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Abstract 

At the Philips Research Laboratorles research is performed upon exchange biased spin 

valve multilayers of the type NiFeCo/Cu/NiFeCo/Fe50Mn50, exhibiting the Giant 

MagnetoResistance effect. The low-field magnetoresistive behaviour of these spin valves may 

be advantageous for application in magnetoresistive read heads for high density magnetic 

recording. 

In this project the magnetization switching behaviour in exchange biased spin valves 

is investigated. The NiFeCo layer in the spin valve is one of the alloys: Ni8ofe20, Ni75Fe19Co6, 

Ni7ofe18Co12, N~Fe16Co18, and Ni40Fe10Co50• The switching field of the unbiased NiFeCo layer 

is strongly determined by the induced anisotropy field HK. HK is found to bedependenton 

composition (HK varles between 0.4 kAlm and 2.3 kAlm) and thickness. In Ni80Fe20, 

Ni70Fe18Co12 and N~Fe16Co18 HK increases to saturation at a eertaio critica! thickness (100-200 

A). This thickness dependenee is attributed to the formation of dead magnetic and anisotropy 

layers at the Ta/NiFeCo interfaces. However, a dead layer model cannot explain the different 

thickness dependent behaviour of Ni75Fe19Co6 and Ni40Fe10Co50• 

U sing a simple model, the rounding of the hard axis magnetization curves was 

quantitatively analyzed in terms of magnetization ripple. As a function of Ni8ofe20 layer 

thickness, two regimes can be distinguished. Por films with thicknesses above 100 A, a slow 

increase of the ripple is found with increasing thickness, whereas ripple strongly increases 

with decreasing thickness for thicknesses below 100 A. 
Isothermal magnetic annealing studies were performed on Ni8ofezofCu spin valves. The 

switching field increases with annealing time if during the heat-treatment a magnetic field is 

applied in the direction of the easy axis. On the other hand, the switching field decreases 

when the field is applied perpendicular to the easy axis. 

The switching field and interlayer coupling of Ni70Fe18Co12/Cu and N~Fe16Co1g/Cu 

exchange biased spin valve sandwiches have been investigated as a function of Cu layer 

thickness. Both properties decrease monotonically with increasing thickness. The data 

representing the bilinear coupling, can reasonably be described in terms of the Néel model 

for magnetostatic coupling due to correlated interface roughness. Biquadratic magnetostatic 

coupling is found to be of minor importance: the switching field is mainly deterrnined by 

induced anisotropy and inhomogeneities in bilinear coupling. 



Contents 

1 

2 

3 

4 

5 

6 

Introduetion 

Magnetically indoeed anisotropy 

2.1 Uniaxially anisotropic ferromagnetic films 

2.2 

2.3 

2.4 

Strain-magnetostriction anisotropy 

Magnetic annealing 

Directiona1 order 

Comparison between directional order theory and experiment on NiFe 

Other anisotropy mechanisms 

Pair ordering model 

Magnetoresistance effects 

3.1 Anisotropic MagnetoResistance 

3.2 Giant MagnetoResistance 

Experimental 

4.1 Preparation 

4.2 Analysis 

X -ray diffraction 

SQillD 

MOKE 

Magnetostriction 

Indoeed anisotropy in single layers: results and discussion 

5.1 Sputter-deposited NiFeCo 1ayers 

5.2 

5.3 

Effect of deposition parameters 

Magnetostriction 

MBE-grown PermaHoy wedge 

PermaHoy films with varying adjacent layers 

Coupling effects in spin valves 

6.1 Bilinear magnetostatic coupling 

6.2 Biquadratic magnetostatic coupling 

1 

4 

4 

6 

7 

7 

10 

12 

13 

17 

17 

17 

23 

23 

24 

24 

25 

26 

27 

28 
28 

35 

37 
37 
40 

42 

42 

44 



6.3 

6.4 

Magnetostatic coupling observed in spin valves 

Dependenee on Cu layer thickness 

Dependenee on unbiased layer thickness 

Magnetic annealing studies on spin valves 

7 Magnetization ripple 

7.1 Hoffmann' s theory on ripple 

7.2 

7.3 

Effect of ripple on the hard axis magnetization loops 

Analysis of ripple in thin Permalloy films 

8 Conclusions 

Bibliography 

Appendix Calculations in pair ordering model 

Dankwoord 

46 

46 

49 

51 

54 

54 

58 
61 

66 

68 

74 

77 



Chapter 1 

Introduetion 

In the past decennia, impravement of preparational techniques has made it possible to 

grow magnetic thin films and multilayers. Interest has considerably grown in both 

fundamental science as well as technological applications of thin films and multilayers, 

particularly in magnetic and magneto-optic recording technology. In data recording, there is 

nowadays an ongoing development towards higher capacities and higher data rates. This 

brings about the need for thin film magnetoresistive read heads, that are able to deal with 

small track width and bit size. 

At present time, magnetoresistive sensors used in Philips' Digital Compact Cassette 

(DCC) recorder, arebasedon the Anisotropic MagnetoResistance effect (AMR). This effect 

is based on the fact that the electrical resistivity of a single layer of ferromagnetic material 

depends on the angle between the magnetization direction and current direction. The 

magnetoresistive element is usually a NiFe film (thickness of the order of 400 Á). The AMR 

ratio, defined as (~ax-~uJfRmm, can reach 1.5% at room temperature. The AMR response 

does not vary linearly with the applied field. However, linearization can be realized using a 

barberpole biased head, at the cost of some lowering of the AMR effect [1]. The major 

disadvantage of the AMR head is that it is rather power consuming. 

Impravement may be provided by the use of exchange biased spin valve multilayers 

[2],[3]. Exchange biased spin valve sandwiches consist of two ferromagnetic layers separated 

by a nonmagnetic metal. One of the magnetic layers is exchange coupled to an adjacent 

antiferromagnetic layer, causing a strong unidirectional anisotropy. During deposition, a 

magnetic field in a given direction in the film plane, induces a small uniaxial anisotropy in 

the unbiased magnetic layer. Upon application of a magnetic field, the magnetization of the 

unbiased layer switches at low field, wheras the magnetization reversal in the exchange biased 

layer occurs at the much larger exchange biasing field, which characterizes the unidirectional 

anisotropy. The resistivity of these spin valves depends on the the angle between the 

magnetization directions of the two ferromagnetic layers. The resistivity reaches a maximum 

(minimum) at an antiparallel (parallel) configuration of magnetizations. This effect is called 

the Giant MagnetoResistance effect (GMR). A typical GMR ratio is about 4%. 

In recent years, the GMR effect in exchange biased spin valves has been studied 

extensively on thickness dependenee [4],[5] and deposition conditions [6]. However, for 

application in thin film read heads the GMR ratio is not the only essenrial property. The 

intrinsic sensitivity is characterized by the ratio (ARfRmm)/ MI, where AH is the field interval 

in which the magnetization reversal of the unbiased layer takes place. Next, AH will be 
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indicated as the switching field ~· In fact, spin valve sandwiches are attractive for their small 

field interval of magnetization reversal, resulting in a sensitivity up to 20%/(kA/m), which is 

considerably higher than the sensitivity of about 5%/(kA/m) reached in an AMR head. 

Additionally, the reversal takes place at a very low field, typically a few Oe. Furthermore, a 

configuration of crossed anisotropies in the magnetic layers minimizes the hysteresis in the 

magnetoresistance curve [7]. Besides the higher sensitivity of GMR based MR heads, another 

advantage of spin valve sandwiches as compared to AMR matenals is that, due to the very 

small thicknesses of the magnetic layers comprising the structure, they require less magnetic 

flux to operate and can therefore be used at higher recording density than the AMR heads. 

A complication arises due to demagnetizing fields dictated by the strip geometry of 

an MR element. Therefore, the sensor' s intemal field is not equal to the extemal field. These 

demagnetizing effects are more pronounced in the edges of the sensor. This strongly 

influences the stability of the head. Furthermore, the stability is made worse by magnetostatic 

antiferromagnetic coupling and ferromagnetic interlayer coupling [3]. The challenge in 

improving the performance of GMR heads is to obtain accurate control of the switching field 

and the ferromagnetic coupling in spin valve multilayers. 

In this project the magnetization switching mechanism in Ta/FM/Cu/FM/Fe50Mn5Jfa 

exchange biased spin valve systems is investigated. FM represents one of the NiFeCo temary 

alloys: Ni80Fe20, Ni75Fe19Co6, Ni70Fe18Co12, Ni66Fe16Co18, and Ni40Fe10Co50• Ni80Fe20 and 

Ni66Fe16Co18 arealso called Permalloy and Jimbo, respectively. These alloys have been chosen 

in such a way that magnetostrictive effects which may cause unwanted anisotropy 

contributions, are minimized. 

The magnetically indoeed uniaxial anisotropy of the free magnetic layer plays an 

important role in the magnetization reversal mechanism. Therefore, the uniaxial anisotropy 

of the five temary alloys is extensively studied on thickness dependenee and deposition 

conditions. Furthermore, attention is paid to Néel's theory of directionally ordered pairs 

explaining indoeed anisotropy [8], as well as to other proposed anisotropy contributions. 

The switching and ferromagnetic coupling field of the spin valves are determined as 

a function of the Cu interlayer thickness and the free magnetic layer thickness. The measured 

values are analyzed with a model based on magnetostatic coupling effects due to interface 

roughness. 

Deviations of ideal switching behaviour occur if the magnetization is not everywhere 

uniform in direction, but within the film plane suffers from small local angular deviations 

from its average direction: magnetization ripple. Ripple angles are determined by analyzing 

measured magnetization curves with a simple model in which magnetization curves can be 

calculated with ripple angle as an adjustable parameter. The results are compared with 
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Hoffmann's linear ripple theory [9], and with a slightly modified ripple theory in which a 

different origin of ripple is proposed. 

The layout of this report can be summarized as follows: In Chapter 2 uniaxial 

anisotropy in thin films is treated, as well as an explanation of this phenomenon in terms of 

directionally ordered pairs. In chapter 3 spin valves, particularly exchange biased spin valve 

multilayers, and the AMR and GMR effect are discussed. In chapter 4 a brief description of 

the preparationmethod and the experimental set-up of some analysis techniques is given. Next, 

in Chapter 5 the measured magnetic properties of the single layer NiFeCo alloys are presented 

and discussed. Chapter 6 treates the magnetostatic coupling effects that may occur in spin 

valve multilayers. The results concerning the switching field and ferromagnetic coupling 

strength are given and discussed. In chapter 7 the phenomenon of ripple is explained, and the 

ripple angle is determined in PermaHoy films, after which in chapter 8 the conclusions follow. 
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Chapter 2 

Magnetically indoeed anisotropy 

In this chapter uniaxial anisotropy of ferromagnetic films, its role in magnetization 

reversal and the influence of magnetostriction on it, is discussed. Then, the directional 

ordering model explaining induced uniaxial anisotropy is outlined, after which it is compared 

with measurements in literature on bulk NiFe, as well as NiFe thin films. The strong 

dependenee of NiFeCo alloys on composition is discussed, and compared with the predictions 

of the directional ordering model. Other proposed anisotropy mechanisms are given. Finally, 

a model based on randomly ordered pairs is described, which can be used for the calculation 

of anisotropy. 

2.1 Uniaxially anisotropic ferromagnetic films 

For a very thin ferromagnetic film, due to large magnetic charges a magnetic field of 

about 103 kAlm is required to magnetize the film to saturation in the direction of the film 

normaL Clearly then, the magnetization M will tend to lie in the film plane, since if for any 

reason M tilts out of the plane, the resulting large demagnetizing field will pull it back. There 

is no preferred direction, however, in the plane of the film and all orientations of the 

magnetization within the plane are equally probable. On the other hand, as was discovered 

by Blois [10], a uniaxial anisotropy will develop within the plane of the film if it is deposited 

in the presence of a magnetic field in a given direction in the film plane. The general 

formulation of the uniaxial anisotropy energy density is given by 

E =K sin2m K u '1'0 
(2.1) 

where <p0 is the angle between M and the easy axis of magnetization (EA) of the material, and 

Ku is known as the uniaxial anisotropy constant. The direction of the EA is determined by the 

direction of the deposition field. There are two statesof lowest energy (<p0=0 or 1t) for which 

M is directed along the EA. As M is rotated away from the EA by an applied field, ~ 

increases until a maximum is reached when M is normal to the EA at <p0=rc/2. In this case M 

points along the hard axis of magnetization (HA). 

In discussing the magnetic behaviour, frrst the case of complete saturation of Min a 

single domain state is considered; i.e., M remains coherent at all times. Therefore M is 

directed uniformly at some angle <p0 with respect to the EA everywhere in the film. An 
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applied field H, at an angle ~ to the EA, causes a rotation of M out of the state of lowest 

energy (EA). lf Hand Kv are known, the direction taken by M can easily be predicted. Erot 
is the sum of the anisotropy and field energy E.c and ~. respectively, 

(2.2) 

where J.lo is the magnetic permeability in vacuum. While the field H exerts a torque on M 

which tends to rotate it out of the EA, the anisotropy exerts a restoring torque on M tending 

to return it to the EA. The angle cp0 is determined by minimizing the total energy with respect 

to cp0• In the simple case where H is directed along the HA (~=90°), dEto/dcp0=0 yields 

(2.3) 

where HK is called the anisotropy field and is defined as 

(2.4) 

where ~ is the saturation magnetization. Then as H is increased from zero, cp0 increases until, 

when H=HK, M is parallel to H and remains in that direction for any further increase in H. 

The anisotropy field HK is then the minimum HA field necessary to pull M from the EA to 

the HA. Stoner and Wohlfarth [11] have developed a theory (S-W) for the calculation of M 

for single-domain, uniaxially anisotropic, ferromagnetic particles in the case of an arbitrary 

direction and value of H. The S-W theory also prediets the different switching behaviour of 

the magnetization for EA-loops and HA-loops, as is shown in Fig. 2.1. lf the field is applied 

M M 
;Ms 

' 
H 

H= c 

(a) (b) 

Fig. 2.1 Theoretica! Stoner-Wohlfarth MH-loops along the HA (a) and EA (b). 
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perpendicular to the EA the magnetization reversal takes place through the coherent rotadon 

of the magnetic moments according to Eq. (2.3) (Fig. 2.l.a). lf, however, the field is applied 

parallel to the EA, H has to surpass a certain threshold field (coercive field ~) before M 
switches from <p0=0 to 1t, giving rise to a magnetization curve with a high maximum 

permeability (Fig. 2.1.b). In S-W theory Hc=HK. The shaded area in the tigure gives the 

anisotropy energy density ~<u. 

The single-domain model just discussed is insufficient, since marked deviations from 

magnetic saturation occur. Experimental EA reversal occurs at a field ~ which is less than 

the value HK predicted by the S-W theory. The reason for this discrepancy is the nucleation 

and growth of reverse domains. lf the film is first saturated along the EA, and then a slowly 

increasing reverse field is applied antiparallel to the original saturation field, reverse domains 

are observed to nucleate at the film edge forming lso· domain walls, then grow until the 

entire film is reversed. For this displacement of 180. domain walls the wall coercive force 

He must be surpassed. 

Even if the film consists of only a single domain, M is not everywhere uniform in 

direction, but within the film plane it can suffer smalilocal angular deviations (a few degrees) 

from its average direction. Such local directional deviation is called magnetization ripple. 

Because of the ripple, a HA-loop as shown in Fig. 2.l.a cannot be achieved. This 

phenomenon and its consequences are treated in chapter 7. 

Strain-magnetostriction anisotropy 

Another problem occurs if the material shows magnetostnctlve effects. 

