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Chapter 1 

General introduetion 

1.1 Intrad uction 

The development of thin film technology has opened many new fields in the 
physics of metals . Once being able to deposit films with thicknesses of just a 
few atomie layers, a whole new class of materials became available in the form 
of multilayers. These multilayers, consisting of thin layers of different metals, 
exhibit properties that are often not found in alloys of the same materials. The 
origin of these properties is ascribed to two characteristic aspectsof multilayers. 
First , if the layer thicknesses are very smal! and the interfaces are sufficiently 
sharp, new physical phenomena may be observed. A very good example of 
this is the discovery, by Grünberg et al., of the interlayer exchange coupling 
in Fe/Cr multilayers, that couples the ferromagnetic Fe magnetizations over 
the (antiferromagnetic) Cr layers with a thickness of the order of 1 nm [1]. 
Second, phenomena that are connected to the electronic structure and magnetic 
interactions at the interfaces between the subsequent layers become apparent, 
especially when the layer thicknesses are reduced to just a few atomie layers. 
An example of such a phenomenon in magnetic multilayers is the perpendicular 
magnetic anisotropy, first observed by Garcia et al. in Co/Pd multilayers [2] , 
that favors an alignment of the magnetization of the Co layers perpendicular 
to the film plane, despite demagnetization. 

The giant magnetoresistance (GMR) effect (also called spin-valve effect ) in 
Fe/Cr multilayers, discovered independently by Baibich et al. [3] and Binasch 
et al. [4], is another striking example, in which both characteristic aspects of 
multilayers are represented . It was found that the electrical resistance of these 
multilayers depends on the magnetization orientation of adjacent ferromagnetic 
layers: an antiparallel alignment of the magnetizations yields a higher resistance 
than a parallel alignment of the magnetizations. This effect is believed to be 
due to spin-dependent scattering of electrans at the Fe/Cr interfaces and it 
only occurs (in the current-in-plane (CIP) configuration) when the thickness of 
the Cr layer is smaller than the electron mean free path. In these multilayers , 
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the antiparallel alignment of the magnetizations (at zero magnetic field) is 
caused by an antiferromagnetic exchange coupling over the interlayer [1]. The 
magnetizations can be oriented parallel under the infl.uence of a magnetic field, 
sufficiently large to overcome the coupling. 

Very soon after the discovery of the GMR effect, it was recognized that this 
effect could be very promising for application in magnetoresistive read heads 
for high-density tape and rigid-disk recording, because of the potentially higher 
sensitivity of a magnetoresistive sensorbasedon the GMR effect as compared to 
the anisotropic magnetoresistance effect (AMR). The introduetion of a GMR
based read head could, for example, lead toa further increase of the bit density 
on hard disks or tapes, and to a reduced power consumption of the read head, 
an issue that is of prime importance for portable applications. Within the 
last few years, several groups have succeeded in constructing GMR-based read 
heads (see Ref. [5] for an overview). In addition, there are several other applic
ations for (G)MR materials, e.g., in magnetic random access memory (MRAM) 
devices, in magnetic field sensors for campasses and for position sensors, accel
eration sensors, and torque sensors, which are, for example, used in robotics 
and in cars. 

Viabie candidates for the application in read heads for digital magnetic 
recording are essentially uncoupled multilayers, with saturation fields of the 
order of only 0.5-5 kAjm. To create a transition between a state of parallel 
and antiparallel magnetizations, ferromagnetic layers with different coercivities 
can be used. To achieve this, adjacent ferromagnetic layers may have different 
thicknesses or they may be chemically different [6]. Alternatively, the exchange
biasing effect may be used to switch between a state of paralleland antiparallel 
magnetizations, as was first described by Dieny et al. [7, 8]. In this thesis we 
wil! concentrate on these so-called exchange-biased spin valves. 

1.2 Exchange-biased spin valves 

It was discovered in 1956 by Meiklejohn and Bean [9] that a ferromagnet, 
which is in contact with an antiferromagnet, exhibits a unidirectional exchange 
anisotropy, manifested in a magnetization versus field loop that is shifted away 
from zero-field. This effect, first observed for Co particles with a CoO skin, 
is called the exchange-biasing effect. In exchange-biased spin valves, with the 
general form FI/ NM/ F2/ AF (F1 and F2 are ferromagnetic layers, NM is a 
nonmagnetic layer, and AF is an antiferromagnetic layer) [7, 8], this effect is 
utilized to create a transition between paralleland antiparallel alignment of the 
magnetizations. Fig. 1.1 shows a schematic cross-section of an exchange-biased 
spin valve. Presently, a wide variety of materials is used as biasing material in 
spin valves, such as Fe50 Mn50 [7, 8], NiO [10], NiO jCoO superlattices [11], and 
Tb23Con (which is a ferrimagnet) [12]. 

