. Ks and Kv are 
defined positive for favouring perpendicular easy-axis. X denotes 
that a single crystal was used. 

sample Ks Kv substrate reference 
[mJjm2] [MJjm3] 

Co/Pt{lll) 0.42 -0.63 [72] 
0.50, 0.58 -1.0, -0.7 [24] 

0.76 -0.92 [75] 
0.27 -0.7 [76] 
1.15 -0.77 X [74] 

Co/Pt(lOO) 0.31 -1.0 [75] 
0.20 -0.73 [76] 

Co/Pt(llO) 0.37 -0.91 [75] 
Co/Ru(OO.l) 0.4 -0.45 [62] 

0.5 -0.68 [77] 
Co/Ti 0.23 -0.92 [78] 
Co/V 1.05 -1.1 (67] 

As shown in [27], the MAE is determined by large cancellations of various 
contributions which depend on the actual location of the Fermi level and the 
detailed shape and position of the energy bands. This makes a prediction 
of the sign of the MAE, without detailed calculation, extremely difficult. 

The tables do not show the thicknesses t..L at which the multilayers 
change their preferential orientation from perpendicular to along the film 
plane. Typical values for Co based multilayers are in the range of 0 to 
18 A, depending on the non-magnetic metal and the structural quality of 
the layers. For Fe based systems, the observed values for t..L are generally 
smaller, notwithstanding the often larger positive surface a.nisotropies. This 
is mainly due to the shape contribution, which is larger for the Fe layers 
because of the higher saturation magnetization, and to the absence of sig
nificant bulk magnetocrystalline contributions. As we will see below for Co 
layers containing the hexagonal phase, a bulk·magnetocrystalline contribu
tion can increase the volume term Kv substantially [79}. Obviously this is 
also in favor for .a perpendicular easy axis. The size of the tables reflect in 
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this respect the industrial preferential interest in multilayers based on Co 
compared to it's neighbours Fe and Ni. 

Magneto-elastic effects 

The data as tabulated in tables 3.2 3.3 and 3.4 give, as such, no direct clue 
about the physical background. Kv and Ks may, as we saw before, include 
contributions of magnetic dipolar, magnetocrystalline and magneto-elastic 
origin. The relevan.ce of the latter contribution, in particular. that induced 
by incoherent behavior, is currently not well established. Calculations of the 
strain, based on expressions given in section 3.2.4 show, in some cases, that 
magneto-elastic contributions to Ks could be expected to be in the same 
range (sign and magnitude) as the experimentally observed data (Co/Au 
(31], Co/Pd [24]). On the other hand, dedicated experiments in Ni/Pd 
and NiFe/Pd multilayers demonstrated a marked disagreement between the 
expected magneto-elastic contribution and the experimental data [24]. 

To analyze the data, one of the crucial tasks is thus determining whether 
or not the layers are incoherent. The observation of a coherent-incoherent 
transition at tc (see Fig. 3.3) might of course be indicative but, as will be 
shown below, other mechanisms may also induce such non-linear behavior. 
Another possibility is to rely on a theoretical prediction for tc. Although 
the specific numbers depend on the geometry of the multilayer system, it 
appears that, for Co systems with a large mismatch such as Co/ Au and 
Co/Pd (7]=0.15 resp. q=0.09), for symmetric multilayers, a tc of at most 1 
or 2 ML is predicted [80]. Consequently, incoherent behavior in the complete 
thickness range is expected. For Co/Cu or Co/Ni multilayers (7]=0.02 resp. 
7]=-0.01), tc is much larger, and coherent behavior might be anticipated. 

Direct observations of e a.I;e not consistent with expectations in all cases. 
Indeed for Co/Pd an almost immediate relaxation towards the bulk lattice 
spacing was concluded form RHEED [81] and TEM [82] tu.-periments. For 
Ni on Cu(lOO) the expected behavior was observed also [83]. On the other 
hand NMR experiments showing a 1/t dependence of the Co-strain in Co /Ni 
and Co/Cu mutilayers, do not seem to agree with the expected coherent 
behavior [84]. 

In a few studies the actual observed strain is used to calculate the 
magneto-elastic anisotropy. The results are conflicting. Awano et al. [85] re
port that, the calculated stress-induced anisotropy is 10 to 100 times smaller 
than the measured values of the magnetic anisotropy whereas Lee et al. (86] 
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show that the measured K t vs. t behavior ca.n be explained largely by a 
magneto-elastic contribution. 

A final comment concerns Kv. Inspection of table 3.3 shows that a 
rather broad range of values is reported. In layered systems, both hcp Co 
a.nd fcc Co can be stabilized at room temperature. The shape anisotropy 
for both equals -1.27 MJ/m3• Magnetocrysta.lline anisotropy for bulk fcc 
Co is negligible and for hcp Co 0.41 MJfm3. Without magneto-elastic con
tributions, one therefore expects Kv = -1.27 MJ /m3 (fcc Co) or Kv =-0.8 
MJ/m3 (hcp Co). Comparison with table 3.3 shows important deviations 
which generally a.re attributed to strain or mixtures of hcp a.nd fcc phases 
(79]. In particular a strain contribution is invoked in order to explain Kv 
values outside the range spanned by the hcp and fcc Kv values. 
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Figure 3.7: Magnetic anisotropy density versus the Co .thickness for 
ion-beam sputtered Co/ Au multilayers before and after annealing at 
25(1> a.nd 30if {60]. 
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Interface quality 

It is worth noting that the interface anisotropies observed for samples grown 
on single crystals are generally larger than those observed for polycrystalline 
samples. This indicates the importance of the interface quality. Examples 
expressing this are a study ori Co/ Au multilayers [60] and work on a wedge
shaped Co layer [40]. In the experiment with the Co/ Au multilayers, the 
samples were prepared by ion beam sputtering, resulting in rather diffuse 
interfaces due to the Ar-ion bombardment during growth. The interface 
quality was manipulated by an annealing treatment. The anisotropy was 
measured before and after the annealing. The results rendered in Fig. 3. 7 
show a drastic increase of Ks after heat treatment. This increase in K 8 , 

accompanied by a strong increase of the intensity of the multilayer reflec
tions observed in X-ray diffraction experiments, was interpreted as due to 
a sharpening of the Co/ Au interfaces. 

In the experiments on a Co wedge (40], an attempt was made to study 
the magnetic anisotropy in a Co/Pd bilayer grown as perfect as possible on a 
Pd{lll) single crystal. The use of a Co wedge ensured identical preparation 
conditions for each Co thickness. Positional scans along the wedge using the 
Kerr effect yielded the magnetic anisotropies. The results are depicted in 
Fig. 3.8. Note that the surface anisotropy (0.92 mJ jm2) and the thickness 
range (18 A) for which perpendicular magnetization occurs are significantly 
larger than observed for polycrystalline Co/Pd(lll) multilayers (compare 
tables 3.3, 3.4 and Fig. 3.2). Unfortunately, few studies of this type have 
been performed so far. Apart from their relevance from fundamental point 
of view, they also yield an upper limit for the best achievable properties, 
which is of importance for application-oriented research. 

Non-linear Kt vs. t behaviour 

Fig. 3. 7 shows a deviation from the linear behavior at small Co thicknesses. 
This feature is often encountered in the anisotropy studies of transition 
metal multilayers. Apart from a possible coherent-incoherent transition, 
with the accompaning changes in the magneto-elastic anisotropy contribu
tions as discussed in section 3.2.4, several explanations can be given. As
suming for instance that, at small Co thickness, the film is no longer a 
continuous flat layer but is broken up into islands, necessarily yields a lower 
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effective magnetic/non-magnetic interface, a lower interface contribution 

Co Thickness !Mn-

Figure 3.8: Magnetic anisotropy density versus the Co tbiclmess mea
sured on a wedge-shaped Co layer on Pd(lll) using the Kerr effect 
(solid circles). The open squares represent FMR measurements on 
separate samples with homogeneous Co thicknesses {40}. 

and a. correspondingly lower total anisotropy than expected from the relation 
Kef£= Kv + 2Ks/t. Apart from interdiffusion, which can also account for 
non-linear behavior if the magnetic layer thickness becomes comparable to 
the thickness of the diffusion zone, a. lowering of the Curie temperature with 
the magnetic layer thickness, which is a well known finite size effect, can also 
play a role in the case of room temperature measurements. Moreover, one 
should realize that for ultrathin magnetic layers it is not at all apparent that 
one is allowed to separate the MAE into surface and volume contributions, 
a remark already made in section 3.2.1. 

3.6 Multilayers with more than one magnetic el
ement 

So far, the magnetic anisotropy studies have been mainly focused on mag
netic films coated with a non-magnetic metal and multilayers with non
magnetic spacer layers. Multilayers in which both types of layers are ferro
magnetic or more generally, multilayers containing more than one magnetic 
element have received very little attention, as may be inferred from tables 
3.2, 3.3 and 3.4. In order to achieve perpendicular anisotropy, these sys-
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tems do not seem, a priori, to be the most advantageous, since the interface 
anisotropy has to overcome an additional shape anisotropy, namely that of 
the second ferromagnetic layer. On the other hand, using several magnetic 
layers, increases the degrees of freedom to obtain certain desired properties. 
For example, the use of Ni in combination with Co layers allows manipula
tion of the effective shape anisotropy and thus of the thickness range with 
PMA. 

Section 3.6.2 presents a study on Co/Ni/Co/Pt multilayers where PMA 
indeed pertained to considerably larger magnetic layer thicknesses. 

The coming section (§3.6.1) focuses on Co/Ni multilayers. As shown in 
[22], first-principles band structure calculations of the magnetic anisotropy 
have led to the prediction ofPMA in a [111] Cor/Ni2 superlattice and subse
quent experimental confirmation [22, 65]. These calculations give the total 
MAE, characteristic for the specific superlattice. In principle, no informa
tion is given on the partitioning of the MAE over the several contributions. 
It is therefore interesting to determine if the perpendicular contribution, 
which is apparently present in 2 A Co/ 4 A Ni multilayers, is also already 
intrinsically contained as a surface contribution in Co/Ni multilayers with 
much thicker Co and Ni layers. To answer this question, a systematic study 
of the MAE as a function of the Co and Ni thicknesses is required. 

3.6.1 Co/Ni(lll) multilayers 4 

Abstract 

The magnetic anisotropy and the saturation magnetization have been in
vestigated in several series of Co/Ni multilayers, with relatively thick Co 
and Ni layers, grown in UHV and HV by vapor deposition. The volume and 
interface contributions to the magnetic anisotropy were determined from 
magnetization measurements. The Co/Ni interface contribution was found 
to favour perpendicular anisotropy. 

Series of 2 A Co/4 A Ni multilayers, grown in HV, exhibited an easy 
axis perpendicular to the layer planes, as evidenced both by polar Kerr ro
tation and ferromagnetic resonance {FMR) measurements. The first- and 
second-order anisotropy constants were determined from FMR. Indications 
were found that the presence of FMR signals in (perpendicular easy) sam
ples with low magnetic sublayer thicknesses depends on the magnitude of 

4 Apart from minor changes, the text of this section has been published in J. Appl. 
Phys. 72(1992}4840. 
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tbe surface anisotropy and on tbe amplitude of fluctuations in tbe magnetic 
layer thicknesses. 

I. Introduction 

In this section report is offered on Co /Ni multilayers. From the analysis 
of Co/Ni multila.yers containing relatively thick in~plane magnetized Co/Ni 
bila.yers, it will be shown tha.t the Co/Ni interface gives a. positive contri
bution to the magnetic anisotropy, favouring an out-of-plane easy direction. 
This observation is in agreement with recent calculations and subsequent 
actual realization of perpendicular magnetization in Co/Ni multila.yers, with 
Co and Ni thicknesses in the monolayer range by Da.a.lderop et al. and den 
Broeder et al. [22, 65]. Also, several 2 A Co/4 A Ni multila.yers with a. 
perpendicular easy direction a.re investigated with ferromagnetic resonance 
and ma.gnet~optic Kerr rotation measurements. 

II. Experimental 

Several series of Co /Ni multila.yers were grown in ultra. high vacuum 
(UHV, 1 x 10-10 mba.r) and high vacuum (HV, 2 x w-7 mba.r)- see Table 
3.5. 

Table 3.5: Details concerning tbe composition of tbe Co/Ni multi
layers wbicb were investigated. 

I substrate I baselayer I multilayer N I x range I a I vacuum I 
glass 300 Au 25 4-100 UHV 
glass 300 A Au 10-75 2-80 UHV 
glass 200 Au 10-40 6-24 2.2 UHV 
mica 200 A Au 10-40 6-24 2.2 UHV 
glass 200 A Au 15-60 6-24 1.1 HV 
mica 200 A Au 15-60 6-24 1.1 HV 
mica 200 A Au 10-40 6-24 2.3 HV 
glass 200 A Au 7-30 6-24 3.3 HV 
mica 200 A Au 7-30 6-24 3.3 HV 

15-25 HV 
15-40 HV 
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In UHV, a series of Nx (13 A Co/x ANi) multilayers was grown with Ni 
thicknesses x ranging from 4 to 100 A, and a second series Nx(x A Co/46 
A Ni) where the Co thickness was varied from 2 to 80 A. In a. third series, 
the ratio of the Co and Ni thicknesses was kept constant tNi/teo = a = 2. 
The Co (Ni) thickness ranged from 6 (12) A to 24 ( 48) A in this series. In 
HV, another three series were grown, with compositions similar to the latter 
UHV series i.e. with fixed thickness ratios (in this case with a ~ 1, 2 and 
3) and with Co thicknesses again varying from 6 to 24 A. Glass, oxidized Si 
and mica substrates were used. Before multilayer deposition, the substrates 
were, in all cases, covered with a. Au buffer layer which was annealed at 
1500 C for 20 min. The evaporation rates· for Co and Ni were 0.5 A Co/s 
and 1 A Ni/s for the first UHV series, and 0.5 A/s for both Co and Ni in 
the second UHV series. In the third UHV series, 0.1 A/s was used for Co 
and 0.2 A/s for Ni. For the a = 1, 2, 3 HY series, the rate varied from 1 to 
6 Afs. 

Additional series of Nx(2 A Co/4 ANi) multilayers grown in HV with 
varying number of repetitions N between 15 and 50 were also studied. These 
multila.yers were deposited with rates of 1 A Co/ s and 2 A Ni/ s, again on 
glass and Si substrates, in this case covered with Ti or Cu basela.yers of 
500 A. All films, both UHV- and HV-grown, were deposited a.t room tem
perature. The layer thicknesses were determined afterwards by inductively 
coupled plasma. emission spectroscopy, assuming the bulk atomic density 
for the elements. 

X-ray diffraction showed (111) texture, with rocking curve widths (FWHM) 
of 3° for the samples with annealed Au baselayers, and 2::20° for the 2 A 
Co/4 ANi samples with the Cu and Ti basela.yers. However, besides the 
high-angle main multilayer peak corresponding to the average Co/Ni lattice 
spacing, in most cases no multilayer satellites could be observed. This is 
due to the small differences in lattice parameters and scattering factors for 
Co and Ni. 

To obtain information on the Co/Ni interface quality and on the crys
talline structure of the Co layers, nuclear magnetic resonance (NMR) ex
periments were performed, but only on the 'first two UHV series rs4]. The 
main conclusions are summarized as follows: 1) The Co layers were purely 
fcc. Practically no stacking faults or hcp contributions were observed. 2) 
The interfaces were mixed over approximately two monolayers. 3) The Co 
layers were compressed with respect to bulk. The reduction in atomic vol
ume, being inversely proportional to the Co thickness, was about 0.2 % for 
10 A Co, and less for thicker Co layers. 
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III. Results and discussion 

Magnetic measurements were performed at room temperature with a. 
vibrating sample magnetometer (VSM), ferromagnetic resonance (FMR) at 
33 GHz and a Kerr hysteresis loop tracer, the latter measuring the polar 
Kerr rotation at 633 nm. These measurements were aimed at determining 
the magnetic anisotropy {MA). 

For the interpretation of the results it is assumed that, in the spirit 
of earlier analysis [50], the MA energy can be separated into volume and 
interface contributions. The MA per unit area of CofNi bilayer or multilayer 
period D, takes the form : 

K . D - KCote + KNit . + 2Keo/Ni - v o v N1 s (3.11) 

with K the total MA energy per unit volume, D the multilayer period i.e. 
the sum of the Co thickness teo and the Ni thickness tNh K~0 and K~i the 
partial MA energies per unit volume Co and Ni, respectively (including the 
shape anisotropy energies), and with K~/Ni the interface contribution. In 
the present definition, K is negative (positive) for in-plane (perpendicular) 
preferential orientations. The magnetic moments per unit area. per Co/Ni 
bilayer, Ms · D, should obey a. relation similar to equation (3.11), viz: 

(3.12) 

with M 8Co and M!li the saturation magnetizations per unit volume of the 
Co and Ni layer, respectively. 

Figure 3.9 shows the MA energies ( a,b) and the magnetic moments 
( c,d) obtained with VSM for the first two UHV series, plotted against 
the Co and Ni thickness. As can be seen, K · D is negative for all sam
ples, i.e. the samples have an in-plane preferred direction. From a. least 
squares fit of equation {3.11) to the data of the first series (Fig. 3.9 (a.), 
with varying Co thickness (tNi= 46 A), a. volume contribution for the Co 
layers of K~0 = -1.01 ± 0.04 MJfm3 is obtained, whereas the y-a.xi.s in
tercept gives a. value of -0.22 ± 0.05 mJfm2 for K~itNi + 2K~/Ni. Simi
larly, for the second series, with varying Ni thickness {teo= 13 A), see Fig. 
3.9 {b), a slope and y-a.xi.s intercept of K~i = -0.12 ± 0.01 MJfm3 and 
K~itNi + 2K~o/Ni = -0.88 ± 0.04 mJ/m2, respectively are obtained. Com
bination of the numbers for the slopes and intercepts allows determination 
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of K~o/Ni. This analysis yields K~o/Ni = 0.18 ± 0.04 mJ /m2 i.e. an inter
face contribution favouring perpendicular anisotropy 5• This observation is 
in agreement with recent calculations and subsequent actual realizatio1:1 of 
perpendicular magnetization in Co/Ni multilayers, with Co and Ni thick
nesses in the monolayer range, by Daalderop et al. and den Broeder et al. 
[22, 65]. 
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Figure 3.9: Magnetic anisotropy (a,b) and magnetic moment (c,d) 
of UHV-evaporated Co /Ni multilayers measured as a function of the 
Co thickness teo = 13A (a,c) and as a function of the Ni thickness 
tNi = 46A (b,d). 

The fact that the present samples have an overall in-plane anisotropy is a 
conseqence of the relatively large magnetic sublayer thicknesses chosen here. 

Before discussing the numbers obtained for the MA energies, the results 
on the magnetic moments are considered first. The slopes and intercepts 
ofthe lines in the magnetic moment graphs of Fig. 3.9 (c) and (d) give, 

5 A multilple linear regression on all (teo, iN;) data points of Fig. 3.9 (a) and (b) at 
once, taking into account the scatter in the layer thickness which should be constant in 
either series, yielded the same results. 
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. according to equation (3.12), values for the saturation magnetizations of 
the Co and Ni layers. The slope in Fig. 3.9 (c) gives JLoMf0 = 1.72± 0.06 
T, whereas the intercept gives poMJii = 0.66± 0.04 T. similarly, Fig. 3.9 
(d) yields values of poMJii = 0.60± 0.04 T and poMf0 = 1.80± 0.04 T. 
These values are in reasonable agreement with the bulk values for Co and 
Ni (viz. 1.79 T and 0.61 T, respectively). 

Returning now to the MA results, we note that the volume contribu
tion obtained for the Ni layers ( -0.12 MJ /m3) is somewhat higher than the 
shape anisotropy ( -0.148 MJ / m3). The same conclusion applies to the Co 
layers (-1.01 MJ/m3 versus -1.27 MJ/m3). In the case of Ni, a magne
tostrictive term could be responsible for the discrepancy. For Co, possible 
sources for an enhancement of the volume term could be stacking faults, 
magnetocrysta.lline and magnetostrictive contributions, or changes in the 
saturation magnetization. NMR, however, shows the Co layers to be in 
the cubic phase, without stacking faults, whereas magnetostriction would 
give negative contributions, since the Co layers are compressed according 
to the NMR experiments. Furthermore, from the VSM measurements, de
viations of the saturation moments with respect to the bulk values were, 
as shown, too small to account for the differences. The origin of the slight 
enhancement of the volume anisotropy for Co is therefore not understood. 

The third UHV series, with a fixed ratio of the Co and Ni layer thick
nesses of tNi/tco = a = 2, was analyzed along the same lines. Because of 
the fixed thickness ratio, equations (3.11) and (3.12) can be rewritten as: 

K · D . (K:o + aK~i)tco + 2K~o/Ni 

Ms · D = (M:0 + aM!i)tco 

(3.13) 

(3.14) 

From equation (3.13), one can immediately see the advantage in this case of 
keeping the ratio of the thicknesses constant. One obtains the Co/Ni inter
face anisotropy directly from the y-axis intercept, so only one series of sam
ples needs to be studied. The results of the VSM experiments are presented 
in Fig. 3.10. The figure shows the magnetic anisotropy (a,b) and the mag
netic moment density (c,d) versus the Co thickness, for two sets of Co/Ni 
multilayers. The series differ only in substrate and they were deposited in 
one run. Fig. 3.10 (a,c) and (b,d) refer to multilayers deposited on glass 
and mica substrates, respectively. Defining K~ = (K:0 + aK.;n)/(1 +a) 
and JLoM:'f = (poMf0 + apoMJii)/(1 + a), one obtaines for the series 
on gla.ss K~o/Ni = 0.19 ± 0.02 mJfm2, K;ff = -0.38 ± 0.02 MJjm3 and 
JLoM:'f = 0.96 ± 0.03 T, and for the series on mica K~o/Ni = 0.24 ± 0.02 
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mJfm2, K~ = -0.42±0.02 MJjm3 a.nd J.toM:« = 0.95±0.03 T. The graphs 
for the series evaporated in HV with a= 1, 2 a.nd 3 will not be shown. 
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Figure 3.10: Magnetic anisotropy (a,b) and magnetic moment den
sity (c,d) versus Co thickness for Nx (x A Co/2.2 x ANi) multilayers 
deposited in UHV on glass (a,c) and mica (b,d) substrates. 

The results however, are summarized in Table 3.6 together with the results 
of the previous series. From this table one ca.n draw several conclusions. 
First, the experimentally obtained saturation magnetizations J.toM:tr agree 
very well with the values expected from the bulk saturation magnetisations 
of Co and Ni, J.toM:ulk = (1.79 + a· 0.61}/(1 +a). Secondly, the total 
volume magnetic anisotropy K!fF is again systematically less negative than 
the total shape anisotropy K~ulk = -(!J.toM;,co + a!J.toM;,Ni)/(1 +a). As 
might be clear from the previous discussion, it is difficult to give a conclusive 
explanation of this difference. Thirdly, the Co/Ni interface anisotropy is, 
on the average, 0.22 ± 0.04 mJ/m2• This is higher than the value obtained 
previously [66], and is comparable to the value found for the first two UHV 
series and to recent values found by Da.alderop et al. and den Broeder et al. 
[22, 65] for multilayers with Co and Ni thicknesses in the monolayer range. 
An increase of Ks with higher Co and Ni rate, as concluded by den Broeder 
et al. [65], was not observed clearly. Furthermore, the present analysis 
shows that the quantitative contribution to the perpendicular anisotropy, 
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as calculated from first principles (local spin density approximation) by 
Daalderop et al. [22], is probably not restricted to the monolayer regime. 

a 
2.2 
2.2 
1.1 
1.1 
2.3 
3.3 
3.3 
2.2 
2.2 

Table 3.6: Magnetic moments and magnetic anisotropies for several 
series of Nx (x A Co /a x A Ni) multilayers. The series are de
noted by theil,' Ni to Co thickness ratio, a, the substrates (M=mica., 
G=glass), an abbreviation for the pressure during evaporation UHV 
(1 x 10-10 mbar), HV (2 x 10-7 mba.r), and the evaporation rates. 
The last tb.ree lines refer to samples from literature: a see {20], 0 see 
{65}, c see {66}. 

series rates [A/s] poM~ Po ·~ K:£F Ki;v.l.lc K;'OfNl 

Co Ni [T} [T] [MJ/m3
] [MJ/m3

] [mJ/m2
) 

G(UHV) 0.1 0.2 0.96 0.98 -0.38 -0.50 0.19 
M(UHV} 0.1 0.2 0.95 0.98 -0.42 -0.50 0.24 
G(HV) 1.5-4 1.5-4 1.18 1.17 -0.51 -0.68 0.24 
M(HV) 1.5-4 1.5-4 1.24 1.17 -0.51 -0.68 0.22 
M(HV) 1 2 0.96 0.96 -0.32 -0.49 0.15 
G(HV) 1.5-4 3-6 0.90 0.85 -0.30 -0.40 0.25 
M(HV) 1.5-4 3-6 0.87 0.85 -0.30 -0.40 0.22 
G(HV)" 1 2 0.98 -0.39 -0.50 0.31 
G(UHV)b 0.1 0.2 0.98 -0.44 -0.50 0.20 
G(UHVY 0.1 

So far, the analysis has been based on samples with relatively thick 
magnetic layers which were in-plane magnetized. As was already stated, 
multilayers with a perpendicular easy axis can be obtained for sufficiently 
thin magnetic sublayers [22, 65]. In particular, 2 A Co/4 ANi multilayers 
can show perpendicular loops with 100 % remanence. In the following, 
FMR and Kerr rotation measurements on Nx(2 A Co/4 ANi) multilayers 
are presented. 

In Figure 3.11, typical measurements are shown for two 15x(2 A Co/4 
A Ni) multilayers deposited in HV on glass substrates after coverage with 
500 A Ti or 500 A Cu. The polar Kerr rotation loops, shown in the top two 
panels, were recorded with the applied field perpendicular to the film plane. 
The two middle panels show the FMR signals versus field (at 33 GHz) for 
several orientations of the applied field with respect to the film plane. The 
resonance fields as a function of the angle between field and film plane are 
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Figure 3.11: Magneto-optical hysteresis loops in perpendicular ap· 
plied fields, FMR signals, and resonance fields for 15x (2 A Co/4 A 
Ni) multilayers deposted on a 500 A Ti baselayer (left three panels) 
and on a 500 A Cu baselayer (right three panels). 
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shown in the lower two panels. The shape of the Kerr loops, and the fact that 
the resonance field reaches its maximum for in-plane applied fields, clearly 
demonstrates the perpendicular easy axis of these multilayers. The presence 
of a second (lower) maximum in the resonance field at an intermediate angle 
is the signature of significant second-order MA contribution. To quantify 
the anisotropy constants, the data are fitted (the solid curves in Fig. 3.11 
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with the well~known resonance condition, see e.g. (96] : 

(-:)2 -, J.t~[H cos( fJ- <P) - HA cos2 8 - HA2 cos4 8] 

x [H cos(O- <P)- HA cos 28- HAa{cos4 8- 3 cos2 0 sin2 0}] 
{3.15) 

which has to be solved in combination with the equilibrium condition a E I 88 = 
0 for the magnetization. Here, E is the angular~dependent part of the energy 
of the magnetization given by: 

(3.16) 

with 8 and <P the respective angles of magnetization and field with respect 

Table 3.7: Magnetic anisotropy constants (kJjm3) and gyroma.gnetic 
ratios for polycrystalline Nx (2 A Co/4 A Ni) multila.yers deposited 
on 500 A Cu or Ti basela.yers. 

N 

15 2. 
20 37 2.09 
25 30 2.09 
30 17 0.2 2.11 
40 4 3.8 2.12 
15 18 0.011 22 2.08 Ti 
20 41 0.025 21 2.06 
25 31 .0.019 21 2.07 

to the film norma.!, and with K1 and Ka the effective first- and second~order 
anisotropy constants. The anisotropy fields in equation (3.15) are defined 
by HA =-(HAl +HA2), HAl= 2Kl/J.toMs and HA2 = 4K2/J.LoMs. Results 
of the fits for several samples with different number of repetitions are listed 
in Table 3.7. The second order a.nisotropies are considerably larger for the 
multilayers deposited on Ti basela.yers than for the multilayers deposited on 
the Cu baselayers. This is the reason for the. different angular dependencies 
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of the resonance field, as shown in Fig. 3.11. Comparing the a.nisotropies 
of Table 3.6 with the value expected from the straight line at teo = 2 A in 
Fig. 3.10, it is noted that the a.nisotropies are rather low, as reported for 
Cu and Ti baselayers [65]. This indicates a low Co/Ni interface anisotropy 
for these samples. 