Magnetostriction is the phenomenon that the shape of a ferromagnetic crystal changes during 

the magnetization process. When a film is deposited below the Curie temperature, it will be 

magnetized in a direction determined by the applied magnetic field. A slight deformation of 

the crystal structure from perfect cubicity may result due to magnetostrictive effects. Because 

of this induced strain, which is anisotropic, and the fact that the film is constrained by the 

substrate after deposition a stress arises. The stress cr and strain E are related via the elasticity 

modulus E by cr=EE. Strain is the relative lattice deformation, one-dimensional, stress is the 

force per unit surface associated with the strain. Thus, the anisotropic strain in the film plane 

creates an EA along the direction of tension (compression) for positive (negative) A 
(magnetostriction constant). The direction of this strain is along M. From Becker and Döring 

[12] the magnetoelastic energy in a strained polycrystalline material, as a function of the angle 
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e between the magnetization and stress, is given by 

(2.5) 

The resulting anisotropy is called strain-magnetostriction anisotropy (or magneto-elastic 

anisotropy). It is preferabie to avoid this extra anisotropy contribution as it is difficult to 

controL Therefore, it is advantageous to fabricate films which are nonmagnetostrictive. For 

the NiFeCo-alloy the magnetostriction is strongly dependent on composition [13]. For 

Permalloy the magnetostriction constant is known to be very small (A..<l0-6
). However, stresses 

in the film plane have been measured up to 108 N/m2
, giving a magnetoelastic energy in the 

order of 102 J/m3 (Eq. (2.5)) which is comparable to the anisotropy energy density (~=200 

J/m3). 

Magnetic annealing 

The deposition of a film under application of a field is not the only method to induce 

a uniaxial anisotropy. A uniaxial anisotropy is also induced by magnetic annealing. lf 

ferromagnetic materials are heat-treated in a magnetic field, it is found upon queuehing to 

room temperature that a uniaxial anisotropy has been created, with the EA along the direction 

of the applied field. It is this magnetic annealing effect that has been subject of investigation 

in the past to find an explanation for one of the most intriguing and interesting aspects of 

magnetic films: the origin of induced uniaxial magnetic anisotropy. This subject is adressed 

in the next section. 

2.2 Directional order 

An attempt to explain the induced uniaxial anisotropy is the interpretation of this 

phenomenon in terms of the relative energy of atom pairs. It is assumed that there exists a 

directional ordering of the atoms, i.e., an atomie arrangement that is anisotropic. A direct 

magnetic interaction between the local magnetization and an atom pair was suggested 

independently by Néel [8] and Taniguchi [14]. The basic assumption of directional order 

theory is that the energy of a pair of atoms depends on the angle $ between the local 

magnetization and the line joining the pair of atoms (Fig. 2.2). The magnetic annealing effect 

is believed to act as follows. At a temperature below the Curie temperature but high enough 

for atomie diffusion to occur, the pair axes will showsome preferred direction with respect 
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M M 

Fig. 2.2 A pair of magnetic atoms of which the energy depends on the angle <1> between 

the pair axis and the direction of local magnetization. 

to the local magnetization. The magnetization throughout the sample is aligned by an external 

magnetic field. There now exists a magnetic anisotropy energy that favours magnetization 

along the previously established direction. lf the temperature of the system is lowered until 

diffusion no longer occurs, this anisotropy is frozen into the sample and will be stabie 

indefinitely. Note that the anisotropy is induced by the magnetization and not by the applied 

field. The function of the field is simply to ensure that M (and the resulting EA) is uniformly 

aligned in a desired direction. 

The results ofNéel and Taniguchi are in general agreement although they used slightly 

different approaches to the directional order theory. In Taniguchi's theory, the starring point 

is a quantum-mechanical Hamiltonian, which includes the exchange energy in the Weiss 

molecular field approximation and the interaction energy of an atom pair. We shall follow 

Néel's calculation below. In Néel's theory the interaction energy between two atoms is 

expanded in a series of Legendre polynomials: 

3p2 1 6 3 
w(r,<j>) =( --+/)( cos2

<1> --) +q( cos4
<1> --cos2

<1> +_) + ... 
r 3 3 7 35 

(2.6) 

where 1 and q are coefficients dependent on the separation r between two atoms. The first 

term consists of a term due to ordinary magnetic dipole-dipole coupling between atoms of 

moment p and a term 1, probably due to spin-orbit coupling (pseudo dipole-dipole interaction). 

It can be shown that the dipole-dipole coupling (classica! and pseudo), in first order 

approximation, does not contribute to the magnetic anisotropy in cubic crystals composed of 

only one kind of atoms, as for cubic symmetry the mean value of cos2
<1> is 1/3 and the frrst 

term in Eq. (2.6) disappears. The situation is quite different, however, for cubic solid solutions 

composed of two kinds of atoms A and B. In this case the frrst term in Eq. (2.6) is no longer 

zero to the fust approximation. In fact, it plays a dominant role in contributing to the uniaxial 

anisotropy in a binary alloy. The quantum-mechanical pseudodipole and pseudoquadrupole 

( q) couplings are identical in form to the ordinary magnetic dipole-dipole and quadrupole

quadrupole couplings. However, the pseudodipole interaction is shorterin range and 50 times 

larger in magnitude than the ordinary dipole-dipole interaction. Therefore, the classica! dipole-
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dipole interaction is neglected in Eq. (2.6). The origin of this strong interaction is believed 

to be the combined effect of spin-orbit interaction and exchange interaction between 

neighbouring orbits. To be more explicit, the spin and orbital angular momenturn interact with 

each other via spin-orbit coupling. lf some orbital magnetic moments remain unquenched by 

the crystalline field, a part of the orbital motion will, in turn, change the overlap of the wave 

functions between the two atoms, giving rise toa change in the electrastatic energy. Since the 

spin-orbit interaction decreases more rapidly than 1/r3 at large distances, it is sufficient to take 

only nearest neighbours into account for the spin-orbit term in Eq. (2.6). In addition, it is 

usually assumed that q<<l. 

The main assumption in the directional order theory is that the pseudodipale 

interaction is different for AA, BB, and AB pairs. The pseudodipale term then takes the 

values lAA, lAB• and lss• depending upon the nature of the interacting atoms. When there is a 

spontaneous magnetization, as is the case in ferromagnetic materials, the interaction is 

dependent on the orientation with respect to the magnetization. lf the magnetization is 

oriented by an external field H, and if the temperature T is high enough to facilitate atomie 

diffusion, the solid solution would acquire a uniaxial anisotropy with the EA parallel to M. 

Because of the anisotropic distribution of atom pairs, due to two different kinds of atoms, the 

pseudodipale term l(cos2<j>-1/3) is no longer zero in frrst order approximation due to the lower 

than cubic symmetry. Then the anisotropy energy is 

(2.7) 

where i is the suffix denoting the pair direction, NAA,i• Nss,i• and NAB.i are the number of AA, 

BB, and AB pairs directed parallel to the ith direction, and <l>ï is the angle between the local 

magnetization and the ith bond direction. The values of NAA,i• Nss,i• and NAB,i are nat 

independent. The arrangement of all the pairs can therefore be specified by the arrangement 

of any one kind of pair. lf we consicter unlike-atom pairs, Eq. (2. 7) becomes 

(2.8) 

where 

(2.9) 

For NiFe Néel estimated from the compositional dependenee of magnetostriction constants 

the values of lNiNi• lFeFe and lFeNi to be, respectively, 1.33·10-23 J, 1.99·10-22 J, and -6.31·10-23 

J at room temperature. From Eq. (2.9) it follows that Io=3.39·10-22 J. 
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The number of AB pairs aligned along direction i in thermal equilibrium is given by 

the Boltzmann distribution 

-1: coS'+JkT 
N =N e 

AB,i AB-L---1::-co-s'+-/k-T 
.e 
I 

(2.10) 

where N AB is the total number of AB pairs, k is the Boltzmann factor, and 10' is the value of 

10 at anneal temperature T. It is assumed that lo' <<kT. In fact, this implies that only a slight 

deviation from a completely random distribution of atom pairs occurs. By inserting Eq. (2.10) 

into Eq. (2.8) the anisotropy energy becomes 

(2.11) 

In this equation n is the number of nearest neighbours, CA and CB are the concentrations of 

A and B atoms, respectively, V is the atomie volume, NA is Avogadro's number, and 8 is the 

angle that the magnetization makes with the annealing field subsequent to quenching at room 

temperature. 

Thus far, we have only considered uniaxial anisotropy induced by magnetic annealing. 

For our purpose, we are interested in deposition induced anisotropy which is believed to have 

its origin in the same anisotropy mechanism as magnetic annealing, since the atoms, that 

arrive during deposition with high energy at the substrate, have a high mobility. Therefore, 

atomie diffusion is made possible and directionally ordered pairs, dictated by the deposition 

field, will be formed. 

2.3 Comparison between directional order theory and experiment in 

NiFe 

In the case of bulk Permalloy, the Néel-Taniguchi theory has been confirnled by 

several investigators. The experimental variables which have been investigated include 

composition, annealing temperature, measuring temperature, and (in single crystals) 

crystallographic direction. Chemical composition is the most commonly studied parameter. 

Chikazumi and Oomura [15] and Ferguson [16] found experirnentally that the magnitude of 

the anisotropy in bulk NiFe of various compositions, heat-treated in a magnetic field, is 

predicted by the pseudipole term in directionally ordered arrangement of atoms (Eq. (2.11)). 

The anisotropy constant ~ appears to be proportional to the number of ordered pairs 

(ocCAzcBz). 
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In contrast with the case of bulk Permalloy, the experimental results on the anisotropy 

of thin PermaHoy films cannot be fully explained by the Néel-Taniguchi theory. We shall 

begin our discussion by summarizing the experimental results of various investigators and 

Ni 

20 
F • L___.r_______e.~___.___L_.c.L...L_L......>L........C"--~'-----"'~co 

Fig. 2.3 Anisotropy field HK (in Oe) for various compositions of the ternary alloy 

NiFeCo deposited at 250"C (solid curves). Some of the data in the center of the diagram are 

conjectural. Dasbed curves give the zero magnetostriction compositions. [ 17] 

then proceed to see what factors, other than that of atomie pair ordering, may also contribute 

to the induced anisotropy. In Fig. 2.3, HK is given for the ternary alloy NiFeCo fora substrate 

temperature of 250"C [17]. It is seen that a wide range of HK values is attainable by variation 

of the composition. The anisotropy varies rather smoothly with composition between extreme 

values of 2 and 50 Oe (0.15 and 4 kAlm). Pure iron shows the lowest anisotropy field of 

about 2 Oe. Nickel has an intermediate value of about 6 Oe and cobalt has a large value of 

25 Oe. A more detailed picture of the anisotropy for the NiFe alloy is given in Fig. 2.4. It is 

clear that although the results of various authors are different, ~ passes through a minimum 

in the vicinity of 90% Ni. Films near this composition have low anisotropy fields and low 

magnetostriction, both of which are desirabie for practical applications. Near 40% Ni the 

anisotropy is probably influenced by a phase change from )'(fee) to a(bcc) below this Ni 

concentration. The maximum that is observed near the 50-50 composition is consistent with 

Eq. (2.11). On the other hand, Fig. 2.4 shows that the induced anisotropy does not, according 

to Eq. (2.11 ), vanish in the limit of zero Fe-concentration. It even increases above 90% nickel. 

This implies that even if pair ordering is operative in ferromagnetic films, at least one 

additional anisotropy mechanism must also be present. Smith [18] bas shown this by 

depositing NiFe in a circular rotating field. In this way directed pair formation is suppressed, 
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Fig. 2.4 Uniaxial anisotropy constant ~ as a function of NiFe composition. [20] 

resulting m a randomly oriented EA. However, a significant amount of compositional 

independent anisotropy (HK=2 Oe) remains in this case. Therefore this result can be 

interpreted to imply that the remaining anisotropy in thin NiFe films has other than ordered 

pair origin. It is also clear from the work of Takahashi [19] that neither the pair-ordering 

mechanism, nor any other single mechanism, is sufficient to explain uniaxial anisotropy in 

thin films. 

Other anisotropy mechanisms 

Several authors have suggested that a strain-magnetostriction phenomenon (section 2.1) 

may provide the additional anisotropy mechanism. Robinson [21] suggested a model of 

deposition-induced anisotropic strain plus the conventional iron-pair order. Using available 

magnetostriction data Robinson calculated a theoretica! curve for the compositional 

dependenee of anisotropy for fitting the experimental data (Fig. 2.4). Reasonable agreement 

was found in the range from 50% to 100% NiFe. However, the theoretica! peak value of~ 

was less than the experimental value and occurred at a Ni concentration above the 

experimental value. West [22] argued that use of the average magnetostriction A. in calculating 

the strain anisotropy is, in general, not correct. The correction, by using the single crystal 

magnetostriction constants, is small, but explains the location of the maximum of anisotropy 
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near 50-50 NiFe. Siegle and Beam [23] also successfully analyzed their Ku vs. composition 

data (Fig. 2.4) with a two-parameter curve-fitting technique using a theoretica! model based 

on magnetostrictively induced strain anisotropy and iron-pair ordering (pair-strain model). 

From their observations it is clear, however, that mechanisms other than pair-ordering are 

involved (e.g. imperfection or vacancy ordering). 

A better insight in the origin of 1<u is provided by studying the isothermal magnetic 

annealing behaviour of thin NiFe films [24]. In such studies HK is monitored as a function 

of time during a high-temperature anneal of a film. Upon application of a HA field during 

the anneal, HK decreases monotonically. Several workers [25],[26],[27] noted that the 

observed isotherms were too complex to be explained by a single process. They assumed that 

the complex annealing behaviour of the induced anisotropy had its origin in the simultaneous 

operation of several processes, each having a characteristic activation energy and relaxation 

time. The observed isotherms were then fitted to a sum of exponentials, with each term 

representing one process. Although their results were not the same in all cases, some of the 

processes can be attributed to pair ordering and strain-magnetostriction anisotropy. The 

remairring contributions to anisotropy might be sought in the directional order of some of the 

structural defects like interstitials, vacancies or dislocations. 

It is usually assumed in the literature that the uniaxial anisotropy is mainly caused by 

the directional order of equal pairs (Fe-Fe in NiFe). However, by camparing the anisotropies 

of binary NiFe, Ni Co, and FeCo alloys as a function of composition, Hoffmann and Miyazaki 

[28] assume that the unlike pairs give the main contribution to the induced anisotropy. Also, 

the measurement of a large perpendicular anisotropy in Co/Ni and Fe/Ni multilayers reveals 

astrong preferenee of the magnetization vector to lie in the mean direction of Co-Ni and Fe

Ni bands, respectively [29]. It is inferred that this directional alignment of Co-Ni and Fe-Ni 

pairs along the magnetization direction is also the preferred ordering in NiCo and NiFe alloys, 

rather than like-pair ordering. 

2.4 Pair ordering model 

Above a model explaining magnetically induced uniaxial anisotropy, was described. 