Fig. 1.2a shows a typical magnetization (M) versus field (H) curve of 
an exchange-biased spin valve. Defining the positive field direction as the 
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Figure 1.1: Schematic cross-section of an exchange-biased spin valve. 
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exchange-anisotropy direction, the F layers have parallel magnetizations for 
H > 0. Close to zero-field the magnetization of the F1 layer reverses, whereas 
the magnetization of the F2 layer remains fixed. The offset field Ho is due 
to a weak (ferromagnetic) coupling between the ferromagnetic layers. The 
switching behavior of the F1 layer (also called unbiased or sensitive layer) is 
partly determined by an uniaxial anisotropy that is induced by growth in a 
magnetic field (see Chap. 9 for a complete discussion). Upon application of 
a field larger than the exchange-anisotropy field HEA , the exchange interac
t ion of the F2 layer with the antiferromagnetic layer is overcome, and the F2 

layer switches too. The direction of the exchange anisotropy is determined 
by the magnetization direction of the F2 layer during deposition of the AF 
layer, which can be influenced by applying a magnetic field during deposition. 
The corresponding resistance (R) versus field curve (Fig. 1.2b) clearly shows a 
plateau of high resistance when the magnetizations are antiparallel and a low 
resistance when the magnetizations are parallel. The size of the GMR effect 
is usually expressed in the G MR ratio, defined as [j.RI R = (RAP - Rp) I Rp 
in which Rp and RAP are the resistance in the parallel and antiparallel state 
of the magnetizations, respectively. In Ni80Fe20ICu spin valves GMR ratiosof 
typically 4-5 % are measured. GMR ratios up to 21 % have been measured in 
symmetrie CoiCuiCoiCuiCo spin valves, in which the outer two Co layers are 
exchange-biased by (insulating) NiO layers [13]. Using exchange-biased spin 
valves with so-called crossed anisotropies, it has been possible to reach a very 
high sensitivity, combined with a very small coercivity [14] (Chap. 8). Sens
itivity is defined he re as ( 8RI R) I aH at the steepest point of the GMR ratio 
versus field curve. Sensitivities up to 18 %1(kAim) at room temperature have 
been found in NisoFe2oiCuiNisoFe2oiFesoMn5o spin valves, much larger than 
that of single permalloy films, which are presently employed in magnetoresist
ive sensing devices. The sensitivity of the latter films , in which the resistance 
change originates from the anisotropic magnetoresistance (AMR) effect , is only 
about 5 %1(kAim) [15] . 



4 Cbapter 1 

M --(a) 

H 

--
(b) 

R 

-- --
H 

Figure 1.2: Schematic representation of (a) the magnetization (M) versus field 
(H) curve and {b) the resistance (R) versus field curve of an exchange-biased 
spin valve. M agnetization revers al of the sensitive and the exchange-biased 
layer takes place at the offset field Ho and the exchange-anisotropy field HEA, 
respectively. 

When the magnetization orientation of the magnetic layers changes from 
parallel to antiparallel, not only the GMR effect but also the AMR effect 
is measured. AMR, which is the dependenee of the resistivity on the angle 
between the magnetization and the electric current direction, arises from an
isotropic scattering due to spin-orbit interaction [16- 18] . The AMR effect is 
not always small as compared to the GMR effect. This can result in an an
isotropy of the GMR effect, i.e., the GMR ratio depends on the angle between 
the current direction and the direction of the magnetizations [19- 21] (Chap. 3). 
In addition, the shape of the lew-field R(H) curve and the sensitivity of the 
spin valve depend on the ratio between the GMR and the AMR effect . The 
contributions from AMR and GMR can be separated by performing resistance 
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versus field measurements with the magnetic field su bsequently parallel and 
perpendicular to the direction of the current. Excellent reviews of the GMR 
effect in exchange-biased spin valves and its application in magnetoresistive 
read heads are given in Refs. [5, 22, 23]. 

1. 3 Origin of the G MR effect 

The GMR effect can be understood within the Mott two-current model for the 
electrical conduction in metals, in which the total conductivity can be expressed 
as the sum of the separate contributions from the spin-up and spin-down elec
trans [24]. The GMR effect arises when the scattering rates of spin-up and 
spin-down electrans in the magnetic layers or at the magnetic/nonmagnetic in
terfaces are different. In most cases, scattering is strong for electrans with the 
spin antiparallel to the local magnetization (spin-down) and weak for electrans 
with the spin parallel to the local magnetization (spin-up). This is schemat
ically illustrated in Fig. 1.3 for the case of parallel and antiparallel magnet
izations. For parallel magnetizations, one spin channel has a high resistivity 
whereas the other spin channel has a low resistivity, resulting in a low tata! 
resistance. In the case .of antiparallel magnetizations, bath spin channels ex
perience an appreciable scattering, resulting in a higher total resistance. The 
largest GMR ratio, viz. 220 %, has been measured in exchange-coupled Fe/ Cr 
multilayers at 1.5 K [25] . At room temperature, the largest GMR ratio, viz. 
65 %, has been observed in exchange-coupled Co/Cu multilayers [26]. Despite 
these high GMR ratios, exchange-coupled multilayers are not suitable for ap
plication in magnetoresistive read heads, because the high fields required to 
switch between parallel and antiparallel alignment of the magnetizations lead 
to a low sensitivity. 

In transition metals, the spin-dependenee of the scattering is due to the 
differences in scattering probabilities for spin-up and spin-down electrons. For 
years, it has been a point of discussion whether this spin-dependent scatter
ing takes place predominantly at the F/ NM interfaces or in the bulk of the 
magnetic layers. Various experimental attempts have been made to probe the 
mechanism of the GMR effect. The role of interface scattering has been in
vestigated by modifying the structure of the F/ NM interfaces by annealing or 
depositing thin alloy layers [27- 29] and by inserting thin layers of other ele
ments at the F/ NM interfaces [30- 32]. In addition, attempts have been made 
to estimate the electron mean free paths by fitting the dependenee of the GMR 
effect on the ferromagnetic layer thickness with a phenomenological expres
sion [33] or by using engineered spin-valve structures [32, 34- 36]. On the other 
hand, electron-transport rnadeis have been used to quantitatively fit the ex
perimentally determined values of the resistance and the GMR ratio in order 
to distinguish between the contributions of spin-dependent bulk and interface 
scattering to the GMR effect [37, 38]. Once the fitting parameters (mean free 
paths, interface-scattering parameters) have been determined, these model cal-
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Figure 1.3: Schematic illustration of the electron transport in a F /NM mul
tilayer for (a) parallel and (b) antiparallel alignment of the magnetizations. 
The electron trajectvries for spin-up and spin-down electrans are indicated by 
the dashed lines. 

culations can be a useful tool to optimize the layer thicknesses in a spin valve 
and to predict the magnetotransport properties of new designs of layered struc
tures. 