Before continuing, it must be mentioned that observation of FMR signals 
having the correct angular dependence (lowest resonance field for perpendic
ular applied fields) is not self-evident for samples with a perpendicular easy 
direction. Often, no signals at all, or signals with a peculiar angular depen
dence, are observed. As discussed by Purcell et al. [97], this is probably due 
to a large spread in anisotropy fields caused by inhomogeneities in magnetic 
layer thicknesses. This spread A.K in the anisotropy, determining the FMR 
linewidth, is related to thickness fluctuations u by Ll.K ~ -2K8u ft2 , with t 
the effective magnetic layer thickness 6• In perpendicular easy samples, usu
ally with small t, the spread is therefore much larger than for in-plane easy 
samples with magnetic layer thicknesses t in a range where the anisotropy 
is much less sensitive to thickness-fluctuations. For 2 A Co/4 A Ni mul
tilayers, this problem is also expected. The fact that clear FMR signals 
were observed for the present samples is probably due to the relatively low 
surface anisotropy for these samples. This conjecture is corroborated by 
the fact that, when FMR experiments were performed on 2 A Co/4 ANi 
multilayers grown on annealed Au baselayers on glass- which, according 
to torque and VSM measurements had considerably larger anisotropies than 
the present samples- no FMR signals at all were observed. In order to 
obtain good FMR signals for samples with a large perpendicular anisotropy, 
one should minilnize thickness-fluctuations. This can be done by growing 
the Co/Ni multilayers epitaxially on Cu(lll) single crystals. Preliminary 
experiments indeed showed well-defined FMR signals for a 2 A Co/4 ANi 
multilayer with a high magnetic anisotropy K1 of 263 kJjm3 (HAl = 6.6 
kOe) [98]. 

IV. Conclusion 

In conclusion, VSM experiments were performed on several series of 
Co/Ni(lll) multilayers with relatively thick Co and Ni layers grown by 

6This relation is ba.sed on K = Kv + 2K.ft. For Co/Ni multila.yers with fixed thickness 
ratio a, one ca.n also write equation (3.13) in the form K · D = K;ff D + 2K~ofNi, with 
K!lf = (K;:o +aK~i)/(1 +a). The effective magnetic layer thickness tis in that ca.se the 
modulation period D. 
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evaporation in UHV as well as in HV. The measurements show in-plane 
preferential orientations for all of these samples, but also show a positive 
Co/Ni interface anisotropy of 0.22 ± 0.04 mJ /m2• The latter indicates that 
the quantitative contribution to the perpendicular anisotropy as calculated 
by Daalderop et al. [22) is probably not restricted to the monolayer regime. 

FMR experiments were performed on 2 A Co/4 ANi multilayers which 
exhibited a. perpendicular easy axis. Only the multilayers with relatively low 
anisotropy showed well-defined FMR signals. The angular dependence of 
these signals confirmed the perpendicular easy axis. For the 2 A Co/4 ANi 
multila.yers with high anisotropy, no signals were observed at all. This 
observation, together with the fact that 2 A Co/4 ANi multila.yers which 
were carefully grown on Cu(lll) single crystals (and which had a. high mag
netic anisotropy), did show well-defined FMR signals, indicates that fluc
tuations in magnetic layer thicknesses, combined with a. significant surface 
anisotropy, are important for the presence of FMR signals in multilayers 
with thin magnetic layers. 

3.6.2 Co/Ni/Co/Pt multilayers 7 

Abstract 

The magnetic anisotropy and saturation magnetization of a series of 30x (2 
A Co + x ANi + 2 A Co + 10 APt) multilayers, grown in the (111) orienta
tion, were investigated for Ni thicknesses ranging from 2 to 56 A. Vibrating 
sample magnetometry showed that the easy axis of the multilayers switches 
from perpendicular to along the film-plane above a Ni thickness of 48 A. 
The fact that this transition takes place at a thickness much larger than for 
example observed for Co/Pd or Co/Pt multilayers, is because in the present 
multilayers the relatively low shape anisotropy of the Ni is combined with 
the large Co/Pt surface anisotropy. From the measurements a value for the 
Co/Ni surface anisotropy of 0.29 ± 0.06 mJ /m2, favouring a perpendicular 
easy axis, is estimated. Also results on X-ray diffraction, Kerr rotation and 
temperature dependent magnetization experiments are presented. 

I. Introduction 

7 Apart from minor changes, the text of this section ha.s been published in J. Magn. 
Ma.gn. Mater. 116(1992)Ll. 
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It is well known that the magnetic anisotropy is one of the most impor
tant properties determining the behavior of magnetic thin films. Together 
with the coercive field, the remanence, the saturation magnetization and 
Kerr rotation, it plays a key role in information storage and retrieval pro
cesses. For instance, media for magneto-optic or perpendicular magnetic 
recording are required to have an easy axis perpendicular to the film-plane. 
In case of magnetic 3d transition metal/non-magnetic metal multilayers, 
this can in some cases be achieved by reducing the magnetic layer thick
nesses. Examples of these type of multilayers, in which one succeeded to 
obtain perpendicular preferential orientations, are Co/Pd, Co/Pt, Co/Au, 
Co/Ir [50, 24] and Co/Ru multilayers [62]. It is generally accepted that the 
switching of the easy direction from in the plane to perpendicular to the 
film plane, when reducing the Co thickness, is determined by a competition 
between an interface contribution and a volume contribution to the mag
netic anisotropy. In the case of a thin film, this volume contribution is, in 
most cases, primarily determined by the shape anisotropy. It accounts for 
the fact that a relatively thick film is usually in-plane magnetized. Since 
the shape contribution is proportional to the square of the saturation mag
netization it is also, for the most part, responsible for the usually smaller 
range of Fe thicknesses for which Fe-based multilayers have a perpendicular 
easy direction, see e.g. [88, 89, 90, 44], compared to Co based multilayers 
(the saturation magnetization of Fe is significantly larger than for Co, 2.15 
respectively 1.79 T). ForNi on the contrary, the saturation magnetization 
is only 0.61 T i.e. roughly 3 times lower than for Co. Therefore, Ni layers 
posses a shape contribution approximately 9 times lower than for Co layers. 
However, to our knowledge, Ni based multilayers reported on up till now, 
all have an in-plane easy direction. This is due to the sign of the interface 
anisotropies which favour in-plane anisotropy, see e.g. [54, 91]. Co/Ni mul
tilayers which do exibit a perpendicular easy direction, as discussed in the 
previous section, are the only exception so far. 

The motivation of this study is to combine the generally large interface 
anisotropy of Co/non-magnetic metal interfaces with the low volume contri
bution of Ni by replacing the bulk of a Co layer by Ni, leaving the Co/non
magnetic metal interfaces intact. The interesting situation arises that, due 
to the strongly reduced volume contribution with respect to pure Co la.y
ers, a. much larger range of magnetic la.yer thicknesses with perpendicular 
preferential orientations is expected. For magneto-optic and perpendicular 
magnetic recording applications this expansion of the 'thickness-space', in 
which one is forced to operate, might be useful because of increased oppor-
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tunities to optimize other important magnetic properties. · 

II. Samples 

As a first attempt, a series of 30x {2 A Co + x A Ni + 2 A Co + 10 A 
Pt) multilayers was grown by vapor deposition in HV with Ni thicknesses x 
from 2 to 56 A. The multilayers were deposited on glass substrates, which 
were covered with a. 200 A Au basela.yer which was annealed a.t 150° C for 
20 min. 

X-ray diffraction experiments were performed in reflection geometry. 
The modulated structure of the multila.yers was confirmed from the exis
tence of several superla.ttice peaks a.t both low (:5; 10°) and high scatter
ing angle. Furthermore, the positions of the high-angle peaks showed that 
multila.yers were grown with {111) texture,, with no sign of other growth 
orientations. 

III. Magnetic properties 

To investigate the magnetic anisotropy (MA), a. vibrating sample magne
tometer (VSM) was used. Hysteresis loops were measured with the :field 
parallel and perpendicular to the :film-plane. The magnetic anisotropy was 
then determined from the area enclosed between the loops. In Fig. 3.12 
typical hysteresis loops are shown for samples with Ni thicknesses of 4, 28 
and 56 A. In order to obtain an estimate for the area between the loops, 
hysteresis was removed by averaging the branches. The hard axis loop was 
extrapolated for those cases were saturation was not obtained. Considering 
Fig. 3.12 it is noted that multilayers with 4 and 28 ANi have a perpendic
ular easy direction and that the multilayer with 56 A Ni has an in-plane 
preferred orientation. To examine the behavior of the MA more in detail, in 
Fig. 3.13 the MA energy K · D per unit area per Co/Ni/Co trilayer versus 
the Ni thickness is plotted. In our. definition a. positive K value means an 
easy direction for the magnetization perpendicular to the :film-plane. Con
sidering Fig. 3.13, one notes that perpendicular anisotropy is present :up 
to Ni thicknesses of 48 A. Furthermore, K · D depends linearly on the Ni 
thickness. This can easily be understood if we assume that we can seperate 
the MA into volume and interface contributions. If the Ni and Co layers 
are strongly coupled, which is expected because of the direct contact, then 
the Co/Ni/Co trilayers behave as one single magnetic entity. This has the 
direct consequence that one measures the average magnetic properties. 
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Figure 3.12: Hysteresis loops for three 30x (2 A Co + x A Ni + 2A 
Co+ 10 APt) multilayers with Ni thicknesses x as indicated. 

For example, the MA energy density takes the form: 

67 

Here the first two terms represent the surface anisotropies which exist at 
the Co/Ni and Co/Pt interfaces, whereas the last two terms are the vol
ume contributions of the Co and Ni layers, respectively. Equation (3.17) 
phenomenologically describes the experimental MA shown in Fig. 3.13. 
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Figure 3.13: Tbe magnetic anisotropy per unit area per Go/Ni/Co 
trilayer as a function of tbe Ni thickness. 

The y-a.:xis intercept can be interpreted as an effective interface anisotropy 
x;ff containing all anisotropy contributions which do not depend on the Ni 
thickness: 

(3.18) 

The slope of the curve is simply the volume anisotropy of the Ni layers. 
Performing a least squares fit of relation (3.17) to the experimental data, 
the solid line of Fig. 3.13 characterized by 2K~ = 1.16 ± 0.03 mJfm2 and 
K~i = -0.24 ± 0.01 MJ fm8 is obtained. 

From the value forK~ one can deduce a value for the Co/Ni interface 
anisotropy if one takes, as an approximation, for the Co/Pt term 2K;;o/Pt + 
2K~0tco, the value observed for 4 A Co/Pt multilayers. Zeper reported for 
22x(4.5 A Co/17.7 APt), a magnetic anisotropy per unit volume Co layer 
of 865 kJ /m3 [92]. Scaling this value to a Co thickness of 4 A one obtains for 
the CofPt term 0.35 mJfm2. Consequently one finds for x:o/Ni the value 
0.29 ± 0.06 mJ fm2• This is in surprisingly good agreement with the results 
obtained directly on Co/Ni multilayers as presented in the previous section 
0.22 ± 0.04 mJfm2• One should note however, that this agreement might 
be fortuitous since K:o/Ni, obtained in the present way, depends crucially 
on the value assumed for 2K;;o/Pt + 2K~tc0 • Furthermore, for ultrathin 
magnetic layers, it is physically clear not at all that one may add or substract 
anisotropies or separate them in volume and interface contributions. In view 
of this it is even remarkable that the MA seems to behave according equation 
(3.17) for such low magnetic layer thicknesses. The drop in the MA of the 
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multilayer containing 2 A Ni with respect to the straight line, might be 
related to this problem. It is however also probable that for this sample the 
Ni layer is not a continuous flat layer, but broken up into islands resulting 
in a sma.ller effective Co/Ni area and a consequently lower Co/Ni interface 
contribution to the MA. 

As quoted above, for the volume anisotropy of the Ni layers, K~i = 
-0.24 ± 0.01 MJfm3 was obtained. This is 0.09 MJfm3 (or 62 %) lower 
than the shape anisotropy -!J.Lol.1; = -0.148 MJjm3 of bulk Ni. The 
extra in-plane contribution of -0.09 MJ fm3 can not be explained by a 
magnetostrictive contribution if one uses the bulk magnetostriction constant 
A~ll) of bulk Ni. The negative A~ll) combined with a tensile in-plane strain, 
due to the lattice mismatch with Pt, would yield a positive contribution 
instead of a negative one. Neither can the difference be explained by the 
cubic anisotropy of bulk Ni because it is too sma.ll: K1 = -0.0057 MJjm3, 

K2 = -0.0023 MJ /m3 [93]. An increase of the saturation magnetization 
with 30 % to account for the difference via the shape contribution is also 
unlikely. This is confirmed by the data for the magnetic moments in Fig. 
3.19. . 
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Figure 3.14: The saturation moment per unit area per Co/Ni/Co 
trilayer as a function of the Ni thickness. 

In this figure, the saturation moment Ms · D, per unit area per magnetic 
Co/Ni/Co trilayer, is plotted against the Ni thickness. Here Dis the thick
ness of a trilayer: D = 2tco + iNi and M8 the average saturation magneti
zation per unit volume trilayer. The squares represent the data as deduced 
from the VSM measurements, i.e. the measured moment divided by the 
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number of repetitions and the area of the sample. The solid line is a least 
squares fit of the relation 

Ms · D =a+ f3tNi (3.19) 

Here the y-a.xis intercept a should equal 2M~0tc0 i.e. twice the saturation 
magnetization per unit volume Co times the Co thickness, in the present 
case 2 A, whereas the slope should equal the saturation magnetization of 
Ni: {3 = Mfli. For the actual fit one obtains !p.oaftoo = 2.30±0.06 T and 
P.of3 = 0.64 ± 0.02 T. 

The fact that, }p.oaftoo is higher than the expected bulk Co value, 
p.oMf0 = 1.79 T, is not surprizing. Such an enhancement, which is usually 
observed for Co/Pt multilayers, can, as shown by bandstructure calculations 
by Wu et. al [94], be attributed to the polarisation of the Pt atoms near 
the Co/Pt interface. The magnitude of the enhancement in the present 
experiment is in very good agreement with the value found by Lin et al. 
[75] for 4 A Co/Pt multilayers. The reason for comparing with 4 A Co/Pt 
multilayers rather than 2 A Co/Pt multilayers, is because of the fact that 
the present 2 A Co layers only have one Co/Pt interface. 

The slope P.of3 is 5% larger than the bulk saturation value for Ni: p.oM!'i. 
= 0.61 T. This is evidently less than the 30% required to explain the volume 
contribution x;ri. The origin· for the apparent slight enhancement of the Ni 
moment is not clear. 

As mentioned before, for magneto-optic recording, the Curie tempera
ture, Kerr rotation, remanence and coercive field are important properties. 
For completeness some of these properties are shown for several samples. 
In Fig. 3.15 the results are collected. Fig. 3.15 (b) shows the temperature 
dependence of the magnetization M(T) of a. 30x(2 A Co + 8 A Ni + 2 
A Co + 10 A Pt) multilayer (circles) and for comparison the M(T) curve 
of a 180x(4 A Co + 9 A Pt) multilayer (squares). This M(T) behavior 
seems typical for the whole series since no Ni thickness dependence up to 8 
ANi was observed. The Kerr rotation measurements at He-Ne wavelength 
(.A= 633 nm) are shown in Fig. 3.15 (a). The measured Kerr rotation (solid 
squares) decreases with increasing Ni thickness from a value which should 
equal the Kerr rotation of a. 200 A Au+ 30x ( 4 A Co+ 10 APt) multilayer, 
approaching the Kerr rotation of bulk Ni covered ~th 2 A Co + 10 A Pt 
(~ 0.13°, dashed line). The lower curve in this figure is a calculation based 
on the magneto-optical constants of bulk Co, Ni and Pt. The calculated 
Kerr rotations (solid triangles) are obviously much lower than the measured 
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ones. Similar discrepancies were observed for Co/Pt multilayers were one 
attributes the differences to a magneto-optical activity of the polarized Pt. 
This effect might also be apparent in the. present case. In order to get an 
estimate for the magnitude of this effect for the present samples, calcula
tions were performed for 200 A Au+ 30x{x ANi+ 4 A Co+ 10 APt) 
multilayers where for Ni again the bulk optical constants were used whereas 
the 4 A Co + 10 A Pt layers were effectively treated as one layer having 
the (non-bulk) optical constants whi~ were needed to phenop:J.enologically 
explain the Kerr rotations observed for thick 4 A Co + 10 A Pt multilay
ers. The resulting numbers for the Kerr rotations were reduced by 7% . 
The faster decrease of the magnetization with temperature of the present 
CofNifCofPt multilayers compared to 4 A Co + 10 APt multilayers, see 
Fig. 3.15 (b), might account for this reduction. 
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Figure 3.15: (a) Kerr rotation at 633 nm (solid squares for the data, 
lines a.nd solid triangles for calculations), (b) The temperature de
pendence of the normalized magnetization of a 30 A Pt + 30x {2 A 
Co + 8 A Ni + 2A Co + 10 A Pt) an.d a 180x ( 4 A Co + 9 A Pt) mul
tilayer, (c) the perpendicular coercive field an.d (d) the perpendicular 
reman.ence as a function of the Ni thickn.ess. 
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The final result is the top solid curve in Fig. 3.15 (a). Since it approxi
mately describes the experiments, it confumes qualitatively the view that 
the enhancement of the Kerr rotation might have the same origin as for the 
Co /Pt multilayers. 

Fig. 3.15 {c) and (d) show the coercive fields and the remanence. The 
coercive field appears to decrease linearly with the Ni thickness up to ap
proximately 20 A where it flattens off. This is in contrast with a model of 
Bruno et a.l. [95] which predicts a t-512 law for He and with observations 
by Chappert et a.l. [31] and Purcell et a.l. (40] who find a decrease of He as 

t0! and f(;!/2 for respectively Au/Co/ Au and Pd/Co/Pd sandwiches. This 
might indicate that in the present samples the mechanism for magnetization 
reversal is not determined by domain wall displacements, as assumed in the 
model of Bruno et a.l., but more by nucleation processes. 

The remanence of the perpendicular loop is of course closely related to 
the slope of the loops at the coercive field. Therefore, the decrease in the re
manence, with increasing magnetic layer thickness, is not unexpected since 
magnetosta.tic energy calculations show that the slope of the perpendicular 
magnetization curve of magnetic layers with a perpendicular easy direction 
decreases with increasing layer thickness and decreasing anisotropy [37]. 

IV. Conclusions 

Summarizing, the magnetic properties of 200 A Au + 30 x (2 A Co + x A 
Ni + 2 A Co + 10 A Pt) multilayers with (111) texture, have been studied. 
A preferential orientation of the magnetization perpendicular to the film
plane is observed for Ni thicknesses less than 48 A. Above this Ni thickness 
the preferential orientation turns in-plane. The volume contribution of the 
Ni layers was found to be -0.24 MJ Jm3 which is significantly more nega
tive than the shape anisotropy -0.148 MJjm3 of bulk Ni. The origin for 
this discrepancy is not clear. For the Co/Ni interface anisotropy constant, 
a value of 0.29 mJ /m2 was deduced favouring an easy axis perpendicular 
to the film-plane, in good agreement with experiments on Co /Ni multilayers. 
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3.7 Concluding remarks 

In this chapter a discussion has been given of the important contributions 
to the anisotropy of magnetic thin films, such as the magnetic dipolar, the 
magnetocrystalline and the magnetostrictive contributions. Of particular 
importance appeared a contribution scaling with the reciprocal magnetic 
film thickness : a so-called surface or interface anisotropy. Experimental 
anisotropy data available from literature at present were commented on. 
The many experiments have made it .clear that interface anisotropies gener
ally exist at all interfaces irrespective of the elements forming the interface. 
As demonstrated by the Co/Ni multilayer system, for example, they are not 
restricted to magnetic/non-magnetic interfaces - a finding which is consis
tent with the general belief that the interface anisotropy basically originates 
from the lack of translational symmetry at the interface. The experiments 
have also shown that the magnetic interface anisotropies can be several or
ders of magnitude larger than the magnetocrystalline anisotropies found in 
bulk crystals and can easily induce perpendicular preferential orientations. 
An important observation regarding the numerical values is the signifcant 
scatter. This makes comparison with theory and the search for trends rather 
difficult. Most of the scatter is believed to originate from differences in the 
structure of the layers which is often not well known. For future research, it 
is therefore important to perform magnetic as well as structural investiga
tions on the same samples. A recent promising experimental development 
in this respect, is the use of wedge-shaped magnetic layers in combination 
with (in situ) local probes such as the Kerr effect, Low Energy Electron 
Diffraction (LEED) and Reflection High Electron Diffraction (RHEED) al
lowing a thickness dependent study of magnetic and structural properties 
on one single relative simple and ideal system (only one magnetic layer 
on a well-prepared single crystal substrate). Apart from the save of the 
enormous amount of time and effort, accompanied with the preparation of 
single crystals and the structural investigations, several uncertainties which 
are commonly present in most studies, are removed, such as varying prepa
ration conditions and unwanted gradients in properties across the multilayer 
stack. 

Although much research is performed so far, a number of interesting 
issues including the temperature dependence of the magnetic anisotropy, 
received very little attention and still need thorough experimental investi
gations. 
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Chapter 4 

Magnetic inter layer coupling 

4.1 Introduction 

The topic of this chapter is the magnetic coupling which has been discovered 
to exist between ferromagnetic layers across non-magnetic interlayers. In 
§4.1.1 a brief discussion will be given of the possible physical mechanisms 
underlying the effect. This will be followed by an overview in §4.1.2 of 
the most important developments up to now. §4.2 will present a more 
detailed discussion of certain theoretical aspects of the magnetic coupling. 
After discussing the importance of exchange coupling to a number of key 
experimental techniques in §4.3, a selection of experiments on the coupling 
will be presented in§§ 4.4 through 4.9. 

4.1.1 Coupling mechanisms 

The term magnetic coupling between magnetic moments (or spins) usually 
refers to an interaction energy which depends on the relative orientation 
of the magnetic moments. A weU.:.known example of such coupling is the 
long-range dipolar interaction between two magnetic moments ml and m2: 

(4.1) 

Here r is the bonding vector of the two magnetic moments. Note that this 
interaction falls off monotonically as 1/r3 with increasing distance r between 
the dipoles. 

In the case of atomic moments, a much more important interaction is 
the direct exchange interaction resulting from the overlap of the wave func-

75 
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tions. Dependence on the overlap causes the interaction to fall off extremely 
rapidly with distance, and the interaction is therefore often only considered 
for nearest-neighbour atoms. It originates physically from the Coulomb in
teraction combined with Pauli's principle , but can be written in terms of 
spin magnetic moments as: 

(4.2) 

Here, J denotes the strength of the interaction, which is positive for pref
erential parallel alignment (ferromagnetic) and negative for preferential an
tiparallel alignment ( antiferromagnetic). 

A third example known to occur in metallic systems are indirect ex
change interactions. These are typically two orders of magnitude smaller 
than direct exchange interactions, and therefore usually manifest themselves 
only in cases where the latter are absent. This is the case in, for example, 
the rare-earth transition metals, where the 4f wave functions carrying the 
magnetic moment are localized such that there is no overlap between them. 
The ordering in these systems is now governed by the indirect exchange 
interactions, leading to ordinary ferromagnets like Gd, but also to exotic 
helical spin structures such as in Dy. Another example is formed by dilute 
magnetic alloys such as CuMn, where, due to the low Mn content, the dis
tances between the Mn atoms is too large to allow overlap, and a. peculiar 
spin-glass behavior can occur. 

An important indirect exchange interaction which can account for the 
various observations, such as the helical structures and the spin-glass be
havior, is the so-called RKKY interaction, named after Ruderman, Kittel, 
Kasuya and Yosida [99, 100, 101], who pioneered early theoretical work in 
this field. The remarkable but essential feature of this interaction is its os
cillatory behavior. Contrary to, for exaa:Ilple, the dipolar interactions, where 
two magnetic moments always couple with the same polarity 1 irrespective 
of the distance between them, the RKKY interaction is alterna.tingly ferro
magnetic and antiferromagnetic with increasing distance. It appears that 
the interaction again can be written in the form of Eq. (4.2) [100], in which 
J at large distances takes the form [101]: 

J ro.J cos(2kFr)/r3 (4.3) 

A discussion of the mechanism of this exchange coupling in which the con
duction electrons play an important role, will be postponed to §4.2. 

1 antiferromagnetically or ferromagnetically, depending on the direction of the moments 
relative to the bonding axis. 
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For the coupling in magnetic multilayers the three mentioned coupling 
mechanisms: magnetic dipolar coupling, direct exchange coupling and the 
indirect RKKY exchange coupling may play a role as well as the superex
change mechanism [102] which has not been mentioned here. However,. 
before proceeding with the theoretical description of the coupling between 
magnetic layers, experimental evidence, as it was obtained so far, is briefl.y 
reviewed. 

4.1.2 Coupling in magnetic multilayers 

The experimental studies of interaction phenomena in multilayer films dates 
from at least 1902, according to Yelon [103]. An important problem in these 
studies is the practical difficulty in manufacturing ultrathin interlayer films 
without microscopic holes. The formation of such holes, through which the 
ferromagnetic layers can touch and form ferromagnetic bridges (so-called 
pinholes), is disastrous, since such structures will outweight any indirect 
antiferromagnetic coupling through their very strong direct ferromagnetic 
coupling. This is probably the reason why clear evidence for an indirect 
antiferromagnetic interlayer exchange coupling was not obtained until1986 
[104, 105, 4]. Preceding this study, the observed interlayer interactions were 
always found to be ferromagnetic and non-oscillatory ·(see e.g. [103] and for 
more recent studies [106]). The discovery of an indirect exchange coupling 
for the rare-earth transition metal multilayers Dy/Y [104], Gd/Y [105], and 
for the 3d transition metal system Fe/Cr/Fe in 1986 [4], attracted great 
interest, and the activity in this field increased enormously. In part, this 
was the result of purely scientific interest since the. unique geometry offers 
the opportunity to perform . detailed investigations of the range, period, 
phase and intensity of the indirect exchange coupling simply by varying the 
interlayer thickness 2• Another reason for the increased interest was the 
discovery of a giant magnetoresistance accompanying the antiferromagnetic 
coupling in the Fe/Cr system [7, 8]. It was realized that this might prove 
of great technological importance in future-generation magnetic field sensor 
materials. 

The discovery of AF coupling in the Fe/Cr system was followed in 1990 
by the discovery of its oscillatory nature by Parkin et al. [5]. and subsequently 
by the discovery of the generality of the phenomenon [6], whereby almost 

2 0ne should compare this with for example dilute magnetic systems, where one is 
confronted with the far more complicated situation of a simultaneous presence of various 
strengths and signs of interactions between the randomly distributed magnetic atoms. 
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all non-magnetic 3d, 4d and 5d transition metals were found to transmit 
an oscillatory interaction. For Cr, an oscillation period of 18 A was found; 
for all other (non-a.ntiferroma.gnetic) materials, an apparent general period 
of about 10 A was observed. A priori, these rather long periods seemed in 
contradiction with the assumed RKKY mechanism for the interaction, since 
the latter exhibits a. much shorter period 1r /kF (typically 2 A for metals, see 
Eq. (4.3)). However, this problem was resolved by realizing, that in a. cou
pling experiment, the spacer layer thickness cannot be varied continuously 
but only in discrete steps of one atomic monolayer. The discrete nature of 
the spacer only allows the coupling to be sampled in discrete atomic planes, 
thus automatically giving rise to the observed long periods via the alias
ing effect (notice that the RKKY period a.nd the lattice spacing are nearly 
identical) [107, 108, 109], see also §4.2.2. 

It soon appeared that the rather simple experimental situation a.t that 
time, which suggested a. universal period of about 10 A for the 3d, 4d 
and 5d pa.rt of the periodic system, was oversimplified. Os, which was not 
included in earlier experiments, appeared to display a significantly larger 
period of~ 15 A, see §4.6. Furthermore, theoretical predictions based on a. 
generalization of the RKKY theory to the planar geometry, showed that the 
oscillation periods depended on the specific growth orientation 3 , so that, 
even for a. given element, no unique period could be defined. Moreover, the 
periods were shown to be related to the extremal dimensions of the Fermi 
surface of the spacer material, a.nd, in analogy with the de Haas-van Alphen 
effect, generally more than one period (per element per growth orientation) 
was to be expected, i.e. a. so-called multiperiodic coupling behavior (110]. 
For Cr, for example, a. very short period of about 2 monola.yers was predicted 
to accompany the long period [111, 112]. 