A magnetic deposition field ensures the uniform alignment of the magnetization in a desired 

direction. In this section, however, a model is described for the calculation of the uniaxial 

anisotropy constant of NiFe in the absence of an applied field during deposition. Because of 

the fact that there is no field, there is no directional order of atom pairs. This implies that the 

Ni and Fe atoms are randomly distributed and no uniaxial anisotropy is induced. Nevertheless, 

we are interested how much uniaxial anisotropy will remain on account of the random 
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distribution of a limited number of atoms. The calculations have been performed for Fe-Ni 

pairs which means that Eq. (2.8) can be applied and written as 

K=EF N'~. NF N.(cos2"'.-~) e- ,L.J, e- ', 't', 3 (2.12) 

where &.e-Ni is equal to -~~ and is the energy required fora 90° rotation of one Fe-Ni pair 

from a position parallel to M to a position perpendicular. Here the question arises of which 

pair energy to use. From Néel's estimated magnetostriction data [8] and Eq. (2.9) it follows 

that &.e-Ni=1.69·l0-22 J. Den Broeder [29] measured an interface anisotropy energy of 6·10-5 

J/m2 on Fe/Ni multilayers. From this it can be deduced for an fee (111) texture that &.e

Ni=3.3·10-24 J, which is a factor of 50 less than Néel's value. lf one takes interface roughness 

into account the difference between the two values will be smaller. Another simple 

approximation of the pair energy is given by Pugh [30]. The point he makes is that, because 

of thermal fluctuations in the crystallattice, only a fraction &.e-N/kT is aligned perfectly by 

the magnetic field. So the pairs that are aligned in a different direction from perfect alignment 

are not taken into account. The anisotropy constant can then be approximated by 

K =N E EFe-Ni 
u Fe-Ni Fe-Ni-u 

(2.13) 

where NFe-Ni is the density of Fe-Ni pairs (it is assumed that unlike pairs are directly ordered). 

~ is known to be about 200 J/m3 for Permaltoy from which it follows that &.e-Ni=2.2·10-24 J. 

Although this is two orders of magnitude smaller than Néel's value, it shows again that &.e

Ni<<kT, as was assumed in Néel-Taniguchi theory, and thus, that there is only a slight 

deviation from a completely random distribution. In the pair ordering model we take Néel's 

value as the pair energy between an Fe and Ni atom. 

In our model an fee lattice with (111) texture is randomly filled with N atoms having 

a probability x for Fe atoms and 1-x for Ni atoms. In Appendix A it is shown how the EA 

direction and magnitude of the anisotropy for an arbitrary number of N atoms is determined 

from Eq. (2.12) using tensor calculations. In Fig. 2.5 the calculated anisotropy constant for 

Ni80Fe20 is shown as a function of the number of atoms N in the lattice. The mean anisotropy 

K is the average of a number of calculations of the anisotropy at the same N. At every 

calculation the lattice is filled randomly and thus both a different anisotropy and EA direction 

is created. Therefore, there exists a certain spread around the mean value. The mean 

anisotropy constant is related to the number of atoms as. N-~. This can be explained as 

follows. The anisotropy energy (Joule) is as aresult of staristics proportional to the square 

root of the number of existing Fe-Ni pairs and therefore proportional to the square root of N. 

The calculation of the energy density requrres a division by N and thus we have a 
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proportionality toN-~. From this relation between the anisotropy constant and N it is clear 
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that K averages out for large N. Of course, this averaging out is caused by the absence of 

uniform magnetization during deposition. On the other hand, on the scale of a single grain, 

with grain size D of about 100 Á and film thickness t of 100 Á, the anisotropy due to pair 

ordering without an applied field is still of the order of 104-105 J/m3
, a factor of 100 larger 

than the induced anisotropy in a PermaHoy film. In the limit of only one atom the mean 

anisotropy is 7.2 MJ/m3
• This value is directly related to and proportional to the pair energy, 

50 ,---------------------------, 
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0 0.2 0.4 0.6 0.8 

Fraction Fe 

Fig. 2.6 Mean anisotropy constant as a function of the composition of NiFe. 
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Epe-Ni=1.69·10-22 J. When discussing ripple theory in chapter 7, this anisotropy on a scale of 

a single atom will be used as an alternative approach in current ripple theory. Fig. 2.6 shows 

the compositional dependenee of the anisotropy constant for a NiFe-alloy on the scale of a 

grain (105 atoms). The maximum at 50-50 composition is clear. At this composition the 

number of created Fe-Ni pairs is at its maximum. For very low as for very high concentration 

Fe, respectively x<O.l and x>0.9, the mean anisotropy shows a linear dependenee on Fe 

concentration, which can be easily analytically deduced. 
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Chapter 3 

Magnetoresistance effects 

In this chapter the Anisotropic MagnetoResistance effect (AMR), and in particular the 

Giant MagnetoResistance effect (GMR) occuring in spin valves, are treated. Two types of spin 

valves, exhibiting GMR, are presented. The characteristics and advantages of exchange biased 

spin valve sandwiches are discussed. Finally, an explanation of the GMR effectbasedon spin

dependent electron scattering, is given. 

3.1 Anisotropic MagnetoResistance 

The Anisotropic MagnetoResistance effect (AMR) occurs when the angle between 

magnetization and electrical current in a magnetic metal changes. lf M is parallel to the 

current, the resistance is generally higher than in the case where M is perpendicular to the 

current. The conduction electrens moving in the direction of magnetization have a larger 

scattering probability than electrens having a velocity perpendicular to the magnetization. This 

scattering behaviour is explained by spin-orbit coupling [31]. Upon application of a HA field 

the resistivity in a ferromagnetic layer changes between the anisotropy fields -HK and HK, due 

to the coherent rotation of magnetization. 

3.2 Giant MagnetoResistance 

The Giant MagnetoResistance effect (GMR) was frrst discovered in 

antiferromagnetically coupled Fe/Cr multilayers [32]. The resistance was found to be much 

larger for antiparallel alignment of the magnetizations in the successive ferromagnetic layers 

than for parallel aligned magnetizations. The term spin valve was introduced for systems that 

show a change in resistivity associated with a change in the magnetic alignment of M in the 

successive ferromagnetic layers. The physical origin of GMR was explained in terms of spin

dependent scattering of conduction electrens at the interfaces between the Fe and Cr layers. 

This interpretation is still widely accepted, and will be discussed at the end of this section. 

Besides the antiferromagnetically coupled ferromagnetic/nonmagnetic multilayers, another type 

of spin valve exists: exchange biased spin valve sandwiches. These sandwiches comprise of 

two ferromagnetic layers separated by a nonmagnetic metal. The magnetization of one of the 
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ferromagnetic layers is constrained by coupling to an adjacent antiferromagnetic layer. This 

coupling is caused by the exchange interaction between the ferromagnetic and 

antiferromagnetic layer: the exchange biasing effect [33]. This exchange coupling over the 

interface of the ferromagnet and the antiferromagnet results in a shift of the hysteresisloop, 

illustrated in Fig. 3.1 for the exchange biased system NiFe/FeMn. This shift is characterized 

Fig. 3.1 

----NiFe 
. ..-~.....,.._...,._ 

H 

----MnFe 
.__.._...,__,.~ 

----NiFe 
__., ---- _. ~ 

Shift of the hysteresis loop for exchange biased NiFe/FeMn. The arrows 

indicate the magnetic moments in the NiFe and FeMn layers. 

by an exchange biasing field HEs· In fact, the antiferromagnetic spins exert a torque which 

tends to maintain the spins of the ferromagnetic layer in their original position. Thus, a 

unidirectional anisotropy has been established. The biasing direction is deterrnined by the 

direction of the applied field during growth. V arious models on exchange biasing and their 

shortcornings are discussed by Rijks [4]. 

An example of an exchange biased spin valve is Ni80Fe:zJCu/Ni80FewfF'e5oMn50• A 

typical MH-loop and resulting magnetoresistance curve are shown in Fig. 3.2. Also, the 

magnetization direction of the two NiFe layers is shown. At zero field the magnetization 

direction in the ferromagnetic NiFe layers is parallel. Upon application of a field the 

magnetization in the free NiFe layer turns in the direction of the field, giving rise to an 

antiparallel configuration, and an increased resistivity. A magnetic field exceeding the 

exchange biasing field (HEs=20 kA/m), results again in a parallel alignment of the 

magnetizations in the NiFe layers, and therefore in a reduction of resistivity. The MR ratio 

is defined as AR!R=(RAP-Rp)/Rp, where Rp and RAP are the resistivities in the parallel and 

antiparallel configuration, respectively. Dependent on the thickness of the various layers the 

MR ratio reaches values up to 5%. The shift of a few Oe of the switching field of the free 
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NiFe layer towards the biasing field indicates the presence of a small ferromagnetic coupling 

through the Cu interlayer [5]. This shift is characterized by a ferromagnetic coupling field Hpo 

The coupling effects in a spin valve will be discussed in chapter 6. 

-- R 

H 

H -- Cu 

--
Fig. 3.2 Magnetization curve for NiFe/Cu/NiFe/FeMn spin valve. The arrows designate 

the magnetization direction in the ferromagnetic NiFe layers. In the right upper corner the 

resulting magnetoresistance curve is shown. 

The spin valves have crossed anisotropies: the EA of the free NiFe layer is 

perpendicular to the exchange biasing field which works on the second NiFe layer. The 

difference between parallel and crossed anisotropies is illustrated in Fig. 3.3. The extemal 

Parallel anisotropies 

biased E7 E7 E7 E7 
unbiasedE7 E7 j---j E7 

Crossed anisotropies 

biased E7 E7 E7 E7 ____ / unbiasedE7 E7 § E7 

Fig. 3.3 Schematic representation of the magnetization reversal in the Permalloy layers 

of an exchange biased spin valve sandwich with parallel and crossed anisotropies. On the 

right, the resulting hysteresisloop is shown for both configurations (from [7]). 
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field is directed along the biasing direction, and thus, for crossed anisotropies, perpendicular 

to the EA of the unbiased NiFe layer. As the magnetization reversal then takes place by a 

coherent rotation process, instead of domain wall movement (parallel anisotropies), the 

magnetization curve and therefore the resistance curve is free of hysteresis, see also section 

2.1. In fact, Fig. 3.2 represents the magnetization loop of a spin valve having crossed 

anisotropies. The contiguration of crossed anisotropies can be achieved, either by deposition 

of the second NiFe layer in a 90° rotated magnetic field, or by afterwards annealing at 

sufficiently high temperature (140°C), and subsequently cooling down in a magnetic field 

perpendicular · to the field direction during growth [7]. 

In fact, it is the exchange biasing that provides for the transition between a parallel 

and antiparallel configuration of magnetizations in the NiFe layers, which is necessary for the 

GMR effect to occur. The only requirement is that the thickness of the intermediate layer 

must be large enough to prevent from a strong ferromagnetic coupling of the ferromagnetic 

layers, i.e., 1:cu;;:::15 A [5]. lf ferromagnetic coupling becomes too strong, magnetization reversal 

in the unbiased and biased layer will overlap, and no perfect antiparallel alignment of the 

magnetizations can be realized. This results in a decrease of GMR. The great advantage of 

this kind of spin valve sandwiches, if compared to exchange coupled multilayers, is the very 

sharp rise in the magnetoresistance curves corresponding to the switching of the free layer: 

the transition from parallel to antiparallel alignment of magnetizations is realized in a small 

field interval, i.e., a few Oe, characterized by the switching field~· The anisotropy field 

plays an important role in the switching behaviour of the free ferromagnetic layer (section 

2.1 ), as will be discussed in chapter 6. 
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Fig. 3.4 Schematical picture of the density of states (DOS) of Ni75Fe25• 
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The explanation of spin-dependent scattering is given below. The conduction electrons 

can be divided into spin up and spin down electrons which means having a spin parallel and 

antiparallel to local magnetization, respectively. In ferromagnetic transition metals (Fe, Co, 

Ni and their alloys) these two species of electrons can have quite different scattering rates, 

depending on the nature of the scattering centers (magnetic impurities, crystallographic defects 

such as dislocations or grain boundaries). This spin-dependent scattering results from the 

difference in density of states (DOS) at the Fermi level, into which the electrons can be 

scattered (Fig. 3.4). Spin up electrons will have a much smaller scattering probability than 

spin down electrons, since the density of states for spin up electrons is much lower than for 

spin down electrons. In Fig. 3.5 the spin valve structure NiFe/Cu/NiFe is drawn for two 

configurations. Let us frrst consider the case for which the magnetizations in the 

ferromagnetic layers have a parallel alignment. The spin up electrons are then weakly 

scattered in alllayers. The spin down electrons, however, are strongly scattered in the NiFe 

Parallel Anti-parallel 

Ni Fe Ni Fe 

Cu Cu 

NiFe NiFe 

Fig. 3.5 Spin-dependent scattering in the spin valve system NiFe/Cu/NiFe. 

layers. Under the conditions that the mean free pathof the electronsis larger than the various 

layer thicknesses and at the boundaries the scattering has a diffuse character, the resistivity 

of the system in this contiguration can be estimated as being equal to pp=pÎ·p!/(pÎ +p!), 

where p Î and p! designate the resistivity of the spin up and spin down electrons, 

respectively. In an antiparallel configuration, electrons of both species are alternately strongly 

and weakly scattered in the NiFe layers. Then, each spin flow has an average resistivity of 

(p Î +p! )/2 which implies that the resistivity of the system in this antiparallel magnetic 

contiguration becomes p AP=(p Î +p! )/4. It can easily be deduced that pp<p AP· 

To observe GMR two factors are necessary: 

- the scattering of the conduction electrons must be spin-dependent either in the bulk or at the 

interfaces. 

- the conduction electrons must be able to travel through the intermediate nonmagnetic layer. 
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V arious parameters, like interfacial and bulk spin-dependent scattering, interfacial 

roughness, the thicknesses of the magnetic and nonmagnetic layers and temperature have their 

influence on GMR [34]. Recently, it was found that grain boundaries arealso an important 

souree of electron scattering [35]. 
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Chapter 4 

Experimental 

In this chapter the preparatien of the samples, either by UHV de magnetron sputtering 

or MBE-deposition, is treated. A description is given of the experimental methods by which 

the properties of the films are studied. 

4.1 Preparation 

Two kinds of layered systems were prepared during this research, having the folowing 

structure: 

1) Si(lOO)!fa/ferromagnetic layer!fa (single layered system) 

2) Si(lOO)!fa/ferromagnetic layer/Cu/ferromagnetic layer/Fe50Mn5Jfa (spin valve system) 

Precleaning of the Si(lOO) substrates, having dimensions 4x12 mm, was done by an ex situ 

2% HF dip. The Ta buffer layer induces a strong (111) texture [36]. The ferromagnetic layer 

is the ternary alloy NiFeCo with variabie composition: Ni80Fe20 (Permalloy), Ni75Fe19Co6, 

Ni70Fe18Co12, N~Fe16Co18 (Jimbo ), and Ni40Fe10Co50• Apart from the last one, the alloys have 

been chosen as having an increasing Co fraction of 6% and showing nearly zero 

magnetostriction (Fig. 4.1). 

Nt 

Fig. 4.1 Ferromagnetic alloys used in this project. (Same picture as in Fig. 2.3.) 

The films were prepared by UHV de magnetron sputtering. The sputtering system 

consistsof six sources, each one containing a target of a highly purified metal or alloy, which 
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is bombarded by an argon plasma. A fraction of the atoms is removed from the target and 

deposited onto the substrate. The background pressure in the sputtering device is 10-8 Torr. 

The argon pressure during sputtering is 5.0 mTorr. The deposition rates were about 2 Á/s. 

During deposition an external magnetic field of 15 kAlm was applied in the plane of the 

substrate, to induce uniaxial anisotropy in the ferromagnetic layers, parallel to the direction 

of the field. In addition, it determines the direction of the exchange anisotropy of the 

exchange biased magnetic layer in the spin valve. The films are polycrystalline [37]. 