A number of theoretica! approaches focusses on effects related to the de
tailed band structure of magnetic multilayers, and changes in it due to the 
switching of the magnetization directions [39- 42]. However, until now there 
are no experimental reports that convincingly demonstrate that these effects 
are of practical interest. 

1.4 This thesis 

In this thesis, the results of a study on the magnetoresistance and the magnetic 
interactions in exchange-biased spin valves are presented. First, the factors 
determining the resistance and magnetoresistance of spin valves will be dis
cussed, as well as the possibilities to predict these properties using a model 
for the electrical conductivity. Second, the interplay of induced anisotropy, the 
exchange-biasing effect, and interlayer coupling, that determines the magnet
ization reversal of the sensitive layer, will be discussed. Knowledge of these 
issues is required for a successfull design of magnetoresistive read heads. 

A schematic picture of (one track of) a yoke-type read head is shown in 
Fig. 1.4. In this design, the magnetoresistive element (MRE) is part of a yoke, 
and bridges a gap between soft magnetic flux guides, that guide the magnetic 
flux from the tape through the MRE. The yoke-type read head is very suitable 
for application in magnetic tape systems, as the MRE has been placed away 
from the tape-bearing surface (t he surface that is in contact with the tape), 
thereby reducing the thermally-induced noise in the MRE due to the contact 
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Figure 1.4: Schematic picture of one track of a yoke-type magnetoresistive read 
head. The exploded view of the magnetoresistive element (MRE) shows the 
exchange-biased spin-valve structure. 

with the tape. In Fig. 1.4, the exploded view of the MRE shows the exchange
biased spin-valve structure. 

As discussed in Ref. [43], the voltage change D. V of a patterned magnetores
istive element (with stripe width wand stripe height h) that results from a flux 
~0 entering the read head, is given by 

(1.1) 

In this expression, 17 is a head efficiency factor, which is tbe fraction of the 
incoming flux ~0 that actually enters the MRE, s ( = ( 8Rj R) I oH) is the 
sensitivity, Ro is tbe sheet resistance (which is independent of the electrical 
contact geometry), lsense is the sense current, and /Lr and tr are the relative 
permeability and the thickness of the sensitive layer, respectively. It follows 
from Eq. (1.1) that optimization of the output voltage requires knowledge ofthe 
GMR effect, of the interplay between GMR and AMR, and of the details of the 
magnetization reversal of the sensitive layer, as these issues determine s and /Lr · 
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In Ref. [44] the output voltage and stability of (patterned) test structures, that 
imitate the essential properties of complete read heads, have been investigated 
and compared with the material parameters that were experimentally obtained 
from unpattered films and are presented in this thesis. Folkerts et al. [45] have 
formulated design rules for magnetoresistive elements, which lead to a fair 
balance between all interactions affecting the magnetization of the sensitive 
layer, resulting in a non-saturated state for zero incoming flux and toa linear 
response. The results of studies of the magnetic interactions in unpatterned 
spin valves, presented in this thesis, serve as an input for calculations using 
these design rules. 

This thesis is written in the form of a collection of papers that have been 
publisbed or are about to be published. It basically consists of two parts. The 
first part (Chapts. 3 to 6) discusses the electrical conductivity and magnetores
istance in (single) thin films and spin valves. The second part (Chapts. 7 to 9) 
focusses on the details of the magnetization reversal of the sensitive layer of a 
spin valve. In the following, a short summary of the contents of each chapter 
is given. 

Chapter 2 gives a short description of the techniques used to deposit the 
films and to characterize the structural, electrical, and magnetic properties. 

In Chapter 3 a semi-classica! model is presented for the electrical conduct
ivity at low temperatures in thin metal films and spin valves. This model is 
very similar to the Fuchs-Sondheimer theory for thin films [46, 4 7], extended 
by Garcia and Suna [48] to the case of layered film structures, and by Camley 
and Barnás [49] to the case of magnetic multilayers. A crucial new ingredient 
of our model is a spin-dependent anisotropic mean free path of the electrons, in 
order to take the AMR effect into account. Making use of anisotropic scatter
ing parameters that are extracted from experimental spin-resolved resistivity 
data for bulk dilute NiFe alloys [50, 51], a first set of calculations camprises the 
resistivity and AMR in NiFe thin films and cylindrical wires, as a function of 
film thickness and wire diameter, respectively. For the thin film case we have 
considered rotation of the magnetization vector within the film plane as well 
as out of the film plane. Finally, the validity of a description of the combined 
effect of AMR and GMR in terms of a simple summation of the two effects is 
stuclied by performing model calculations for NiFe/Cu/NiFe trilayers. 

In Chapter 4, an analysis is presented of the experimentally determined elec
trical conductivities of Ta/Cu/Ta and Ta/Ni80Fe20 /Ta thin films, as a function 
of the Cu and Ni80Fe20 layer thickness. The analysis is based on the model 
presented in Chap. 3, extended with a term to describe electron scattering at 
grain boundaries. It will be shown that in these films grain boundaries are 
indeed an important souree of electron scattering. 