It should be clear that, in order to detect such short periods, interlayers 
of extremely high quality needed to be grown, since small layer-thickness 
fluctuations or interdiffusion a.t the interfaces will immediately camouflage 
such short periods. The latter was likely to be the case in the sputtered 
samples of Parkin et al. [6], for example, where additional periods remained 
undetected. In this respect, an important experimental technique, viz. the 
wedge technique, was reintroduced 4 by Griinberg. This appeared to be a. 
very powerful tool to investigate interla.yer coupling since, a.t each interlayer 

3i.e. on the orientation of the crystallographic planes with respect to the film normal 
4 Feldtkeller et al. [115] employed the wedge technique already in 1965 but failed to 

observe AF coupling (see also [103) and references therein. 
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thickness, the layers are grown under exactly the same conditions, and all 
interlayer thicknesses are available. Using this technique Democritov et al. 
[113] observed the first indication of the short period in the Fe/Cr system, 
viz. a tiny shoulder in the first AF peak which would have been consid
erably more difficult to find without the perfect relative accuracy of the 
interlayer thickness inherent to the wedge technique. Soon afterwards, the 
experiments were repeated by Purcell et al. [114] and Ungaris et al. [116], 
who were able to reveal the short period by using samples grown on sub
strates of much higher quality (single crystal Fe whiskers). Since then, 
several other metals (Mn, Cu, Ag, Au) have been found to display a long-

. and a short-period coupling [117, 118, 119, 120]. In particular the peri
ods of the nearly-free-electron metals Cu, Ag and Au showed a remarkably 
good agreement with those predicted by Bruno et al. [110], and, in the ca.se 
of Cu, the structural (bee vs. fcc Cu interlayers) and orientational ((100) 
vs. (111) vs. (110)) dependence was also confirmed [118, 121]. Predictions 
are not yet available for materials with more complicated band structures. 
However, recent results presented by Stiles [122] show that, in these ca.ses, 
multiperiodic behavior is also expected, with periods again determined by 
the extremal dimensions of the Fermi surface. 

4.2 Theoretical aspects of magnetic coupling 

From the previous sections it ha.s become clear that an important feature 
of the interlayer coupling is its oscillatory nature. In this respect it is ob
vious that the magnetic dipolar interaction on its own, certainly cannot 
account for the observed coupling phenomena. First, it does not exhibit an 
oscillatory behavior (see, for example, Eq. (4.1)), and secondly, it is indepen
dent of the interlayer material. As was mentioned in §4.1.2, the oscillatory 
behavior probably originates from the RKKY interaction. However, it is 
possible that the oscillations are superimposed on another type of coupling 
with a possibly non-changing polarity. In this respect it is important to 
evaluate the strength of the magnetic dipolar interaction. This evaluation 
is performed below and is followed by a section on the RKKY interaction. 
Questions regarding, for example, the origin of the oscillations and the role 
of the Fermi surface, will be addressed there. 
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4.2.1 Magnetic dipolar coupling 

To obtain the strength and the range of the magnetic dipolar interaction 
between two ferromagnetic layers it is sufficient to ·calculate the magnetic 
induction B(z) outside a uniformly magnetized infinite magnetic layer as 
a function of the distance z from this layer. The coupling energy between 
two layers is then merely the field energy of a second layer in this magnetic 
field. 

Neglecting the discrete nature of matter, i.e. treating the layers as a 
magnetic continuum, a zero magnetic field is expected and hence a zero 
magnetic dipolar coupling. This can be shown for both in-plane as well 
as perpendicularly magnetized layers from the well-known magnetostatic 
boundary conditions (continuity of the normal component of B and the 
tangential component of H). However, the discreteness of the magnetic 
layer will result in non-zero dipolar fields and hence to coupling. An upper 
limit of the magnitude of this couping can be obtained by direct numerical 
summation of the atomic dipolar fields with each 'atomic magnetic moment' 
replaced by a point dipole of zero dimensions 5: 

(4.4) 

-- -- 2 Ecoupling(z) = -m · B(z)fa (4.5) 

Here, B(z) is the magnetic induction at distance z of the layer, fi. the 
bonding-vector between the i-th dipole iiii and the observation point at 
distance z, and Ecoupling(z) represents the field energy per unit area of a 
probe dipole iii at the observation point. For the case of a monoatomic 
layer, which we will consider from here on, the latter is equal to the cou
pling energy of two atomic planes at distance z. The lattice constant is 
represented by a. In Figure 4.1 the results of such a summation is shown. 
The figure shows the coupling energy between two atomic planes on which 
magnetic moments are configured in a simple square lattice with a = 2 A 
and of a strength typical for Co: J.LO I iiii I fa3 = 1.8_T. 

5In reality, the 3d magnetic moments in a solid, are not completely localized with a 
consequently lower dipolar coupling. 
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Figure 4.1: Logarithmically"plotted dipolar coupling strength be" 
tween two mono-atomic magnetic planes as a function of the in" 
terplanar distance. The planes consist of point dipoles which are 
situated on a simple square lattice with a lattice parameter of 2 A 
and are of a strength corresponding to a saturation magnetization 
of 1.8 T. The two sets of data points pertain to uniform in-plane (II) 
and perpendicular (J..) magnetization. 
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For perpendicular and in-plane magnetized planes at distance 2 A from each 
other, coupling strengths are obtained of 1.3 x 10-2 mJjm2 and -6.7 x 10-3 

mJ /m2, repectively 6• Clearly, the dipolar coupling strength is far less than 
commonly observed coupling strengths (~ 0.1 mJfm2 at typica.lly 10 A) 
and hence can be neglected. 

4.2.2 The RKKY interlayer interaction 

In this section the background and the important features of the RKKY 
interaction are discussed. In this respect it is useful to consider first the 
mechanism from which the oscillatory behavior originates. 

This mechanism, in which the conduction electrons with their wave na
ture play an important role, can be understood qualitatively from the fol" 
lowing simplified picture. After substitution of, for example, a Co atom in 
a Cu crystal, the Cu conduction electrons experience a different potential 
at the Co atom. From elementary quantum mechanics, it is well known 
that plane waves undergo a phase shift due to scattering at a. potential well. 

6 Note that, although this is not apparent from the Figure, the coupling for the II and 
the l. case are of opposite polarity, viz. antiferromagnetic for II and ferromagnetic for l.. 
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Since the potential well resulting here from the Co atom is different for the 
spin-up and spin-down electrons (Co has a non-zero magnetic moment, and 
thus its interaction energy with the up and down spin electrons will be dif
ferent), their phase shifts will a.lso differ. Consequently, the up and down 
spins will not cancel anymore, and the result, after summation of a.ll plane 
wave (or Bloch) states i.e. after integration over a.ll wave vectors up to the 
Fermi wave vector kp, is an oscillatory spin density with a period 1r fkp. It 
will be clear that a second Co atom placed near the first one experiences a 
net spin up or spin down density depending on the exact distance, and thus 
indirectly interacts with the first Co moment in an oscillatory fashion. The 
result is an interaction which, as stated already in §4.1.1, is of the form: 

J"" cos(2kpr)fr3 (4.6) 

The RKKY interaction is a.lso expected to manifest itself for two fer
romagnetic layers separated by a non-magnetic layer. The fact that no 
cancellation occurs when summing the oscillatory interactions for a.ll pairs 
of magnetic atoms in both layers has been shown by Yosida et al. [123] and 
Bardasis et al. [124] in 1965 and later by Yafet [125] and Baltensperger et 
al. [126]. In planar geometry, the asymptotic expression (z » 1r/kp) now 
takes the form: 

J"" cos(2kpz)fz2 (4.7) 

with z the separation of the two ferromagnetic layers. 
The above expression is only partly correct since it resulted from simpli

fied considerations in which a number of quite important aspects, such as 
the discreteness of the spacer layer, have not been invoked. The full RKKY 
result has been derived Bruno [110]. Since this treatment is physica.lly very 
transparent, yielding results which can be readily used by the experimen
talist, a discussion of the most important aspects of this model, rather than 
other less transparent models, will be highlighted in the following. For a 
detailed mathematical treatment, which is beyond the scope of this section, 
the reader is referred to [127, 128, 110]. 

The RKKY approach of the problem of exchange coupling bears much 
resemblance with the linear response theory for dynamical systems. In the 
latter, the time dependent response is determined from the product of the 
Fourier transform of the external stimulus with the response function -
the latter following directly from the differential equation describing the 
dynamics. Analogously, the spatial response, in this case, the spin polar
ization or magnetization M(r') induced in the conduction-electron system, 
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is calculated from: 

where ii (if) is the Fourier transform of the magnetic field stimulus resulting 
from a magnetic spin 7, and x(q) the wavevector dependent susceptibil· 
ity which describes the response of the conduction electrons to a spatially 
varying magnetic field. 

In the RKK¥ model, the interaction between a. magnetic spin Sa and 
a conduction electronspin s is approximated by the contact potential E = 
A6(rjs · So. which can. be written in terms of an effective field Heff(fj as 
E = -gJ.LbS· poHe1f(rj with Heff(fj "'ASo.6(rj. Since, the Fourier transform 
H(q) of this effective magnetic field is a constant proportional to ABo., the 
resulting induced spin density s( f'), following directly from Eq. ( 4.8), is given 
by: 

s(rj = 2: exp(icl· T)x(q)ASo. 
q 

(4.9) 

A second magnetic spin S~ at position R relative to So. interacts with this 
spin density (again through the contact interaction) yielding an. indirect 
interaction between the spins of: 

2~ .... ..... ..... _, .. .... 
Ecoupling "'A L., x(q) exp(iq · R)So. · S~ = I(R)So. · S~ 

q 
(4.10) 

To obtain the magnetic interlayer coupling J(z} per unit area between two 
ferromagnetic layers Fl and F2 at distance z, one has to sum I(R) over all 
sites in F2: 

J(z) "' E I(R) ""A2 E l:x(q) exp{iq· R) 
REF2 REF2 q 

"" A2 E x(qjl, clz) exp(iqzz) E exp(iqjl · Ru} (4.11) 
.R11 eF2 

where R11 is the in-plane component of the position vector of the site in F2. 
For a suitable choice of an elementary cell in reciprocal space (see [110]), 
no reciprocal lattice vectors of F2 are encountered in the summation over q 

1Here, the exchange :field is meant rather than the dipole field. 
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and the last sum in Eq. {4.11) is zero unless qll = 0. Therefore Eq. (4.11) 
reduces to: 

(4.12) 
q,. 

with x(qz) = x(qjl = O,q;), i.e. the interlayer coupling is given by the one 
dimensional Fourier transform of x( if). An expression for X can be derived 
from first order peturbation theory [132, 127]: 

x(ifJ = 2: /(~)- J(k + ~ 
:k E(k +if)- E(k) 

( 4.13) 

From this expression it is clear that the magnetic coupling depends on 
the detailed structure of the energy surfaces E(k) and on the tempera
ture through the Fermi-Dirac function f(k). Without actually performing 
the summations in Eqs. (4.12) and (4.13) it can be made clear that the final 
result is determined by specific q vectors which just span the energy surface. 

Following Ziman [132] we consider the free-electron case. Because the 
sum in Eq. (4.13) contains J(k)- j(k +if) it is sufficient to only consider 
values of k of which the corresponding state is occupied and where the state 
pertaining to k + if is empty, or vice versa. For small values of q (fixed in 
direction) there are only a few and can be found in two regions covering the 
surface of the Fermi-sphere {Fig. 4.2 (a)). As q is increased these regions 

·expand steadily. But a critical value q = 2kp is then reached when the 
whole sphere contributes to the sum. Beyond this point no new terms in 
the sum over k contribute. This appears to result in an infinity of 8xf8q at 
q = 2kp which, via Fourier transformation (Eq. {4.12)), manifests itself as 
an oscillation with a period of 2kp. The oscillation period is thus determined 
by the diameter of the Fermi sphere (Fig. 4.2 (d)). 

It may be clear that this reasoning can be generalized to cases of non
spherical Fermi-surfaces (Fig. 4.2 (e)). Moreover, instead of reasoning with 
occupied and unoccupied electronstates one may equally reason in terms of 
hole states. This can be seen immediately from Eq. (4.13) since a replace
ment off by 1-f leaves the form of x( q) invariant (except for a minus sign}. 
Therefore a q vector spanning a hole pocket (Fig. 4.2 (f)) also contributes in 
the coupling. In general we thus expect that any q vector that spans an ex
tremal dimension of the surface may give rise to an oscillatory component in 
the coupling. For a. given direction of q there may be several critical values 
corresponding to minima. as well as maxima. in the dimension (Fig. 4.2 (g)) 
and consequently a. multiperiodic coupling behavior i.e. a. behavior in which 
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the magnetic coupling is a superposition of several oscillations with different 
periods is to be expected. For the study of magnetic coupling across Cu 
interlayers which are grown in the (111) or (100) direction, a.s a.n example, 
the relevant .cross section of the Cu Fermi surface is shown in Fig. 4.3. 

(a) (b) (c) 

(d) (e) (f) (g) 

Figure 4.2: (a)-( c) Regions of the Fermi sphere contributing to the 
wave vector dependent susceptibility: (a) small q; (b) q < 2kF; (c) 
q 2:: 2kp. The period of the oscillatory magnetic coupling is related to 
the disappearence of the unshaded (lens-shaped) region. (d)-(g) Hy
pothetical Fermi surfaces with extremal spanning vectors from which 
the values the values of the coupling periods are derived. Shaded and 
unshaded regions correspond to occupied and unoccupied states, re
spectively. 

What is shown is the Fermi surface in the repeated zone scheme. As is well 
known the Fermi surface of Cu is not perfectly spherical but somewhat de-
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formed due to the periodically varying potential resulting in the formation of 
so-called necks connecting the speres in the (111) direction. Independent or 
non-equivalent wave vectors giving rise to oscillatory coupling are indicated 
by the arrows in Fig. 4.3 (a). The horizontal and oblique arrows correspond 
to (100) and (111) growth, respectively 8. Thus for the (111) orientation 
only one period is predicted whereas a biperiodic behavior is to be expected 
for the {100) orientation. To start with we could also have taken the two 
q vectors spanning the extremes of the dogbane shaped hole and the one 
connecting these dogbanes such as indicated in Fig. 4.3 (b). In fact these 
two sets are physically equivalent: When calculating the magnitude of the 
periods A= 211" fq with q the length of the particular arrow in Fig. 4.3 (a), 

Figure 4.3: Cross section of the Cu Fermi surface. The oblique and 
horizontal arrows indicate the q-vectors responsible for magnetic cou
pling across Cu interlayers grown in the (111) and (100) orientation, 
respectively. (a) q-vectors are shown which span the Fermi surface. 

· (b) Indicated q-vectors are those shown in (a) but reduced with the 
appropriate reciprocal lattice vector (21r/dn1 or 211"/dwo). 

values are obtained which are smaller than twice the spacing d between the 

8 Note that in our case of planar geometry q is fixed in the z-direction: the growth 
direction (see also Eq. (4.12)). 
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atomic Cu planes in the interlayer. ~bviously, oscillations wit},t wavelengths 
less than 2d are meaningless. This phenomenon, which is a consequence of 
the translational symmetry of the crystal, often occurs in solid state physics: 
functions with wave vectors outside the first Brillouin zone are equivalent to 
the same functions but with their wave vectors reduced with an appropriate 
number of reciprocal lattice vectors to come in the first Brillouin zone. Also 
in the present case the physical meaningful q vectors are those which are 
reduced with multiples of 27!' I d, to come in the interval [ -7!' I d, 7!' I d]. These 
are precisely the ones indicated in Fig. 4.3 (b). Also in Fourier theory this 
wave vector folding is well known and is called the aliasing effect, as was 
already mentioned in §4.1.2. In direct space, this aliasing effect is illustrated 
in Fig. 4.4 [107]. 

J (L) 
A. cr= 1.2s 

8 9 10 11 12 13 14 15 

Ud 

Figure 4.4: Coupling J(L) as a function of the interlayer thickness 
expressed in units of interplanar spacing d. Full curve: rapid oscil
lation with period >. = 1.28d; Broken curve: measured oscillatory 
coupling with a period A = >.f0.28 ~ 3.57>. {107}. 

Here, a rapid oscillation (with period >.) is shown (full curve). Since in 
an experiment the interlayer thickness can be varied only with an integral 
number of monolayers, this oscillation is sampled (or measured) only at 
discrete lattice planes (the solid points). The rapid oscillation therefore 
emerges as an oscillation with a longer period A given by: 

(4.14) 
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with n such that A. > 2d. This oscillation is shown as a broken curve 9 in 
Fig. 4.4 As mentioned in §4.1.2, this insight removed the initial discrepancy 
between the experimentally observed long priods and the rather short period 
1r/kF which was expected for an RKKY mechanism. 

The full theoretical expression for the RKKY coupling has been derived 
from Eqs. (4.12) and (4.13) by Bruno et al. [110] a.D;d is given by: 

(4.15) 

Here, t is the interlayer thickness, ri determines the strength of the i-th 
oscillatory component, tPi its phase, and the function .Fi(t, T) accounts for 
its temperature dependence and is given by: 

tTfai 
.Fi{t,T) = sinh(tT/ai) (4.16) 

Here, the ai 's are the parameters measuring the degree of sensitivity to 
temperature changes. Their values are determined by the z-component of 
the Fermi velocity v~ at the i-th extremum: ai = nv~/2trkB. Note that at 
T = 0 the function Fi ( t, T) equals 1 and a quadratic decay with t of the 
coupling is expected. At higher temperatures the coupling will decrease 
faster than 1/t2• According to Eq. ( 4.16) the deviations from this quadratic 
law will be larger for larger interlayer thicknesses t. The latter might be 
clear also intuitively from the fact that at larger t coupling energies are 
smaller and thus more sensitive to temperature effects. 

The relative strengths ri of the oscillatory components appear to be 
determined by the radii of curvature of the Fermi surface at the correspond
ing critical q vector [110]. Here, a smaller curvature radius corresponds to 
smaller coupling strength. However, as discussed by Bruno et al.. [110], the 
strength as well as the phase of the oscillatory components are not pre
dicted correctly by the RKKY model due to the incorrect assumption on 
the interaction between the ferromagnetic layer and the conduction elec
trons, viz. a contact interaction. A more sophisticated approach based on 
the so-called s-d mixing interaction, shows that the strength and the phase 

9From experimental point of view it is not entirely correct to connect the solid points 
with a sinusodial curve. For inter layers composed of an amount of material equivalent to a 
non-integral number of planes, for example, when the last monolayer is not complete but 
consists of patches, a weighted average between the corresponding neighbouring points is 
to be taken and the solid points should, in principle, be conn~cted with straight lines. 



Measurement of the coupling 89 

of the couling depend also on the nature of the magnetic layer and thu5 
not only on the Fermi-surface topoloy of the interlayer material [129}. The 
periods, on the contrary, are not sensitive to details in the magnetic layer
conduction electron interaction and are therefore still predicted correctly. 
This is because the way in which a spin polarization (induced at the mag
netic layer /interlayer interface) propagates through the interlayer material 
will depend only on properties of this interlayer material. For Cu (111) and. 
(100) interlayers the respectiye predicted periods are A(lll) = 9.36 A (4.50 

ML), A~i~o) = 10.6 A (5.88 ML) and A~ibo) = 4.61 A (2.56 ML). 
To conclude this section it is remarked that the above-cited models do 

not include effects due to electron-electron exchange interactions. If some 
conduction electron polarization is induced by the exchange field of one 
or more magnetic spins and this polarization itself induces also a field it 
may result in an enhancement of the total spin polarization. Giovannini 
et al. [130] have shown that such effects shift the coupling curve to the 
ferromagnetic side. As discussed by Low et al. [131} this may account for the 
ferromagnetic polarization induced by Co in Pd. For the magnetic interlayer 
coupling across Pd and Pt layers this mechanism may be expected to cause 
oscillatory behavior in the ferromagnetic regime. 

4.3 Measurement of the interlayer coupling 

So far, we have not discussed how the magnetic interlayer coupling can 
be determined experimentally. It is clear that an antiferromagnetic (ferro
magnetic) coupling manifests itself via a preferential antiparallel (parallel) 
alignment of the magnetizations in the successive layers. Several different 
techniques, such as neutron diffraction [133], SEMPA 10 [116] and magneto
optic domain imaging [134], can be used to monitor such spontaneous mag
netization structures. However, apart from the use of these methods in 
combination with specially designed samples (with crossed easy axis of the 
successive layers, for example 11), these methods do not provide informa
tion on the strength of the coupling. Techniques which do provide quan
titative information are those which measure the field-dependent behavior 
of a quantity related to the (static or dynamic) magnetization components 

10 An acronym for Sca.nning Electron Microscopy with Polarization Analysis. 
11 Measurement of the angular deviation of the equilibrium orientations of the magne

tizations from the easy axis allows, in such a case, determination of antiferroma.gnetic a.s 
well a.s ferromagnetic coupling strengths, provided that the magnetic anisotropy is known. 
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of the magnetic layers. Examples are torque, magnetization, Kerr effect, 
ferromagnetic resonance (FMR) and Brillouin light scattering (BLS) exper
iments. 

Torque magnetometry measures the torque whiCh a magnetic specimen 
experiences upon application of a magnetic field. Such a torque exists only 
if magnetic anisotropy is also present 12• In fact, it is equal to the sum of 
the anisotropy torques 'exerted by the crystal on the magnetizations', and 
contains the information on the coupling strength through the fact that the 
equilibrium orientations of the magnetizations, which eventually determine 
these anisotropy torques, are affected by the coupling strength. However, 
torque measurements are not often used with this aim and will therefore 
not be discussed further. For applications, the reader is referred to [135], 
[136] and [137]. 

Magnetization and Kerr effect measurements on the other hand are 
among the most commonly used techniques to study coupling phenomena, 
and are frequently encountered in this thesis. A discussion of the determi
nation of coupling strengths using these techniques is therefore in order. The 
basics are already covered by the simplest case, viz. two antiferromagnetically
coupled magnetic layers which exhibit a strong uniaxial anisotropy. For 
this situation the theoretical magnetization curve shown in Fig. 4.5 applies. 
Here, the field is applied along the easy axis. At zero field, the total mag
netization is obviously zero due to the .antiparallel alignment induced by 
the AF coupling. Upon increasing the applied field, the magnetizations re
main locked in this state, since small deviations from the easy axis are not 
allowed because of the large increase of anisotropy energy accompanying 
such deviations. However, at a certain critical field, the field energy of the 
magnetization which is oriented antiparallel to the applied field exceeds the 
coupling energy, and the magnetization of this layer reverses its direction. 
Saturation is then reached via a step in the magnetization curve, a so-called 
metamagnetic or spin-flip transition. The field where this occurs is, in this 
case, proportional to the antiferromagnetic coupling strength and thus al
lows a relatively easy quantification of the latter. In general, the situation 
can be more complicated, and the detailed expressions, if at all available 
analytically, can depend on the strength of the interlayer coupling, as well 
as on the magnetic anisotropy and the number of magnetic layers 

12 A requirement for the torque experiments is a (spin-orbit type) coupling between the 
magnetization system and the crystal (axis). Such coupling is naturally accompanied by 
magnetic anisotropy. 
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Figure 4.5: Theoretical magnetization curve for two identical AF-. 
coupled ferromagnetic layers having a uniaxial magnetic anisotropy 
wbicb is larger than the coupling strength. The arrows schematically 
indicate the orientations of the magnetizations relative to the vertical 
easy axis along wbicb the. field is applied. 
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(see also §4.5). The magnetization curves, and thus also the transition fields, 
can be analyzed by minimization of the energy of E the coupled magnetic 
N -layer system: 

N N N-1 

E =I: -fiJ.£oMi·Hi+ l:Ai(Mi)+ I: -2Ji,i+tMi·Mi+l/ I MiMi+ll (4.17) 
i=l i=l i=l 

Here, the first term represents the field energy of the magnetic layers with 
thickness ti. The magnetizations, which are assumed to be uniform, are 
denoted by .i\1i. The second term represents the magnetic anisotropy energy 
where Ai is a. function of the magnetization direction with respect to the 
layer normal and the crystal axes of layer i. The third term accounts for 
the interlayer exchange couplings between the successive layers, with Ji,i+l 
denoting the coupling energy density (Jfm2) for layer pair (i,i+l). 

In practice, magnetization curves show hysteresis, which poses problems 
in the analysis. On the one hand, small coupling effects may become masked 
by the hysteresis. On the other hand, the above-mentioned analysis is not 
able to account for hysteresis effects properly. Usually one averages the 
hysteresis, and assumes that the result is representative of the thermody
namic situation. For small hysteresis, this analysis is justified 13 , but for 

13in the sense that a possible systematic error will be small. 
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considerable hysteresis it is not obvious that this assumption is valid (see 
also §3.6.1). An additional problem.ofmagnetization measurementsis that, 
a priori, a ferromagnetic coupling {irrespective of its strength) cannot be 
determined. This can be seen by realizing that application of a field to a 
system of, for instance, two identical ferromagnetic layers will never change 
the parallelism of the two magnetic moments, since both moments behave 
indentically. Hence, no information on their coupling strength can be ob
tained. However, if the multilayer system is engineered such that the mag
netic responsee of the layers to an applied :field is strongly layer-dependent, 
a determination of the ferromagnetic coupling will then be possible. Exam
ples of such studies, where the responsee of one of the layers is altered by 
coupling this layer antiferromagnetically to another layer, can be found in 
§§ 4.7 and 4.9. 

Ferromagnetic resonance and Brillouin light scattering experiments al
low measurement of both the antiferroma.gnetic and ferromagnetic coupling, 
without having to perform such engineering tricks. The experiments are 
usually performed in the saturated state 14 on a bilayer system of two cou
pled layers which have different (out-of-plane) magnetic anisotropies. The 
information on the interlayer coupling is now contained in the dynamic 
components of the magnetizations, i.e. in the precessional motions of both 
layer magnetizations around their (static and parallel) equilibrium orienta
tions. To make this clear, consider the decoupled limit, where one of the 
layer magnetizations is driven into resonance by applying the appropriate 
:field, whereas the other magnetization is more or less at rest because of its 
different resonance field 15• 'Turning on the coupling' will slightly affect 
the precessional motion of the :first magnetization, since this magnetization 
now 'experiences' an additional torque. As a. result of this coupling-modified 
torque, a shift in the resonance field results. This shift, which obviously de
pends on the coupling strength, can be measured. Also, the intensity or 
amplitude of the resonance depends on the. coupling strength and can be 
used. This is because the strength determines to what extent the second 
magnetization is forced to participate {dragged along) in the precession of 
the :first, i.e. the strength determines the total dynamic magnetization to 
which the resonance amplitude is proportional. 

The above reasoning can be supported mathematically by solving the 

14i.e. in an applied field strong enough to align both magnetic moments parallel to the 
field. 

15 A different out·of-plane anisotropy corresponds to a different resonance :field; see also 
Eq. (3.15) in §3.6.1. 
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Landau-Lifshitz equations of motion for the coupled bilayer system. We 
will not perform this manipuia.tion here, but refer to §4.4 for further details. 
That section is the :first in a. series of quite independent sections in which 
results of several coupling experiments are reported. 
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4.4 FMR on Co /Pt /Co trilayers 16 

Abstract 

Co/Pt/Co trilayers with variable Pt interlayer thicknesses between 4 and 
100 A have been investigated by ferromagnetic resonance. The lowering of 
the resonance fields with decreasing Pt thickness shows that the Co layers 
are coupled ferromagnetically for all Pt thicknesses investigated. No oscil
lations in the coupling have been observed. 

I. Introduction 

The interlayer coupling in multilayered structures can have a.n important 
influence on the magnetic and electrical properties of the multila.yers. An 
antipa.ra.llel alignment of the magnetizations, induced for example by an 
antiferroma.gnetic (AF) coupling, is a. requirement for giant ma.gnetoresis
ta.nce effects [7, 138]. Also, the :field- and temperature-dependence of the 
magnetization can be dependent on the interlayer coupling. 

This study is focused on the interla.yer coupling across Pt as measured by 
ferromagnetic resonance (FMR). For these experiments, samples are used 
containing two magnetic layers with different magnetic properties, sepa
rated by a. non-magnetic interla.yer. In the limit of zero coupling, one then 
expects two signals at different (resonance) fields. By increasing the in
terlayer coupling, the signals will shift, with a. simultaneous change of the 
relative intensities. From the direction of the shift (and/ or the change in 
relative intensities), the polarity of the interlayer coupling can be deduced. 
A ferromagnetic coupling will shift the signals to lower :fields, with a. relative 
increase of the intensity of the high-field resonance, whereas an a.ntiferro
magnetic coupling causes shifts to higher :fields, with a simultaneous decrease 
of the intensity of the high-field resonance. The strength of the coupling 
can be obtained from the magnitude of the shifts and change in intensities, 
which can be calculated from various models [139, 140, 141, 142]. In the 
following paragraph, we discuss the models used to analyze the present ex
periments. 