-Molecular Beam Epitaxy (MBE) was used to evaporate a Ni80Fe20 wedge. MBE is the 

combined process of thermal evaporation of a material from a souree and the condensation 

onto a substrate to form a film. The word 'epitaxy' refers in this respect to film growth in 

which the condensing material crystallizes in a structure with a well-defmed relation between 

the crystal axis of the film and the crystal axis of the substrate. The deposition chamber 

contains a Low-Energy Electron Diffraction (LEED) facility. A monochromatic parallel 

electron beam strikes the surface at normal incidence after which the elastically backscattered 

electroos are detected on a fluorescent screen, thus showing a diffraction pattem. From the 

intensity of the diffraction spots as a function of the energy of the incident electroos 

information on the structure of the layers and the lattice parameters in plane and normal to 

the plane of the layer are revealed. The advantage of the use of wedge-shaped layers is that 

thickness dependent magnetic propertiescan be obtained by measurement on one sample only, 

i.e., under the same deposition conditions. Of course, this demands a technique which makes 

it possible to measure locally on the sample, like MOKE. A wedge is grown by withdrawing 

a shutter located between souree and substrate with constant speed. The system is operated 

at ultrahigh vacuum, i.e., at pressures of about w-•o to w-u Torr. The deposition rate is 0.8 

Á/s, the wedge slope is 5 Á/mm. Deposition took place in the presence of a 20 kAlm 

magnetic field to induce uniaxial anisotropy. The wedge start, its slope and its composition 

were controlled by combining secondary electron microscopy and Auger electron microscopy. 

A single crystal Cu( 111) substrate was used to induce monocrystalline Permalloy with ( 111) 

texture. A Au top layer was deposited to proteet the sample against oxidation. 

4.2 Analysis 

X-ray diffraction 

An important tool to obtain information on the thickness of a sample is low-angle x-
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ray diffraction (XRD). XRD has the advantage that it does not destroy the film. The technique 

employs the 9-29 scan mode. X-rays are incident at an angle e with respect to the film plane. 

The intensity of x-rays scattered through an angle 29 is measured with a detector, 29 being 

the angle between souree and detector (Fig. 4.2). The motion of the detector is coupled to the 

sample rotation, in a way that the angle of incidence equals the scattering angle. As a function 

of the angle e maxima in the diffraction profile of the detected x-rays occur. The positions 

en of these maxima obey Bragg's rule for constructive interference: 

2tsin9n=nÀ (4.1) 

where À. is the wavelengthof the x-rays, nis the order of the peak, and t is the total thickness 

of the film. Information on the single layer thicknesses in a layered system, can to a certain 

extent be obtained by matching the entire shape of the measurement with a simulated 

diffraction pattem using the so called GIXA program. XRD has been performed with a Philips 

PW 1710 diffractometer using Cu Ka radiation with À= 1.5405 A. 

lOK 

100 
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Fig. 4.2 Low-angle x-ray diffraction measurement. 

SQUID 

Hard axis magnetization loops are measured by a SQUID (Superconducting QUanturn 

lnterference Device) magnetometer (Quantum Design). The SQUID is suitable for measuring 

the magnetization for fields between -5.5 and +5.5 Tesla. The field is generated by a 

superconducting electromagnet being cooled by liquid helium. The measuring temperature can 

be adjusted between 1.8 and 400 K. All our measurements were performed at room 
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temperature. The advantage of use of the SQUID is its high field accuracy, of about 0.5 Oe. 

This is of particular interest for measuring e.g. the anisotropy field of PermaHoy or the 

coupling field in a spin valve, the magnitudes of which are of the order of a few Oersted. 

Furthermore, the SQUID is suitable for measuring very small magnetizations, and thus small 

amounts of specimen can be measured. The SQUID functions are controlled by the MPMS 

(Magnetic Property Measurement System) program via a HP computer. 

Another application of the SQUID is the measurement of the resistivity of a material. 

The samples are measured in a sample holder being equipped with four electrical contacts. 

While a current . is applied through the sample at the outer two contacts, the voltage is 

measured over the inner two contacts. This is called the four point method. It has the 

advantage of excluding contact resistance. The resistivity measurements have an accuracy of 

about 0.6%. Upon application of a HA field a ferromagnetic film shows the AMR effect 

(section 3.1). Thus, by measuring the resistivity as a function ofthe applied field, information 

is obtained on both the AMR effect and the induced anisotropy field of a ferromagnetic layer, 

since the resistivity changes between -HK and HK due to the AMR effect. 

MOKE 

lf 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), can 

be characterized by a change in the phase and a change in the amplitude of the light. The 

former corresponds to a rotatien of the polarization direction of linearly polarized light (Kerr 

rotation), while the latter measures the extent to which circularly polarized light becomes 

elliptical (Kerr ellipticity). These effects are proportional to the magnetization. This makes 

MOKE suitable for magnetic studies of materials. A disadvantage of MOKE is that the 

proportionality factor between the effect and the magnetization is unknown. However, MOKE 

offers the important advantage of the possibility of measuring the magnetic behaviour locally. 

The MOKE signal is determined only by the behaviour of that region of the sample which 

is illuminated by the light beam. Since the light spot has a typical diameter of 100 pm, a 

positional scan along a wedge is performed easily. This makes an investigation of the layer 

thickness dependenee of magnetic anisotropy possible, using only one sample. 

The MOKE set-up uses a HeNe laser with a wavelengthof 633 nm. A polarizer is 

used for linearly polarizing the light, after which it is periodically transformed into right and 

left circularly polarized light with a photo-elastic modulator (PEM). Next, the light is reflected 

by the sample, placed between two magnet poles. lf a sample exhibits a Kerr effect, the 

polarization of the light changes. An analyser filters one of the components of the light, after 

which its intensity is measured with a detector. The filtered light signal as a function of the 
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magnet field can be viewed on an oscilloscope, the magnet field being controlled by a 

computer. The complete MOKE set-up used at Philips and the theory of the Kerr effect is 

discussed in more detail by McGee [38]. 

Magnetostriction 

For measuring magnetostncnon of some samples, the layers are sputtered on a 

borosilicate glass substrate with a lengthof 2.8 cm and a thickness of 100 pm, having a large 

elasticity modulus which is necessary for accurate measurement. The samples are placed in 

the field of an electramagnet which rotates with a frequency of 5 Hz. One end of the strip is 

held fixed while the other end is free. Due to the rotaring field and the magnetostriction the 

film changes periodically in length, which causes a deflection of the free end of the strip. This 

deflection is measured with a photonic sensor with an accuracy of about 5 Á. From the 

deflection the magnetostriction can be calculated with an accuracy of 10-7 [39]. 
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Chapter 5 

Indoeed anisotropy in single layers: results and discussion 

In this chapter results of measurements of the uniaxial anisotropy field of various 

NiFeCo alloys are presented. The dependenee on layer thickness and the influence of 

deposition parameters (argon pressure and deposition rate) on the anisotropy field, are 

discussed. Thickness dependenee is explained by introducing dead magnetic and dead 

anisotropy layers. Some magnetostriction data on Permalloy are given. The results on 

sputtered layers are compared with an MBE-deposited wedge. Interfacial effects, regarding 

Permalloy/Cu and Permalloy{fa interfaces, are discussed, as a link to the switching field in 

the free magnetic layer of a spin valve. 

5.1 Sputter-deposited NiFeCo layers 

The anisotropy field HK of five sputter-deposited NiFeCo alloys, Ni80Fe20, Ni75Fe19Co6, 

Ni70Fe18Co12, Ni66Fe16Co18, and Ni40Fe10Co50, was determined from the HA magnetization loops 

measured in the SQUID. HK follows from the intersectien of the straight line through the 

Magnetic Field 

Fig. 5.1 mustration of the determination of the anisotropy field HK from HA 

magnetization loop measured in the SQUID. 

slope of the magnetization loop with the straight lines both through the data points with 
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saturation magnetization Ms and -M8, as illustrated in Fig. 5.1. The difference of these 

intersection points gives twice the anisotropy field. HK is determined with an accuracy of 0.04 

kA/m. 
The layer thickness dependenee of the induced uniaxial anisotropy of the five NiFeCo 

alloys was determined. A 30 A Ta layer was used both as a buffer layer and a cap layer. The 

thickness of the magnetic layer was determined with X-ray diffraction, the accuracy of which 

is about 5 A. The results are presented in Fig. 5.2. Notice that for Permalloy, HK was 

measured up to a 1400 A thick layer, whereas the other NiFeCo alloys have thicknesses 

within the range 0-500 A. For PermaHoy and Jimbo the anisotropy field was determined from 

magnetization loops measured in the SQUID, while the values for Ni75Fe19Co6, Ni70Fe18Co12, 

and Ni40Fe10Co50 were obtained from AMR measurements in the SQUID, after it had been 
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Fig. 5.2 The anisotropy field as a funtion of the magnetic layer thickness for a film 

having next structure: 30Á Ta/ NiFeCo layer/30Á Ta, the NiFeCo alloy being (a) Ni80Fe20 

(Permalloy), (b) Ni75Fe19Co6, (c) Ni70Fe18Co12, (d) Ni66Fe16Co18 (Jimbo), and (e) Ni40Fe10COso· 

The dotted line is a guide to the eye. 

30 



checked for Jimbo if the anisotropy field values obtained from magnetization and AMR 

measurement were in agreement. 

It should be mentioned that the PermaHoy magnetization loops with thicknesses above 

500 Á are not completely closed, in contrast with the thinner layers which have closed HA 

loops. These open loops may indicate that the magnetization reversal is not a fully coherent 

process, but that there is a certain amount of domain wall movement involved. If the 

measurement field is not exactly aligned perpendicular to the EA, the magnetization loops 

may not be completely closed. But the samples could be measured at an angle with an 

accuracy of 1-2°, which has a negligible effect on the dosure of the HA loops. Another 

explanation for the observed deviations of closed magnetization loops may be provided by 

the presence of anisotropy contributions other than the induced uniaxial anisotropy, e.g. 

magnetocrystalline anisotropy. However, in a (111) textured film the effect of 

magnetocrystalline anisotropy is minimized. But it has been shown that the degree of (111) 

texture even improves for thicker films. Therefore, it is not clear why the openings do not 

occur for the thinner PermaHoy films. 

It can be seen that the induced anisotropy changes as a functio1_1 of thickness. For 

Permaltoy HK rapidly increases with increasing thickness in the thickness regime below 100 

Á. A saturation is seen above this thickness. Ni70Fe18Co12 and Jimbo show a similar behaviour, 

however, the "saturation thickness" occurs at about 200 Á. On the contrary, for Ni75Fe19Co6 

HK shows a gradual increase as a function of thickness, even up to 500 Á. Further, the 

maximum at 200 Á for Ni40Fe10Co50 attracks attention. Above 200 Á there is a decrease in 

anisotropy. We have no explanation for this different behaviour. Other results on rf sputtered 

[40],[41], ion-beam sputtered [42] and evaporated PermaHoy films [43] show a similar 

thickness dependent behaviour of HK than our PermaHoy films in the range 100-1500 Á, i.e., 

a constant or only slightly decreasing anisotropy. There are only few reports which investigate 

thickness dependenee for very thin films (<100 Á). This may be due to the difficulties in 

measuring thinner films because of the smaH amount of specimen. Goto [44] has measured 

the thickness dependenee of induced anisotropy for very thin Permaltoy films (<100 Á) 

evaporated on a slide glass substrate heated at about 150°C. His results are in fairly weH 

agreement with ours. To explain his results, Goto proposes that the film is composed of dead 

and induced anisotropy layers. The dead anisotropy layer t~~,a is formed at an initial stage of 

deposition when very small islands, having a large density of lattice defects, prevent 

directional ordering. The density of lattice defects such as dislocations may be smaller for 

larger islands, and therefore, at a later stage of growth an induced anisotropy layer may be 

formed. A simple model, in which the induced anisotropy layer has a constant ·anisotropy HK,o 
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over its effective layer thickness ~rr· gives the anisotropy field HK as 

t H - eff H 
K t +t K,O 

eff d,a 

(5.1) 

where terr+tc~,a=!tot· It is assumed that ~ is independent of thickness. At this point we use a 

slightly different approach. It is well known that the magnetization does depend on thickness, 

as it decreases to zero for ultrathin films (<20 Á) [45]. The decrease of magnetization for 

thinner films is caused by a more granular character of a thinner film (island structure): the 

film can be assumed as having the character of a colleerion of superparamagnetic particles, 

which require a higher saturation field. As the film thickness is increased and the ratio of 

interlor atoms to surface atoms increases, it is expected that the exchange forces which cause 

ferromagnetism will be gradually strengthened, so that the saturation magnetization will 

increase. A further reduction of magnetization is provided by interfacial mixing at the two 

ferromagnetic layer{fa interfaces. It has been reported [ 46] that the actdition of only 5% of 

the elements W or Mo, which are comparable to Ta, to Ni, reduces the magnetic moment with 

a factor of two. The Ta contamination in NiFe results in a compositional gradient across the 

interface, producing a "dead" (non-magnetic) layer at the interface. The approach todetermine 

the dead magnetic layer has been described earlier [47]. The magnetic moment at saturation 
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Fig. 5.3 The magnetic moment at saturation as a function of Ni7oFe18Co12 layer thickness 

(1 emu=l0-3 Am2
). The intersectien of the line with the x-axis gives twice the magnetically 

dead layer thickness. 

measured in the SQUID is plotted versus thickness. The intersectien with the x-axis gives 

twice the dead layer thickness td,m which is the equivalent thickness of the ferromagnetic 

layer, that has lost its magnetic moment. This is illustrated in Fig. 5.3 for the Ni70Fe18Co12 
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aHoy. The slope of the line gives the saturation magnetization times the sample area.The 

magnetically dead layer thickness, as wellas the saturation magnetization were determined 

in this way for the NiFeCo aloys and are given in Table 5.1. Furthermore, the anisotropy field 

is given both in kAlm and Oe. It was taken from Fig. 5.2 in the region where it has relaxated. 

Table 5.1 

Magnetic properties of NiFeCo alloys. 

D HK (kAlm) HK (Oe) Ms (kA/m) J.Iohls (T) td,m (Á) 

±0.04 ±0.5 ±20 ±0.02 ±5 

Nisofew 0.38 4.8 750 0.94 12 

Ni75Fe19Co6 0.9-1.0 11-13 770 0.97 11 

Ni70Fe18C012 1.51 19.0 770 0.97 5 

Ni66Fe16Co18 1.77 22.2 875 1.10 8 

Ni40Fe10C050 2.1-2.3 26-29 960 1.20 5 

The values of the anisotropy field are in reasonable agreement with Wilts' data (Fig. 4.1 ). The 

magnetization data coincide with results of other authors [ 48]. A striking feature is the large 

value of the magnetically dead layer, in particular at the interface Permalloy!fa. Apparently, 

the contamination of Ta has a strong reductive effect on magnetization, as was mentioned 

before [ 46]. It can be seen that this effect decreases with increasing Co concentration. As the 

magnetic moment working on an atom increases, which is the case for Co as compared to Ni 

and Fe, the presence of non-magnetic Ta atoms will have 1ess effect on magnetization. Note 

the poor accuracy (5 Á) of the dead layer thickness, which is predominantly determined by 

the accuracy of the X-ray measurements on thickness. 