In Chapter 5, measurements of the anisotropic magnetoresistance are presen
ted for NisoFe20 thin films, with the magnetization vector rotating within the 
film plane as wel! as out of the film plane. It wil! be shown that the out-of
piarre AMR is considerably larger than the in-plane effect, as was predicted in 
Chap. 3, and is strongly dependent on the degree of texture of the films. 
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In Chapter 6, first the applicability of phenomenological expressions to de
rive information on the spin-dependent bulk scattering is discussed by campar
ing them to the results of semi-classica! model calculations. The main subject of 
this chapter camprises the presentation of an extensive set of measured values of 
the sheet conductance and the GMR ratio of Ni-Fe-Co-based exchange-biased 
spin valves, as a function of the sensitive-layer thickness, and a quantitative 
analysis of these data using a semi-classical model, similar to the one presen
ted in Chap. 3, as a starting point. Subsequently, grain-boundary scattering 
will be introduced in the model. Finally, some additional refinements of the 
model will be discussed, such as angular-dependent transmission parameters 
at the interfaces, anisotropic scattering in order to take the AMR effect into 
account, and specular refiection at the film boundaries, simultaneously taking 
the quantum-size effect into account. 

The second part of this thesis begins with Chapter 7, in which the magnetic 
coupling between the ferromagnetic layers across the nonmagnetic interlayer in 
the spin valve is discussed. Magnetoresistance curves have been measured for 
NisoFe2o/Cu/NisoFe2o/Fe5oMnso spin valves, as a function of the thickness of 
the Cu interlayer. After separating the contributions from AMR and GMR, the 
GMR curves are interpreted in termsof a minimum-energy model for the mag
netization orientation of the Ni80Fe20 layers. We wil! show that the interplay 
of the ferromagnetic coupling and the exchange-biasing effect results in a crit
ical interlayer thickness, below which no perfect antiparallel alignment of the 
NisoFe2o magnetizations can be realized . The GMR ratio, which would other
wise increase with decreasing Cu-layer thickness, therefore reaches a maximum 
near the critica! value of the Cu-layer thickness. 

In Chapter 8, magnetoresistance measurements on NisoFe2o/Cu/NisoFe2o/ 
Fe50Mn50 spin valves with crossed anisotropies wil! be presented: the easy mag
netization direction of the sensitive (unbiased) Ni80Fe20 layer is perpendicular 
to the exchange-anisotropy of the exchange-biased Ni80Fe2o layer. The hyster
esis in the !ow-field magnetoresistance of these spin valves is found to be ten 
times smaller than the hysteresis of similar materials with parallel anisotropies. 
The sensitivity is found to depend on the preparational method. 

In Chapter 9 the switching field range, !J.H., of Ni-Fe-Co-based thin films 
and spin valves is studied; !J.H. is the field range in which the magnetization 
reversal of a ferromagnetic layer takes place. In single layer thin films, !J.H. is 
determined by the uniaxial anisotropy, induced by growth in a magnetic field. 
This anisotropy is found to depend on the ferromagnetic layer thickness, the 
alloy composition, and the choice of the adjacent layers. In exchange-biased 
spin valves, an additional contribution to !J.H5 has been observed, which in
creases monotonically with increasing interlayer coup!ing. This effect is mainly 
attributed to lateral variations of the interlayer coupling. Finally, the thermal 
stability of !J.H. is investigated. 
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Chapter 2 

Experiment al 

2.1 Sample preparation 

The films under investigation were prepared by de-magnetron sputtering, a 
technique suitable for deposition of almast all metals. With this technique 
atoms are removed from a metal target through bombardment with high
energetic ions from a de plasma, and subsequently deposited on a substrate. 
A concentric arrangement of permanent magnets behind the metal target con
tines the plasma to a smal! volume close to the target, resulting in an intensified 
ion bombardment of the target . By controling the input power, the intensity 
of the plasma and thereby the deposition rate can be changed. We used a 
two-chamber Ion Tech sputtering machine, consisting of a load loek and a de
position chamber. The latter is equipped with six sputtering sourees of which 
four are suitable for the deposition of magnetic materials. Three of the sourees 
are clustered on a single substrate position, enabling us to codeposit several 
metals at the same time. The substrate holders are rotated to imprave lateral 
thickness homogeneity. The target-substrate distance is 110 mm. Deposition 
rates were always about 0.2 nmfsec. The film thickness is determined by the 
operation of computer-controlled shutters in front of the sources. By putting 
the substrates subsequently in front of different sputtering sources, layered thin 
films such as exchange-biased spin valves can be grown. Each substrate holder 
is equipped with a set of permanent magnets, which, in combination with a set 
of flux concentrators, produces a magnetic field of 10- 15 kA/m in the plane 
of the substrates. This magnetic field is applied during deposition in order 
to induce a smal! uniaxial anisotropy in the Ni-Fe-Co layers and to establish 
an unidirectional exchange anisotropy in the exchange-biased layer of the spin 
valves. The background pressure of the sputtering system is w-s- 10-9 Torr, 
and consequently there is very little contamination of the films by residual gas 
atoms (e.g. N, 0, H). This requirement is especially important when growing 
layered thin films: there should be no contamination at the surface of the last 
finished layer during transport of the substrates between the different sources. 

11 
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The pressure of the sputter gas (argon) is usually set in the range of 1 to 
10 mTorr. 