III. Theoretical Model 

18Part ofthis section has been published in J. Magn. Magn. Mater. 104-107(1992)1775. 
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To ·calculate the resonance fields, the equations of motion for the coupled 
magnetic bilayer system need to be solved. In the present model, it is as
sumed that the precessional motion of the spins is uniform within each mag· 
netic layer. This approximation will obviously break down if the thicknesses 
of the magnetic layers are considerably larger than the length-scale charac
teristic for non-uniform precessions. This length-scale is determined mainly 
by the strength of the direct exchange interaction between the spins within 
the magnetic layer. Since this interaction is relatively large in practice, a 
good approximation is obtained for Co layer thicknesses below about 100 A. 
This simplifies the problem considera:bly, since each magnetic layer can now 
be treated effectively as one magnetic spin, and the number of equations of 
motion reduces to two. The interlayer coupling is taken into account via 
the macroscopic analog of the Heisenberg nearest neighbour-exchange in
teraction: -2JM1 · M2 . Here, J represents the interfacial coupling energy 
(J/m2) and M1 and M2 denote the unit vectors ofthe magnetizations of the 
two layers (or spins}. Substitution of this coupling energy, after converting 
it into a torque, into the well-known Landau-Lifshitz equations yields the 
following set of equations of motion (neglecting the damping terms): 

(4.18) 

1 8M2 - M H 2J M2 X Jidi 
'Y2 at - 2 x J.to 2 + t; I M1 II M2 I (4.19) 

Here, 'Yi (with i=1,2) is the gyromagnetic ratio and Hi the effective mag
netic field 17 of the layer i. Assuming harmonic time dependencies for the 
niicrowave field and the magnetizations, with amplitudes which are small 
compared to those of the static field and the saturation magnetizations, 
respectively, we obtain (neglecting second order terms), a set of four in
dependent linear equations. Setting the determinant equal to zero yields 
the resonance condition. For the case of a uniaxial magnetic anisotropy, an 
in-plane applied field, and equilibrium orientations of the magnetizations 
parallel to the applied field, the following resonance condition is obtained: 

detA. = detl· det2- (2J)2 ( + (2J)4 1J = 0 (4.20) 

11This field includes the static and dynamic applied field and the effective anisotropy 
field of layer i. 



96 interlayer coupling 

with the following definitions: 

detl - (~)zi_ (~toH+~) (~toHAt + JLoH + tt~.J ~1 t1Afs1 

det2 ( w) 2 ( 2J ) (~toH A2 + JLoH + t2~,J - - - JLQH+--
~2 t2Afs2 

' 
2w2~112 ~h~ [ ( H 2J ) ( H 2J ) - + JLO +-- JLO +--

itAfsti2Afs2 itAfsti2Afs2 itAfsl t2Afs2 

The field HAi = -(2Ki)/(JLoM,i) denotes the anisotropy field of layer i, 
with the convention that a positive anisotropy constant K corresponds to a 
perpendicular preferential orientation. 

The resonance condition is thus a relatively simple quadratic function 
in the applied field, from which the resonance field can be extracted rather 
easily. It is clear that, in general, two solutions exist. At moderate and large 
coupling strengths, these are referred to as the acoustic mode and the opti
cal mode, corresponding to an in-phase and out-of-phase precession of the 
two magnetic moments, respectively. Examination of the equations allows 
verification of the introductory remarks regarding the shifts in resonance 
fields (e.g. to higher fields for ferromagnetic coupling J > 0) 18• Before dis
cussing the experiments, it merits mention that the intensity of the optical 
mode is exactly zero for the case of two indentical magnetic layers. This 
is because the total dynamic magnetization of the out-of-phase precessing 
moments is zero in that case, and thus cannot couple to the driving mi
crowave field. Moreover, for the acoustic mode which remains, it can be 
shown that its position is independent of the coupling strength. Therefore, 
for FMR experiments aimed at determinatio:p. of the interlayer coupling, the 
layers are required· to have mutually different values of one or more mag
netic properties such as the magnetic anisotropy, saturation magnetization 
or the gyromagnetic ratio. 

18To do this, consider the limit of small coupling strength in which the last two terms 
in equation (4.20) can be neglected. 
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III. Samples and Experiments 

Trilayer structures of 50 A Co/z A Pt/20 A Co and 50 A Coix A Pt/30 A 
Co have been vapor-deposited, with Pt layer thicknesses a; varying between 
4 and 100 A. The growth occured in high vacuum at room temperature with 
rates of about 1 Ajs. To promote a well-defined (111) texture, a baselayer 
of 300 A Pt was applied. This was deposited on glass and mica substrates 
prior to the growth of the Co/Pt/Co structures. To prevent oxidation, the 
samples were furnished with a 300 A protective Pt layer. Due to the consid
erable magnetic interface anisotropy which is known to exist for the Co /Pt 
interface (see Table 3.4 in §3.5), the anisotropy fields and thus also the res
onance fields, are expected to differ for the 50 A, 30 A, and 20 A Co layers, 
and measurement of the interlayer coupling by FMR is in principle possible. 

The FMR experiments were performed at 33 and 9 GHz in fields applied 
parallel to the film plane. Fig. 4.6 shows the resonance fields as a function of 
the Pt thickness, for the 50 A Co/z A Pt/20 A Co trilayers at 33 GHz. 

10 
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Q) • • 
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Pt thickness (A) 

Figure 4.6: Resonance fields measured at 33.4 GHz for 50 A Co/a:. 
Pt/20 A Co trilayers on glass, as a function of the Pt interlayer 
thickness. The drawn lines are gUides to the eye. 

It is seen that the resonance fields are lowered with respect to the de-



98 in.terlayer coupling 

coupled situation. As mentioned, this indicates a. ferromagnetic coupling 
for the Pt thicknesses investigated. In order to determine the dependence 
of the interlayer coupling on the Pt thickness more quantitatively, the data. 
are compared with the theoretial model discussed above. This is done in 
Fig. 4.7, which shows the resonance fields a.s a.function of the interlayer ex
change energy. The solid line represents the calculation based on Eq. (4.20), 
whereas the experimental 

• trilayers 
o separate layers 

B 

• • •• 

:c 
4 

0.0 0.2 0.4 0.6 

Figure 4.7: Calculated reson&Jlce fields (solid line) &lld measured 
reson&Jlce fields as a function of in.terlayer excb&Jlge energy for 50 A 
Gofx Pt/20 A Co trilayers. For increasing J the data correspond to 
Pt thicknesses of 100, 40, 30, 25, 20, 16, 12 and 8 A. 

data are represented by the circles (trilayers) and squares (seperate layers). 
The horizontal position of each pair of resonances belonging to a certain 
Pt. thickness is obtained by shifting the pair horizontally to the position of 
optimal match with the calculated curve. This gives the interlayer exchange 
corresponding to each particular Pt thickness. For the samples with thin Pt 
layers (tPt < 20 A) only one resonance was observed. Either the intensity 
of the optical mode -which decreases rapidly with increasing interlayer 
exchange [139] - was too small to be measured, or the mode shifted to 
negative fields. The horizontal positions of these data are thus not mean
ingful: the data merely serve a comparative role fot the calculated limit of 
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strong coupling. The other CofPtfCo trilayers show a similar behavior. 
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Figure 4.8: Interlayer exchange energy as a function of the Pt spacer 
layer thickness for Co/Pt/Oo trilayers. The numbers in the upper 
right corner refer .to the Co layer thicknesses in A. The substrates 
are denoted by g (glass) and m (mica). The drawn line is a guide to 
the eye. 
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Fig. 4.8 shows the resulting interlayer coupling versus tpt. It appears that 
the coupling falls off steeply with increasing Pt thickness. No oscillations 
are observed. As mentioned, the coupling was too strong to be determined 
for Pt thicknesses below 20 A. For the 9 GHz measurements, this problem 
is encountered for even larger Pt thicknesses. This is because, at lower 
frequencies, the optical branch crosses Hres=O at smaller values of J, thus 
further limiting the maximum measurable interla.yer exchange energy. The 
9 GHz measurements did not therefore yield additional information, and 
are not discussed. 

Returning once again to Fig. 4. 7, it merits mention that the resonance 
fields of the samples with the thinner Pt interlayer thicknesses are system
atically lower than the value expected for infinite coupling. This is probably 
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attributable to invalidity (in this case) of the model's basic assumption that 
anisotropy fields of the two magnetic layers are fixed, irrespective of the 
thickness of the Pt interla.yer. This obviously can affect the values obtained 
for the interlayer exchange constant. To obtain an estimate for the magni
tude of this effect, the anisotropy field parameter of the 20 A Co layer was 
adjusted to get agreement between the calculated limit of strong coupling 
and the low tpt data. Comparison of the data for tpt > 20 A with this new 
calculation yields a lowering of the exchange constant values by roughly 15 
%. The lengths of the error bars in Fig. 4.8 were obtained in this manner. 
The errors therefore do not include a systematic shift due to the approxi
mations made in the model. However, because of the low coupling values 
and the relatively thin magnetic layers, it is believed that these shifts fall 
well within the indicated error bars. 

IV. Conclusions 

In conclusion, the interlayer coupling between Co layers across Pt inter
layers has been investigated by FMR in Co/Pt/Co trilayer structures. A 
perfect fit of the data to a two-spin model using only one set of parameters 
could not be achieved in the whole Pt thicknesses range. Probably, the as
sumption of invariable magnetic anisotropy of the magnetic layers was not 
justified in all cases. However, the coupling is clearly found to be ferro
magnetic for all Pt thicknesses investigated, and decreases with increasing 
Pt layer thickness in what seems a monotonic way, without oscillations. 
Unfortunately, due to this absence of oscillatory behavior, the role of a pos
sible RKKY mechanism in the coupling for this metal remains unclear. The 
possibility that the coupling could originate from the presence of pin-holes 
cannot be excluded. 
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4.5 Oscillatory interlayer exchange coupling and 
magnetoresistance in Co /Ru multilayers 19 

Abstract 

The hysteresis loops, ferromagnetic resonance spectra. and magnetoresis
tance curves have been measured for several sputtered CojRu multila.y
ers. For CojRujCo samples where the Co layers exhibited a perpendicular 
preferential orientation, the hysteresis loops displayed a. very small magne
tization with zero susceptibility at low :fi.elds followed by a clear jump to 
sa.tura.tion at a. certain flip-field. Multila.yers containing more than two Co 
layers showed a second but less sharp transition :fi.eld. The lowest Bip-:fi.eld 
appeared to be independent of the number of magnetic layers in agree
ment with minimum energy calculations. The dependence of the Bip-:fi.elds 
on the Ru thickness was consistent with an oscillatory magnetic coupling 
having a period of approximately 12 A. CojRujCo samples with prefer
entially in-plane magnetized Co layers were investigated by ferromagnetic 
resonance. These experiments, which allowed a determination of the ferro
magnetic coupling strengths, established the true oscillatory nature of the 
magnetic coupling, i.e. alternations of its polarity. The envelope of the cou
pling function was found to decrease, initially as tR.!. A considerably faster 
decrease was observed for Ru thicknesses larger than 20 A. The ma.gnetore
sistance experiments which had been performed in perpendicular applied 
fields revealed a small though dear spin-valve effect as well as the ordinary 
magnetoresista.nce effect. 

I. Introduction 

The interesting and sometimes spectacular novel phenomena: displayed by 
artificially layered magnetic materials have drawn considerable attention 
in recent years. In particular the large perpendicular magnetic anisotropy 
[23], the (giant) ma.gnetoresistance [7, 138, 5] and the {generally) oscillating 
interlayer interaction [6], have been the subject of fundamental as well as 
technological interest. 

Usually the antiferromagnetic (AF) interlayer coupling is studied using · 
magnetic layers having an in-plane preferential orientation. The field de-

lllThe text of this section is part of an article that has been submitted for publication 
in Phys. Rev. B. 
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pendence of the magnetization then shows a linear curve saturating at a 
field which is directly proportional to the strength of the antiferromagnetic 
coupling. Less common are studies in which the layers exhibit a strong 
uniaxial magnetic anisotropy. The latter can be realized, for example, in 
layers with an easy axis perpendicular to the plane. The presence of such 
perpendicular anisotropy might prove convenient to remove certain compli
cating effects to which in-plane magnetic anisotropy systems are sensitive. 
For example, biquadratic coupling effects [134] are not likely to occur in 
the case of strong uniaxial anisotropy since perpendicular alignment of the 
magnetizations is then energetically unfavourable. Also, contributions of 
locally ferromagnetically coupled regions in the sample (e.g. due to spacer 
layer fluctuations) are expected to have considerably less influence on the 
magnetization curves of AF-coupled layers with uniaxial anisotropy [143]. 
For samples with an in-plane preferred direction for the magnetization such 
regions immediately give rise to a non-zero remanence, thereby obscuring 
the AF coupling effect. Systems with perpendicular magnetic anisotropy 
are therefore expected to reveal· AF coupling effects more clearly. 

In this section results are presented of investigations on the magnetic 
coupling between Co layers across Ru spacer layers with emphasis on those 
having a perpendicular magnetic anisotropy. Apart from Magneto Optical 
Kerr Effect (MOKE) and Vibrating Sample Magnetometer (VSM) mea
surements to determine the AF coupling, ferromagnetic resonance (FMR) 
experiments have been performed to determine the ferromagnetic coupling. 
MOKE measurements have been carried out on the samples with a perpen
dicular preferential orientation, whereas the VSM and FMR experiments 
have been performed for in-plane magnetized Co/Ru/Co trilayers. The field
induced magnetic phase transitions, which include the information about 
the interlayer interaction, are critically evaluated, specifically with regard to 
their dependence on the number of ferromagnetic layers involved. Moreover, 
a comparison is made between the loops ofthe present sputtered samples 
and the loops of similar samples grown by evaporation. Marked differences 
are observed, demonstrating that the preparation method is extremely im
portant for the magnetic behavior. Magnetoresistance experiments were 
performed on multilayers with perpendicular preferential orientation using 
an in-plane current and perpendicularly applied field. For AF -coupled sam
ples these experiments showed, besides the spin-valve effect also the ordinary 
magnetoresistance effect. 

The text is organized as follows. In Section II the experimental details 
regarding the samples are contained. Section III briefly recalls the theo-
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retical thermodynamic phase transitions expected for AF ·coupled magnetic 
layers with uniaxial magnetic anisotropy. This is followed by Section IV 
which considers the effects or' the number of repetitions on MOKE loops for 
multila.yers with a. varying number of bilayers. Section V discusses the ex
periments aimed a.t determination of the magnetic interla.yer coupling. This 
Section is divided into three pa.rts containing (A) the MOKE experiments 
on the samples with a perpendicular preferential orientation, (B) the VSM 
a.nd FMR experiments on the in·pla.ne easy Co/Ru/Co trilayers a.nd (C} a. 
discussion of the results, respectively. Section VI contains the magnetore· 
sista.nce experiments. In Section VII the results a.re summarized briefly. 

II. Experimental 

The composition of the series of samples which have been investigated is 
.listed in Table 4.1. In the following·the series will be referred to as series 
A, B a.nd C, as indicated in the first column of the table. All samples were 
grown at room temperature by magnetron sputtering (Ar) at a background 
pressure of 5x1o-3 Torr with growth rates of typically 1-2 A.fs. The sub· 
strates were given a. 30 min. glow·discha.rge treatment prior to the baselayer 
growth. Contrary to all other layers, the Pd baselayers were grown by RF 
sputtering. 

Table 4.1: Detailed composition of tb.e samples which. b.ave been 
investigated. Ox Si is sb.ort for oxidized silicon. Tb.e numbers in 
tb.e last column indicate tb.e ra.nge of Ru thicknesses for which. tb.e 
samples b.ave been grown. 

I series I substrate I baselayers + active layers + caplayers X (A) 
A Ox Si 200 ~ Ru + 9 A Co/x A Ru/9 A Co + 30 A Ru 8,16-48 
B Ox Si 200 A Ru + 6x(9 A Co/18 A Ru) + 12 A Ru 

Ox Si 200 A Ru + 10x(9 A Co/18 A Ru) + 12 A Ru 
glass, Ox Si 500 A Pd/200 A Ru + 10x{ll A Co/x A Ru) 3-31 

c glass 200 A Pd + 30 A Cofx A Ru/70 A Co + so A Pd 4-51 

The layer thicknesses were calibrated from low a.ngle X·ra.y diffraction ex
periments on reference samples of approximately 500 A thick Co, Pd a.nd 
Ru layers which were grown preceeding and following the growth of the 
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actual samples. The layer thicknesses of these calibration samples repro
duced within 5 %. In the case of multilayers the actual modulation periods 
have been determined from the positions of the multilayer reflections. From 
the high angle positions of these reflections, a fcc (111) or hcp (00.2) tex
ture could be concluded. However, the texture was not very well defined. 
The rocking curves of both the Pd and Ru baselayers and of the multilayer 
appeared rather broad (13° full width at half maximum). 

Magnetic characterization has been performed at room temperature us
ing the Magneto Optical Kerr Effect (MOKE) at a wavelength of 633 nm, 
ferromagnetic resonance (FMR) at 34 GHz and Vibrating Sample Ma.gne
tometry (VSM). Also magnetoresistance experiments were performed. 

III. Theoretical magnetization curves 

Many of the samples listed in Table 4.1 exhibit an easy axis perpendic
ular to the film plane. Since such an easy aXis has a pronounced effect on 
the magnetization curves, this section recalls the most important results of 
previous calculations [144, 145] for the magnetization curves in these cases. 

The starting-point is the energy expression (J/m2) for a bilayer: 

Here, the bilayer consists of two identical magnetic layers of thickness t, 
which are coupled antiferromagnetically with a strength J (J < 0 Jfm2), 

having uniaxial magnetic anisotropy K and saturation magnetization M8 • 

The angles of the magnetizations with respect to the film normal are denoted 
by Oi (i=1,2). The applied field H is directed alon:g the easy axis, in our 
case the film normal (K > 0). The case of more than two magnetic layers 
will be discussed later on. 

Absolute minimum energy calculations [144, 145] giving the thermody
namically stable states and corresponding transitions result in magnetiza
tion curves shown in Fig. 4.9. Particularly simple cases are the limits of 
large anisotropy (K > -J ft) and zero anisotropy. In the former case (Fig. 
4.9 (a)) only two orientations of the magnetization can occur viz. parallel 
or antiparallel to the applied field. At low fields the AF coupling ensures an 
antiparallel alignment of the magnetizations resulting in zero total magne
tization. This state is stable until the field is reached at which the field 
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Figure 4.9: Theoretical magnetization curves for two identical AF 
coupled ferromagnetic layers having a uniaxial magnetic anisotropy 
which. is (a) larger than tb.e coupling strength. and (b) smaller than 
coupling strength.. Tb.e arrows schematically indicate tb.e orienta~ 
tions of tb.e magnetizations relative to tb.e ·vertical easy axis, along 
which. tb.e field is applied. Tb.e situation of zero anisotropy (c) is a 
special case of (b). 
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energy becomes larger than the coupling energy. Saturation is then reached 
abruptly by a spin~flip of one of the magnetizations. The corresponding 
spin-flip field Hr is independent of the magnetic anisotropy and is given by 

Hr = -2JftpoMs (K > -Jft) (4.22) 

However, for very small or zero anisotropy, the magnetizations are no longer 
locked along an easy axis, but start to rotate immediately at low fields from 
the anti parallel state perpendicular to the field, towards the field. The result 
is a linear curve (Fig. 4.9 (c)) saturating at: 

(K=O) (4.23) 

Note that Hs is twice the field Hr for the large K limit (Eq. {4.22)). This 
is a consequence of the fact that in both cases {large and zero K) the same 
coupling energy ( -2J) has to be overcome in the magnetization process, i.e. 
the areas enclosed between the linear magnetization curve and the M-axis 
(K = 0) and the step-like magnetization curve and the M-axis (large K) 
should be equal. 

For considerable anisotropy but smaller than the coupling strength ( K < 
-J ft), the intermediate case shown in Fig. 4.9 (b) applies. The antiparallel 
alignment is now maintained up to a critical field which, in this case depends 
on both the AF coupling and the magnetic anisotropy: 

Hs£ = 2-j-K(K+ 2Jft)fpoMs (K < -Jft) (4.24) 

At this spin-flop field a first order transition to a canted state occurs. Upon 
further increase of the field the magnetizations are forced to rotate gradually 
towards the field, against the AF coupling. Obviously, this magnetization 
process is aided by the magnetic anisotropy and the saturation field again 
depends on both J and K: 

Hs = -2(K + 2Jft)fp.oMs (K < -Jft) (4.25) 

As was mentioned, the above results were derived from absolute min
imum energy calculations; no hysteresis occurred. However, if one allows 
for coherent rotation of the magnetic moments only and takes the magnetic 
layers always to be in a single domain state, i.e. forbidding the mechanisms 
which usually drive the system to the state of absolute minimum energy, 
such as domain nucleation and domain wall propag~tion, the above results 
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will be modified. The curves neccessarily show hysteresis due to the exis
tence of energy barriers resul.ting from the magnetic anisotropy. The spin
flip and spin-flop fields are different when approached from the low or high 
field side. In [144, 145] the resulting fields have been derived by evaluation 
of the usual stability condition corresponding to the appearence of a path 
on the energy surface E((h, 82) which permits the system to slide from its 
current stable state into the most accessible local minimum. Since it will 
appear that these results are not applicable in our case because the actual 
hysteresis effects are much smaller than calculated, these results will not be 
recalled here. 

The case of multilayers is expected to be more complicated due to bound
ary effects. Even in the limit of an infinite number of layers the relevant 
transitions cannot be obtained by simple substitution of 2J for J, in the 
bilayer expressions. This approximation, which one often applies to multi
layers with a large number of repetitions, is allowed only for zero magnetic 
anisotropy. 

Consider.a multilayer consisting of an even number of AF-coupled fer
romagnetic layers and assume the large K limit. Contrary to the bilayer 
case, we expect the magnetization curve to exhibit two transitions. At low 
:fields :first one of the outer layers, viz. the one which is oriented antiparallel 
to the applied :field, will reverse its direction. This is because this layer 
has one neighbouring magnetic layer only and therefore 'experiences' one 
coupling only. At the second transition the inner layers which are still an
tiparallel to the :field will reverse their direction. The fields pertaining to 
these spin-flips are easily found. The :first one is obviously again given by 
Eq. ( 4.22), whereas the second one occurs at twice this :field ( -4J JtJ.LoM8 ). 

Thus, the :fields are independent of the number of ferromagnetic layers -
this in marked contrast to the isotropic case (K = 0) where the satura
tion :field does depend on the number of magnetic layers n and was found 
experimentally to vary approximately as: 

H8 = -8J ( 1..;. ~) JtJ.LoMs (K=O) (4.26) 

see [146]. However, this equation is not exact. In fact, as shown in [144], a 
closed formula cannot be derived. This is also the case for medium K (spin
Bop transitions). Numerical calculations are required since the boundary 
effects cause the canting angles to vary across the layer stack. Such calcu
lations have been performed and have shown that the lowest spin-flop field 
for the 10 repetitions case, i.e. the case applying to the present multilayer 
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samples, deviated only slightly from the bilayer value. 

IV. Moke loops for various numbers of repetitions 

The experiments described in the present work have been performed on 
bilayers (sandwiches) as well as on multilayers. Since the identification and 
characterization of the field-induced phase transitions discussed in the pre
vious section is of crucial importance for the determination of the interlayer 
exchange, the magnetization process of multilayers with a sma.ll number of 
repetitions has been investigated in somewhat more detail. The full results 
of this study will be published elsewhere, while here results which are of 
particular relevance for the present study of the interlayer exchange will be 
presented. 

In Fig. 4.10, examples of experimental hysteresis loops are shown for 
9 A Co/18 A Ru multilayers containing 2, 6 and 10 Co layers, measured 
in perpendicular applied fields. The existence of an antipara.llel alignment 
of the magnetizations along the film-normal at low fields is clear from the 
sma.ll Kerr signal. The fact that the Kerr signal is not zero in this. state is 
a result of the finite penetration depth of the light. 

Tc> clarify the form of the loops in more detail, the spin-configurations 
corresponding to specific Kerr levels are also shown in the figure. Here, the 
convention is used that the light 'illuminates the spin-configuration' from 
the left. The left arrows within the boxes therefore correspond to Co layer 
magnetizations at the top of the sample (the surface) and the right ones to 
the Co layers at the bottom (substrate side). 

For the bilayer ( n = 2) case, reduction of the field from: a large value 
to zero, results in a transition from saturation to an antipara.llel state. The 
shape of the loop closely resembles the theoretical loop of Fig. 4.9 (a). 
Obviously, the interlayer exchange coupling energy is sma.ller than the mag
netic anisotropy energy at this Ru thickness. The change in polarity of the 
Kerr signal which accompanies the saturated-antipara.llel transition, indi
cates that it must have been the. top Co layer that reversed its magnetiza
tion. 

For then = 6 multilayer case, two transitions occur. Upon reducing 
the field from a large positive value, first two inner Co layers reverse their 
magnetization (they are coupled twice). The resulting state is indicated by 
configuration A. Upon further reduction of the field, the bottom outer layer 
flips which is consistent with the fact that this flip is accompanied by a 
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Figure 4.10: Hysteresis loops of 200 A Ru + nx (9 A Co/18 A Ru) + 
12 A Ru multilayers with several number of repetitions n, measured 
with MOKE in perpendicular applied fields. The arrows schemati
cally indicate the orientations of the magnetizations ·at progressive 
stages (A,B,C,D) of the magnetization process. 
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relatively small though clear step in the Kerr signal. The antiparallel con
figuration B is the one pertaining to the resulting state. Applying negative 
field until saturation and reducing it back to zero yields the reversed an
tiparallel state C. Increasing the field in the positive direction results now 
in the reversal of neccessarily the top outer layer and is thus accompanied 
by a larger step. The Kerr value of the resulting state D is, as expected, 
slightly more negative than for state A and thus leads to a crossing in the 
Kerr loop. 

The shape of the loop of the n = 10 multilayer, i.e. the existence of a 
relatively sharp step at low fields in the descending part of the loop (from 
saturation to zero field; A-+B) and its apparent absence in the ascending 
part, can now be understood. The asymmetry in the low field stepsize which 
appeared between the magnetizing and demagnetizing process in the n = 6 
case is obviously significantly larger for n = 10. Apparently it has become so 
large that a reversal of the bottom outer layer hardly results in any change 
of the Kerr signal. 

Comparing the flip-fields (of the outer layer pair) measured with decreas
ing field for n = 2, 6 and 10 (the dotted vertical line), one notes that these 
agree rather well. This shows that this flip-field does not in fact depend on 
the number of repetitions, as predicted for the large K limit. However, the 
second transition, predicted at twice this field, is for both the n = 6 and the 
n = 10 case, much less sharp than the first o~e. This phenomenon is related 
to the fact that this transition involves the reversal of several magnetic layers 
with possibly slightly differing magnetic properties, in contrast to the low 
field transition involving only one layer [147]. This fact makes this second 
transition field less suitable to determine the AF coupling strength. How
ever, the independence of the lowest flip-field on the number of repetitions 
permits multilayers, which a priori seem too complicated due to assumed 
boundary effects to be used for investigation of the interlayer coupling. 

V. Interlayer coupling 

From the theoretical considerations mentioned in section III, it is clear that 
the magnetic anisotropy energy and the saturation· magnetization are im
portant parameters for the detailed analysis of the magnetization curves 
and the quantitative determination of the interlayer coupling. 

As for the magnetization, the VSM measurements on series B and the 
n = 10 multilayer of series A, have made it clear that the average saturation 
magnetization per unit Co volume at room temperature was reduced by a 
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factor of 2.8 with respect to the bulk value. A comparable reduction (factor 
2.1) for approximately the same Co layer thickness (10 A) was found by 
Sakurai et al. [62]. The most significant part of these reductions is probably 
due to interdiffusion at the Co/Ru interface, combined with a hybridisation 
between the Co 3d and the Ru 4d bands. The Curie temperatures as ob.. 
served by Sakurai et al. are too high to account for the reductions : Tc ~ 
550 K for 10x(10 A Co+ 20 A Ru). 

The magnetic anisotropy has been determined using MOKE on samples 
exhibiting no AF coupling. For the detailed measuring procedure the reader 
is referred to Purcell et al. (40]. For series A as well as series B a perpendic
ular anisotropy has been observed, as expected for these ultrathin Co layers 
because of the contribution of the Co/Ru interface anisotropy [62, 77, 87]. 
The anisotropy was determined to be K = 150 ± 20 kJ fm3• This value is 
comparable to the 70 kJ/m3 observed for the MBE-grown 31x(10 A Co/32 
A Ru) multilayer by Dinia et al. [77J, the 300 kJ/m3 found by Sakurai et 
al. for a vapor deposited lOx (10 A Co/20 A Ru) multilayer [62) and to 
the 120 kJfm3 foundhy the authors previously for 10x(l0 A Co/x A Ru) 
multilayers which were also grown by evaporation (87]. 