In fitting the layer thickness dependenee of HK (Fig. 5.2), we use a slightly different 

approach than Goto's, since we also take into account magnetically dead layers. A layer that 

has no magnetic moment, cannot give rise to anisotropy. Th en, the film can be visualized as 

being composed of a Ta layer, a magnetically dead layer td.m followed by a layer that is 

magnetized but has no anisotropy, the ferromagnetic NiFeCo layer with induced anisotropy, 

again a magnetically dead layer, and a Ta cap layer (Fig. 5.4). Soit is assumed that there is 

a magnetic layer, that is isotropic, as in an early stage of growth, the relative few deposited 

atoms will not immediately form pairs. Due to intermixing there is a reduced extent of pair 

ordering. The dead anisotropy layer is represented by td,a· td.m and td.a are effectively dead 

layers. In reality, it is expected that there is a gradual increase of magnetization and anisotropy. 
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Fig. 5.4 Schematic representation of magnetically and anisotropic dead layers across the 

Ta/NiFeCo interfaces. 

Following the described model, the anisotropy versus layer thickness is given by 

t -2t -t H _ tot d,m d,a H 
K t -2t K,O 

tot d,m 

(5.2) 

The measurements on Permalloy, Ni70Fe18Co12 and Jimbo were analyzed in terms of the 

model. However, Eq. (5.2) does not satisfy for the alloys Ni75Fe19Co6 and Ni4ofe10Co50, which 

show a different thickness dependent behaviour. The measured anisotropy field for the 

Ni70Fe18Co12 alloy is again plotted in Fig. 5.5. The line represents the fitted values according 

to Eq. (5.2). It can be seen that this relatively simple model gives a very reasonable 
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Fig. 5.5 Measured anisotropy field as a function of Ni7ofe18Co12 layer thickness 

(squares). The solid line is a fit with the "dead layer" model. 
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description of the data. The analyzed alloys were fitted with the parameters HK.o• td,m and td.a• 

given in Table 5.2. Except of Permalloy, td.m is in reasonable agreement with the values 

obtained from the metbod described in Fig. 5.3. However, we should be careful in drawing 

conclusions from the described model, as the alloys Ni75Fe19Co6 and Ni40Fe10Co50 show a 

different behaviour of the anisotropy field versus thickness, thus excluding an analysis in 

terms of dead layers. 

Table 5.2 

Fit parameters in dead layer model. 

I 11 HK,o (kAlm) I td.m (Á) I td.a (Á) I 
Ni80Fe20 0.38 5 7 

Ni70Fe18Co12 1.51 3 12 

Ni66Fe16Co18 1.77 7 9 

Effect of deposition parameters 

The effect of different sputtering conditions on HK of Perrnalloy was investigated. In 

two different experiments the argon pressure p during sputtering and the deposition rate r 

were changed (usual: p=5 mTorr, r=2.0 Á/s). The sputtered systems were: 30 Á Ta/t 

Ni80Fezof30 Á Ta. In one experiment the pressure during sputtering of the Permalloy layer and 

Ta cap layer, was reduced to 2 mTorr. The buffer layer was sputtered at 5 mTorr, to ensure 

that the degree of ( 111) texture remains the same. In another experiment the deposition ra te 

of the Perrnalloy layer was reduced to 1.2 Á/s. The anisotropy field versus thickness is plotted 

in Fig. 5.6. 

It can be seen that both the decrease of argon pressure and the decrease of deposition 

rate, result in a slightly reduced HK. Recently, it has been shown for Permalloy/Cu layers that 

for pressures below 5 mTorr, considerable atomie mixing during growth (concluded from an 

increase of the magnetically dead layer) will occur [6]. This is explained by an increase of 

the kinetic energy of the sputtered atoms arriving at the growing surface, due to less collisions 

with the background gas atoms. As we have seen before, the increasing thickness of the 

magnetically dead layer, with decreasing sputtering pressure, may lead to a reduced 

anisotropy. On the contrary, due to the increase of the kinetic energy of the atoms arriving 

at the substrate, they will also have a higher mobility. This results in a higher atomie 

diffusion, which is necessary for the formation of ordered pairs and thus for creation of 
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induced anisotropy. Other authors report that HK is indepentent of pressure [ 49], or decreases 

somewhat with decreasing pressure [50]. With respect to the deposition rate, an increase in 

HK is observed with decreasing rate [49],[50]. This is usually explained in terms of the 

directional order theory: if the deposition rate is raised, the time available to an atom to move 

freely on the surface before it is "buried" by following atoms, is lowered. Therefore, less 

ordered pairs will be formed. In the experiments performed, however, it is difficult to explain 

separately effects due to pressure changes and changes in the deposition rate, since they are 

related in the sputtering process. 

The effect of varying the deposition field on the induced anisotropy was also 

investigated. The field was varled between 5 kAlm and 100 kA/m. Within accuracy of 

measurement, no significant difference in HK versus thickness was observed. In fact, this is 

a confirmation of the statement that the anisotropy is induced by the magnetization and not 

by the applied field. The only requirement for inducing a uniaxial anisotropy is that the field 

is large enough to saturate the magnetization, and thus defining an EA. However, since at 

very low thickness the alloy may, due to an island structure, have a superparamagnetic 

character that prevents from directional order, it might be expected that a large deposition 

field is necessary for saturation in the plane. However, even upon application of a field of 100 

kAlm no difference in HK of a 25 A Permalloy film was observed. This may imply that it is 

especially the interfacial mixing of Ta and Permalloy that leads to a decrease of the 

magnetization, and consequently the anisotropy, and not the more granular character of an 

ultrathin film. 
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Magnetostriction 

To maintain the desired induced anisotropy in the deposited films, an accurate control 

of the magnetostriction À is required, since À together with the film stress can induce 

undesirable magnetic anisotropies (see section 2.1). The main difficulty in controlling the 

magnetostriction in deposited PermaHoy films arises from the high sensitivity of À to even 

slight compositional variations, as reported for both evaporated and sputtered films [51]. In 

NiFe the magnetostriction goes to zero at about 81.5% Ni. However, the exact composition 

for zero magnetostriction is difficult to attain. A complicating factor is that À depends on the 

degree of crystal texture, and thus, À may be different for films of the same composition. On 

the other hand, it has been reported that the value of À can easily be modified by varying the 

sputtering pressure [50]. Forsome samples the thickness dependenee of the magnetostriction 

of PermaHoy was measured. As cap layers both Ta and Cu were used (Table 5.3). 

As can be seen, the magnetostriction increases with decreasing thickness. A similar 

trend has been observed by Valletta [40] on Permalloy films deposited on Ta. It may be 

explained by the contamination of Ta in Permalloy. This effect is relatively larger for thinner 

films. Within experimental error no difference in À between samples having Ta and Cu cap 

layers, can be observed. 

Table 5.3 

Magnetostriction of Permalloy films with varying cap layer. 

I 11 À *10-6 ±10-7 I 
30 A Ta/50 A Ni8of'ezof30 A Ta +1.8 

30 A Ta/50 A Ni80Fezof30 A Cu +1.7 

30 A Ta/100 A Ni8of'ezo130 A Ta +1.5 

30 A Ta/100 A Ni80Fezof30 A Cu +1.3 

30 A Ta/500 A Ni80Fezo130 A Ta +0.5 

5.2 MBE-grown Permalloy wedge 

It migth be interesting to investigate the thickness dependenee of the anisotropy field 

for ultrathin layers, i.e., in the range of a few monolayers. Therefore, an MBE-deposited 
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PermaHoy wedge was grown. Unlik:e the spottered polycrystalline samples, the MBE-grown 

wedge is monocrystalline. This may lead to an improved definition of magnetization, and thus 

anisotropy, since MBE-grown thin films have a less granular character than sputter-deposited 

thin films. The wedge was grown on a Cu(lll) substrate. First, on one part of the substrate 

a 50 Á thick PermaHoy layer was deposited, after which a wedge of 0-50 Á was deposited. 

This makes the measurement possible of the anisotropy field for thicknesses between 0 and 

100 Á. Unfortunately, during growth two monolayers of Ni were formed beneath the 

Permalloy. However, it is assumed that this has a negligible effect on anisotropy, since Ni and 

Permalloy have nearly the same lattice parameter: aNi=3.524 Á and aPerm=3.5489 Á, thus 

excluding any strain-induced anisotropy. The magnetic characterization was done by MOKE. 

From the HA magnetization loops the uniaxial anisotropy field was determined, the results 

· of which are presented in Fig. 5.7. For small thicknesses (t<30 Á), the MOKE signal was 

very noisy, making the determination of HK inaccurate (±0.1 kA/m). It should be mentioned 

that the HA loops were not closed in all cases, indicating that the EA did not have the same 

direction as the field during growth. Probably, apart from indoeed uniaxial anisotropy there 

are some other contributions to anisotropy. 

Fig. 5.7 
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The most striking feature of Fig. 5. 7 is the extremely high value of HK up to 2 kAlm 

for thicknesses below 30 Á. This may be caused by a magneto-elastic contribution to the 

anisotropy near the Cu/Permalloy interface. As mentioned before, MBE-deposited layers are 

grown epitaxially on the substrate, by which the layer adapts to the in-plane lattice parameter 

of the substrate. Due to this epitaxial growth, a lattice mismatch 11=(~-a1)/~ arises between 

the substrate and the deposited layer, having lattice parameters~ and a1, respectively. 
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Fig. 5.8 
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The relation between strain and thickness in a thin film. fc is the critical 

thickness where the growth changes from the coherent phase to the incoherent phase. 

Consequently, a strain is created in the film plane. The magneto-elastic energy associated with 

this strain is proportional to the strained volume. On the other hand, a dislocation at the 

interface costs an amount of energy. By minimizing the total energy, two regimes can be 

distinguished during growth. At an early stage of growth, the layer grows coherently onto the 

substrate. If the strained volume increases with further deposition, at certain critical thickness 

te it is energetically favourable to introduce dislocations, so that the lattice parameter of the 

deposited layer reaches its bulk value. In this incoherent phase the strain reduces 

approximately as r 1
• The theoretica! relation between strain e and thickness t in a layer 

deposited on a substrate, is shown in Fig. 5.8. When Ni8ofew (a=3.5489 A) is deposited on 

the Cu(lll) substrate (a=3.6150 A), a lattice mismatch of 1.9% is introduced. It has been 

reported [52] that on increasing the Permalloy thickness, its perpendicular lattice parameter, 

obtained from LEED pattems, gradually increases to reach its bulk value at about 33 A. Due 

to the assumption of a constant cell volume, the in-plane lattice parameter then decreases with 

increasing thickness, reaching its bulk value also at 33 A. This is consistent with the 

anisotropy measurements, given in Fig. 5.7. Below 30 A the strain is at its maximum, thus 

contributing to the anisotropy via the magneto-elastic energy. Above 30 A HK decreases, due 

toa decrease of magneto-elastic energy. At a thickness of 50 A HK has reached its bulk value 

(HK=0.5 kA/m), where magneto-elastic anisotropy contributions can be ignored. When 

camparing MBE- en sputter-deposited Permalloy films, an MBE-grown film shows constant 

anisotropy above 50 A, whereas for sputtered films HK increases until at 100 A saturation 

occurs at 0.38 kA/m. Maybe this is associated with the different structure of MBE-grown 

samples: monocrystalline in stead of polycrystalline. Because of different deposition 

conditions there may be less intermixing at the interfaces for the introduetion of dead layers, 
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that can have a decreasing effect on induced anisotropy. 

Concluding, one can say that the MBE-experiment, due to large magneto-elastic 

effects, does not reveal the desired information on thickness dependenee of HK in the ultrathin 

thickness regime. 

5.3 PermaHoy films with varying adjacent layers 

It is assumed that the switching behaviour of the magneii:Zatiön in the unbiased layer 

of a spin valve sandwich, having crossed anisotropies, is predominantly accounted for by the 

induced uniaxial anisotropy of the unbiased layer. On 30 Á Ta/80 Á Ni8ofezof30 Á Cu/60 Á 

Ni80Fezof80 Á Fe5oMn5of20 Á Ta the magnetization reversal in the unbiased NiFe layer, takes 

place in a field interval of 0.41 kAlm [7]. This approximately corresponds to twice the 

anisotropy field (see Fig. 2.1a and Fig. 3.2), leading to HK=0.21 kAlm, which is much smaller 

than the anisotropy field of 0.37 kAlm observed in Ta/80 Á Ni80Fe2ofTa structures (Fig. 5.2a). 

In this section the smaller HK in spin valves as compared to single layers, will be explained 

in terms of an interfacial effect. 

Sputter-deposited Permalloy films (t=90 Á) were prepared with varying adjacent 

layers: Ta or Cu, both with thicknesses of 30 Á. HK was deterrnined from the HA 

magnetization loops, measured in the SQUID. The results are given in Table 5.4. 

Table 5.4 

HK of Permalloy sandwiched between Ta and Cu layers. 

I 11 HK (kAlm) ±0.01 kAlm I 
Ta/Ni80FezofTa 0.30 

Ta/Ni80Fezo{Cu 0.26 

Ta/Cu/Ni80FezofTa 0.23 

Ta/Cu/Ni80Fezo{Cu 0.20 

It can be seen that HK decreases as the Permalloy layer is sandwiched between one or two 

Cu layers. The magnitude of HK is consistent with the reported value of the switching field 

of the spin valve. A possible explanation for the decrease in anisotropy by a substitution of 

the Ta adjacent layer by a Cu layer, is the decrease in strain, via magnetostriction contributing 

to anisotropy, at a Ni8ofezo{Cu interface as compared to a Ni80FezofTa interface. When 
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camparing the lattice parameters of Permalloy, Cu and Ta (aPerm=3.5489 A, acu=3.6150 A, 
ara=3.303 A), it can be seen that at the Ni8ofe:zot'Cu interface less lattice mismatch (1.9% ), and 

therefore less strain occurs than at the Ni8ofe:zot'Ta interface (6.9%). However, this difference 

in strain is not evidenced by the magnetostriction measurements, discussed in the previous 

section. Furthermore, as mentioned before, the contamination of Ta in Ni results in a stronger 

decrease of magnetization and consequently the anisotropy, than the contamination of Cu in 

Ni [46]. 

In the next chapter, another possible contribution to the switching behaviour of 

magnetization in spin valves, will be discussed: biquadratic magnetostatic coupling. 
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Chapter 6 

Coupling effects in spin valves 

In this chapter we shall be concemed with coupling effects between two ferromagnetic 

layers separated by a nonmagnetic layer, as for instanee a NiFe/Cu/NiFe spin valve. First, the 

bilinear magnetostatic coupling, in particular orange peel coupling, is treated, which may lead 

to a shift of the MH-loop due to its contribution to ferromagnetic coupling in spin valves. 

Then, biquadratic coupling will be discussed, which may influence magnetization reversal in 

the unbiased NiFe layer. Both coupling phenomena are described by the phenomonological 

form of the interlayer coupling energy per unit area 

E =-1 cos8-J cos28 
s 1 2 

(6.1) 

where 8 is the angle between the saturation magnetizations of the two films, J1 and J2 are the 

bilinear and biquadratic coupling parameters, respectively. Results on Ni7ofe18Co12 and 

Ni66Fe16Co18 based spin valves are presented. The measured coupling field is analyzed with 

the orange peel coupling model. The switching field is fitted with a model in which 

contributions due to uniaxial anisotropy and biquadratic coupling are involved. It is outlined 

that, altematively, inhomogeneous coupling effects may play an important role in switching 

behaviour. Finally, magnetic annealing studies on spin valves, and its effect on the switching 

field, are treated. 

6.1 Bilinear magnetostatic coupling 

In a NiFe/Cu/NiFe spin valve the NiFe layers are more or less coupled, depending on 

the thickness of the intermediate Cu layer. This coupling has been found to be purely 

ferromagnetic (positive coupling), and monotonically decreasing with increasing Cu layer 

thickness [5]. For thin Cu layers this is explained by a "pinhole" mechanism, with which 

magnetic bridging sites across the intermediate nonmagnetic layer are meant. These pinholes 

contribute to a strong ferromagnetic coupling at low thicknesses. However, an alternative 

explanation, especially for thicker Cu layers, could be the so called "orange peel" 

magnetostatic coupling, which is discussed below. 