As substrates we generally used Si(100) single-crystal wafers, cut toa size of 
4 x 12 mm2, with a thickness of 0.5 mm. Prior to insertion into the sputtering 
machine, the substrates were chemically etched using a 2 % HF salution to 
remave the oxidic skin. Passivation of the clean Si surface by hydragen atoms 
then slows down the oxidation process. Ni-Fe-Co based thin films and exchange
biased spin valves were deposited, using a Ta buffer layer and capping layer. 
The farmer determines the structure of the films, the latter protects the films 
against corrosion. The quality of the films is expressed in (i) the degree of 
texture and (ii) the interface roughness and interface intermixing. The first 
mainly depends on the choice of the substrate and buffer layer. It has been 
obserw~d that a thin buffer layer of Ta [52], Nb, Ti, Zr, Hf [53], Mo, and 
W [54] can induce astrong ( 111) texture in the films , regardless of the substrate 
used. Characteristic for (111)-textured Ni-Fe-Co films is a very smal! cubic 
magnetocrystalline anisotropy. In addition, it has been observed that a ( 111) 
texture is favourable to obtain a maximum exchange-biasing field at a minimum 
coercive field [55]. The infl.uence of texture on the transport properties will be 
addressed in more detail in Chap. 5. 

The degree of interfacial roughness and intermixing is mainly determined 
by the kinetic energy of the atoms at the moment of impact on the substrate. 
It is a cbaracteristic of the sputtering process that the kinetic-energy distribu
tion of the metal atoms can be tuned by varying the pressure of the sputter 
gas or by changing the target-substrate distance. It is the number of colli
sions of the metal atoms with the gas atoms that determines the shape of the 
energy distribution of the atoms aniving at the substrate. It was shown by 
Kools [5, 56], from Monte Carlo calculations of the kinetic-energy distri bution 
of a copper-atom flux arriving on the substrate, that at low Ar pressures (smal
ler than 3 mTorr) a few percent of the atoms have kinetic energiesin the range 
15- 40 eV, whereas the rest of the atoms have lower energies due to inelastic 
collisions with the gas atoms. This high-energy tail of the energy distribution 
almast completely disappears at 10 mTorr. The effect of this on the film qual
ity is twofold. At low Ar pressures, the bombardment of the high-energetic 
particles causes collisional mixing, resulting in the formation of intermixed re
gions at the interfaces. The high surface mobility of these atoms results in fairly 
flat and dense films. At high Ar pressures, the interfaces tend to besharper but, 
due to the low surface mobility of the atoms, the films have a fibrous structure 
containing voids. In addition, a smal! degree of substrate roughness already 
induces a pronounced waviness of the films [57]. Kools confirmed this by grow
ing exchange-biased NisoFe20 /Cu spin valves at different sputtering pressures 
and measuring the electrical and magnetic properties as well as the surface 
roughness [56]. It must be remarkedat this point that the silicon wafers, used 
as substrates, are extremely flat and that roughness is mainly introduced in 
the films through the surface roughness of the nanocrystalline Ta buffer layer. 
Our films were usually grown at an argon pressure of 5 mTorr. The infl.uence 
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of interface interditfusion and roughness on the properties of exchange-biased 
spin valves will be discussed in the following chapters. 

2.2 Characterization techniques 

2.2.1 X-ray diffraction 

X-ray diffraction (XRD) is a standard technique for obtaining structural in
formation. Using a Philips PW 1710 diffractometer, x-rays from a Cu souree 
(Cu K-a radiation: À = 0.15405 nm) are reflected by the crystallographic 
lattice planes of the sample. According toBragg's law, this produces an inter
ference pattern. Depending on the specific XRD technique used, information 
on the total film thickness, individual layer thicknesses and interface widths, 
and on the spacing of the lattice planes can be derived. Most commonly meas
urements are performed in the {}-2fJ mode. In this mode the x-rays, incident 
at an angle {) with respect to the film plane and scattered through an angle 2{) 
(with respect to the incoming x-rays), are detected. When varying the angle 
{) by rotating the sample around an in-plane axis, the motion of the detector 
is coupled to the sample rotation in order to keep the angle of detection equal 
to 2{). As the incoming and outgoing beam !ie in a plane perpendicular to the 
film plane, the scattering vector of the x-rays is also perpendicular to the film 
plane, so only structural information along the film normal is extracted. 

In the low-angle regime (1 ° < {) < 10°) the interference between the x-rays, 
reflected on both film boundaries, produces a pattern of maxima and minima 
in the measured intensity as a function of{) ('fringes'). A typical low-angle 
spectrum of a 3 nm Ta/34 nm Ni80Fe20 /3 nm Ta film is shown in Fig. 2.1a. 
The distance between the short-period fringes is a measure for the total film 
thickness, whereas the long-period oscillations of the intensity refl.ect the sym
metry of the stack of layers and therefore are a measure of the thickness of the 
Ta layers. Consequently, low-angle XRD was used as a standard technique for 
thickness calibration. Careful analysis of the data, using the PC-GIXA [58] 
software package, sometimes supplemented by information on the chemica! 
composition from x-ray fluorescence measurements, yields detailed informa
tion about the individual layer thicknesses and interface widths in a layered 
thin film. It must be remarked that the measured interface width comprises 
both geometrical roughness and interfacial intermixing. It is not possible to 
discern between these two because the length scale over which the information 
is averaged (::::::: 100 J.Lm) is larger than the typicallength scales associated with 
geometrical roughness (a few tensof nanometers) and intermixing ( interatomie 
distauces). 