We conclude that for Co layers in the order of 10 A, as used in part 
of the present experiments, a change from spin-flip behavior to spin-flop 
behavior can be expected for -J = Kt ~ 0.15 mJ/m2• 

A. MOKE hysteresis loops 

To investigate the interlayer coupling, hysteresis loops of the samples in 
Table 4.1 have been measured. In Fig. 4.11 typical magneto-optically mea
sured loops are shown for series A, i.e. samples with 9 A Cofx A Ru/9 A 
Co trilayers. The applied field was oriented perpendicular to the film-plane. 
The square loops (with 100% remanence) observed for Ru thicknesses of22, 
36 and 46 A again confirm the perpendicular easy axis. The loops are char
acteristic for ferromagnetically (or weak AF) coupled layers. However, the 
loops observed for Ru thicknesses of 20, 32 and 44 A display very clearly the 
existence of an antiferromagnetic coupling. Typical MOKE loops obtained 
for the 10x(ll A Co/x A Ru) multilayers, are shown in Fig. 4.12. It is clear 
that, in both the bilayer and the multilayer case, the behavior as a func
tion of the Ru thickness is consistent with an oscillatory exchange coupling. 
Deduction of the AF coupling strengths from the transition fields is not self
evident. This is due to the hysteresis in the transition-fields. Application 
of the formulas derived by Dieny et al. [144) from stability conditions 
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Figure 4.11: Hysteresis loops measured with MOKE on sputtered 
samples of the type 200 A Ru + 9 A Cojx A Ru/9 A Co + 30 A Ru 
with Ru thicknesses x as indicated. The field is applied along the 
film-normal. 
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Figure 4.12: Magneto-optically measured hysteresis loops of 500 A 
Pd + 200 A Ru + lOx (11 A Co/x A Ru) multilayers with Ru thick
nesss as indicated. The field is applied perpendicular to the film
plane. 
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assuming uniform coherent rotation of the magnetizations will yield erro
neous results since the measured hysteresis is much smaller than the cal
culated one and equals approximately the single layer hysteresis (see Fig. 
4.11). This is completely analogous to the general observation that coer
cive fields of single ferromagnetic layers are always much smaller than the 
corresponding anisotropy fields (the Brown para.dox"[148]). One is therefore 
often led to average the hysteresis and apply to the result the formulas de
rived from absolute minimum energy calculations. It is not clear that this 
procedure always yields the correct results. In general, the average of the 
spin-flip fields derived from stability do not correspond to the spin-flip fields 
based on global minimum energy solutions. However~ since calculations of 
real hysteretic quantities will be complex because of their dependence on the 
microstructure of the sample and of questionable validity due to the often 
unknown (magnetic) properties of defects or deviations of perfect structure 
in general, averaging appears, so far, the most (if not the only) useful pro
cedure. Also in the present case, the average transition-fields have been 
used. 

To obtain values for the interlayer interaction J from the data. in Fig. 
4.11 and Fig. 4.12 , the two regimes -J ft < K and -J ft > K had to be 
identified. The first AF region (around 8 A Ru) corresponds to the regime 
-J ft > K. This can be seen from the shape of the hysteresis loops in this 
peak, see Fig. 4.12. The loops at 6 and 7 A Ru clearly give no indication of a 
second level. Instead, the relatively small jump (or fast increase) is followed 
by a steady increase of the Kerr signal - a. behavior which closely resembles 
the theoretical loop in Fig. 4.9 (b). Unfortunately, our available fields were 
not large enough to obtain saturation for these strongly AF -coupled samples. 
The coupling values for this peak have therefore been calculated using Eq. 
(4.24). This is, as was mentioned, a. good approximation. It should be noted 
here that, although there are no data points between 3 and 6 A Ru, our 
MOKE measurements in that interval indicated that the coupling is strongly 
AF there. The fields, however, were too poorly defined to determine the 
coupling values reliably. We will come back to this point later on. 

For larger Ru thicknesses the coupling has reduced considerably and the 
regime -J ft < K is reached. The coupling strengths for these peaks have 
been calculated, for both the multilayers and the bilayers, from the first 
flip-field (Eq. (4.22)). 

The resulting coupling strength as a function of the Ru thickness is 
shown in Fig. 4.13. 
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B. FMR and VSM experiments 
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So far, the iuforma.tion was restricted to AF coupling only. The square hys
teresis loops observed in Fig. 4.11 and Fig. 4.12 provide no iuform.a.tion on 
the ferromagnetic coupling behavior a.t the corresponding Ru thickness in
tervals. To measure or probe the ferromagnetic coupling one needs to create 
a. torque or non-zero angle between .the ferroma.gnetically coupled magne
tizations. This can be done statically in a. spin engineering or exchange 
biasing experiment where one of the layer magnetizations is pinned [149], 
but also dynamically in Brillouin Light Scattering (BLS) and Ferromag
netic Resonance (FMR) experiments (151]. For the present investigation 
FMR has been applied. This requires the layers to have different magnetic 
properties since otherwise the intensity of the so-called optical mode is zero 
and again the coupling cannot be determined [139, 140]. For this reason the 
samples of series A and B could not be used for the FMR experiments and 
a. specially designed series of samples has been grown, viz. series C. 

The samples consist of two Co layers with thicknesses of 30 and 70 · 
A, respectively, which are separated by a Ru spacer of varying thickness. 
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Due to the non-zero magnetic interface anisotropy for Co/Ru, the different 
Co thicknesses correspond to different effective magnetic a.nisotropies. It is 
well known that the value of the field at which resonance of a magnetic layer 
occurs is determined also by the magnitude of the magnetic anisotropy (see 
e.g. [96]}. Therefore the decoupled limit (thick Ru spacer layer) is expected 
to show two resonance fields each of which can be attributed to one of the Co 
layers. For ferromagnetic and antiferromagnetic coupling these resonance 
fields will shift to lower and to higher fields, respectively [139, 140]. In 
addition, the position of one resonance signal (the optical mode) is expected 
to be considerably more sensitive to interlayer coupling than the position 
of the other signal (the acoustic mode). Moreover, the former will decrease 
rapidly in intensity with increasing ferro- or antiferroma.gnetic coupling. All 
of these features have been observed for the present Co/Ru/Co trila.yers. 

In Fig. 4.14 (a.) the resonance fields are plotted versus the Ru thickness. 
The lower and upper dotted horizontal lines indicate the average resonance 
fields of the decoupled 70 A and 30 A Co layers, respectively. The data 
point plotted arbitrarily at a Ru thickness of 70 A pertained to the sample 
containing the 30 A Co layer only: 200 A Pd/30 A Co/50 A Pd. From 
the figure one can immediately conclude the existence of a maximum in the 
ferromagnetic coupling at about 12 A Ru, (which is in agreement with the 
observation of simple square hysteresis loops in the MOKE experiments). At 
smaller Ru thicknesses (below 10 A), only one resonance was observed which 
has shifted to higher fields corresponding to AF coupling. This is consistent 
with the observation of AF coupling from the Kerr loops of the previous 
series of samples in the same Ru thickness interval (see Fig. 4.13). The 
absence of the second resonance is probably due to the relatively strong AF 
coupling in this thickness interval, since the optical mode intensity decreases 
quickly with increasing coupling strength [139, 140]. With these FMR data, 
the true oscillatory nature of the coupling between antiferromagnetic and 
ferromagnetic is thus clearly established. · 

To obtain numerical values for the coupling strength, the data in Fig. 
4.14 (a) have been fitted to a theoretical model. The model which has been 
used here is the so-called two-oscillator model. The model [139, 140] assumes 
an infinite exchange within the magnetic layers, thereby allowing for uniform 
precession modes for each layer only, i.e. each layer is treated as one giant 
precessing spin (oscillator). The coupled Landau-Lifshitz equations for the 
two spins, including the effective anisotropy fields, the applied field and the 
{interlayer) coupling between the two spins, are then linearized and solved. 
See §4.4 for a more detailed description of the model. 
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Figure 4.14: (a.) Resonance fields versus the Ru thickness-measured 
with FMR a.t 34 GHz with in-plane applied fields on 200 A Pd + 30 
A Cojx A Ru/70 A Co + 30 A Pd samples. The solid line is a. guide 
to tbe eye. (b) Fit of the experimental resonance fields (solid circles) 
to the calculated dependence of the resonance fields on the interlayer 
exchange coupling (solid lines). The numbers indicated are the Ru 
thicknesses. 
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The result of such a model calculation of the dependence of the resonance 
fields on the interla.yer coupling is displayed in Fig. 4.14 (b) by the solid 
lines. Input parameters are the bulk gyromagnetic ratio of Co (2.18), 
the microwave frequency at which the experiments have been performed 
(34.3 GHz), the orientation of the applied field (along the film-plane), the 
products t1Ms1 and t2Ms2 (determined from VSM experiments) and the 
anisotropy fields of both layers {8.7 and 12.5 kOe) which fix the crossing 
points with the J = 0 axis. These anisotropy fields have been chosen to 
agree with the experimentally observed resonance fields at large Ru thick
nesses. The data of Fig. 4.14 (a) are now inserted in Fig. 4.14 {b) at a 
vertical position which is determined by the measured resonance field, and 
at a horizontal position corresponding to optimal match of the lowest reso
nance field with the lowest H versus J branch. For clarity, the data. points 
(solid circles) are labeled with the corresponding Ru thicknesses. The cou
pling strength belonging to a certain Ru thickness can now be read off 
immediately. Before discussing the results, a few comments are in order. 

Due to the absence of the optical mode in the AF region and the insen
sitivity of the acoustic mode to J, the determination of the strength of the 
AF coupling, in the present case, is extremely sensitive to changes in the 
70 A Co layer's anisotropy field. For examnple, a minute increase causes a 
slight shift of the lower curve to smaller resonance fields, but adjustments 
of the horizontal positions of the data. needed to restore optimal match with 
the changed calculation are considerable. A 4 % change in the anisotropy 
field, for example, results in a change with a. factor of 4 of the AF coupling 
strength at 4 A Ru. Such small changes in the magnetic anisotropy are 
likely to occur. For instance, a possible dependence of the roughness of the 
top Co/Ru interface on the Ru thickness with its accompanying change of 
the interface contribution to the magnetic anisotropy could account for such 
deviations 20• The AF coupling values obtained from these FMR data are 
therefore unreliable. The ferromagnetic coupling values however, are fairly 
insensitive to errors in the anisotropy fields (the error bars resulting from a 
4% change in the anisotropy fields are smaller than the plot symbols). 

For the sake of completeness and to check the compatibility with series 
A and B, the AF coupling strengths of the present samples have also been 
determined. The values have been obtained from VSM measurements, which 
were performed again with in-plane applied fields. Typical hysteresis loops 

20In fact, to minimize this effect, the thicker 70 A Co layer wa.s grown on top of the Ru 
spacer layer a.nd not the 30 A Co layer. 
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are displayed in Fig. 4.15. No ma.glietic anisotropy is involved here since 
the layers are grown in the (111} orientation a.nd rotations are confined to 
the layer planes. 
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Figure 4.15: Hysteresis loops measured by VSM of 200 A Pd + 30 
A Cojx A Ru/70 A Co + 30 A Pd samples with Ru thicknesses x as 
indicated. The field is applied along the film-plane. 

This situation is comparable to the K = 0 case, to which Fig. 4.9 (c) and 
Eq. (4.23) pertain. However, as a. result of the unequal layer thicknesses in 
the present case, the symmetry is broken and the magnetization curve of 
Fig. 4.9 (c) is modified. Absolute minimum energy calculations yield the 
magnetization curve shown in Fig. 4.16 (a). The loop is characterized by a. 
plateau a.t low fields corresponding to an antiparallel alignment of the Co 
magnetizations, with the one perta.iD;ing to the thickest layer parallel to the 
field, followed by a gradual increase of the magnetization corresponding to 
a rotation process in which both Co layers participate. From Fig. 4.16 {b), 
showing the angles of both magnetizations with respect to the field, the 
detailed behavior during the course of the transition ca.n be seen. The fields 
H1 and H2 at which the rotation of the layer magnetizations commences 
a.nd ends, respectively, are derived easily from the stability condition a.nd 
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Figure 4.16: (a) Theoretical magnetization curve and (b) the cor
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the direction of the (in-plane) applied field. These directions are also 
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are given by: 

(4.27) 

(4.28) 

Note that for equal magnetic layers H1 reduces to zero and Ha reduces to 
Eq. (4.23), as expected. We remark here that Eq. (4.28) was derived also 
by Heinrich et al. [152]. 

The shape of the experimental hysteresis loops of Fig. 4.15 is in good 
agreement with this minimum energy model. For a Ru thickness of 10 
A a ferromagnetic coupling is observed, while the loops obtained for Ru 
thicknesses of 4, 6 and 16 A Ru display the typical behavior expected for 
AF coupling. The AF coupling strengths are deduced using expressions 
(4.27) and (4.28}. 

In Fig. 4.17 the resulting values are collected together with the ferromag
netic data obtained from the FMR experiments and the AF data obtained 
for series A and B. 
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Figure 4.17: Interlayer exchange coupling values versus the Ru thick
ness obtained for various series of siJJllples. Tb.e solid lines are guides 
to the eye. The values for Ru thicknesses larger than 25 A have been 
multiplied by 10. 
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C. Discussion 

The results collected in Fig. 4.17 yield a somewhat irregular behavior with an 
average oscillation period of approximately 12 A. Earlier observations which 
are only based on the AF maxima between 10 and 40 A Ru are consistent 
with this period [5, 153, 154]. The irregularity might be a. result of additional 
oscillatory components in the coupling (having different periods, phases and 
fall-off rates). Stiles has shown that the occurence of such a multiperiodic 
coupling for the Co/Ru system is feasible [122]. 

The strong increase of the AF coupling at very low Ru thicknesses has 
been observed in all earlier reports [5, 153, 154]. However, in these ex
periments the maximum at about 8 A Ru was not observed, but instead 
a monotonic increase of the AF coupling was found with decreasing Ru 
thickness down to 3 A Ru, below which the AF coupling drops again. 

The presence of a fourth maximum in the AF coupling at 44 A Ru 
has also not been established previously for this system. The AF coupling 
was very small ( -0.0035 mJ /m2) but very clearly present in the hysteresis 
loop (Fig. 4.11). Such a small AF coupling could be observed here due to 
the significantly smaller Co layer thicknesses which have been used in the 
present study. 

The present range in coupling strengths which are obtained for the os
cillation maxima and which span two orders of magnitude offers the op
portunity to make a detailed comparison with the RKKY prediction for 
the envelope of the range function in the asymptotic regime. The latter 
predicts that, at T = 0 K, the amplitude Jmax of the oscillatory coupling 
should decrease quadratically with increasing spacer layer thickness [125]: 

(4.29) 

To compare this behavior with the present data ( 4 AF maxima and one F 
maximum) Fig. 4.18 presents a log-log plot of the moduli of the coupling 
strengths at the maxima as a function of the Ru thickness. The straight 
line which has been included has a slope corresponding to the quadratic 
decrease and an offset which had been adjusted via Jo. It is seen that 
the first three maxima obey the quadratic behavior, whereas the coupling 
at larger Ru thicknesses seems to fall off faster. The origin of the latter 
behavior might be a result of the fact that the experiments were performed 
at T = 300 K rather than at 0 K. Recent theories have predicted that 
the temperature dependence of the exchange coupling is stronger for larger 
interlayer thicknesses [110, 171). 
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Figure 4.18: Log-Log plot of the moduli of the coupling strengths as 
a function of the Ru thickness. The solid line represents a quadratic 
decrease, whereas the curved line represents a fit including a param
eter which accounts for the temperature dependence of the coupling. 

Alternatively, at finite temperatures the deviations from the ljt2 law will 
be larger for the thicker interlayers. In order to infer if the magnitude of 
the present deviations is physically realistic within the above-cited theories, 
the following expression has been fitted to the data [110, 171]: 

· · 2 ~fa 
Jma.x = (Jolt ) sinh(Tt/a) (4.30) 

Here, a is a parameter depending on the Fermi velocity at the Fermi sur
face extremum which corresponds to the oscillation period [110, 171]. The 
resulting fit, which was obtained by variation of Jo and a and which is 
shown as a curved line in Fig. 4.18, yields a = (3.9 ± 0.3} x 103 AK. Un
fortunately, no detailed predictions are yet available for this parameter for 
Ru(00.1) spacers. However, the above value is comparable in magnitude to 
the RKKY prediction for Cu{lll) which yielded a= 4.8 x 103 AK [110]. 
The value is also comparable to an experimental result obtained for Ru: 
a = (1.92 ± 0.06) x 103 AK [175]. Based on Eq. 4.30, however, the latter 
re5ult would predict a. considerably stronger deviation from the 1/t2 law 
than is the case in Fig. 4.18. 

Although the temperature effect discussed above could account for the 
experimental observations, effects due to reductions in the electron-mean
free-path resulting from defects in the spacer layer might also be the cause 
for the observed behavior. As discussed by de Gennes [155], such a. decrease 
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in mean free path decreases the amplitude of the oscillations. However, a 
fit of tR.: exp( -tau/l) as suggested by de Gennes, seems to give unrealis~ 
tic parameters. A mean free pa.th 1 of 0.9 A only and n = 1 ha.ve been 
obtained. A discussion, in which the layered geometry of the problem has 
been included has been given by Bruno [110]. Here, a. certain cut-off thick
ness above which the coupling should decrease fast is defined. Since it is 
determined by the unknown average distance between lateral imperfections 
and the presently unknown angle subtended by the Fermi velocity of the 
electrons 'which carry the coupling' and the film plane, a discussion within 
this model is precluded. 

To conclude this section, a comparison is made between the magnitude 
of the coupling strengths of the present work and the literature. Large 
discrepancies are concluded. For the second AF peak, which is the first 
maximum that allows comparison, coupling strengths differ by a. factor 1.5 
to 5 ([5], [153], [154], present work). This indicates that the preparation 
method is very important. 
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Figure 4.19: Hysteresis loops of a lOx (11 A Co/8 A Ru) multilayer 
grown by evaporation {87) and by sputtering. 
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The different preparation conditions yield possibly a different interface rough
ness and microstructure, affecting the various magnetic properties and the 
resulting magnetic behavior. The latter can be demonstrated by a com
parison of the present hysteresis loops and loops obtained for evaporated 
samples. 

Fig. 4.19 shows the hysteresis loops of a lOx(ll A Co/8 A Ru) multi
layer grown by evaporation [87] and by sputtering (present work). Clearly 
both loops exhibit AF coupling, however, the zero susceptibility at low :fields 
present for the sputtered sample is certainly not observed for the evaporated 
sample. This absence of zero susceptibility was also observed by Ouna.djela 
et al. [153] for MBE-grown Co/Ru samples and was proposed to be due 
to an inhomogeneous rotation mechanism for spins within the Co layers as 
a result of competition between the supposedlY strongly reduced bulk Co 
intralayer exchange and the Ru interlayer exchange. However, as stated al
ready, the non-zero susceptibility might also have a microstructural origin. 
Transmission Electron Micrograph (TEM) experiments performed on both 
samples of Fig. 4.19 revealed a significantly different microstructure for the 
evaporated sample compared to the sputtered sample. For the sputtered 
sample the layers appeared flat and continuous across the grain boundaries 
which were at least 500 A apart. For the evaporated sample. on the con
trary, the crystallite size was considerably smaller (~ 200 A), a. significant 
bending of the layers occurred and continuity of the layers across the grain 
boundaries could not be concluded. A strong reduction of the perpendicular 
magnetic anisotropy localized near the grain boundary is possible and could 
account for the non-zero susceptibilty in our case. 

VI. Magnetoresistance 

The remainder of this study is focussed on the ma.gnetoresistance exper
iments that have been performed. The ma.gnetoresistance behavior of an 
AF -coupled bilayer with perpendicular magnetic anisotropy is best demon
strated by the experiments on the following sample: 4x(6 A Pd/4 A Co)+ 
3 A Co+ 7 A Ru + 3 A Co+ 4x(4 A Co/6 A Pd). The hysteresis loop and 
the resistance curve of the sample are shown in Fig. 4.20. For the magnetore
sistance measurement the field is applied perpendicular to the layer planes, 
whereas the current runs parallel to the film-plane. One can view the sam
ple as an AF-coupled bilayer, since the Co/Pd multilayer on each side of the 
Ru spacer show a well-defined flip-field and apparently acts as one magnetic 
entity. This is most probably due to the expected strong ferromagnetic ex-
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change coupling transmitted by the ultrathin (ferromaguetically- polarized) 
Pd layers. 
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Figure 4.20: (a.) MOKE hysteresis loop a.nd (b) ma.gnetoresista.nce 
curve measured at room temperature with an in-pla.ne current and 
a perpendicular applied field on a 4x (6 A Pd/4 A Co)+ 3 A Co +7 
A Ru + 3 A Go + 4x ( 4 A Co/6 A Pd) multilayer. 

Note that for the resistance experiment the increasing field run is shown 
only. The fiat part of the resistance curve, followed by the steep drop, 
perfectly correlates with the fiat part in the hysteresis loop a.nd the spin
flip transition of one of the layer magnetizations. The change in resistance 
is obviously a result of a. spin-dependent scattering (the spin-valve effect). 
The relatively slow decrease in the resistance directly following the steep 
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drop (above which saturation is established) might be caused by a further 
alignment of possible Co impurities in the Ru layer. 
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Figure 4.21: Magnetoresistance curves measured at 300 K with an 
m-plane current and a perpendicular applied field on 500 A Pd + 
200 A Ru + lOx (11 A Cojx A Ru) multilayers with various Ru 
thicknesses. 
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The approximate quadratic increase at higher fields is interpreted as the 
ordinary magnetoresistance [156]. 

For the Co/Ru multilayers, the MOKE loops of which are displayed in 
Fig. 4.12, a similar behavior is to be expected. Typical magnetoresistance 
curves are shown in Fig. 4.21. The spin-valve effect for the AF-coupled 
multilayers (8, 9, 16 and 18 A Ru) is clearly present. Although the ratio 
of the sub band resistivities p!f Pt for Ru impurities in Co (0.22 [157]) is 
promising for large magnetoresistance ratios for Co /Ru multilayers, this is 
obviously not the case here. The maximum is about 0.09 % only (at 300 
K). On the one hand this is caused by the shunting effect of the fairly thick 
baselayers {500 A Pd + 200 A Ru), but on the other hand even a correction 
for this effect still yields rather low values. Parkin et a.l. observed a maxi
mum of only 6.5 % at 4.5 K for a Co/Ru multilayer on a 7 times thinner 
baselayer (100 A Ru) [5]. Part of these small values can be understood 
from the relatively large lattice mismatch(:::::: 8 %), resultmg in less perfect 
growth in which defects (e.g. dislocations) are responsible for a considerable 
spin-independent scattering. However, one has to note !ili;o that p!f Pr is 
not necessarily a good measure for the spin-dependent scattering in layered 
systems. The occupation numbers of the (respective spin up and spin down) 
d-bands of the two elements which constitute the (rough) interface can be 
considerably different for the dilute impurity case compared to the interface 
case. For the Fe/Cr and the Fe/V case, for example, Coehoorn (159] showed 
from augmented spherical wave (ASW) band structure calculations that the 
magnetic moments of Fe, Cr and V at the interface differ considerably from 
the corresponding impurity cases. 

Such an effect may well be the case for the present Co/Ru multilayers. 
As we have seen, our VSM measurements showed strongly reduced satura
tion moments which, as stated, can be taken as an indication of changes of 
the d-bands of Co and or Ru at the interface and could therefore explain 
the relatively small spin-valve effect observed for Co/Ru multilayers, (see 
also [5]). 

VII. Conclusions 

MOKE, VSM, FMR and MR experiments have been performed on sputtered 
Co/Ru bilayers and multilayers. The hysteresis loops of the AF-coupled hi
layers with a perpendicular preferential orientation displayed very clearly 
the expected spin-flip transitions - this in contrast to earlier observations 
on MBE-grown samples [153] and HV evaporated samples [87], which ex-
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hibited less well-defined spin-flip fields. The magnetization behavior of the 
present Co/Ru multilayers displayed two transitions. The field value of the 
low field transition was found to be independent of the number of mag
netic layers. This second transition was not observed previously for the 
MBE-grown and the evaporated multilayers. The magnetoresistance curves 
correlatedvery well with the magnetization behavior. However, the MR 
ratios appeared very small. 

The interlayer exchange coupling which could be deduced from MOKE, 
VSM and FMR experiments has been found to oscillate as a function of the 
Ru thickness with a period of approximately 12 A. The observed coupling 
behavior was somewhat irregular, which might be caused by the presence 
of additional oscillatory components in the coupling. The strength of the 
coupling was found to decrease as tji; up to a Ru thickness of about 20 
A. Above this thickness a deviation from this (quadratic) behavior occurred 
which might be the result of the fact that a stronger temperature dependence 
of the coupling is expected with increasing interlayer thickness. 
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4.6 Inter layer coupling in Co/ Os multilayers 21 

Abstract 

Antiferromagnetic interlayer coupling is determined from hysteresis loop 
measurements for Co/Os multilayers with Os thicknesses varying from 4 to 
36 A. Two maxima of antiferromagnetic coupling are found, which is con
sistent with an oscillatory behavior with a period of approximately 15 A 
: this is significantly larger than the period observed for interlayers of Ru 
which has a very similar bandstructure and a topologically equivaient Fermi 
surface. 

I. Introduction 

The discovery of an antiferromagnetic (AF) coupling between Fe layers 
across Cr layers [106], the accompanying giant increase in magnetoresis
tance (MR) [7, 8], and the subsequent discovery of the oscillatory behavior 
of the coupling in several other ferromagnetic/non-ferromagnetic multilay
ered systems [5, 6] has raised considerable interest. For free electron like 
metals such as Cu, Ag and Au, a relation between the topology of the 
Fermi surface (viz. q-vectors connecting extremal points) and the period(s) 
of the interlayer coupling has been established both theoretically [110] and 
experimentally [118, 121, 119, 120]. In the case of non-free electron like 
metals, such a relation is not apparent. In view of this unresolved issue, an 
investigation of the periods of the oscillatory exchange of isoelectronic met
als, with unfilled d-bands and very similar bandstructures and topologically 
equivalent Fermi surfaces [161], would therefore be of great interest. 

In this section a comparison is presented between the oscillatory ex
change coupling across the isoelectronic 4d and 5d' metals Ru and Os, as 
studied in Co-based multilayers. The exchange coupling for the Co/Ru sys
tem has already been investigated extensively by several groups, and was 
observed to oscillate with a period of about 11 A see §4.5. In this section, 
report is offered for the first time on the interlayer coupling in Co/Os mul
tilayers. 

II. Samples 

21 Apart from some minor changes, this section has been accepted for publication in J. 
Ma.gn. Ma.gn. Mater .. 
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T.wo series of16x(x A Co/y A Os) multilayers were prepared in high vacuum 
(1x1o-6 to 10-7 mbar) bye-beam evaporation. The detailed compositions 
of both series, hereafter indicated as series A and B, are as follows: Series 
A: 200 A Au+ 16x(22 A Cofy A Os) + 30 A Au; Series B: 35 A Cr + 
16x(26 A Cofy A Os) + 20 A Cr. The Os thickness y was varied between 
4 and 36 A. The multilayers were grown a.t room temperature on glass sub
strates. The Au basela.yers in series A were annealed at 150 oc for 20 min. 
to promote a. well-defined [111.] texture. 

X-ray diffraction profiles, with the scattering vector perpendicular to the 
surface, were measured at both low (20 < 12°) and high (12° < 20 < 34°) 
scattering angle 20, confirming the modulated structure and showing a [111) 
texture for both series of multilayers. From the fact that the thickness
fringes, observed at low scattering angle, extendend to far higher angles for 
series A (with the Au baselayers) than for series B, it is concluded that the 
interface roughness for the former multilayers is significantly lower than that 
for the latter multilayers. Moreover, the full width at ha.lf maximum of the 
[lll] rocking curves, measured at the Bragg angle of the main multilayer 
reflection, was considerably sma.ller for series A, viz. 5 - 6°, compared to 
series B (16- 18°). 

III. Results and discussion 

Magnetization curves were measured at room-temperature with in-plane 
applied fields using a Vibrating Sample Magnetometer (VSM). Measure
ments on a series of identica.lly prepared multilayers (using annealed Au 
baselayers), in which the Co layer thickness was varied, revealed a decrease 
of the saturation magnetization with respect to the bulk value, correspond
ing effectively to approximately one magnetica.lly dead Co layer per CofOs 
interface [67]. Typical magnetization curves obtained for series A are ren
dered in Fig. 4.22. The magnetization curves with near 100 % remanence 
confirm an in-plane preferential orientation (expected for the present, rather 
thick Co layers) and are representative of ferromagnetic or weak antiferro
magnetic coupling. Curves where saturation is reached gra.dua.lly are indica
tive of an antiferromagnetic coupling. In this case of isotropica.lly in-plane 
magnetized layers, the saturation field is proportional to the strength of the 
AF coupling. It will be made clear that the measurements in Fig. 4.22 are 
consistent with an oscillatory behavior of the coupling with the Os thick
ness. Fig. 4.23 shows, for both series, the Os thickness dependence of the 



132 interlayer coupling 

saturation field H8 , defined as the field where the magnetization reaches 95 
% of its saturation value. 
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Figure 4.22: Hysteresis loops measured with in-plane applied fields 
on 200 A Au + 16x (22 A Oojy A Os) + 30 A Au multilayers, with. 
several Os thicknesses. The strange shape of some of the loops is 
due to a lack of data points. 
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Figure 4.23: Fields Hs at which. 95 % of saturation is reached, plotted 
against tbe Os thickness for (a) 200 A Au+ 16x(22 A Cofy A Os) 
+ 30 A Au and (b) 35 A Or+ 16x (26.5 A Cofy A Os) + 20 A Cr 
multilayers. Tbe relative accuracy of tbe thicknesses and fields is 10 
%. 