If the surface of a film is not completely flat, but has a rough topography, this has 

considerable consequences for the kind of magnetostatic coupling. Dependent on the degree 

of correlation of the interface roughness different magnetostatic coupling phenomena occur. 
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For completely correlated interface roughness (Fig. 6.1), Néel [53] has shown that the flux 

ciosure of the poles on one film by the poles on the other film yields a ferromagnetic 

coupling between both magnetic layers. This coupling is called orange peel coupling. Since 

the coupling in Permalloy-based spin valves has been shown to be ferromagnetic and non

oscillating, and there are indications of roughness, orange peel coupling may be an 

Fig. 6.1 

---+ 

Ferromagnetic layer 

nonmagnetic 
layer 

---+ 

À 

Ferromagnetic layer 

---+ 

"Orange peel" coupling. The arrows indicate the directionsof magnetization. 

explanation for the observed ferromagnetic coupling. Orange peel coupling is a kind of 

bilinear magnetostatic coupling, as its energy is proportional to cos 9. In the Néel model the 

bilinear coupling energy J1 of two ferromagnetic layers with saturation magnetization Ms and 

Ms', separated by a layer with thickness t, which have a two-dirnensional sinusoidal waviness 

wih amplitude ö and wavelength A. is given by 

(6.2) 

The Néel model for magnetostatic coupling due to correlated interface roughness has been 

shown to be in reasonable agreement with experirnental data on NiFe/Cu/NiFe/FeMn spin 

valves for t>l7 Á [54]. In the regime where t<l7 Á, it is assumed that the coupling is 

predominantly caused by pinholes. As mentioned before, an increasing ferromagnetic coupling 

results in a shift of the MH-loop, and may below a critica! interlayer thickness, result in a 

decrease of GMR. 
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6.2 Biquadratic magnetostatic coupling 

lf roughness of the two layers is not correlated, the coupling is more complex. Some 

regions of the film will show parallel alignment of the magnetization of both layers, others 

will show an antiparallel alignment. In fig. 6.2 an extreme configuration of uncorrelated 

roughness is shown. The surface of one ferromagnetic film has an array of infinitely long 

growth terraces and valleys with a period À and a height 2Ö. lts magnetization is aligned in 

x-direction. The second film has a smooth surface and its magnetization makes an angle 8 

with the x-direction. Both films have a thickness tp, the intermediate layer having thickness 

t. As a result of the uncorrelated interface roughness the magnetic moments of the layer 

having a smooth surface, will point locallyin opposite directions (A and B). Exchange 

I 

~F 

Fig. 6.2 

M(x.z) 
~ e(x.zl 

Schematic picture of two magnetic films separated by a spacer. The bottorn 

film is supposed to have periodic interfacial terraces with a period À and a height ö, whereas 

the upper film is assumed to have a smooth interface. (Picture from Demokritov et al. [55].) 

stiffness prevents this opposite direction of magnetic moments on such a smalllength scale. 

Therefore, the magnetic moments rotate by almost 90°, resulting in a perpendicular orientation 

of magnetizations in the ferromagnetic layers. This type of interlayer coupling, which makes 

a 90° alignment of magnetizations favourable, is called biquadratic coupling, as its energy is 

proportional to cos28. Demokritov [55] proposed a mechanism of biquadratic coupling, caused 

by the magnetic-dipole field, created by terraces. This field changes sign with a period 

corresponding to a typical scale of the film roughness in the lateral direction and favours a 

90° alignment of the magnetic moments of the two magnetic layers. B y integration over the 

magnetic film thickness of the energy per unit area caused by the magnetic-dipole field, 

Demokritov deduces for the biquadratic coupling parameter 
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(6.3) 

where A is the exchange constant. This equation is comparable to Eq. (6.2) deduced for 

bilinear coupling. A difference, ho wever, is that the biquadratic coupling is dependent on the 

ferromagnetic layer thickness tp. Demok:ritov integrates over the nonmagnetic and 

ferromagnetic thickness, whereas Néel only considers the nonmagnetic layer and the 

interfaces. Note that while Néel uses a two-dimensional sinusoirlal waviness in his model, the 

interface roughness in Demokritov's model has only one dimension. Therefore, 8 and A have 

a slightly different interpretation in both models, although they are of the same order. 

However, the physical origin of J1 and J2 are the same; they both are caused by interface 

roughness. It is assumed that the degree of roughness, especially A, is directly related to the 

grain size. As the grain size increases, A increases. But while Néel coupling is the result of 

correlated roughness, biquadratic coupling arises from deviations of correlated roughness. To 

be more explicit, biquadratic coupling becomes more significant if the interface roughness is 

less correlated. 

Biquadratic coupling might be interesting to be studied in view of the spin valve 

system. Due to the favourable 90° alignment of the magnetization it might influence the 

switching behaviour of the free magnetic layer in the spin valve. The magnetization reversal 

is then not only determined by uniaxial anisotropy (Fig. 3.2), but also by biquadratic coupling, 

resulting in a total anisotropy energy 

J 
E. ,=(K +_:)sin28 

.o u t 
F 

(6.4) 

where e is the angle between M and the EA. 

From the previous sections it has become clear that, due to orange peel coupling, the 

magnetization reversal in the unbiased layer occurs at a higher field, which can be observed 

from a shifted M(H)-curve. Biquadratic magnetostatic coupling results in an extra "anisotropy" 

contribution in the unbiased layer, i.e., an extra contribution to the field range in which 

magnetization reversal takes place. 
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6.3 Magnetostatic coupling observed in spin valves 

Dependenee on Cu layer thickness 

The switching field of the unbiased layer ~ and the ferromagnetic coupling field Hp 

were measured on spin valves with the following structure: 30 A Ta/80 A NiFeCo alloy/t 

Cu/60 A NiFeCo alloy/80 A Fe50Mn5J30 A Ta. Cu thickness was varled between 15 A and 

45 A. For thicknesses below 15 A no separate magnetization reversal in the unbiased and 

biased layer will occur, due to a strong ferromagnetic coupling. This would make it 

impossible to measure Hs. The NiFeCo alloy is either Ni70Fe18Co12, or N4;6Fe16Co18 (Jimbo), 

but in every spin valve the biased and unbiased layer are the same. Before measurement, the 

samples were annealed at 14o·c for 5 minutes. Annealing was performed in a vacuum of 

5·10-6 Torr and in a magnetic field of about 15 kNm perpendicular to the biasing direction. 

In this way a configuration of crossed anisotropies was achieved. The samples were measured 

in the SQUID. The external field was applied in the direction of the HA of the unbiased layer. 

Hs was determined in the same way as HK for the single ferromagnetic layers (Fig. 5.1). Hp 

is the field at the middle of the magnetization loop of the free layer (Fig. 3.2), determined 

with an accuracy of 0.04 kNm. The results are shown in Fig. 6.3. On the right-hand scale the 

interlayer coupling energy J is plotted. J is proportional to Hp: J=J.Io~Hptp, and has dimension 

[J/mz]. 
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Switching and coupling field of (a) a Ni70Fe18Co12 and (b) a Ni66Fe16Co18 based 

spin valve as a function of Cu layer thickness. The interlayer coupling energy on the right

hand scale is proportional to Hp The measured values of ~ and HF are compared with 

predictions that follow from, respectively, biquadratic magnetostatic coupling (solid and dotted 

line) and bilinear magnetostatic coupling (dashed line). ö and À. are used as fit parameters. 

It can be seen that the measured bilinear interlayer coupling decreases monotonically 

with increasing t, both for Ni70Fe~8Co12 and Jimbo. This is consistent with the observations 

on Permalloy based spin valves [5]. It is also found that this coupling is purely ferromagnetic, 

as the coupling field is always shifted towards the biasing field. J is compared with the 

coupling energy J1 that follows from the Néel model due to correlated interface roughness 

(dashed line) (Eq. (6.2)). Ö and À. are used as fit parameters. For Ni70Fe18Co12 (M8=770 kAlm) 

ö and À. are chosen to be 3 A and 85 A, respectively. The Jimbo (~=875 kAlm) data are 

analyzed, using Ö=3 A and À.=105 A. These values descrihing the sinusoirlal waviness, are 

about the same as the ones used by Kools [54] in analyzing coupling data on Permalloy based 

spin valves (Ö=4 A, À.=lOO A). The latter parameters are consistent with the rnicrostructure 

observed with Tranmission Electron Microscopy (TEM) and Atomie Force Microscopy 

(AFM). The model of orange peel coupling gives a very reasonable description of the 

experimental data, using these parameters. In the coupling data, also a small oscillating 

behaviour is observed. This may be due to an oscillatory exchange coupling, superimposed 

on the magnetostatic coupling. In the thickness regime below 18 A there a is astrong increase 

of the coupling strength, which can not be predicted by the Néel model. This regime is 

probably dominated by pinholes through the Cu layer causing a strong ferromagnetic coupling 
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between the magnetic layers. 

The switching field also shows a monotonic decrease with increasing Cu layer 

thickness, both for Ni70Fe18Co12 and Jimbo. The data were analyzed with a model that consists 

of both the induced anisotropy of the ferromagnetic layer and the biquadratic magnetostatic 

coupling term (Eqs. (6.3) and (6.4)). HK of Ni70Fe18Co12 in absence of an interlayer coupling 

was determined from the structure 30 A Ta/80 A Ni70Fe18Cor/30 A Cu/30 A Ta. The function 

of the Cu layer between the Ni70Fe18Co12 layer and Ta layer is to obtain a similar structure 

as the spin valve to exclude interfacial effects (see section 5.3). The film undergoes the same 

annealing treatment as the spin valve, i.e., during the anneal a magnetic field is applied 

perpendicular to the EA. Besides B and À., for the Jimbo based spin valve HK was also used 

as a fit parameter. The anisotropy fields used in the analysis were: HK=0.36 kAlm 

(Ni70Fe18Co12) and HK=0.49 kA/m (Jimbo ). It is clear that in the model the switching 

behaviour is dominated by HK, especially for thicknesses above 25 A. In Fig. 6.3a this is 

indicated by 0.72 kA/m which is twice HK. It can beseen that the experimental data cannot 

be fitted properly with the used model if <5=4 A and À.=lOO A (solid line), both for 

Ni70Fe18Co12 and Jimbo. However, these values of B and À. have been determined from AFM 

and TEM-observations on PermaHoy based spin valves. For Ni70Fe18Co12 and Jimbo different 

roughness parameters rnight be found. It is clear ho wever, that the effect of the biquadratic 

coupling mechanism in contributing to the switching behaviour of the unbiased layer is small. 

The use of <5=12 A results in a modification (dotted line) for Cu thicknesses above 25 A. 
AFM and TEM measurements should be performed to obtain more information on the 

roughness. 

A striking feature in Fig. 6.3 is the fact that ~ behaves the same as HF, i.e., not only 

the decrease of the switching/coupling field with increasing t but also the oscillating 

behaviour is shown by both properties as a function of t. It seems that ~ and HF are 

correlated. Therefore, an alternative mechanism in explaining the behaviour of ~ as a 

function of intermediate layer thickness is proposed: inhomogeneous bilinear coupling. In Fig. 

6.4 it is illustrated how an inhomogeneous bilinear coupling, leads to an additional 

contribution to ~· It is assumed that the coupling field is not homogeneous in the film, but 

suffers from small deviations. Therefore, a spread around the measured value of HF exists in 

the film. The dotted lines represent the magnetization reversal of the free magnetic layer in 

several parts of the film, with different coupling fields, under the assumption that the reversal 

is dorninated by HK and the spread in HF is symmetrie. The observed ~ follows from the 

addition of these loops. Of course, the way ~ is determined in Fig. 6.4, is simplified. In 

reality, ~ follows from the integration over the total film volume with respect to HF. In fact, 

the difference between the measured ~ and twice HK is a measure for the inhomogeneous 

coupling, represented by MIF. It can be seen from Fig. 6.3 that in this model MIF increases 
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with decreasing Cu thickness. In other words, the spread in HF increases as HF increases. This 

sounds realistic, and may be explained by the fact that pinholes become more prominent as 

the Cu thickness decreases. Then, in some parts of the film the ferromagnetic coupling is very 

strong, whereas in other parts the coupling is much less. 
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Fig. 6.4 Schematic mustration how an inhomogeneous coupling contributes to the 

switching field. 

Dependenee on unbiased layer thickness 

It was shown above that no clear evidence was found for biquadratic coupling playing 

an important role in the switching behaviour in a spin valve as a function of Cu layer 

thickness. However, J2 is also dependent on the ferromagnetic layer thickness tF (Eq. (6.3)). 

Furthermore, it was expected that À is directly related to the grain size. The grain size of ·' 

Permalloy films was determined from TEM (Fig. 6.5). The grain size monotonically increases 

from a value of about 50 A to 200 A with increasing thickness. Therefore, it is expected that 

À also increases with thickness. Furthermore, also the amplitude of waviness B is assumed to 

be dependent on film thickness, e.g. via the development of intergranular voids. It has been 

found from TEM-observations that voids become more pronounced at larger layer thicknesses, 

leading to an increase of B. 

Spin valves were prepared with the structure 30 A Ta/tp Ni7of'e18Co1J30 A Cu/60 A 
Ni70Fe18Co1J80 A Fe50Mn5of30 A Ta. tp was varied between 18 A and 500 A. The switching 

and coupling field measurements were performed in the same way as before, including an 

annealing treatment. The results are shown in Fig. 6.6. It can be seen that the bilinear 
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Fig. 6.5 
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interlayer coupling field monotonically increases with increasing tp. ~ increases with 

increasing Ni70Fe18Co12 layer thickness. As HK of Ni70Fe18Co12 is thickness dependent (Fig. 

5.2c), the anisotropy field plays a role in the increase of the switching field. Por a proper 

comparison of experimental data with the biquadratic coupling model, it is necessary to 

subtract the anisotropic contribution to the switching field. Por this purpose the following 
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Fig. 6.6 Switching field and interlayer coupling energy of a Ni70Fe18Co12 based spin 

valve as a function of the unbiased layer thickness. The dashed line represents the model of 

biquadratic coupling. It is compared with data representing the switching field after 

subtraction of the anisotropy contribution of the free magnetic layer (asterixs). In the table 

the values of the fit parameters ö and A are given. 

films were prepared: 30 Á Ta/tp Ni70Fe18Co12/30 Á Cu/30 Á Ta. The films were heat-treated 

in the same way as before, after which HK was determined. The difference between the value 
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of ~ in Fig. 6.6 and twice the anisotropy field yields the data points indicated with the 

asterixs. In fact, these data represent the anisotropic-free part of the switching field. The 

"modified" switching field still shows an increase with increasing thickness. This is compared 

with the value obtained from the biquadratic coupling model. B and À are used as adjustable 

parameters. However, since À is directly related to the grain size, À is chosen in such a way 

that it is equal to the grain size of PermaHoy (Fig. 6.5). Of course, a better choice would be 

a comparison with the grain size of Ni70Fe18Co12• Since these data are not available yet, 

Permalloy data are used as a guide for the waviness of the roughness. B is chosen arbitrarily 

within a realistic interval, see the table in Fig. 6.6. It can be seen that the experimental data 

cannot be explained by the biquadratic magnetostatic model, using the tabled values of B and 

À. However, we should bear in mind that the choice of Band À is rather arbitrary. TEM and 

AFM-observations on Ni70Fe18Co12 based spin valves, which give information on the 

microstructure, should be performed, to check whether biquadratic coupling plays a role in 

magnetization reversal. Anyhow, inhomogeneous bilinear coupling is probably the dominant 

contribution to the switching field. 