From the high-angle x-ray spectrum the distance between the lattice planes 
parallel to the film plane can be derived, as the scattering vector is perpen
dieu/ar to the film plane. Th is is used to determine the growth direction ( tex
ture along the film normal) and, if necessary, to identify unknown constituents 
of the sample. Fig. 2.1b shows a high-angle spectrum of a (111)-textured 
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Figure 2.1: (a) Low-angle XRD spectrum of a 3 nm Ta/34 nm NisoFe2o/3 nm 
Ta thin film. (b) High-angle XRD spectrum of a 3 nm Ta/ 10 nm NisoFe2o/ 
2.3 nm Cu/6 nm NisoFe2o/10 nm Fe50 Mn50/3 nm Ta spin valve. Theseparate 
(111} reflections of Cu and FesoMnso , and of NisoFe2o can be distinguished. 
(c} XRD rocking curve m easurem ents of 34 nm Nis0 Fe20/3 nm Ta films grown 
on Si(J00}/3 nm Taandon SiOx , with full widths at half maximum of 3 o and 
more than 20 °, respectively. 
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exchange-biased Ni80Fe20 /Cu spin valve. Theseparate (111) reflections of Cu 
and FesoMnso, and of Ni80Fe20 can be distinguished. 

Information on the varianee in crystallite orientation of a textured film is 
derived from so-called rocking curve measurements (also called 19 scans) . In 
this measuring mode the detector is fixed toa certain angle 2tJ0 , corresponding 
to a diffraction peak measured previously in a 19-2-rJ scan, and the angle tJ 
is varied. We now measure the Bragg-reflected intensity from crystallites in 
which the lattice is misoriented by an angle ( tJ0-19) with respect to the film 
plane. Therefore, the full width at half maximum of the rocking curve is a 
good measure for the degree of texture. Although each individual crystallite 
can exhibit a streng texture, a large rocking-curve width corresponds to a 
nearly random orientation of the crystallites, indicating that there is almest no 
overall texture. As an illustration, Fig. 2.lc shows the rocking curves of 34 nm 
Ni80Fe20 /3 nm Ta films grown on Si(l00)/3 nm Taandon SiOx, exhibiting a 
high and low degree of texture, respectively. 

2.2.2 Transmission electron microscopy 

Transmission electron microscopy (TEM) imaging, based on the diffraction 
of accelerated electrens (100-300 keV) by the metal atoms, was also used to 
study the structure of the sputtered films. TEM imaging is possible from two 
perspectives: (i) plan-view TEM, which gives a top view of the film, and (ii) 
cross-sectional TEM giving a view from the side of the film. In the case of 
plan-view TEM the films are sputtered on a Si3N4 membrane, with a thickness 
of a few hundred nanometers, that is transparent for electrons. The diffracted 
intensity depends on the orientation of the lattice planes within a crystallite 
( also called grain) w hich is usually slightly different for neighbou·ring crystal
lites. So with this technique it is possible to visualize individual grains and to 
study the average grain size as wellas the distribution of grain sizes in the film. 
Fig. 2.2 shows a plan-view TEM micrograph elucidating the grain strudure of a 
3 nm Ta/50 nm Nis0 Fe20/3 nm Ta thin film. The influence of the grain size on 
the electron-transport properties of these films will he discussed in Chapter 4. 
In the case of cross-sectional TEM, a hole is made in the sample using various 
chemica! and mechanica! techniques. The thin edges of the hole are transpar
ent for electrens and therefore used for microscopy. Cross-sectien TEM is a 
very useful technique to study the layered structure of the film and the de
velopment of the grains throughout the film. However, due to the laborieus 
character of the sample preparation, cross-sectional TEM has been performed 
on only a few samples. As an example, a cross-sectional. TEM micrograph of 
an exchange-biased spin valve is shown in Fig. 2.3. The Si substrate and the Ta 
layers can be clearly distinguished, the NisoFe2o, Cu, and FesoMnso layers are 
indistinguishable due to the close atomie numbers of the elements concerned. 
The vertically oriented contrast is indicative for a colurnnar grain structure. 
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Figure 2.2: Plan-view TEM micrograph of a 3 nm Ta/50 nm NisoFe2o/3 nm 
Ta thin film, grown on a Si3 N4 membrane. 

Figure 2.3: Cross-sectional TEM micrograph of a Si(J00)/3 nm Ta/ 8 nm 
NisoFe2o/2.8 nm Cu/6 nm Niso Fe20/10 nm Fe50 Mn50 j5 nm Ta spin valve. 
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2.2.3 Atomie force microscopy 

The local surface topology is stuclied using atomie-force microscopy (AFM). 
In the AFM used, a small pyramid shaped silicon-nitride tip is moved very 
closely along the surface. While keeping the force between tip and surface 
constant, the vertical displacement of the tip is measured and a 3D mapping of 
the surface topology can be made. A value for the average surface roughness of 
the films is derived from line scans over lengths of the order of 5 J.Lm with a step 
size of 25 nm. Some scans, however, are found to contain features with typical 
heights in the range of 2-5 nm and widths in the order of a few tenths of a 
J.Lm. These features are interpreted as contamination and scans containing such 
features are therefore neglected. Although this methad is relatively accurate in 
determining relative variations of the waviness, it is difficult to extract absolute 
values of the waviness since very sharp features are smeared out by the finite 
size of the tip (tip radius is of the order of 50 nm). 