A clear first maximum in the AF coupling is observed at 9 ± 1 A. Note that 
the strength in this maximum is considerably larger for the series with the 
Au baselayers than for the series with the Cr baselayers, viz. -0.55 mJ fm2 

and -0.35 mJ fm2, respectively 22• This d.ifference might be related to the 
d.ifferent structural quality of the multilayers which was concluded from 

22These coupling strengths J were calculated using H. = -4J ftp0 M •. For the product 
of the Co thickness teo a.nd the saturation magnetization M. the measured magnetic 
moment divided by the number of repetitions a.nd the sample area was taken. The presence 
of dead layers is thereby taken into account naturally. 
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the X-ray diffraction experiments. In multilayers with smoother interfaces, 
which is likely the case for our series with the Au baselayers, the intrinsic AF 
coupling value in the maximum will obviously be less strongly reduced by 
averaging effects than in the case of rougher interfaces. Some credence is lent 
to this conjecture by the hysteresis loop in Fig. 4.24, which pertains to an 
AF-coupled multilayer of series B, with presumably rougher interfaces. 

-400 -200 0 200 400 
H (kA/m) 

Figure 4.24: Hysteresis loop measured on a 35 A Cr + 16x (26.5 A 
Co/10 A Os) + 20 A Cr multilayer. Note tbe non-zero remanence 
indicating ferromagnetically coupled regi.ons. 

The non-zero remanence displayed by this loop is a signature of ferromag
netically coupled regions in the sample. The maximum coupling value that 
has been observed for series B agrees rather well with the trend observed in 
(146}, viz. the increase of the normalized coupling strength with increasing 
number of d and sp electrons through the 3d, 4d and 5d transition metals. 
The maximum coupling value for series A is somewhat larger than expected 
from this trend. It should be noted, however, that the results in [146] were 
obtained for sputtered multilayers. 

Examination of the loops in Fig. 4.22 at the higher Os thicknesses, to
gether with Fig. 4.23, leads to the conclusion that a weak second maximum 
in the AF coupling is present at an Os thickness of about 25 A. This is con
sistent with an oscillatory interlayer exchange coupling with a period of ~ 
15 A. This period is considerably longer than the period observed for Co/Ru 
multilayers (11 A). Explanation of this difference (from the almost identical 
bandstructures of Ru and Os) may present a challenge to theorists. In this 
respect it merits mention that the 15 A period observed here, is consistent 
with recent calculations of Stiles [122]. · 
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4. 7 Determination of the ferromagnetic coupling 
across Pd by magneto-atomic engineering 23 

Abstract 

The ferromagnetic coupling across Pd interlayers has been determined from 
hysteresis loop measurements on perpendicular-magnetized multilayers of 
the type Ms/8 Ru/M2/:r:Pd/M1. Here M1, M2 and Ms denote magnetic 
layers consisting of (strongly ferromagnetically coupled) Co/Pd multilay
ers with perpendicular magnetic anisotropy: M1 =[3Co+4x (4Co+6Pd)], 
M2=[3Co+4x (4Co+6Pd)+7Co] and Ms=[20x {6Pd+ 4Co)+3Co]. (The 
layer thicknesses are in A). The determination of tbe ferromagir.etic coupling 
across the Pd interlayer with variable thickness z was enabled by pinning 
the second magnetic layer M2. This pinning was achieved by the relatively 
strong antiferromagnetic coupling (by the Ru layer) to tbe thickest mag
netic layer Ms. The hysteresis loops displayed a staircase behavior, with 
two or three steps {levels), depending on the strength of the ferromagnetic 
coupling. From the fields at which tbe steps occurred, the ferromagnetic 
coupling across Pd, as well as the antiferroma.gnetic coupling across the 8 
A Ru layer, were determined. A monotonic decrease of the former was ob
served from 0.17 mJ /m2 at 14 A Pd to ~ 0.02 mJ /m2 at 20 A Pd. 

I. INTRODUCTION 

The vast majority of the studies of the oscillatory exchange coupling be
tween ferromagnetic layers across non-ferromagnetic interlayers is focused 
on the antiferromagnetic (AF) coupling. For the measurement of the cou
pling, most of the studies rely on measuring the field at which the magne
tization saturates or at which the magnetoresistance becomes constant see 
e.g. [6, 138, 162]. These experiments are usually performed on multilay
ered structures and sandwiches containing identical magnetic and identical 
non-magnetic layers. With such structures, no information is obtained on 
the ferromagnetic coupling, since the structures yield simple ferromagnetic 
loops, irrespective of the strength of the ferromagnetic coupling. However, 
knowle<:J.ge of the ferromagnetic coupling is essential to obtain a complete 
picture of the interlayer thickness dependence of the coupling. For example, 

23The majority of this section constitutes an article that has been accepted for publi
cation in J. Appl. Phys •. 
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in cases where the coupling is always ferromagnetic or where only one peak 
in the AF coupling is observed, the period of the oscillatory coupling can
not be determined. Ferromagnetic resonance (FMR) and Brillouin Light 
Scattering (BLS) do provide the opportunity to study the ferromagnetic 
coupling, and have been employed successfully to demonstrate the oscilla
tory behavior of the exchange coupling in several cases [151]. However, due 
to inhomogeneity effects e.g., these experiments can be complicated to in
terpret (see e.g. [97]), and the determination of small coupling strengths in 
less perfectly grown samples can be hindered by the linewidths. 

Recently, Parkin et al. [149] have introduced a method to determine 
the ferromagnetic coupling from magnetization measurements. The basic 
principle of the method is to pin the magnetization of a magnetic layer 
in a certain direction. The magnetization direction of a second magnetic 
layer, which is coupled ferromagnetically to this pinned layer, can then be 
changed from parallel to antiparallel with respect to the pinned layer by 
applying a magnetic field. The field required to reverse the magnetization 
of this second magnetic layer is then a direct measure of the ferromagnetic 
coupling. The pinning of the magnetization of the first layer can be achieved 
by using exchange biasing [150], or by ensuring strong AF coupling to a third 
magnetic layer [149]. 

In what follows report is offered on measurements of the ferromagnetic 
coupling across Pd interlayers where the latter pinning method was em
ployed, i.e .. the magnetically active part of the samples consisted of effec
tively three magnetic layers, two of which are coupled antiferromagnetically 
and two of which are coupled by the unknown ferromagnetic coupling. In 
contrast to Parkin et al. [149], who used layers with an in-plane prefer
ential orientation in these so-called spin-engineered structures, the present 
layers were engineered to exhibit a perpendicular easy axis. The uniaxial 
anisotropy then created ensures a discrete switching behavior of the mag
netizations (instead of slow rotation processes), appreciably simplifying the 
shape of the magnetization curves ·and, in most cases, the interpretation 
thereof. 

II. SAMPLE ENGINEERING 

The structuring of the pinning element - two magnetic layers with per
pendicular anisotropy and AF coupling - can be realized, in principle, by 
appropriate choice of the non-magnetic and magnetic layer. The Co/Ru 
system is one of the few examples where a sizeable perpendicular interface 
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anisotropy is present, permitting one to achieve a. perpendicular easy a.xis 
by choosing a. sufficiently small Co thickness (teo < 15- 18 A [62, 77]), 
and where, in a.ddition, the oscillatory behavior of the coupling across Ru 
layers allows one to choose a. Ru thickness with AF coupling. Such a. sys
tem with a. perpendicular easy a.xis a.nd a.n AF coupling ha.S actually been 
previously realized [87), see also §4.5. Fig. 4.25 shows a.n example of a. 
magneto-optically measured hysteresis loop in perpendicular applied fields 
for a. lOx (11 A Co/8 A Ru) multilayer. 

0.01 

10x(11 A Co+ 8 A Ru) 

-1000 -500 0 500 1 000 

H {kA/m} 

Figure 4.25: Hysteresis loop of a. lOx (11 A Co + 8 A Ru) AF-coupled 
multilayer with a perpendicular easy direction, recorded with the 
field applied perpendicular to the film plane §4.5. 

The zero susceptibility and the small Kerr-signal a.t low fields a.re both. 
features demonstra.tmg the a.ntiparallel alignment of the successive Co mag
netizations along the film normal. For the spin-engineered trila.yer structure 
to measure ferromagnetic coupling it is important to realize tha.t the third 
magnetic layer (the one which pins ·the second magnetic layer by a.n AF 
coupling) is required to ha.ve a. magnetic moment tha.t is larger tha.n the 
sum of the magnetic moments of both other layers. Since, if this require
ment is not fulfilled, the two ferroma.gnetically-coupled layers will already 
be parallel to the applied field a.t low fields because of their larger field 
energy compared to the third layer. Only the third layer will reverse its 
orientation in applying the field, a.nd the magnetization curve will be rather 
insensitive to the ferromagnetic coupling. The use of the surface anisotropy 
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to obtain a perpendicular easy axis severely limits the range of suitable Co 
layer thicknesses which can be used to meet this requirement. Moreover, the 
limitation to such low Co thicknesses causes extra complications, because 
a significant amount of the Co at the Co/Ru interface effectively has no 
magnetic moment [87], see also §4.5. 

As a more convenient alternative to realize antiferromagnetically coupled 
perpendicularly magnetized layers, one may use multila.yers, consisting of 
strongly ferromagnetically coupled Co layers with perpendicular magnetic 
anisotropy as magnetic building. blocks. The use of such elements allows 
variation of the total magnetic layer thickness (simply by adjusting the 
number of repetitions of the multilayer), without affecting the perpendicu
lar magnetic anisotropy. As a result of numerous studies of the magnetic 
anisotropy of Co-based multilayers [23], a number of candidates for these 
building blocks are available today, viz. Co/Pd, Co/Pt, Co/Ru, Co/ Au and 
Co/Ni multilayers. The pure ferromagnetic Co/Ni multilayer is in principle 
the most suitable candidate, since the strong direct ferromagnetic exchange 
interaction between the Co and Ni layers ensures that the Co/Ni multilayer 
behaves as if it is one ferromagnetic entity. In fact, perpendicular-easy 2 A 
Co/2 A Ni multilayers have been successfully employed in a study of the 
oscillatory exchange coupling across Cu(ll1) using wegde-shaped interlay
ers, see §4.8. Co/Pd multilayers, with ultrathin Pd layers, are also expected 
to act as one magnetic entity because of the well-known induced ferromag
netism of the Pd (near the Co), which presumably causes a strong ferromag
netic coupling between the successive Co layers. An example of such a lay
ered structure is [4x(6Pd+4Co)+3Co]+8Ru+(3Co+4x(4Co+6Pd)]. Here 
the layer thicknesses in A are indicated by the numbers. The extra 3 A Co 
layers at the interface were added to retain magnetic moment in the layer 
adjacent to the interface with Ru and thus to retain AF coupling. As men
tioned, Co in contact with Ru has a significantly reduced magnetic moment 
(see also [87] and §4.5). The Kerr hysteresis loop of the sample is presented 
in Fig. 4.26. The loop displays a near perfect spin-flip behavior, which is 
theoretically expected for a structure consisting of two AF -coupled layers 
with strong uniaxial magnetic anisotropy [144, 145] (obviously, the uniaxial 
anisotropy is induced by the strong Co/Pd interface anisotropy). An addi
tional advantage of the present choice of magnetic layer or building block, 
apart from circumventing problems caused by strongly reduced magnetic 
moments such as in Co/Ru multilayers, is that the magnetic anisotropy 
energy (proportional to the :t;nagnetic volume) can be chosen to exceed the 
interla.yer exchange coupling energy (proportional to the area). 



coupling across Pd(lll) 139 

- 0.2 0) 
(J) 

:9. 0.1 c: 
0 

0 ~ e -0.1 

l 

r-.... .... 
~ -0.2 

-400 -200 0 200 400 
H {kA/m) 

Figure 4.26: Hysteresis loop of a 4x (6 A Pd + 4 A Co) + 3 A 
Co+ 8 A Ru + 3 A Co+ 4x(4 A Co+ 6 A Pd) multilayer with 
a perpendicular easy direction and AF coupling, recorded with the 
field applied perpendicular to the fllm plane. 

This prevents the occurrence of spin-flop states 24 , which would compli
cate the analysis of the magnetization curves - especially in the magnetic 
trilayer structure to study ferromagnetic coupling, which will be discussed 
later on. In simple Co/Ru multilayers, it is difficult to prevent the spin-flop 
state, because of the relatively large coupling energy at these small Co layer 
thicknesses. 

With the use of ferromagnetic Co/Pd multilayers as a magnetic en
tity or building block (as was done in Fig. 4.26), magnetic trilayer struc
tures can now be constructed enabling one to investigate the ferromag
netic coupling across a metallic layer {in the present case Pd). Multilay
ers of the following type were constructed: [20x(6Pd+4Co)+3Co]+8Ru 
+[3Co+4x(4Co+6Pd)+7Co]+ xPd+[3Co+4x(4Co+6Pd)] (see Fig. 4.27). 
The multilayers were prepared by de magnetron sputtering with Ar gas. 
The Pd thickness x was varied from .10 to 20 A. 

24In a spin-:Bop transition, the antiparallel state changes discontinuously into a canted 
state in which the magnetizations make non-zero angles {~ r) with the easy axis {film 
normal). The canted state thns contains magnetic anisotropy energy, and is therefore not 
favoured for large anisotropies. See [87, 144, 145] for mathematical details. In a spin-flip 
transition, the antiparallel state changes discontinuously into the saturated state. 
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glass substrate 

Figure 4.27: Schematica.l representation of the samples which are 
used to measure the strength of the ferromagnetic· couplin.g Jpd 

across the Pd layer separating layer 1 and layer 2. 

The {magnetic) 7 A Co and 3 A Co layers adjacent to the zPd layer, were 
employed to have equal amounts of Co at the interfaces which are active 
in the interlayer coupling experiment. The growth of the samples occured 
at room temperature at a.n Argon pressure of Sxlo-3 Torr {0.7 Pa). Glass 
substrates. were used whlch had received a glow discharge treatment prior 
to the multilayer growth. 

Since it is assumed that the multilayers effectively behave as a system 
. of three coupled magnetic layers, we can use the following more transparent 
notation: Ms/8Ru/M2/xPd/M1. Here M1, M2 and Ms denote the ferro
magnetic Co/Pd multilayers which we also refer to in the following as layer 
1, layer 2 and layer 3. The required pinning of the second magnetic layer 
M2 = [3Co+4x{4Co+6Pd)+7Co] is brought about by the strong antiferro-. 
magnetic coupling, via the 8 A Ru layer, to the thickest magnetic layer Ms 
= [20x(6Pd+4Co)+3Co]. Note that the total magnetic layer thickness of 
Ms {83 A Co) is larger than the sum of the magn~tic layer thicknesses of 



coupling across Pd(lll) 141 

M1 and M2 (19 A+ 26 A Co), as was required 25• 

III. THEORETICAL M(H) DEPENDENCE 

Theoretical magnetization curves for the Ms/8Ru/M2/xPd/M1 structures 
can be derived by minimization of the total energy of the set of three coupled 
layers. This energy is given by: 

3 

E =- l)il..~,oMiH cos Oi- 2Jau cos(Oa- 82)- 2Jpd cos(82- 81) {4.31) 
i=l 

Here Oi is the angle subtended by the magnetization Mi of layer i with the 
film normal, ti the total magnetic thickness of layer i, Jau and Jpd the 
coupling strengths across the Ru and Pd layers, respectively, and H the 
strength of the magnetic field applied perpendicularly to the layers~ The 
magnetic anisotropy energy terms E Kiti sin2 Oi are omitted, since the equi
librium values of (Ji will be either 0 or 1r. As was already mentioned, spin-flop 
transitions will not occur, since KrG. is much larger than Jau· This reduces 
the minimization problem to a simple comparison of the energies of the pos
sible spin-configurations. This comparison is performed graphically in Fig. 
4.28 (a) and (b), which show the field-dependence of the relative energies of 
relevant spin-configurations for the case of weak and strong ferromagnetic 
coupling, respectively. The energy 2Jau - 2Jpd - tap.oMsH corresponding 
to the spin-configuration (Oa, 82, 81) = (0, 1r, 1r), in shorthand (it H), is taken 
as the zero point. The non-zero slope of the ('If! j) energy line is due to the 
generally differing magnetic moments oflayers 1 and 2 (t1M1-:# t2M2). The 
magnetization curves are now easily constructed from this energy diagram 
by following the line of lowest energy. 

Fig. 4.29 (a) depicts the magnetization curve representi~g the case of 
weak ferromagnetic coupling between layers 1 and 2. Upon increasing the 
magnetic field, a spin-flip transition will occur at a certain field H at which 
the field energy of layer 1 becomes larger than the ferromagnetic coupling 
energy ]pd. H1 has the form: 

(4.32) 

Obviously, the reversal of layer 1 is accompanied by a step in the magneti
zation curve with a. height proportional to 2t1M1. 

25 0£ course, the polarized Pd layers will a.lso contribute to the total magnetic layer 
thickness, a.nd their (minor) contribution should have been included in the comparison. 
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Figure 4.28: Relative energies of relevant spin-configurations versus 
the applied magnetic field. The energy curves are calculated using 
Eq. (4.31), diminished by 2JRu- 2Jpd- t3J..I.OM3H. (a) the case of 
weak ferromagnetic coupling between layers 1 and 2, (b) the case of a 
ferromagnetic coupling between layers 1 and 2 which is considerably 
stronger than the AF coupling between layers 2 and 3. 

The resulting spin-configuration is stable up to the field at which the mag
netization oflayer 2 reverses its direction. The corresponding spin-flip tran
sition field H2 will be determined by a competition between the field energy 
of layer 2 (favouring the transition) and its coupling energies JRu and hd 
with layer 3 and 1 (opposing and favouring the transition, respectively). It 
is easy to show that H 2 is given by: 

(4.33) 

The corresponding step height in the magnetization curve gives 2t2M2 di
rectly. 
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Figure 4.29: Theoretical magnetization based on total minimum en
ergy calculations for a system of three coupled magnetic layers ( AF 
as well as ferromagnetic coupling) with. strong uniaxial anisotropy. 
(a) the case of weak ferromagnetic coupling between layers 1 and 
2, (b) the case of a ferromagnetic coupling between layers 1 and 2 
which is considerably stronger than the AF coupling between layers 
2 and 3. 

Note that JRu < 0 a.nd Jpd > 0, so that the presence of a ferromagnetic 
coupling does in fact reduce the transition :field of layer 2 - a conclusion 
which also follows naturally from examination of Fig. 4.28 (a} a.nd shifting 
the ( 1t l T) energy curve upwards. 

In the case of strong ferromagnetic coupling, the spin-configuration ( 1f l T) 
previously occurring at :fields between H1 and H2 is energetically unfavourable 
now- see also Fig. 4.28 (b). In this case, a simultaneous reversal of the 
strongly interlocked magnetizations of layer 1 a.nd 2 occurs. The corre
sponding magnetization curve is shown in Fig. 4.29 (b), where the spin-flip 
:field is expressed by: 

(4.34) 

The step height will be proportional to 2(t1M1 + t2M2}. It is clear that, in 
this case, no information can be obtained on the ferromagnetic coupling JPd· 

The upper limit of the maximum measurable ferromagnetic coup1ing, Jpr, 
separating the case of Fig. 4.28 (a} and 4.29 (a} from the case represented 
by Fig. 4.28 (b) and 4.29 (b) ca.n be derived easily by equating H1 and H2 
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-the situation where the (11'! i) energy line in Fig. 4.28 passes through the 
crossing point .of the (1tii) and (1t!!) lines. The result is given by: 

J ma.x J ( t2M2)-l 
Pd = - Ru 1 + tlMl (4.35) 

IV. EXPERIMENTAL RESULTS 

An example of an experimental hysteresis loop in the case of weak fer
romagnetic coupling (18 A Pd) is shown in Fig. 4.30 (a). It should be noted 
that, contrary to our expectations (Fig. 4.29 {a)), only one spin-flip transi
tion occurs. From the value of the step height, it is easily inferred that this 
transition corresponds to a magnetization-reversal of layer 2. The reason 
for the disappearance of the spin-flip transition of layer l.is likely to be the 
presence of anisotropy-induced energy barriers. Starting from positive satu
ration and reducing the field, the transition fields Hi, defined in Fig. 4.29 and 
Eqs. (4.32)-(4.34), will all be shifted to lower values by an amount which is 
intuitively equal to the coercive field of the layer undergoing magnetization
reversal in that particular transition. The spin-flip transition of layer 1, 
usually occurring at a small positive field, is now shifted to negative fields. 
If this shift is comparable to the field at which layer 3 starts to reverse its 
magnetization, it is obvious that the transition will not appear. Further
more, Eq. ( 4.33) cannot be applied to the (remaining) experimental field 
of Fig. 4.30 (a) to determine the coupling strengths, since the shift is un
known. To determine the shift, or, equivalently, to determine the hysteresis 
of the transition, an additional magnetization experiment, measuring inner 
hysteresis loops, was performed. The result of this experiment is shown in 
Fig. 4.30 (b). The field was reduced from positive saturation until the spin
flip transition occurred. At that point, the field was increased again until 
the inverse spin-flip occurred. It should be clear that the same energy bar
rier has to be overcome for the inverse transition. The field corresponding 
to the average of the ascending and descending branches of the transition 
can therefore be assigned to the flip-field, based on total minimum energy 
calculations, i.e. Eq. (4.33). 

As was mentioned, the hysteresis of the spin-flip transition is likely to 
be equal to the coercive field of the layer which reverses its magnetization, 
and is therefore related to the magnetic anisotropy. In this respect, it merits 
mention that replacement of the 4 A Co layers within the Co/Pd multilayers 
by 6 A Co layers, thereby lowering the magnetic anisotropy of the layers, 
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did in fact result in a significantly reduced hysteresis, as is shown from 
comparison of Fig. 4.30 (b) and (c). 
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Figure 4.30: Hysteresis loops measured by VSM with the field per
pendicular to the film-plane of(a,b) a [20x(6Pd+4Go)+3Go]+8Ru+ 
[3Go+4x (4Go+6Pd) +7Go]+18Pd+ [3Co+4x (4Go+6Pd)] multi
layer and (c) of [13x(6Pd+6Go)] +8Ru+[3x(6Co+6Pd) +6Co]+ 
18Pd+[3x (6Go+6Pd)+6Go] multilayer. (a) Measurement using the 
common field course; (b,c) measurement in which the field course is 
reversed after occurrence of a spin-flip transition, with. the purpose 
of determing the hysteresis of the transition. 
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All samples were subjected to the hysteresis quantification procedure ap
plied in Fig. 4.30 (b) and (c). 

Hysteresis loops characteristic of strong, moderate and weak ferromag
netic coupling are presented in Fig. 4.31 (a), (b) and (c), respectively. From 
the hysteresis loop of the type shown in Fig. 4.31 (b) (14 A Pd), which 
displays the transitions corresponding to magnetization-reversal of each in
dividual layer, one can determine both the ferromagnetic coupling across the 
Pd layer and the AF coupling across the 8 A Ru layer using Eqs. ( 4.32) and 
{4.33). Note that the width or coercive field corresponding to the reversal of 
layer 2 (around H2) is considerably smaller than the widths corresponding 
to the reversals oflayer 1 (H1) and layer 3 (H = 0)- an observation which 
is in line with our expectation that layer 2 will have the lowest magnetic 
anisotropy (see Fig. 4.27 and note the extra. 7 A Co oflayer 2). 

In the case of thinner Pd layers, with a. characteristic loop shown in Fig. 
4.31 (a.) and displaying only one transition (viz. the simultaneous transition 
of layer 1 and 2), the ferromagnetic coupling became too strong to be mea
sured (see Eq. 4.35). However, these measurements can serve as a. check of 
the AF coupling, since this can be determined using Eq. (4.34). 

In Fig. 4.31 (c) (the case of weak ferromagnetic coupling} the transition 
field H1 has disappeared. Note (from Fig. 4.31 (b)) that the hysteresis 
shifts or transition widths of layers 1 and 3 are indeed comparable. The 
ferromagnetic coupling can be determined using Eq. ( 4.33) in combination 
with the value for JRu obtained from the other type of experiments. 

In applying the equilibrium expressions for the transition fields, as given 
by Eqs. {4.32)-{4.34), to the observed (hysteresis-corrected) flip-fields, the 
employed values for the products "tiMi (with i=1,2,3) are those obtained 
from the measured step-heights of the transitions. The contribution of the 
polarized Pd layers is thereby included naturally. Results for two series of 
samples (prepared in different runs) investigated and analyzed as described 
above, are listed in Table 4.2. As explained before, the coupling for small Pd 
thicknesses (lQ-14 A) was larger than the maximum measurable coupling 
Jjf[X, which was 0.2 mJjm2 for the present samples, according to Eq. (4.35). 
A satisfactory agreement between the two series is observed. The antifer
romagnetic coupling obtained across the 8 A Ru layer (on average ~ -0.46 
mJ /m2) appears to be in good agreement with the value obtained from 
the sample of Fig. 4.26 ( -0.5 mJ fm2) and with the value of -0.45 mJ /m2 

deduced from the data. of Parkin et al. [5] on Co /Ru multilayers. 
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Figure 4.31: Hysteresis loops measured by VSM with the 
field perpendicular to the film-plane of multilayers of the type 
[20x{6Pd+4Co)+3Co] +8Ru+ [3Co+ 4x(4Co+6Pd)+7Co] +xPd+ 
[3Co+4x(4Co+6Pd)] with indicated Pd thicknesses x. After eacb. 
spin~flip transition, the field course is reversed, with the purpose of 
determining the hysteresis of the particular transition. 
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Table 4.2: Coupling strengths across Pd (Jpd) and Ru 
(Jau) layers, determined from VSM measurements on two se
ries of [20x(6Pd+4Co)+30o] +8Ru+ [3Co+4x(4Co+6Pd)+7Co] 
+tpdPd+ [3Co+4x (4Co+6Pd)] multilayers. The accuracy of the 
values is within 10 %. The unfilled pla.ces for Jpd correspond to 
coupling strengths larger than 0.2 mJ jm2• 

tPd (A) Jpd (mJ/m2
) Jau (mJ/m2

) 

series 1 series 2 series 1 series 2 

10 -0.46 -0.48 
12 -0.47 
14 0.170 -0.46 -0.49 
16 0.089 0.086 :-0.40 -0.47 
18 0.042 0.024 
20 0.017 0.024 

At present time, no data. exist on the coupling between Co layers across 
Pd. A (ferromagnetic) oscillatory behavior, such as observed by Celinsky 
et al. [163] for (lOO)Fe/Pd/Fe sandwiches, could not be concluded from 
the present data. Judging from Table 4.2 and Fig. 4.32, where the cou
pling strength is plotted against the Pd thickness on a double logarithmic 
scale, the coupling seems to fall off monotonically as tp3. This is consid
erably faster than the approximate cubic fall-off observed for the coupling 
across the isoelectronic Pt, deduced from FMR data. obtained in §4.4 (solid 
triangles), and also faster than the quadratic fall-off expected for RKKY in
teractions in the limit of large spacer thickness t [123, 124, 125, 126] {broken 
line). 

Since the presently obtained coupling is ferromagnetic, the existence of 
ferromagnetic bridges across the interla.yers (pinholes) cannot be excluded. 
However, the experiments of Celinski et al. (163], together with the fact that 
an AF coupling across Ru has been realized in the same samples, might be 
taken as an indication that the ferromagnetic coupling is not an artifact of 
the growth but that it is an intrinsic property of Pd. 
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Figure 4.32: Double logarithmic plot of the coupling strengths across 
Pd (squares) and Pt (triangles,§4.4) interlayers as a function of the 
inter layer thickness. The solid lines are least squares fits of J = ern 
to the data.; n = 6.3 and n = 3.0 were obtained for Pd and Pt, 
respectively. A broken line with n = 2 bas been added to facilitate 
comparison with the RKKY model, which. predicts a quadratic fall
off at large thicknesses. 