6.4 Magnetic annealing studies on spin valves 

In this section the temperature sensitivity of the switching field of a spin valve is 

discussed. This has nothing to do with magnetostatic coupling effects, discussed in the former 

sections. Spin valves with the structure: 30 A Ta/80 A Ni80FezJ25 A Cu/60 A Ni80Fewf100 

A Fe50Mn5of30 A Ta were prepared and subjected to annealing treatments. The temperature 

of annealing is 140°C. One set of samples was subjected to a magnetic field of 15 kA/m 

aligned perpendicular to the EA (field direction during growth) with varying annealing time 

(solid circles in Fig. 6.7). In this way, a configuration of crossed anisotropies inthespin valve 

is realized automatically. The data point at zero time (no anneal-treatment) represents a 

sample of which crossed anisotropies were achieved during growth, i.e., the second Permalloy 

layer was deposited in a 90° rotated magnetic field. Other samples were heat-treated in a field 

along the EA with varying time, and were afterwards magnetically annealed in the presence 

of a 90° rotated field for 5 minutes to achieve a configuration of crossed anisotropies 

(triangles). The time of five minutesof afterwards annealing was not included on the x-axis. 

Finally, one sample was annealed in the absence of a magnetic field for 4 hours, and was also 

post-annealed in a field perpendicular to the EA (asterix). A different behaviour can beseen 

between the two sets of samples with different field direction during heat-treatment. The set 

by which the magnetic field was applied perpendicular to the EA shows a decrease of ~. 

whereas ~ of the samples by which a parallel field was applied increases with annealing 

time. This behaviour has also been observed by several authors [24],[25],[26],[27] on the 
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Fig. 6.7 The change of the switching field with time during annealing at 14o·c of spin 

valves. The field applied during annealing was parallel to the HA (solid circles) and parallel 

to the EA with afterwards annealing at a HA field for five rninutes (triangles). 

induced anisotropy field of single PermaHoy layers (section 2.3). It is believed that the 

increase of f\ has the same origin as the increase of HK, since it is assumed that Hs is 

predorninantly accounted for by the uniaxial anisotropy field of Permalloy (neglecting 

coupling effects in spin valves). Por a sufficiently high annealing temperature for atomie 

diffusion to occur, the atoms will form pairs with the pair axis in the direction of the field. 

With increasing time of annealing, more directionally ordered pairs will be formed. Therefore, 

if a HA field is applied during annealing HK decreases monotonically, and can even assume 

negative values, i.e., an interchange of the EA and HA occurs. A magnetic field parallel to 

the EA, however, results in an increase of HK. Por sufficiently high time HK reaches a 

maximum. Mechanisms other than pair-ordering contributing to the induced anisotropy (e.g. 

imperfection or vacancy ordering) should not be excluded, however. The sample that was 

annealed in the absence of a magnetic field for 4 hours yields a larger f\ than the sample of 

which the crossed anisotropies were achieved during growth, and is nearly as large as the 

sample that was annealed in a parallel field for 4 hours. This indicates again that the 

directional ordering is deterrnined by the local magnetizations which are already more or less 

aligned in a uniform direction due to anisotropy, and not by the annealing field. Thus, the 

uniaxial anisotropy is M-induced rather than field-induced. 

Anyhow, annealing of spin valves appears to be an important tool in cantrolling the 

switching of magnetization in the unbiased layer, e.g. f\ doubles by a magnetic anneal of 4 

hours at 14o·c, with the field parallel to the EA (Fig. 6.7). Additionally, one should be 

careful with heat treatments of the spin valves, as it has been shown that the switching field 
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is very sensitve fora relatively low temperature of I4o·c. Therefore, Hs doesnotseem very 

stable. This temperature sensitivity is probably caused by the fact that the polycrystalline 

films consist of many grain boundaries, along which diffusion occurs. 
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Chapter 7 

Magnetization ripple 

As mentioned in section 2.1, the magnetic behaviour of a ferromagnetic film departs 

from the S-W model even if the film seems to be in a single-domain state. The reason for this 

departure is the presence of magnetization ripple, i.e., local angular deviations from the 

average magnetization direction. In this chapter magnetization ripple, and especially 

Hoffmann's interpretation of ripple [9], is clarified. By means of a simple model taking into 

account ripple as a modification of Stoner-Wohlfarth theory, its effect on HA magnetization 

loops is given. It becomes clear that ripple results in roundings of the magnetization loops at 

field values near the anisotropy field. Ripple is determined by using this model in fitting 

magnetization loops of PermaHoy films as a function of thickness. This is compared with the 

ripple angle predicted by Hoffmann's linear ripple theory in which the magnetization 

dispersion originates from spatially varying local anisotropies. Another interpretation of ripple 

is given in terms of anisotropy fluctuations on the scale of an atom. The effect of deposition 

conditions on ripple is discussed. Finally, some remarks are made with respect to the role that 

an inhomogeneous magnitude of the uniaxial anisotropy of a film, can play in the roundings 

of magnetization loops. 

7.1 Hoffmann's theory on ripple 

The frrst attempts to explain the effects of magnetization dispersion on the 

macroscopie properties were basedon an anisotropy-dispersion model [56]. In this model the 

film was thought of as divided into a large number of regions, each one of which had its own 

EA direction and magnitude of anisotropy. The regions were considered to be noninteracting, 

either by exchange or magnetostatic forces, so that the behaviour of the film was deterrnined 

simply by the composite of the S-W predictions for all the independent regions. An objection 

to this model simply is that it is known that the regions of the film cannot act independently 

but are in fact coupled by exchange and magnetostatic forces. For this reason, a 

micromagnetic model has been proposed of which the basic assumptions correspond far better 

with physical reality. The film is visualized as being composed of randomly oriented 

crystallites (grains). Within each crystallite, in addition to the uniform uniaxial anisotropy, 

there is a crystallite anisotropy whose magnitude and orientation vary from crystallite to 

crystallite. The random perturbing anisotropies are usually ascribed to magnetocrystalline 

anisotropy, strain-magnetostriction, the inhomogeneous part of the uniaxial anisotropy (skew), 
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surface roughness, and defects of the film. It is this spatially varying local anisotropy which 

causes the perturbations of the direction of M. However, M does not simply take the direction 

within each crystallite which would be dictated by the uniform uniaxial and local crystallite 

anisotropy because exchange and magnetostatic forces prevent abrupt changes in M. lnstead, 

the magnetization distribution in the film must be determined by a micromagnetic calculation 

which takes into account the many components of the local total energy. 

Both Hoffmann [9] and Harte [57] have developed a micromagnetic theory of ripple. 

Here we will only treat Hoffmann's theory. Hoffmann expressed the direction of Mat any 

point ~(r) as the sum of the mean magnetization <M> direction cp0, determined by the 

external field and uniaxial anisotropy, and the angular deviation from it cp(r): 

~(r)=cp0 +cp(r) (7.1) 

Fig. 7.1 shows a schematic presentation of this. To derive the mean ripple angle, the total 

energy has to be calculated and then the derivative with respect to the angle ~ of M is set 

equal to zero. The expression for the total energy is now far more complicated than in the 

HA -(M) 

-M 

EA 

Fig 7.1 Definition of angles used in the text. 

simple S-W model, for it includes not only the external field and uniaxial anisotropy energies 

but also exchange, local anisotropy, and magnetostatic energies. Thus, using the coordinate 

system of Fig. 7.1, if ~ is the local angle of M and a is the angle of the applied field, then 

the free energy consists of: 

External field 

Uniaxial anisotropy 

Exchange 

Local anisotropy 

Magnetostatic 

~ = -JioHM cos(a-~) 

~ = Ku sin2~ 
Eex = A(V~)2 

l;oc = ~f(~,r) 
Emag = -~ JloHdemag • M 
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In these equations ~ is the anisotropy constant of the individual grains and Hdemag is the 

demagnetizing field. It is the presence of the local anisotropy which generates the energy 

contributions of the last three terms. The exchange energy tries to align the magnetic moments 

parallel to each other. The magnetostatic energy corresponds with magnetic charges which are 

caused by a local rotation of the magnetization. Minimizing the total energy with respect to 

~ leads to the variational problem 

8 ( (EH+EK+E +E1 +E )dV=O Jv ex oe mag 
(7.2) 

By retaining only the initia! termsin a Taylor series expansion in cp Hoffmann simplilles the 

variational problem considerably. His approximation leads to a differential equation for the 

magnetization fluctuation cp(r) which can be linearized by neglecting the longitudinal stray 

field (parallel to the mean direction of M). In this so called linear ripple theory, Hoffmann 

derives an expression for cp(r) from the linearized differential equation. 

As mentioned before, M cannot simply take the direction of the local EA in a 

crystallite as this is prevented by exchange and magnetostatic forces. Instead, M can only 

rotate uniformly in a region which is much larger than a single grain: a ripple domain, with 

length scale in the order of pm. The ripple domain is found to be elliptical in shape with the 

minor axis parallel to the average magnetization <M>. The length of the minor axis is 

deterrnined by exchange forces, while the length of the major axis is deterrnined by stray 
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Fig. 7.2 Elliptic ripple domain in which the magnetization M has rotated with respect 

to the average direction of the magnetization in the film <M>. The squares represent the 

individual grains in which the anisotropy directions are indicated by arrows. The rotation of 

M causes magnetic charges ( + and -) at the border of the ellipse. 
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fields (demagnetizing fields). In Fig. 7.2 a ripple domain and its crystallites are schematically 

represented. For Permalloy the major axis is about 30 times as large as the minor axis [9]. 

This interpretation is consistent with Lorentz micrographs of ripple (Fig. 7 .3). Lorentz electron 

microscopy is a technique for the study of the magnetization configuration within a ftlm. An 

electron beam passes vertically through the sample and is deflected by the Lorentz force in 

a sense which depends on the magnetization direction. The microscope is focussed on an 

image plane at a distance from the sample. The received electron intensity results in a pattem 

of light and dark lines, caused by local changes in the magnetization direction. The ripple 

pattem is the fine, fibre-like structure. The sharper black and white lines are domain walls. 

So the ripple domains are small elongated regions in the larger domains. The size and 

orientation of a ripple domain depend upon the applied field. After saturation in the hard 

direction foliowed by a reduction of the field, the ripple has a maximum at the anisotropy 

field. This is revealed by the unregular ripple pattem shown in Fig. 7 .3a. Further decrease of 

the HA field leads to the formation of 180. domain walls. The pattem is found to break up 

into the so called fishbone domain wall pattem, consisring of a lot of ripple domains enclosed 

by domain walls, and the ripple within the domains decreases (Fig. 7.3b). Finally, as the 

extemal field approaches zero the ripple is minimized and M within the domains tums to the 

EA (Fig. 7.3c). The domain walls appear very intensive at zero field. The ripple behaviour 

can well be understood by energy considerations [58]. At H=HK the magnetization energy as 

a function of the angle of magnetization shows a flat minimum, indicating large fluctuations 

of M (Fig. 7.3a). By reduction of the applied field, because of uniaxial anisotropy M canturn 

either to the right or to the left to the EA. Therefore, two separated energy minima are formed 

next to the HA direction (Fig. 7.3b), corresponding to the formation of domains. At further 

decrease of the field, these minima become sharper and sharper and occur at an angle closer 

Fig. 7.3 Sequence of Lorentz rnicrographs illustrating the switching behaviour of the 

magnetization of a 200 A thick Permalloy film upon application of a hard axis field (HK=0.24 

kNm). The numbers are field values. The arrows indicate the magnetization direction within 

the domains. [59] 
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and closer to the EA direction. This indicates decreasing fluctuations of M from its average 

direction and an aligning of the magnetization either to the left or to the right along the EA 

(Fig. 7 .3c ). 

Por comparison with macroscopie measurements, it is useful to calculate, besides the 

magnetization fluctuation at every point r, the root mean square magnetization dispersion cpnns• 
which is defined as the square root of the value of cp2 averaged over the entire film. cpnns will 

be called ripple angle. It can be shown [9] that, assuming that the perturbing anisotropies are 

randomly-oriented uniaxial anisotropies, 

(7.3) 

where a is a constant of the order of unity depending on the symmetry of the crystallite 

anisotropies, n is the number of crystallites throughout the film thickness, and h(a) is the 

normalized single domain fielddepending on the angle a between field direction and EA [11]. 

h(a) is derived by the second derivative of the energy, consisring of~ and EK (as in Eq. 

(2.2)), with respect to the angle cp0, giving 

h( a) =hcos( a -cp0) +cos(2cp0) (7.4) 

where h=H/HK is the normalized field. Por zero applied field h(a)=l. 

Por NiFe the compositional dependenee of cpnns has been determined from Lorentz 

micrographs [60]. A ripple angle of about 1 • was measured which is in reasonab1e agreement 

with Hoffmann's predictions. A sharp minimum was found near 74% Ni, where the 

magnetocrystalline constant K 1::=0 for bulk material, concluding that the origin of the ripple 

is dominated by magnetocrystalline anisotropy. However, the quantitative interpretation of 

Lorentz micrographs remains difficult. 

7.2 Effect of ripple on the hard axis magnetization loops 

The HA-loop of Fig. 2.1 is idealized for it is only valid in the case the magnetization 

rotates coherently in a single domain. Due to the presence of ripple, local fluctuations of the 

magnetization exist in the film. In this section we will consicter the effect of magnetization 

dispersion on the shape of a HA magnetization curve. 

In the simple S-W-model Mis directed uniformly at some angle cp0 with respect to the 
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EA everywhere in the film. Taking ripple into consideration, the local magnetization direction 

is given by <j>(r) as in Eq. (7.1). Fora HA field (a-~t/2) cp0 is dictated by Eq. (2.3). Thus, we 

find for the various regimes: 

H<-HK: 

-&c<H<HK: 

H>HK: 

cp0= -n/2 

cp0= arcsin(H/HK) 

cp0= Tt/2 

(7.5) 

The field dependenee of cprms is taken from the linear ripple theory (Eq. (7.3)). Although the 

zero field value of cpnns depends on the grain-to-grain variations of the anisotropy direction, 

the functional form of the field dependenee h( a) is more general. This field dependenee is 

determined by the interplay between extemal field and uniaxial anisotropy, disregarding the 

physical mechanism responsible for ripple. Substitution of a=n/2 in Eq. (7.4) leads to 

By substituting cp0 from Eq. (7.5) in Eq. (7.3) 

H<-HK: 

-HK<H<HK: 

H>HK: 

cprms= cprms,o' { (-H/HK)-1} -318 

cprms= cprms,o' { 1-(H/HK)2} -3/8 

cprms= cpnns,o' { (H/HK)-1 } -318 

(7.6) 

(7.7) 

where cpnns,o is the ripple angle at zero applied field. As mentioned above, the constant cpnns,o 

depends on the anisotropy fluctuations. However, we will use it as a fit parameter, descrihing 

the magnitude of the magnetization dispersion, independent of the physical mechanism behind 

these fluctuations. The functions in Eq. (7. 7) lead to divergencies at the anisotropy field, 

H=HK and H=-HK. From Lorentz electron microscopy observations it is clear that such a 

divergence in ripple does not occur (Fig. 7 .3), but when a pproaehing the anisotropy field there 

is indeed an increase of the ripple. In the following numerical treatments it is found that the 

divergency only occurs for fields which are very close to HK. Linear ripple theory is only 

valid for a low ripple angle, since then the longitudinal stray field may be neglected. Thus, 

unphysical values of cpnns are attributed to a breakdown of linear ripple theory, implying the 

invalidity of Eq. (7. 7). Therefore, an upper boundary for allowed values of cprms is chosen: cpnns 

is limited to values lower than 3cprms,o• i.e., all fields which are within 5% equal to HK are 

ignored. 
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The average magnetization M along the HA can now be calculated from the integral 

M= Ms ( sin(cp
0 
+cp(r))dxdy 

S Js 

where S is the area used to average. U sing the equality: 

sin(cp0+cp(r))=sin(cp0)·cos(cp(r)) + cos(cp0)·sin(cp(r)) 

(7.8) 

and the fact that, due to the symmetrie nature of the integral, odd functions of cp(r) average 

to zero, the integral can be simplified to 

Jsin( cp0 +cp(r))dxdy=sincp0 Jcoscp(r)dxdy 

Fora further simplification of Eq. (7.8) cos(cp(r)) is expanded in a Taylor series, taking into 

account only the zero and second order terms, leading to 

(7.9) 

By substitution of Eqs. (7.5) and (7.7) in (7.9) a HA magnetization loop is obtained. There 

Fig. 7.4 
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are essentially 3 parameters for fitting the experimental M(H) curve: HK, M5, and <l'nns,o· The 

effect of parameter <l'rms,o ( or ripple angle) on the shape of the M(H) curve is illustrated in Fig. 