2.2.4 Magnetization measurements 

To study the magnetic switching behavior of our films , magnetization meas
urements have bet:)n performed using a Bruker vibrating-sample magnetometer 
(VSM) or a Quanturn Design superconducting quantum-interference device 
(SQUID) magnetometer. With both techniques it is possible to measure the 
total magnetic moment as a function of the applied magnetic field, from which 
the saturation magnetization, the magnetic anisotropy, and the exchange an
isotropy of the magnetic layers as well as the coupling strength between the 
magnetic layers can be determined . The principle of a VSM is as follows. The 
magnetic sample is mounted on a vibrating rod and therefore induces a current 
in a set of detection coils placed around the sample. At a constant vibration 
frequency of 80 Hz, the induction current through the detection coils is pro
portional to the total magnetic moment of the sample. The detection limit is 
about w-7 Am2 . The set up of vibrating sample holder and detection coils is 
placed between the poles of a water-caoled electromagnet, with a field resolu
tion of about 1 kA/m. To study the !ow-field magnetic behavior of (layered) 
thin films, the SQUID magnetometer is a more suitable instrument. Meas
urement of the magnetic flux of the sample by the SQUID yields a sensitivity 
that is three orders of magnitude larger. In addition, the field resolution of the 
helium caoled superconducting electramagnet is about 50 A/m and the sample 
temperature èan be varied from 1.8 to 400 K. 

2. 2. 5 Magnetoresistance measurements 

Resistance is measured in a four-point contact geometry with the cantacts in 
line, using a DC current. The cantacts are pressure cantacts with a fixed posi
tion on the sample surface; the distance d between the voltage ca ntacts is 8 mm 
(twice the width w of the samples). A convenient measure for the electrical 
resistance, independent of the contact geometry, is the sheet resistance R o that 
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is given by 
Rw 

Ro=d, 

Chapter 2 

(2.1) 

in which R is the measured resistance. At room temperature, resistance meas
urements are performed as a function of the magnetic field using a supercon
ducting magnet , with a field resolution of 100-200 A/m. For magnetoresistance 
measurements demanding a higher field resolution or liquid-helium temperat
ures, a sample holder equipped with current and voltage contacts is inserted 
into the cryostat of the SQUID magnetometer. In both setups the magnetic 
field is parallel to the film plane. Some low-temperature measurements of the 
anisotropic magnetoresistance, described in Chapter 5, were performed in an
other cryostat, placed between the poles of a water-cooled electromagnet, in 
which it is possible to change the field direction from in-plane to perpendicular 
to the film plane. 

2.2.6 Chemical analysis 

Chemica! analysis offers the possibility to determine the chemica! composition 
of the alloys used. It is important to know the exact alloy composition of 
the sputtering targets as well as the resulting stoichiometry of the sputtered 
films, which is not necessarily the same. For the analysis, a sputtered film 
or a piece of the target is solved in a nitric-acid solution. After dispersing 
this solution in an inductively-coupled plasma, the emission spectrum of this 
plasma is analyzed. From comparison with the emission spectra of reference 
solutions, the actual atomie concentration of the constituents can be calculated 
with a relative accuracy of about 5 %. All the deposited alloy films were found 
to have the same composition, within the experimental accuracy, as the sputter 
target, except Fe50Mn50 , of which the composition in the sputtered films was 
found to vary roughly between Fe45 Mn55 and Fe55Mn45 . In this range, however, 
the exchange-biasing effect is found to be only weakly dependent on the alloy 
composition, and, in all cases exchange-biasing fields were found that were 
sufficiently high for the purpose of our studies. 
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Chapter 3 

Semi-classical rnadelling of 
the anisotropic 
magnetoresistance 

In this chapter, a semi-classica! model for the anisotropic magnetoresistance 
wil! be presented. Predictions are made on the AMR in thin films, wires and 
spin-valve multilayers. For the latter systems, predictions are made, too, on 
the anisotropy of the GMR effect. In Chapts. 4 and 6 this model wil! be used 
more generally to analyze the measured electrical conduction of thin films and 
spin valves, respectively. The contents of this chapter has been published in 
Magnetic Ultrathin Films, MRS Symposium Proceedings No. 313, edited by 
B.T Jonker et al., (Materials Research Society, Pittsburgh, 1993), p. 283, and 
in Phys. Rev. B 51, 283 (1995), in a slightly modified form. 

3.1 Introduetion 

In 1857 Thomson discovered that the resistivity of a ferromagnetic metal may 
depend on the angle between the current and magnetization direction [59]. A 
century later the first systematic investigations on the origin of this so-called 
anisotropic magnetoresistance effect (AMR) were carried out. Theoretica! in
vestigations, by Smit [16], Berger [17], and Potter [18] showed that the effect 
arises from anisotropic scattering due to spin-orbit interaction. More recently, 
Bahnhart and Ebert [60] have presented a first-principles theory of the aniso
tropic magnetoresistance. Experimental work was carried out by Smit [16], van 
Eist [61], McGuire and Potter [15], Dorleijn and coworkers [50, 51], and Jaoul et 
al. [62]. lt was found that a number of alloys, based on iron, cobalt, or nickel , 
exhibits a rather large AMR effect, that proves to be of technica! interest in 
the field of magnetic recording [63, 64]. 

19 
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A measure for the size of this effect is the AMR ratio, defined as D.pj p = 
(Pil - p1_)j PI! , in which Pil and p1_ are the resistivities with the magnetization 
parallel and perpendicular to the current direction, respectively. Whereas for 
transition-metal alloys the largest effect is found for Ni70 Co30 , viz. 26.7 % 
at 4.2 K and 6.6 % at room temperature [15], alloys with compositions close 
to Ni80Fe20 (permalloy) have been found to be most suitable for sensor ap
plications because of their high permeability and low magnetostriction. Thin 
permaHoy films (thickness 30-50 nm) show an AMR ratio of about 2 % at 
room temperature. This value is much smaller than the AMR ratio in bulk 
samples, which amounts to 4 % at room temperature. There are two effects 
that may contribute to this difference. First, the thin films stuclied may be 
structurally less well-defined than bulk specimen, teading to additional elec
tron scattering at grain boundaries and other defects [65]. Second, diffusive 
scattering at the outer boundaries of the film may affect the AMR ratio. The 
latter dimensionality effect will be the subject of this chapter. 