V. CONCLUSIONS 

In conclusion, a method for measuring ferromagnetic coupling has been 
introduced, which is based on earlier ideas of spin-engineered structures 
(149] but employs perpendicular-magnetized Co/Pd multilayers as magnetic 
units. It is shown that this use of multilayers as the magnetic building blocks 
enabled choice of perpendicular-easy axes for the magnetic layers, without 
restrictions on the total magnetic layer thickness, and offered the additional 
advantage of manipulating the ratio of anisotropy energy to coupling en
ergy. The choice of a strong magnetic anisotropy for the present samples 
(consisting of three coupled magnetic units) prevented the appearence of 
spin-flop states. This permitted use of a relatively simple analytical model 
to interpret the magnetization curve5, which displayed a staircase behavior 
with well-defined sharp transition fields. The ferromagnetic coupling across 
Pd layers was determined, and was observed to decrease rapidly in a mono
tonic way with increasing Pd thickness, declining from 0.17 mJ /m2 at 14 A 
Pd to 0.024 mJ fm2 at 20 A Pd. 
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4.8 Antiferromagnetic coupling between perpen
dicular magnetized layers across Cu(lll) 26 

Abstract 

A dear antiferromagnetic exchange coupling was observed for two epitaxial 
(111) M1/Gu/Ma structures, grown by Molecular Beam Epitaxy (MBE) on 
a single crystal Gu(111) substrates. The magnetic layers M1 and M2 were 
designed to have a perpendicular easy axis in both samples by using Go/Ni 
multilayers and 5 A thin Go layers, respectively. For both samples the Gu 
layer was deposited in the form of a wedge. The magneto-optically mea
sured hysteresis loops show, in the case of antiferromagnetic (AF) coupling, 
clear first-order spin-:Bip transitions between the saturated and antipara.llel 
states in case of the Co/Ni based sample. For the 5 A Co/Cu/5 A Co sand
wich AF coupling could also be identified clearly through the occurence of 
hysteresis loops with zero remanence. However, despite the existence of a 
pronounced first AF peak, no indications were found of additional peaks. 

I. Introduction 

Since the discovery of an antiferromagnetic {AF) coupling in Fe/Cr multilay
ers [4, 7], an increasing amount of research has focused on investigations of 
the exchange coupling across non-ferromagnetic layers. Experimental stud
ies showed that the AF coupling was not restricted to Cr but was a general 
phenomenon [6]. Moreover, the coupling appeared to oscillate both in sign 
and in magnitude as a. function of the non-ferromagnetic layer thickness. 
In particular, the interla.yer coupling across Cu(l11) layers has attracted 
considerable attention recently. Investigations on Co/Cu(111) multilay
ers grown by sputtering showed a clear oscillation in the coupling between 
ferromagnetic and antiferromagnetic [164, 138]. ·surprisingly,· MBE-grown 
Co/Cu{111) multilayers with similar composition but with a much higher 
crystalline quality failed to display any AF coupling (165]. To explain these 
conflicting results, it has been proposed that the coupling in the sputtered 
samples was caused by the presence of minority crystallites with orienta
tions different from (111) [165]. Recently, however, evidence has been found 
for an AF coupling in MBE-grown Co/Cu/Co(111) sandwiches [121]. This 

26Ma.jor parts of the text in this section ha.s been published in J. Ma.gn. Magn. Mater. 
116{1992)1315. 
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confirmed the theoretical predictions that (111)-oriented Cu layers in them
selves exhibit AF coupling and removed the "sputtered vs. MBE-grown 
anomaly". In the latter experiment [121], the AF coupling was concluded 
from a reduced remanence in the hysteresis loops and from the observation 
that the saturation :fields, when plotted as a function of the Cu thickness, 
showed a maximum. The fact that the loops did not show the zero rema
nence expected for AF coupling was interpreted as being due to the presence 
of regions (with a locally changed Cu thickness) which coupled ferromag
netically. 

II. Samples 

To obtain stronger evidence for AF coupling across MBE-grown Cu(lll) 
interlayers, an entirely different sample was grown on a Cu(lll) single crys
tal by MBE: Mt/Cu/M2/30 A Au. The Cu(lll) interlayer was deposited in 
the form of a wedge. The magnetic layers Mt and M2 were chosen to exhibit 
an easy direction perpendicular to the :film-plane. As shown previously, this 
can be achieved with Co /Ni multilayers with the individual Co and Ni layers 
in the monolayer range (22]. In this case, the magnetic layers were composed 
as Mt = 10x{2 A Ni/2 A Co)+ 2 A Co and M2 = 2 A Co+ 10x(2 A Co/2 
A Ni). The number of repetitions was tuned to obtain a 100 % remanence 
for each magnetic layer, combined with the lowest possible ratio between 
the coercive :field and the·expected maximum coupling :field (the lat.ter :field 
scales approxhnately inversely with the magnetic layer thickness and thus 
also reciprocally with the number of repetitions) 27. The sequence of the Co 
and Ni layers in the top multilayer was reversed and an additional monolayer 
Co was incorporated at each interface between the multilayer and the Cu 
spacer layer so as to maintain two Co/Cu interfaces. Intuitively, the type of 
element at the interface is expected to predominantly determine the phase 
and the amplitude of the oscillatory coupling. For reasons to be discussed 
later on, a second sample has been grown with Mt = M2 = 5 A Co. Also 
for this sample perpendicular easy axis are to be expected. · 

The samples have been grown in a multichamber MBE system (VG 
Semicon V80 M). See [118] for details concerning the substrate-preparation 
and growth-technique. The substrate temperature was 20° C for all deposi
tions, in contrast to [121] where the Cu wedge was deposited at 50° C. The 

27The tuning (to 10 reptitions) was based on information obtained from previous ex
periments on epitaxial (111) Co/Ni multila.yers (unpublished). 
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deposition rate for the Co and Ni layers was 0.1 A fs. The Cu wedges (0 -t 

40 A; 3.7 A /mm) were grown by withdrawing an eclipsing shutter located 
between the substrate and the Cu source. All thicknesses were determined 
using a quartz crystal monitor calibrated from comparison with chemically 
analysed reference samples.· After completion of a Cu wedge, combined in 
situ Auger Electron Spectroscopy {AES) and Scanning Electron Microscopy 
were used to check its slope and to determine the position of the starting 
point. The latter could be obtained with an accuracy of 0.2 mm, corre
sponding to a thickness uncertainty of 0. 7 A. 

III. Experiments 

For each of the two samples hysteresis loops were measured along the wedge 
by the use of the polar magneto-optical Kerr effect (MOKE). The measure
ments were performed at room temperature with a 250 p.m diameter light 
spot and at a wavelength of 633 nm. The discussion of the results presented 
below is devided in two parts. In the :first part (Sample 1) the Co/Ni mul
tilayer based sample is discussed. In the second part (Sample 2) the results 
on the 5 A Co/Cu/5 A Co sandwich are presented. 

Sample 1 

The results obtained from the MOKE experiments are rendered in Fig. 4.33. 
The figure displays several hysteresis loops measured at Cu thicknesses as 
indicated. The applied field was oriented perpendicular to the film-plane. 
The square loops (with 100% remanence) observed for Cu thicknesses of 2 
and 13 A confirm the perpendicular easy axis of the lOx (2 A Co/2 A Ni) 
multilayers, and are characteristic for ferromagnetically (or weakly AF) cou
pled layers. The shape of the loops observed for Cu thicknesses from 6 up 
to 12 A, on the other hand, presents clear evidence for an antiferromagnetic 
coupling. The loops are characterized by a first-order spin-flip transition 
from negative saturation to a state in which the magnetizations are aligned 
antiparallel along the film-normal. This state is stabilized at intermedi
ate fields by the AF coupling and the uniaxial perpendicular anisotropy 
resulting in a horizontal plateau. At larger fields, this plateau is followed 
by a similar spin-flip transition to positive saturation. The non-zero Kerr 
ellipticity of the plateaus is most probably a result of the finite penetra
tion depth of the light. From the fact that the ellipticity reverses sign in 
the saturated-antiparallel transition, it is concluded that the top magnetic 



coupling across Cu(lll) 153 

layer is always the first to reverse its magnetization. This is probably due 
to a small difference in the magnetic anisotropy between the two Co /Ni 
multilayers. 
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Figure 4.33: Magneto-optically measured hysteresis loops (Kerr el
lipticity) with the applied field perpendicular to the film-plane at Cu 
thicknesses as indicated on a (111) M/Cu wedge/M sample with M 
= 10x(2 A Ni/2 A Co)+2 A Co. 
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It is noted that the spin-flip transitions are accompanied with a. consid
erable hysteresis: the sa.turated-antiparallel (SA) and antiparaJlel-sa.turated 
(AS) transition fields are not equal. This is also apparent from Fig. 4.34, 
depicting a. hysteresis loop measured with the commonly used field course 
(a.) and a. loop measured a.t the same Cu thickness but where the field course 
is reversed when each plateau is reached (b). 
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Figure 4.34: Hysteresis loops a.t 9.5 A Cu of a. (111) M/Cu wedge/M 
sample with M = 10x(2 A Ni/2 A Co)+2 A Co. (a.) The loop 
is recorded with the common field course. (b) The field course is 
reversed at the plateaus. Progressive stages are indicated by the 
numbers. 

The origin of this relatively large hysteresis is the presence of the uniaxial 
anisotropy. Obviously, the magnetizations do not follow a path of global 
minimum energy but are hindered by anisotropy energy barriers. The min
imum energy magnetization curve would show a. unique transition between 
the a.ntiparaJlel and the saturated state located somewhere between the as
cending and descending branches of the loop. Dieny et al. [144] and Folkerts 
[145] have performed absolute minimum energy ca.lcula.tiolis and have shown 
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that this position is given by : 

H11ip = -J ftp.oM. (4.36) 

with J the strength of the AF coupling, t the thickness and Ms the satura
tion magnetization of the magnetic layers. They also derived the fields for 
the SA and AS transitions, taking energy barriers into account: 

HsA = -2(K + Jft)fp.oMs 

HAs= 2JK(K- Jft)fp.oMs 

(4.37) 

(4.38} 

Here K is the magnetic anisotropy constant which is defined positive for 
a. perpendicular preferential orientation of the magnetization. (Note that 
J is negative for AF coupling). One should be careful in applying expres
sions . ( 4.37) and ( 4.38} to calculate J from the experimentally obtained 
flip-fields, since these formulas denote the fields where the full anisotropy 
energy barrier has disappeared. In reality, the magnetizations surpass the 
barrier earlier via nucleation and domain wall movement processes. In 
an attempt to account for this effect we consider the field corresponding 
to the average of these two theoretical transitions (equations (4.37,4.38)); 
Hav =~(HAs+ HsA)· Direct calculation of Havas a. function of J, at fixed 
K, revealed that Hav varied linear with J to a good approximation. In 
the present case with K = 100 kJjm3 (measured with MOKE, using the 
method described in §3.4.2), one obtains: 

Hav = -1.4 J jtp,oMs {4.39) 

Assuming that this equation also holds for the present experiment, a plot 
of the average field of the experimental up and down field transitions versus 
the Cu thickness will reflect the coupling behavior. The result is shown 
in Fig. 4.35. The peak at a Cu thickness of about 7 A is indicative for 
the existence of an oscillatory exchange coupling. The faint indication of a 
second peak at a. Cu thickness of about 23 A observed by Johnson et al. 
[121.] could not be confirmed from the present data. At thicknesses above 
12 A, all loops where of the ferromagnetic coupling type. Presumably, the 
coupling decays so fast that its strength in the second and further peaks 
is too low in comparison with the present coercive field (He ~ 25 kA/m) 
to be detectable. In fact, if we assume that the ratio of ~ 8 between the 
coupling strength in the :first and supposedly second peak as observed in 
[121] is correct and applicable in our case, we would calculate an average 
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flip-field in the second peak of about 11 kA/m, which is indeed lower than 
the coercive field. It was found that the strength of the coupling in the 
maximum, which was estimated from the average t:ransition-field using Eq. 
(4.39), was -0.34 mJfm2• 
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Figure 4.35: Average experimental Hip-fields vs. the Cu thickness of 
the sample shown in the inset. 

This is roughly a factor of 3 lower than the value obtained in [121]. The 
presence of Ni at the interface with Cu cannot be excluded, and might 
account for this discrepancy. However, it should be noted that, at present, 
it is not known to what extent deeper layers contribute to the exchange 
coupling. 

The position of the peak is shifted by 1.5 A with respect to the position 
observed in [121]. This shift however, is comparable to the sum of the errors 
made in both experiments in determining the start of the wedge (0.2 mm), 
the slope of the wedge and in positioning the light~beam at the beginning 
of the scan ( ~ x beam diameter). 

It is interesting to note that the loops at 7-11 A Cu do not show signa
tures of contributions from ferromagnetic coupling, in contrast to the loops 
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observed by Johnson et al. [121), which all showed these signatures. The 
absence may be due to the relatively large uniaxial anisotropy in the present 
sample. In the Co/Cu/0:> sandwich studied in [121], the magnetizations are · 
oriented preferentially in the film-plane, with no detectable anisotropy for 
rotations within the plane. A locally changed Cu thickness resulting in a 
local ferromagnetic coupling within a region of AF coupling can, in such 
a case, easily induce a. ferromagnetic island (it costs little energy to form 
a. domain wall, since the in-plane anisotropy is very small). However, in 
the present case of strong uniaxial anisotropy, it is possible that the energy 
required to form a domain wall is higher than the gain in interlayer coupling 
energy obtained by setting the magnetizations locally parallel. A rough cri
terium for which this is the case can be obtained by simply balancing the 
two energies. This yields: 

21' • t > L · AJ (4.40) 

assuming two AF coupled layers with one region of Width L where the 
Cu thickness is changed such that the exchange coupling locally favours a 
parallel alignment of the magnetizations, see Fig. 4.36. 

fffffflfffffffff magnetic 

L 

non-magnetic J 
J +lW t 

domain walls 

Figure 4.36: Schematic representation of two AF coupled layers with 
a small stripe region of width L having a ferromagnetic coupling 
J+AJ. . . 

AJ is the magnitude of the change in the coupling energy corresponding to 
the changed interlayer thickness, and 'Y is the domain wall energy per unit 
area. given by 4v'AK with A the exchange stiffness constant of the magnetic 
layer and K the magnetic anisotropy. For simplicity, the reduction in ma.g
netosta.tic energy associated with the domain formation has been neglected. 
This approximation will be valid for small tf L. Upon substitution in Eq. 
(4.40) with K = 100 kJfm3, t = 42 A, AJ = 0.5 mJfm2 and, A= 1.3 
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10-11 J/m (the bulk value for cobalt [168]), it is seen that a locally reversed 
magnetization in one of the layers will not occur if L is smaller than 800 A. 
As such large terraced regions are not expected, it can explain the absence 
offerromagnetic signatures in the loops of 7-11 A. The gradual deformation 
of the loops, from AF type to ferromagnetic type, at the low Cu thickness 
area of the peak could be explained via the larger A.J which will be present 
because of the steeper functional dependence of J on the Cu thickness at 
these small Cu thicknesses. 

Sample 2 

In the investigation of the sample just discussed, 1_10 second maximum in 
the AF coupling has been detected. An argument has been given that this 
might be the result of a situation in which a possibly small AF coupling 
in a second peak is masked by hysteresis effects in the Co/Ni multilayers. 
In order to infer if this is the case a 5 A Co/Cu wedge/5 A Co sandwich 
has been grown. Note that the effective thicknesses of the magnetic layers 
in this sample are considerably smaller. Since the flip-field scales with the 
reciprocal magnetic moment of the layers (see for example Eq. (4.39)), much 
larger flip-fields (with a factor of~ 6 for this particular comparison) are to 
be expected for this sample. If a second peak is to be present it is therefore 
likely to be observed because the flip-field for this peak is then anticipated 
to be considerably larger than the coercive field. 

Fig. 4.37, displays several hysteresis loops measured at Cu thicknesses 
as indicated. The applied field was again oriented perpendicular to the 
.film-plane. The square loops (with 100 % remanence) observed for Cu 
thicknesses of 4, 16 and 20 A confirm the perpendicular easy axis of the 5 A 
Co layers and are characteristic for ferromagnetic coupling. The hysteresis 
loops with indicated 'Cu thicknesses' of -2 A and 0 A have been measured 
before and just past the start of the Cu wedge, respectively. The loop for 
-2 A Cu therefore pertains to a 10 A Co layer sandwiched between Cu. 
From previous studies [166] it is known that the preferred magnetization 
direction at this Co thickness is along the film-plane and thu5 explains the 
fact that a certain field is needed to obtain saturation. Just past the start 
of the Cu wedge (0 A Cu) the Co/Cu/Co interfaces have partly formed 
and the perpendicular anisotropy has increased resulting in increased hys
teresis and lowered saturation field. At 4 A Cu the Co/Cu/Co interfaces 
are complete and the perpendicular magnetic anisotropy has fully devel
oped resulting in perpendicular preferential orientations of the two (at this 
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position) separated 5 A Co layers. These observations are in agreement 
with the above-cited magnetic anisotropy study for the Co/Cu(lll) system 
where the ..L to II cross over thickness was found at 7 A Co [166]. For larger 
Cu thicknesses the saturation field increases and decreases exhibiting a. max
imum at about 9 A Cu. This is attributed to antiferromagnetic coupling. 
As mentioned earlier the discrepancy in peak position might be due to 
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Figure 4.37: Magneto-optically measured hysteresis loops (Kerr el-
lipticity) in perpendicular applied fields on a. 5 A CojGu wedge/5 A 
Co sandwich a.t Gu thiclrnesses as indicated. 

combined errors in the determination of the start and slope of the Cu wedges. 
The fact that the hysteresis loops for this sample do not display clear satu..: 
rated antiparallel and a.ntiparallel saturated transitions (separated by hor
izontal plateaus) such as observed in the Co/Ni multilayer based sample, 
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is likely related to the fact that the magnitude of the uniaxial magnetic 
anisotropy for this sample is much smaller. 

For Cu thicknesses above 14 A all loops were of the ferromagnetic cou
pling type, i.e. like those displayed for 16 and 20 A Cu. Thus, again no 
indication of a second AF maximum is observed. This observation quashes 
the assumption that low coupling strengths prevented detection of AF cou
pling at larger Cu thicknesses in the first sample. 

For the present situation, i.e. the clear presence of a first AF peak and 
the absence of AF coupling at larger Cu thicknesses, several explanations 
can be forwarded. Pinholes or Cu layer thickness fluctuations may add re
gions in the sample with F coupling which overcome the AF coupling at 
large Cu thicknesses but contribute not enough to overcome the stronger 
AF coupling in the first peak. The absence of AF peaks at larger Cu thick
nesses might also originate from the fact that the Fermi velocity vector of 
the electrons which 'carry the coupling' makes a rather large angle with 
the :film normal (about 65°). As has been argued qualitatively in [110], · 
this large angle causes the electrons to 'travel' large distances parallel to 
the :film plane before reaching the second magnetic layer. For larger in
terlayer thicknesses the probability of encountering lateral imperfections is 
therefore enhanced and can explain the absence of peaks at high thicknesses. 

IV. Conclusions 

In conclusion, two samples were grown by MBE in which a wedge-shaped 
Cu(lll} layer was sandwiched between two magnetic layers with a perpen
dicular easy direction. Several hysteresis loops were undoubtedly character
istic of antiferromagnetic coupling. For both samples a clear peak in the AF 
coupling was observed at a Cu thickness of about 7 A and 9 A, respectively. 
For the sample where the magnetic layers consisted of a Co/Ni multilayer, 
the strong uniaxial perpendicular anisotropy ensured that an AF coupling 
was revealed through a discrete switching behavior of the magnetizations. 
For the second sample, where the magnetic layers were composed of an ul
trathin Co layer, the transition from antiparallel to saturation occured more 
gradually. The latter was most probably a result of the considerably weaker 
uniaxial magnetic anisotropy in that case. Despite the fact that clear AF 
coupling was observed at small Cu thicknesses, no indications were found for 
AF coupling at larger thicknesses and the predicted 9 A oscillation period 
could therefore not be confirmed. 
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4.9 Oscillatory magnetic coupling for Co/Cu(lOO) 28 

Abstract 

A unique sample was prepared on a Cu(lOO) single crystal, consisting of 
three Co layers separated by two Cu }ayers in the form of wedges oriented 
perpendicular to each. other: Cu(l00)/80 A CojCu wedge A/30 A CojCu 
wedge B/30 A Co/7 A Cu/30 A Au. Position-sensitive MOKE measure
ments along Cu wedge B, at a fixed position on Cu wedge A corresponding 
to maximum antiferromagnetic (AF) coupling, enabled investigation not 
only of tb.e AF but also of the ferromagnetic coupling between the two 30 A 
Co layers as a function of the Cu thickness. The· measurements confirmed 
both long and short period coupling oscillations in the AF regime, and re
vealed the predicted extension of the short period through the ferromagnetic 
regime. 

I. Introduction 

The observation of an antiferromagnetic (AF) coupling between Fe lay-: 
ers across Cr layers, the accompanying giant increase in magnetoresistance 
(MR) [4, 7], and the subsequent discovery of the oscillatory behavior of 
the coupling in several other ferromagnetic/non-ferromagnetic multilayered 
systems [5, 6] has initiated a large number of investigations. 

In particular, the Co/Cu. system has· attracted considerable attention. 
One reason is that a giant MR was reported for this system see e.g. [138, 164]. 
Another is that it is a very suitable system to test quantitative theoretical 
predictions (which were developed for free-electron-like metal spacer layers, 
such as Cu [110]) concerning the relation between the topology and charac
teristic dimensions of the Fermi surface and the period(s) of the interla.yer 
coupling. · · 

Recently, the oscillatory exchange coupling in a {lOO)Co/Cu/Co sand
wich has been investigated by Johnson et al. [118]. Their data. on the cou
pling strength J versus the Cu thickness tcu could be :fitted very well in 
terms of a superposition of a long and a short period oscillation: 

28Major parts of this section constitute an article that has been accepted for publication 
in J. Appl. Phys .• 
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through variation of the periods Ai, the phases 1/Ji and the relative amplitude 
r (A1 = 8.0 ± 0.5 ML, A2 = 2.60 ± 0.05 ML, 1/J1 = 15.5, 1/J2 = 16.6, r = 1.25 
in the final fit). Because the data were deduced from the saturation fields 
extracted from (magneto-optical) hysteresis loops measured on a sandwich 
containing two identical magnetic layers, the coupling behavior in the ferro
magnetic regime could not be investigated. Based on the (five parameter) 
fit of Eq. ( 4.41) to the AF data, however, a prediction could be made for the 
interlayer exchange in this regime. This motivated the present investigation 
of the coupling in the ferromagnetic regime in particular. 

As shown in §4.7, the use of structures consisting of three magnetic lay
ers, of which one pair is strongly coupled antiferromagnetically, enables one 
to investigate the ferromagnetic (and antiferromagnetic) coupling across a 
spacer of interest (in this case the layer separating the other pair of magnetic 
layers). 

The principle of the method is explained briefly from Fig. 4.38, which 
depicts the magnetization curve of a coupled three-layer system in the case 
of strong uniaxial anisotropy. 

-F -AF --
1 
2 

3 

M 

t ht 
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Figure 4.38: Magnetization curve of a. system of three coupled mag
netic layers with strong uniaxial anisotropy. Layers 2 a.nd 3 are 
strongly a.ntiferroma.gnetica.lly coupled. Layers 1 and 2 are coupled 
ferroma.gnetica.lly. The transition fields H1 and H2 depend on the 
strength of the ferromagnetic coupling. 

At low fields, the magnetization of the thicker layer 3 is oriented along the 
·applied field (due to its large field energy) whereas the magnetizations of 

. layers .1 and 2 are opposite to the field; this is due to the AF coupling be-
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tween layers 2 and 3 and the ferromagnetic {F) coupling between layers 1 
and 2. On increasing the field, the F coupling between layers 1 and 2 is 
overcome, and layer 1 reverses its magnetization. The corresponding field 
(H1) is proportional to the F coupling strength. At a higher field H2, layer 
2 reverses its magnetization. It might be clear that this field {H2) is deter
mined by both the AF coupling {resisting the transition) and the F coupling 
(favouring the transition). For a more elaborate discussion the reader is re
ferred to §4.7. 

II. Sample 

To investigate the oscillatory exchange coupling across Cu(100) in the fer
romagnetic regime, a unique sample was prepared on a Cu{100) single 
crystal substrate by Molecular Beam Epitaxy {MBE). The sample con
sisted of three Co layers with thicknesses of 80, 30 and 30 A, respectively, 
separated by Cu layers in the form of wedges oriented perpendicular to 
each other and grown along the two equivalent in-plane [110] (easy) direc
tions. See also Fig. 4.39, depicting the sample schematically {for clarity, 
the caplayers have been omitted in this drawing). The detailed composition 
of the sample is as follows: Cu{l00)/80 A Co/Cu wedge A {5- 18 A, 1.3 
A/mm)/30 A Co/Cu wedge B {0-40 A, 4.2 Ajmm)/30 A Co/7 A Cu/30 A 
Au. See [118] for details concerning the substrate preparation and growth. 
In the following, we denote this coupled three-magnetic-layer system by 
Coso/ JSu/Coso/ J~u/Coso, where JSu and J~u denote the couplings across 
the respective Cu wedges. The slope of wedge A was chosen so as to achieve 
an accurate tuning of the coupling between the 80 A and 30 A Co layers 
on the first {relatively narrow) AF maximum [118]. Wedge B is obviously 
applied to investigate the oscillatory exchange coupling. 

III. Experiments 

Hysteresis loops were measured with the field applied in the film plane 
along one of the [110] easy directions. The in-plane magnetization was 
monitored by the longitudinal Magneto-Optical Kerr Effect {MOKE). Since 
the magnetization is only monitored in that region of the sample which is 
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Figure 4.39: Schematic representation of the sample which was de
signed to investigate the AF and F coupling across Cu{lOO). The 
two Cu wedges separating the three Co layers are grown with their 
thickness gradients perpendicular to each other and parallel to the 
two equivalent in-plane {110) easy directions. 

illuminated by the light spot (100 J.t.m diameter), a highly localized analysis 
of the coupling behavior across the sample was possible. 

Several positional scans along the Cu wedges were performed. A scan 
along Cu wedge A was performed with the aim of determining the posi
tion of maximum AF coupling. 1n this scan, the thickness of Cu in wedge 
B naturally remained fixed (due to the perpendicular orientation of the 
wedges) at a position which was chosen to correspond to a strong ferr<r 
magnetic (F) coupling (small Cu thickness). We denote such a scan by 
Coso/ J Sui Co3o/F /Co3o, with J Su indicating the variable coupling across 
the wedge which is scanned and Fa fixed ferromagnetic coupling value J~u 
across wedge B. In addition, three more scans were performed, in this case 
along wedge B (at constant thickness on weuge A). The (fixed) positions 
on wedge A pertaining to these three scans corresponded, respectively, to F 
coupling, maximum AF coupling and an AF coupling slightly off the maxi
mum. Characteristic loops encountered in all of the above-mentioned scans 
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are depicted in Fig. 4.40. 
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Figure 4.40: Hysteresis loops measured via MOKE with in-plane ap
plied fields on a Ou(l00)/80 A Oof:~; A Ou/30 A Oojy A Cu/30 A 
Oo/7 A Ou /30 A Au sample for various Ou thicknesses (y, z) corre
sponding to interlayer coupling combinations (JMu, J&_) of (a) (F,F), 
(b) (F,AF), (c) (AF,F), (d) (AF,_ AF) and (e) (moderate f,AF). 
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The scan Coso/J~u/Coao/F/Coao (along Cu wedge A) obviously only pro
vides information on the AF coupling between the 80 A Co layer and the 
neighbouring 30 A Co layer. For J~u=F (i.e. the 80 A and 30 A Co layers are 
F-coupled} one obtains a simple square loop such as that rendered in Fig. 
4.40 (a), irrespective of the strength of this F coupling. For J~u=AF (i.e. 
the 80 A and 30 A Co layers are AF-coupled) a loop of the form shown in 
Fig. 4.40 (b) is measured; the magnetic trilayer system effectively behaves 
as a system of two AF-coupled layers (with thicknesses of 80 and 60 A). 
Since the saturation field is a measure of the strength of the AF coupling, 
the position of maximum AF coupling, required later to investigate the F 
coupling across Cu wedge B, could be determined from this scan. 

Just as in the case above, the scan Coso/F /Coso/ Jgu/Coao only provides 
information on the AF coupling between, in this case, the two 30 A Co 
layers. For Jgu=F, a ferromagnetic loop as shown in Fig. 4.40 (a) is again 
obtained. For Jgu =AF, a loop of the form shown in Fig. 4.40 (c) is obtained 
i.e. a loop which will closely resemble the loop of a system of two AF-coupled 
layers with unequal thicknesses (of 110 and 30 A, respectively). 