7 .4. It can be seen that the ripple leads to a rounding of the edges near the anisotropy field. 

The modification of the magnetization curve due to the presence of the ripple appears to be 

only important for <l'nns,o-values larger than 5°. 

In the next section the results of the magnetization curve fitting of PermaHoy films 

will be given. The above described model for fitting M(H) curves of thin Permalloy films, 

will be publisbed [61]. 

7.3 Analysis of ripple in thin Permalloy films 

The HA magnetization loops of films with the structure 30 A Ta/t Ni80Fe2of30 A Ta 

were fitted with Eq. (7.9). An example of an experimental HA loop for a 500 A thick 

PermaHoy film, measured in the SQUID, is shown in Fig. 7 .5. The experimental loop has 

beenfittedas described above. The fit parameters which have been used are HK=0.34 kAlm, 

~=750 kAlmand <l'rms,o=(12±1r. When comparing the measured data to the calculated durve, 

it can be seen that the experimental data are weH described by the fit. Both experimental data 

and fitted curve show a very pronounced rounding for field values around the anisotropy field. 

phi=l2° 

1.5 

-1 

-1 ~5 0 05 

Magnetic field (kAlm) 

Fig. 7.5 Experimental (squares) and calculated (line) HA magnetization curvefora 500 

A thick Permalloy film. 

The ripple angle at zero field <l'rms,o as measured for a series of films with varying Permalloy 
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thickness is plotted in Fig. 7.6 (solid circles). From this figure it becomes clear that two 

regimes can be distinguished. For thicknesses above 100 Á, a slow increase of the ripple 

angle with increasing film thickness is observed. On the other hand, for thicknesses below 

100 Á, a strong increase of the ripple angle with decreasing thickness can be seen, consistent 

with Lorentz rnicroscopy observations reported earlier [62]. The results from fitting the 

magnetization loops are compared to the value of <i>rms.o as predicted by Eq. (7.3) (h(a.)=l). 

The thickness independent properties are taken to be: n= 1 (it is found that the films have a 

fiber structure), cr=2-~, M5=750 kA/m, A=10-11 J/m. The grain size D and uniaxial anisotropy 

constant~ depend on thickness. ~is obtained from magnetization measurements (Fig. 5.2a). 

D is deterrnined from TEM (Fig. 6.5). The anisotropy constant of the individual grains ~ is 

used as an adjustable parameter. <i>rms,o is proportional to K5• The ripple angle thus obtained, 

is given by the solid line in Fig. 7.6. ~was chosen to be 20 kJ/m3
• It should be mentioned 

that this value of ~ is a factor of ten larger than the ~ value used by Hoffmann in analyzing 

experimental data [63]. It seemsnot clear on what grounds Hoffmann choses the ~ value. 

However, it is interesting to note that the magnitude of the local anisotropy, as calculated by 

the pair ordering model which is outlined in section 2.4, is in the order of Ht J/m3 for a 

typical grain size of 100 Á. It can be seen that the data points can be well desribed by linear 

ripple theory in the thickness range 100 Á-1000 Á. However, the behaviour in the lower 

Fig. 7.6 
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values of the ripple are compared with predictions of linear ripple theory when consiclering 

anisotropy fluctuations on the scale of a grain (solid line, ~=20 kJ/m3
) or on an atom (dotted 

line, K=7.2 MJ/m3
). 
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thickness range is not accurately described by this theory. 

The discrepancy of linear ripple theory in the low thickness regime can probably be 

explained by a change in the microstructure of the films at these thicknesses. The investigated 

films have a strong ( 111) texture which minimizes the effect of magnetocrystalline anisotropy. 

Local anisotropy fluctuations cannot be attributed to variations of the crystal anisotropy 

directions then. The strong increase of ripple for small thicknesses may be caused by a 

decreasein the degree of (111) texture. This has indeed been measured recently. Furthermore, 

it cannot be excluded that as the film thickness decreases, surface effects should be taken into 

account, e.g. random anisotropy contributions due to surface roughness. It should be 

mentioned that TEM-observations showed that as the film thickness exceeded values of 

approximately 200 Á, intergranular voids started to develop. It is expected that such voids 

would hamper intergranular exchange interaction. In fact, this strengthens Hoffmann's 

assumptions of crystallite anisotropy fluctuations being the souree of ripple. These 

intergranular voids, however, are not observed in the low thickness range. Therefore, it is 

suggested that there exists a different mechanism underlying ripple. In stead of consictering 

anisotropy fluctuations on the scale of a grain which cause ripple, it is suggested that 

anisotropy fluctuations on a much smaller scale supply the mechanism for the observed ripple: 

on the scale of an atom. In that case the local atomie anisotropy fluctuations are completely 

accounted for by the anisotropy resulting from the local environment of an atom. Hoffmann 's 

linear ripple theory has to be adjusted somewhat for this purpose. The denvation of Eq. (7 .3) 

from minimizing the total energy (Eq. (7.2)) remains the same. Some physical properties, 

however, have a different meaning: D represents the atomie diameter (0=2.04 Á for 

Permalloy) insteadof the grain size, nis the number of monolayers in a film, 0' depends on 

the symmetry of the local anisotropy of an atom pair (cr=l), K (in stead of~) is the local 

anisotropy on the scale of a single atom. K is no longer an adjustable parameter, but is 

obtained from the pair ordering model (section 2.4): K=7.2 MJ/m3
• The other properties in 

Eq. (7.3) remain the same. As the grain size is not involved anymore, Kuis the only thickness 

dependent property. The result of the calculation is shown by the dotted line in Fig. (7.6). It 

can be seen that the increase of the ripple angle with decreasing thickness in the low 

thickness regime can reasonably be described by the ripple theory based on atomie anisotropy 

fluctuations. On the other hand, it does not agree with the measured values for ft.lms with 

thicknesses above 200 Á. It seems that the observed ripple can be described by a theory 

consisting of both crystallite and atomie anisotropy fluctuations as mechanisms underlying 

ripple, by which the former is dominant for thicker films, whereas the latter is more important 

for thinner films. 

The Permalloy fllms, sputtered under conditions different from normal (p=5 mTorr, 

r=2.0 Á/s), were analyzed on ripple in the same way as above. The results are shown in Fig. 
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7. 7. It can be seen that the ripple angle increases for a reduced sputtering pressure (p=2 

mTorr), and decreases for a lower deposition rate (r=l.2 Á/s). It is suggested that with 

Fig. 7.7 
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The ripple angle versus PermaHoy layer thickness sputtered under various 

decreasing pressure, due to a higher kinetic energy of the atoms arriving at the surface, the 

structure (e.g. grain size) of the films changes. TEM-observations should prove this. This rnay 

lead to an increasing ripple. The effect of the deposition rate can be explained by the fact that 

with a reduced rate the atoms are less rapidly "captured" by other atoms, and therefore a 

better ordering and less anisotropy fluctuations occur. 

In the interpretation of the roundings of the HA magnetization loops near the 

anisotropy field, thus far only fluctuations in the direction of local anisotropy have been 

considered. But also grain-to-grain variations of the anisotropy magnitude may be essential 

in descrihing the behaviour of the HA loops, as shown below. Deviations up to 10% from the 

mean anisotropy value <HK> in a thin magnetic film have been reported [56],[64]. 

Fluctuations in the magnitude of HK are not included in ripple theory. From Fig. 7.8 it 

becomes clear how a spatially varying anisotropy magnitude can result in roundings of the 

HA magnetization loops. The value of the uniaxial anisotropy field changes from place to 

place in the film (dashed lines). The superposition of these curves leads to a magnetization 

curve with roundings for field values around HK (solid line). Therefore, one should be careful 

in assuming that the roundings are caused merely by ripple. The extent of magnitude 

fluctuations of the anisotopy in our films still has to be investigated. 
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2HK 

Fig. 7.8 Schematic illustration how a spatially varlation in the magnitude of the 

anisotropy results in a rounded MH-curve. 
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Chapter 8 

Conclusions 

The magnetization switching behaviour of NiFeCo layers has been studied both in 

Ta/NiFeCo{fa thin films and in NiFeCo/Cu/NiFeCo spin valves as a function of parameters 

lik:e NiFeCo layer thickness, Cu intermediate layer thickness, and deposition conditions. The 

switching behaviour is dependent on many factors: 

The induced anisotropy field of the unbiased NiFeCo layer plays an important role in 

magnetization reversal. By studying Ta/NiFeCo{fa layers it was found that HK can be 

controlled by either the composition or thickness of the NiFeCo layer. The actdition 

of Co to NiFe leads to an increase of HK from values of about 0.4 kNm for Ni80Fe20 

to values of 2.3 kNm for Ni40Fe10Co50• The alloys Ni80Fe20, Ni70Fe18Co12 and 

Ni66Fe16Co18 show an increase of HK to saturation at a certain critical thickness (100-

200 A), which is explained by the formation of a dead anisotropy layer at the interface 

NiFeCo{fa. On the other hand, Ni75Fe19Co6 and Ni40Fe10Co50 show a different thickness 

dependence. V aria ti on of the deposition conditions (argon pre ss ure and deposition rate) 

has little effect on the anisotropy field. 

For thicknesses below 100 A a strong increase in ripple has been found. Ripple might 

reduce the sensitive part of the magnetoresistance curve, due to rounding of the 

magnetization loops. Ripple angles can be controlled by deposition conditions. 

An important tool in controlling the switching behaviour via the anisotropy is obtained 

by pre-annealing at sufficiently high temperature (140°C), and subsequently cooling 

down in a magnetic field. If the field is applied perpendicular to the EA induced 

during growth, the switching field decreases, whereas a parallel field causes an 

increase of ~· 

The switching field and interlayer coupling of Ni7oFe18Co12 and Ni66Fe16Co18 based spin 

valves have been investigated as a function of interlayer thickness and unbiased 

magnetic layer thickness. The interlayer coupling decreases with increasing Cu 

thickness. For Cu thicknesses below 18 A, the coupling strength is very strong, 

resulting in a considerable offset of the sensitive part of the magnetoresistance curve. 

This is probably caused by the increased density of pinholes in this thickness regime. 

For thicknesses above 18 A the observed interlayer coupling can reasonably be 

described in terms of the Néel model for magnetostatic coupling due to correlated 

interface roughness. lt is important to control the substrate morphology, since the 

amplitude B of the sinusoirlal waviness, which, in the Néel model, is assumed to occur 
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at the interface has a considerable effect on the strength of the coupling field. 

It has been investigated whether, besides the induced anisotropy, a biquadratic 

magnetostatic coupling mechanism plays a role in magnetization reversal. Both for Cu 

layer thickness dependenee and unbiased layer thickness dependenee of the switching 

field, biquadratic magnetostatic coupling is found to be of minor importance. The 

switching field and interlayer coupling show a similar Cu thickness dependence, i.e. 

monotonicaly decreasing with increasing thickness. Therefore, a mechanism in which 

inhomogeneities in the bilinear coupling are involved, has been suggested as an 

alternative explanation for the observed behaviour of the magnetization reversal. 

However, the precise role of biquadratic magnetostatic coupling and inhomogeneous 

coupling in magnetization reversal has not become clear. TEM and AFM-observations 

should be performed on NiFeCo alloys for a wide range of thicknesses to get more 

information on the microstructure and to obtain a better insight in the role of 

biquadratic coupling in magnetization reversal. 
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Appendix 

Calculations in pair ordering model 

Consider an atom, residing at the origin, with 12 nearest neighbours (fee) at coordinates (~. 

Yi• zJ As all nearest neighbours have equal distances from the origin, an equivalent and 

sufficient set of coordinates is (cos a 1, cos <X.z, cos a 3)i, where cos~ are the direction cosines 

with the x-, y-, and z-axis (Fig. Al). The local environment of the atom at the origin is fully 

characterized by the anisotropy tensor A,j, defined as 

1 
A .. =~ .. EF N.(cosa.cosa.--8 . .) 

IJ L_..,IJ e- I I } 3 IJ 
(Al) 

The total anisotropy energy depends on the direction of the magnetic moment of the central 

atom, characterized by the direction cosines (cos ~1 , cos ~2, cos ~3) with the x-, y-, and z-axis, 

and on the local environment in the following way: 

(A2) 

with Mij=cos ~i cos ~j -l/3 Bij 

z 

0(.3 I 

I oe,_, 
__ ......___.:l ____ y 

------' 
x 

Fig. Al Picture of an atom A at the origin and a neighbouring atom B at coordinates 

(cos a 1, cos <X.z, cos ~). The contribution to anisotropy of this bond is fully deterrnined by 

its direction. 

Because of the large shape anisotropy the magnetization will tend to lie in the film plane and 

a tedious 3 dimensional problem turns into a much simpler 2 dimensional one. In fact, the 

anisotropy tensor is projected onto the film plane. The magnetization tensor then takes the 
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form 

1 coscpsin<p 0 cos2cp--
3 

M coscpsincp • 2 1 0 Sin cp--
3 

0 0 1 
3 

where cp is the angle the magnetization in the film plane makes with the x-axis. 

In this simplified calculation the anisotropy energy is given by 

E=(cos2cp-2.)A +(sin2cp-2.)A +sincpcoscp(A +A )-.!..A 3 xx 3 yy xy yx 3 zz 
(A3) 

In the complex case of a lattice randomly ftlled with N Fe and Ni atoms all the anisotropy 

tensors associated with a Fe-Ni pair are added up to a summa ti on tensor of which only the 

in-plane part is concerned: 

Easy and hard axes follow from dE/dcp=O: 

A +A 
tan2cp- xy yx 

A -A 
(A4) 

XX yy 

The value of cp for which E is minimized corresponds with the easy axis. The other value of 

cp gives the hard axis. 

The magnitude of the anisotropy is obtained by diagonalizing the summation tensor to 
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with 

A +A +y(A +A )2 -4(A A -A A ) A I _ xx yy xx xy xx yy xy yx 

XX 2 
(A5) 

and 

I A +A -J(A +A ?-4(A A -A A ) A _ xx YY xx xy xx yy xy yx 

YY 2 
(A6) 

The effective in-plane uniaxial anisotropy constant is then 

K=A I -A I =J<A +A ?-4(A A -A A ) 
XX JJ XX JJ XX JJ XJ JX 

(A7) 
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