The two scans Coso/ AF /Coso/ Jgu/Coso (along Cu wedge B), with strong 
AF coupling for Cu thickness A (on and near the maximum obtained from 
the first scan), allowed investigation of the strength of the F coupling across 
Cu wedge B. Obviously, loops of the type in Fig. 4.40 (a) are not encoun
tered here because of the continuous presence of the AF coupling between 
the 80 A and 30 A Co layers. Typical loops for the case where the coupling 
between the two 30 A Co layers is AF, strongly F and moderate or weak F 
(compared to the fixed AF coupling across Cu wedge A) are contained in 
Fig. 4.40 (d), (b) and (e), respectively. The spin configurations pertaining 
to the plateaus in the Kerr loops are indicated. In the case of strong F 
coupling (b), the two 30 A Co layers remain interlocked and, the F coupling 
locking them cannot be determined: only one transition occurs. Note that 
this case is expected to occur at Cu thicknesses below the first AF peak, 
since, in that region, the F coupling is expected to be comparable to or 
larger than the maximum AF coupling. For moderate or weak F coupling 
(Fig. 4.40 (e)) two transitions occur where spin configurations occurred in 
which the two F -coupled 30 A Co magnetizations are antiparallel. Clearly 
the strength of the F coupling will determine the position of the transition 
fields. The sharp switching in Fig. 4.38 which resulted from an assumed 
strong magnetic anisotropy locking the magnetizations along the easy axes, 
is not present in the experiment. Instead the transitions are more gradual. 
This indicates a relatively small cubic anisotropy which allows for gradual 
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rotations of the magnetizations and therefore results in the observed more 
smooth transitions. 

Numerical calculations of the transition fields were performed by mini
mization of the sum of the field energy, first order cubic anisotropy energy 
and interlayer exchange energy of the three Co layers: 

E= -
3 3 1 1r 2: i.iJ.'OMsH cos t/>i - 2: S Kil.i cos 4( tPi + 4) 

i=l i=l 

2J811 cos(¢2- t/>1)- 2J~11 cos(t/>3- t/>2} (4.42) 

with Co layer thicknesses t1 = t2 = Jta = 30 A and magnetic anisotropy 
energies (per unit area} K1tr = K2t2 = jKsts. The magnetization angles 
tPi are defined with respect to the [110] easy axis along which the field H 
is applied. However, with values for the anisotropy constants taken from 
literature [152] (as input for these calculations), it was not possible to fit the 
experimentally obtained fields through variation of the coupling strengths. 
The numerically calculated widths (or sharpness) of the transitions appeared 
significantly smaller than the measured widths. Rather than introducing 
the anisotropy constants as extra fit parameters, the dependence of the 
averages of the fields at which the rotation processes started and ended was 
examined. It appeared that, over a. large range of anisotropy constants, 
including the literature values,· the average transition fields were practically · 
independent of these anisotropy constants. The average transition fields, 
were therefore fitted using the fixed anisotropy constants fro~ [152]. The 
resulting behavior of the interlayer coupling as a function of the Cu thickness 
is rendered in Fig. 4.41 (b), together with a calculation (a) based on Eq. 
(4.41) using the same periods and relative amplitude as in [118]. As the 
figure shows, a short period oscillation with a period of approximately 5 
A is clearly present throughout the F and AF regime. This shows that, 
although the Cu single crystal was first covered. with a 80 A Co layer and 
a Cu wedge, both 30 A Co layers and the Cu wedge separating them are 
still of high structural quality. The two ferromagnetic peaks, separated 
by a. minimum, which are observed in the present experiment, confirm the 
theoretically predicted extension of the short period oscillation through the 
ferromagnetic regime .. The strength of the AF coupling in the first peak 
( -0.39 mJ /m2) agrees remarkably well with the value obtained by Johnson . 

. 2 . 
et a.l. [118], v1z. -0.4 mJ/m . 
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Figure 4.41: (a.) Coupling behavior a.s a. function of the Cu thick
ness, calculated from a superposition of a. short and a. long period 
oscillation using parameters obtained from a fit of the AF data. in 
{118}. (b) Experimentally obtained interlayer coupling between Co 
layers across Cu(lOO), a.s determined from numerical analysis of Kerr 
hysteresis loop measurements. 

The position of the first peak- in fact, the whole 'coupling picture'
was shifted to lower Cu thicknesses by about 2 A, possibly corresponding to 
small combined errors in the determination of the slopes or starting points of 
these relatively steep Cu wedges. For sputtered samples (see, for example, 
[167]) the position of the :first AF peak is observed at 10 A. This might 
indicate that in the initial experiment [118] an error was made in the wedge 
characterization. 
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To summarize the coupling behavior for Cu(lOO), the data in [118] have 
therefore been shifted by 2 A and normalized 29 to the first peak in Fig. 4.41. 
Fig. 4.42 displays the result after this manipulation. The solid circles rep
resent the (manipulated) data of [118] whereas the combined square asterix 
symbols correspond to the data obtained form the present 'double-wedge' 
experiment. The inset shows again the fit based on Eq. ( 4.41) evaluated at 
the discrete lattice planes. 
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Figure 4.42: Interlayer coupling as a function of the Cu tb.iclmess 
as obtained on two different samples. The solid circles represent the 
shifted and normalized measurements of {118}. The combined square 
asterix symboles are a results of the present experiments. The inset 
shows a two-oscillation fit. 

29 This normalization is allowed since the calculated coupling strengths for the first peak 
agreed. 
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IV. Summary 

In conclusion, the interlayer exchange coupling between Co layers across 
Cu{lOO) was investigated in both the AF ·and F regime using a sample 
consisting of three Co layers separated by two Cu wedges oriented perpen
dicular to each other. Position-sensitive MOKE measurements confirmed 
both long- and short-period coupling oscillations in the AF regime, and re
vealed the predicted extension of the short period through the ferromagnetic 
regime. The consistency of a.ll features in the full result with the biperiodic 
coupling behavior predicted by Bruno [110] strongly supports the view that 
the coupling periods can be derived by the extremal Fermi surface span
ning vectors. Although the measured short period of 4.6 A agrees very well 
with the prediction (4.6 A, [110]), the long period needed to describe the 
experiment, 14 A, is longer than the predicted one (10.6 A, (110]). This 
may stimulate further investigations, in particular regarding the question of 
whether asymptotic behavior (i.e. the period and phase independent of the 
interlayer thickness) has already been effectively reaehed for Cu thicknesses 
near the first AF peak. 
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4.10 Concluding remarks 

The long range magnetic coupling occuring in magnetic multilayers between 
ferromagnetic layers separated by non-ferromagnetic metallic interlayers has 
been the subject of this chapter. From numerous experiments it appeared 
that this coupling is alternatingly ferromagnetic and antiferromagnetic with 
increasing thickness of the interlayer. It is well accepted now that the in
terlayer coupling originates in a non-uniform spin density induced by the 
ferromagnetic layers . in the spacer layer. The electronic structure of the 
spacer layer, particularly its Fermi surface, is believed to play animportant 
role in the mechanism. 

The coupling experiments in this chapter included metallic spacers of 
Pd, Pt, Ru, Os and Cu. For the metals Pd, Pt, Ru and Os a detailed com
parison with theoretical predictions was precluded, since for metals with un
filled d-bands, in general, these do not yet exist. However, the experiments 
clearly indicated that Pd and Pt form an exception, since they were found 
not to display regular oscillations between ferromagnetic and antiferromag
netic coupling but merely exhibit ferromagnetic coupling for all interlayer 
thicknesses. Although there exist several indications that this ferromagnetic 
coupling is an intrinsic property of these metals, further research investment 
is required. 

The metals Ru and Os, grown in the (00.1) orientation, clearly trans
mitted an oscillatory coupling with periods of 12 and 15 A, respectively. 
A particularly fascinating behavior was observed for Ru. For thicknesses 
down to 3 A, very strong AF coupling was observed which does not seem 
to be consistent with the periodic behavior observed at larger thicknesses. 
Possibly this might be caused by the fact that ultrathin Ru layers sand
wiched between, for example, Co layers, will assume a bandstructure which 
is modified with respect to the (bulk) bandstructure at large Ru thicknesses. 
In this respect, an investigation for growth directions other than {00.1) is 
interesting, since such pre-asymptotic behavior is anticipated . to be very 
sensitive to details in the atomic arrangements. 

For Cu interlayers, coupling experiments have been presented for both 
the {100) and {111) orientation. Here, the interlayers were deposited in the 
form of a wedge. This enabled investigation of the Cu thickness dependence 
in one single sample using the position sensitive MOKE technique. Par
ticularly for the (100) orientation the observed periods appeared in good 
agreement with those predicted from RKKY theory. For this orientation, 
the relevant cross section of the Fermi surface possesses two extremal di-
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mensions which, in accordance with the RKKY model, indeed manifested 
themselves in the magnetic coupling through a biperiodic behavior. The 
good agreement with theory, together with the biperiodicity makes Cu(100) 
interlayers extremely suitable for further investigations. Specifically the de
pendence of the strength and the phase of the oscillatory coupling on the 
nature of the magnetic layer, are yet uninvestiga.ted. For a. mono-oscillatory 
coupling, changes in phase or strength of the coupling between FeNi layers 
relative to Co layers, for example, are more difficult to prove. This is be
cause slight shifts in peak positions or changes in peak intensities may be 
attributed to an error in the location of the Cu wedge start and substrate 
quality, respectively. The biperiodic case on the contrary, permits direct 
comparison of the oscillatory components. Changes in either of the two 
components will be reflected through a. change in the form of the 'coupling 
picture', since the manner in which the two oscillations add, is altered then. 

For the (111) orientation problems were encountered in establishing the 
oscillatory behavior of the magnetic coupling. Although a very clear max
imum in the AF coupling has been observed around 9 A, higher Cu thick
nesses did not reveal AF coupling. At the moment it seems that this is 
due to the fact that the (111) orientation is most sensitive to lateral imper
fections. In order to infer if this is really the origin for the absence of AF 
coupling at larger Cu thicknesses, experiments in which the lateral struc
tural coherence length is manipulated, are worth performing. Tools which 
can serve for this manipulation are, for example, the use of stepped surfaces 
obtained by deliberately polishing the substrates at a non-zero angle, or the 
use of magnetic layers consisting of an alloy of which the lattice parameter 
can be chosen so as to influence the distance between misfit dislocations. 



Chapter 5 

Summary and outlook. 

5.1 Summary 

In recent years, extensive research has been performed on metallic mag
netic multila.yers. These are artificially prepared structures consisting of-. 
two materials arranged alternately in layers of certain thicknesses. The 
usual deposition techniques are sputtering and Molecular Beam Epitaxy. 
For thicknesses in the nanometer range, a. scala. of fascinating phenomena. 
has been observed. Two examples in particular, viz. perpendicular mag
netic anisotropy and magnetic interlayer coupling, have been the subject of 
investigation in this thesis. 

Perpendicular magnetic anisotropy is the phenomenon of a. preferential 
orientation of the magnetization perpendicular to the film plane. Based 
on several theoretical considerations and much experimental evidence, from 
which it appears, for example, that tJ;Us magnetic anisotropy s~ales with the 
reciprocal film thickness, it is now well accepted that this anisotropy orig
inates from the broken symmetry at the magnetic layer's interfaces. Mag
netic interla.yer coupling refers to a long-range interaction between ferromag
netic layers separated by a. non-magnetic interla.yer. This latter phenomenon 
can demonstrate an oscillatory behaviour 1 being alternately ferromagnetic 
and antiferroma.gnetic with increasing interla.yer thickness. The coupling is 
believed to occur mainly through the spin density oscillations induced by 
the ferromagnetic layers in the non-magnetic metallic spacer layer. Both 
effects - perpendicular magnetic anisotropy as well as magnetic coupling 
- manifest themselves in magnetization processes and resonance phenom
ena. occurring during subjection of the multila.yers to static and microwave 

173 



174 summary and outlook 

fields, respectively. 
Analysis of the static and dynamic behaviour of the magnetization wa.s 

performed using experimental techniques such as vibrating sample mag
netometry, the magneto-optical Kerr . effect and ferromagnetic resonance. 
This enabled quantitative determination of the magnetic anisotropy and 
interlayer coupling in various layered structures. Regarding the measure
ment of magnetic interlayer coupling, it merits mention that several highly 
specialized samples were designed to facilitate this quantification. In this 
thesis, extensive report is offered on these studies. 

5.2 Outlook 

So far, world-wide research has been focused almost exclusively on metallic 
or semiconducting films and multilayers. The past three decades have wit
nessed the rapid advance of solid state electronics for semiconductor films, 
and, more recently, the discovery of a variety of new phenomena for metallic 
multilayers. However, very little work has been devoted to studies of com
bined ferromagnetic semiconductor structures. It is well known that the 
application of magnetic fields to semiconducting materials produces signif
icant changes in the electrical and optical properties. The performance of 
semiconducting devices can thus be manipulated by exploiting, for exam
ple, the magnetic fringing fields emerging from thin magnetic (stripe) films 
deposited on the semiconductor. Apart from other applications combining 
magnetic layers with semiconductors (see e.g. [172]), several interesting op
portunities are also provided from a fundamental point of view. In this 
respect, the magnetic interlayer coupling across ultrathin semiconducting 
interlayers deserves mention. Also, confinement effects in the coupling pre
dicted by Mathon et al. [171] for metallic sandwiches can possibly be en
hanced and/ or studied through application of semiconducting or isolating 
layers. In view of these opportunities, a considerable increase in activity is 
to be expected in research on the growth and physical properties of semi
conducting/metallic multilayers. 

The latter is also expected for a completely different class of artificially
prepared materials, viz. ultrathin films and multilayers based on magnetic 
oxides. Magnetic oxides are particularly promising because of their var
ied and complex magnetic, electrical and optical behavior, even in the bulk 
phase! An example is formed by the charge-transport mechanism in ferrites, 
which is governed mainly by the spin-down electrons via the so-called 'hop-
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ping' mechanism. The necessarily extremely high degree of spin-polarization 
of the electrical current in such layers may be exploited in engineering (near) 

· perfect spin-valve structures with (almost) infinite magnetoresistance ratios. 
However, today's embryonic knowledge of the growth and properties of, for 
example, thin-layer ferrites in combination with other oxidic layers is too 
scanty to allow short-term realization of such structures, and this is there
fore an area where considerable research investment is requited. 

For metallic layers, on the other hand, considerable improvements to
wards application of multilayer and thin-film MR ratios are anticipated in 
the near future. In this respect, easy-to-fabricate so-called granular sys
tems, which basically consist of small magnetic particles dispersed in a non
magnetic host~ yield promising giant MR ratios. Also worth mentioning is 
the very recent realization of Fe/Cr multilayer tbin films structured in the 
form of pillars [173]. Contrary to the usual MR experiments, where the cur
rent flows parallel to the film plane, these pillar-shaped structures enable 
performance of MR expriments with the current running perpendicularly 
through the multilayer stack. Apart from the fact that this geometry yields 
markedly higher MR ratios [173], it also facilitates a much easier comparison 
between theory and experiment, which is necessary if one is to understand 
the detailed mechanisms which govern the magnetoresistance in multilay
ers in general. It should be clear that such pillar structures, which require 
extensive and time-consuming preparation, are not suitable for practical ap
plication. However, the basic mechanism - a current passing through aJ1 
magnetoresistive active elements - is expected to be applied soon in metal
lic thin films. Here, a potentially high-MR candidate combination of two 
or more materials will be engineered. such that, in some way, .the materials 
alternate laterally. The granular systems are essentially already a special 
example of this type. Films prepared with oblique co-evaporation from 
two sources, which is known to induce such lateral compositional variations 
[174], form another candidate. Also, the use of substrates with specially
prepared or chosen surface topologies is anticipated to generate large MR 
ratios. This is because such substrates possibly force a deposited multilayer 
to grow with its planes at an angle significantly differing from zero with 
respect to the overall film plane. 

To conclude this outlook - in which emphasis on magnetoresistance 
has merely been the result of a. natural extrapolation of today's rapidly ex
panding research activity in this field - it should be mentioned that much 
dedicated research is required to tackle the many open questions. that still 
remain in the areas of magnetic anisotropy and magnetic interlayer coupling. 
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Important topics include the temperature dependence of both phenomena, 
the effect of the detailed nature of the magnetic layer on the phase and 
intensity of the oscillatory coupling, the necessity of measuring the ferro
magnetic coupling strengths so as to investigate possible biasing effects from 
coupling types other than RKKY, the need to incorporate the detailed band 
structures of ultrathin spacers (possibly combined with those of the mag
netic layers) in new or existing theories to understand the pre-asymptotic 
behavior of the coupling, and, finally (without any pretence of completing 
the list), the need for more (first principles) calculations and predictions 
of magnetic anisotropy, accompanied by experiments on well-characterized 
multilayers and sandwiches, so as to to clarify the role of, for example, the 
growth orientation, lattice strains, dislocations and other deformations of 
crystal structure. 
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Samenvatting 
Magnetische multilagen M fT f M /T · · · zijn kunstmatig gemaakte structu
ren bestaande uit een periodieke afwisseling (stapeling) van magnetische 
lagen (M) en meestal niet-magnetische lagen (T). De meest gebruikte 
preparatie-technieken waarmee ze gegroeid worden zijn molekula.ire bun
del epitaxie en sputtering. Met deze technieken is het mogelijk lagen te 
groeien met een zeer hoge zuiverheid, scherpe interfaces en met een zeer 
goede controle over de laagdiktes. Multilagen waarbij de laagdiktes van de 
individuele componenten van de orde zijn van de interatomaire afstanden 
worden routinematig gegroeid. Door hun unieke plana.ire ge~metrie en de 
unieke manipulatie mogelijkheden (op atomaire schaal), kunnen deze kunst
matig gemaakte structuren uitzonderlijke eigenschappen vertonen welke in 
de natuur voorkomende materialen niet bezitten. 

Dit proefschrift bevat studies naar een tweetal interessante eigenschap
pen van gelaagde structuren, te weten de magnetische interactie tussen fer
romagnetische lagen gescheiden door niet-magnetische lagen en de magneti
sche anisotropie. Een bijzondere eigenschap van de tussenlaag-interacties is 
dat ze een oscillerend verloop vertonen met de afstand, dat wil zeggen, als 
functie van de tussenlaagdikte koppelt de interactie de magnetische momen
ten aan weerszijden van de tussenlaag afwisselend parallel en antiparallel 
ten opzichte van elkaar. De magnetische anisotropie van dunne ferromag
netische lagen blijkt vaak drastisch te verschillen van de anisotropie van de 
overeenkomstige bulk ferromagneet. Het meest frappante versthijnsel inver
band hiermee is het optreden van een voorkeursrichting van de magnetische 
momenten loorecht op het vlak van de lagen. 

Hoofdstuk 1 bevat een algemene inleiding op het gebied van metalli
sche multilagen. In hoofdstuk 2 worden kort de verschillende preparatie- en 
karakterisatie-technieken besproken welke gebruikt zijn ter vervaardiging 
respectievelijk bestudering van de preparaten. Deze omvatten: molekulaire 
bundel epitaxie, sputteren, rontgendiffractie (XRD), vibrating sample mag
netometry (VSM), het magneto-optische Kerr effect (MOKE), en ferromag
netische resonantie (FMR). Hoofdstuk 3 bevat het deel van het onderzoek 
dat gerelateerd is aan de magnetische anisotropie. N aast een introductie 
specifiek gericht op deze eigenschap worden de onderliggende fysische prin
cipes besproken. Het hoofdstuk bevat ook een overzicht over het in de lite
ratuur gepubliceerde onderzoek. Hierbij ligt de nadruk op de grensvlak- en 
oppervlakte-anisotropie bijdragen welke voornamelijk verantwoordelijk zijn 
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voor het optreden van loodrechte voorkeursrichtingen. N aast een bespreking 
van enkele meetmethodieken ter bepaling van de magnetische anisotropie, 
wordt ook in detail het verrichte onderzoek aan Co/Ni en Co/Ni/Co/Pt 
multila.gen beschreven. Uit de studie van de Co/Ni multila.gen blijkt da.t de 
anisotropie bijdrage tot de loodrechte voorkeursrichting, die van oorsprong 
voorspeld was voor een 2 A Co/4 ANi multila.a.g op basis van de berekende 
electronenstructuur van de multilaag als geheel, ook aanwezig is voor mul
tilagen met veel dikkere Co en Ni lagen. De a.nisotropie schaalt met de 
reciproke Co en Ni laagdiktes, met andere woorden, ook in clit geval kan 
de loodrechte. bijdrage toegeschreven worden aan de grensvla.kken. Voor 
de Co/Ni/Co/Pt multilagen, onderzocht voor veschillende Ni diktes, blijkt 
dat de voorkeursrichting, tot een relatief grote Ni dikte (::=::~ 48 A), langs de 
filmnormaal te zijn. Dit is een gevolg van de relatief sterke Co/Pt en Co/Ni 
grensvlak a.nisotropieen gecombineerd met de zwa.kke vormanisotropie van 
nikkel. 

In hoofstuk 4 is het onderzoek naar de magnetische koppeling beschre
ven. Ook dit hoofstuk start weer met een inleiding specifiek gericht op deze 
eigenschap. De oorsprong van de tussenlaag-interactie, de reden voor het os
cillerende gedrag en de belangrijkste factoren die het gedrag bepalen worden 
besproken. Dit wordt geda.an aan de hand van een fysisch inzichtelijk mo
del ontwikkeld in de literatuur, het zogenaamde Ruderman-Kittel-Kasuya
Yosida (RKKY) model. Het blijkt dat de koppeling zijn oorsprong heeft in 
ruimtelijke variaties in de spindichtheid van de geleiclingselectronen van de 
tussenlaag zoals die geinduceerd worden door de ferromagnetische lagen. De 
periode van de oscillerende interacties ka.n rechtstreeks afgeleid worden uit 
de lengte van (golf) vectoren in de reciproke ruimte die de extremale delen 
van het Fermi-oppervla.k van het tussenlaag materiaal opspannen. N a deze 
theoretische achtergronden wordt aangegeven met welke methoden experi
menteel informa.tie kan worden verkregen over de tussenlaag-interactie en 
hoe de sterkte van een ferromagnetische of antiferroma.gnetische interactie 
bepaald kan worden. Hierna worden een aantal experimenten besproken. 

§4.4 omvat een FMR studie naar de interactie tussen cobalt-lagen over 
platina-lagen. De interactie blijkt ferroma.gnetisch te zijn voor all onder
zochte Pt-diktes en monotoon (zonder oscillaties) af te nemen met toene
mende Pt-dikte. 

In §4.5 wordt het gekombineerde MOKE, FMR and VSM onderzoek be
schreven naar de interactie over Ru-lagen. Diverse Co/Ru-multila.gen geven 
hierbij ma.gnetisatie-curves te zien welke verklaard worden uit een kom
binatie van een loodrechte voorkeursrichting en een antiferromagnetische 
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koppeling. De koppeling blijkt te oscilleren als functie van de Ru dikte met 
een periode rond de 12 A. Een oscillerend gedrag wordt ook voor Co/Os

. multilagen (§4.6) gevonden. De Os-diktes waarbij een antiferromagnetische 
koppeling optreedt is consistent met een oscillatieperiode van 15 A. 

In §4. 7 wordt een studie beschreven ter bepaling van de koppeling over 
Pd. Het blijkt dat het mogelijk is een ferromagnetische koppeling te meten 
met behulp van magnetisatie-experimenten aan systemen bestaande uit drie 
magnetische lagen waarbij de interactie tussen twee van deze lagen sterk (en 
eventueel bekend) antiferromagnetisch gekozen is. In de hier uitgevoerde 
experimenten bestaat iedere magnetische laag uit een Co/Pd-multilaag met 
een loodrechte voorkeursrichting. Evenals voor Pt blijkt de koppeling over 
Pd ferromagnetisch te zijn. In het onderzochte gebied zijn geen aanwijzingen 
voor een oscillerend gedrag gevonderi. · 

In §4.8 worden experimenten beschreven om de koppeling te bestuderen 
over Cu-lagen gegroeid in de (111) richting. Uit diverse literatuur-studies 
blijkt dat het vinden van een antiferromagnetische koppeling voor Cu(111)
tussenlagen zeer moeilijk is. De MOKE experimenten in deze paragraaf 
tonen het bestaan van een antiferromagnetische koppeling aan. Twee pre
paraten zijn bestudeerd waarbij de Cu lagen in de vorm van een wig zijn 
gegroeid en waarbij de magnetische lagen een loodrechte voorkeursrichting 

. vertoonden. Voor beide preparaten wordt een piek in de antiferromagneti
sche koppeling gevonden. Additionele pieken die het mogelijk zouden maken 

~. de oscillatie-periode vast te stellen, blijken afwezig. Dit ondanks het feit dat 
in een van de twee preparaten uiterst dunne Co-lagen zijn gebruikt (slechts 
2.5 monolagen dik) hetgeen het gedrag ultragevoelig maakt voorkoppeling
seffecten. 

§4.9 bevat een studie naar de koppeling over Cu(100)-lagen. Het betreft 
hier een preparaat bestaande uit drie Co-lagen gescheiden door wigvormige 
Cu-lagen. De twee wiggen zijn onderling loodrecht ten opzichte van elkaar 
georienteerd hetgeen het mogelijk maakt de beide Cu-diktes onafhankelijk 
van elkaar te varieren in een MOKE studie. Het gemeten koppelingsgedrag 
kan goed worden beschreven met een superpositie van twee oscillaties, een 
met een relatief grote periode van 14 A en een met een ultrakorte periode 
van 4.6 A. Dit gedrag komt goed overeen met een voorspelling gebaseerd op 
de topologie van het Cu Fermi-oppervlak .. 

Het hoofdstuk wordt afgesloten met enkele concluderende opmerkingen. 
Het laatste hoofdstuk, hoofdstuk 5, bestaat uit een beknopte samenvatting 
en een vooruitblik, voor zover dit mogelijk is in dit zich zeer snel ontwikke
lende vakgebied. 
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1. De opmerking van Qiu et al. dat er een piek in de antifer
romagnetische koppeling zou moeten optreden bij een Mo 
dikte van 2 monolagen (ML), gebaseerd op een gevonden 
piek bij 5 ML en een gemeten periodiciteit van 3 ML, is aan
vechtbaar. 

Z.Q. Qiu et al., Phys. Rev. Lett. 68(1992)1398. 

2. De koppeling tussen ferromagnetische lagen over niet
magnetische tussenlagen is afhankelijk van de dikte van de 
ferromagnetische lagen. 

3. Het verklaren van de aanwezigheid van meer dan een stap 
(per kwadrant) in de magnetisatiecurve van een antiferro
magnetisch gekoppelde multilaag met loodrechte voorkeurs
richting via een bikwadratische koppeling, is onjuist. 

N. Metoki et al., Proc. of the Intern. Symp. on Metallic Multi
layers, Kyoto, Japan, March 1993. Dit proefschrift § 4.5. 

4. Het is niet verbazingwekkend dat de Gronckel et al. geen 
informatie hebben kunnen verkrijgen over de tussenlaagkop
peling over Pd met behulp van ferromagnetische resonantie 
experimenten aan 100 A Cofx A Pd/100 A Co trilagen. 

H.A.M. de Gronckel et al., Mat. Res. Soc. Symp. Proc. Vol. 
151(1989)243. 



5. Het identificeren van antiferromagnetische koppeling via een 
hystereselus is in het algemeen veel gemakkelijker voor syste
men met een loodrechte voorkeursrichting dan voor systemen 
waarbij de magnetisatie bij voorkeur evenwijdig aan het vlak 
van de film gericht is. 

Dit proefschrift. 

6. De temperatuurafb.ankelijkheid van de magnetische anisotro
pie in PbSnMnTe, zoals die in ESR experimenten gevonden 
wordt, kan worden verklaard met de kubische een-spin ani
sotropie. 

7. Het uitsluiten van magnetostrictie als oorsprong van de 
akoestische emissie (AE) in ferrieten, gebaseerd op het niet 
vinden van een correlatie tussen deze AE en de polykristal
lijne verzadigingsmagnetostrictie, is sterk aan bedenkingen 
onderhevig. 

M. Guyot et al., J. Magn. Magn. Mater. 83(1990)217; J. Magn. 
Magn. Mater. 101{1991)256. 

8. Het is een misverstand te denken dat de totale effectieve 
magnetische weerstand van een toroide met luchtspleet de 
som is van de weerstand van de gesloten toroide en de weer
stand van de luchtspleet. 

P. Smaller, IEEE Trans. on Magn. Mag.-1, no4 (1965)357. 



9. Voor de natuurwetenschappen geldt dat samenwerking tus
sen universiteit en industrie zowel vanuit het oogmerk van 
onderwijs als onderzoek uitermate wenselijk is. Dit geldt 
met name voor technische universiteiten en voor de samen
werking met de lokale industrie waar het "proximity effect" 
volledig kan worden uitgebuit. 

10. De bordjes, die achterop een vrachtwagencombinatie de 
maximale snelheid aangeven, kunnen beter op het dashbord 
aangebracht worden. 