Our approach is basically very similar to the Fuchs-Sondheimer theory 
[46, 4 7] for the resistivity of non-ferromagnetic thin films, which involves the 
salution of the Boltzmann transport equation in linear response for a {ree
electron gas in the relaxation-time approximation, with the assumption of dif
fusive scattering at the outer boundaries of the film. Our crucial additional 
assumptions are that (i) the resistivity of a ferromagnetic alloy (near T = 0 K) 
is well described by the two-current model, within which the total current is 
given by independent contributions from majority-spin and minority-spin elec
trous (no spin-flip scattering), and that (ii) the mean free path of an electron 
depends on its spin and, in order to treat the AMR effect, on the angle between 
its velocity vector v and the magnetization vector M . The two-current model 
has been first proposed by Mott [24] and its validity is supported strongly by 
experimental evidence, e.g. from studies of dilute binary and ternary alloy 
systems [50, 51] . Our second assumption has been put forward earlier by Smit 
[16], Berger [17], and Potter [18]. Here we will not discuss the microscopie 
origin of the spin and angular dependenee of the electron mean free path. In
stead we make use of a parametrization scheme which consistently describes 
the AMR effect of bulk alloys, and the separate contributions from majority 
and minority-spin electrons. To be specific, our numerical examples have been 
given for dilute NiFe alloys. However, our method can be applied more gener
ally to other alloys for which sufficient experimental information on the AMR 
effect is available [50, 51] . 

The model enables us to predict the magnetoresistance effects for various 
geometries. In Section 3.2 we present the general model, the application to 
bulk ferromagnetic alloy systems and to single layers, cylindrical wires and 
trilayers of the type F/ NM/ F, where F and NM are ferromagnetic and non
magnetic layers, respectively. Such trilayers show, in addition to the AMR 
effect, the giant magnetoresistance effect (GMR): the resistivity decreases upon 
the orientation of the magnetization directionsof the F layers from antiparallel 
to parallel [3, 4] . Our method allows a complete calculation of the resistance as 
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a function of both magnetization directions. One of the important questions 
then is to what extent the AMR and GMR effects can simply be superimposed, 
in order to obtain the total magnetoresistance effect. In Section 3.3 numerical 
results for NiFe based systems are presented and discussed. Section 3.4 contains 
the conclusions. 

3.2 Theoretica! description 

3.2.1 General model 

The electrous involved in transport are regarcled as a free-electron gas with a 
spherical Fermi surface. Our model calculations of the resistivity are based on 
the Boltzmann transport equation in linear response: the electron-distribution 
function, at position r and with velocity v, is written in the form 

(3.1) 

Here !JUl(~:) is the Fermi-Dirac equilibrium distribution at energy ~: = !mv2 

and gWl(v, r) is the deviation from equilibrium in the presence of an electric 
field E, for majority (T) and minority-spin (!) electrons. The linear-response 
Boltzmann transport equation in the relaxation-time approximation is given 
by 

(3.2) 

in which e and m are the electronic charge and mass, respectively, and rt<!) 
is the spin-dependent relaxation-time. At low temperatures only electrans at 
the Fermi energy are to be considered. We therefore write rHll =_x i(!) /vF, in 
which À rOl is the electron mean free path. The Fermi velocity VF is assumed 
to be equal for both spins. The current density for majority and minority 
spins follows from integrating the solution of the Boltzmann equation over the 
velocity space according to 

(3.3) 

in which h is Planck's constant. 
In order to treat the AMR, we assume a dependenee of the mean free path 

on the angle {) between the electron velocity v and the magnetization M. This 
intrinsically anisotropic mean free path for majority and minority-spin electrans 
is given by 

(3.4) 

The parameters aHD and bH!) are a measure for the anisotropy of the scatter
ing. Higher-order terms are neglected, as suggested by a microscopie treatment 
of the AMR effect basedon sd scattering [18]. Note that in our model, apart 
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from the spin and angular-dependent mean free path (Eq. (3.4)), electrans of 
both spins have identical properties such as mass, Fermi velocity and dens
ity of states. The model can easily be extended to a more realistic electronic 
structure, and this might be necessary to obtain quantitative agreement with 
future experiments. However, we feel that our simple model already contains 
the key ingredients to describe at least qualitatively the size effects, related 
to the system dimensions, in the conductance of low-dimensional systems and 
might give directions for novel experiments. 

3.2.2 Bulk materials 

For bulk materials the non-equilibrium distribution gis independent of r. The 
salution of the Boltzmann equation (Eq. (3.2)) is then given by 

(3.5) 

where E is directed along the x-axis and 'Î!x is the x-component of the unit 
vector v = v/vF. Substitution of Eq. (3.5) into Eq. (3.3) yields the spin 
current density JiU) and thus the conductivity per spin a T(l} : 

(3.6) 

where n is the total (majority and minority-spin) conduction-electron density, 
given by 

(3.7) 

Evaluation of Eq. (3.6) yields the well-known Drude result if the mean free path 
is isotropic. In the case of anisotropic mean free paths, as given by Eq. (3.4), 
the conductivity per spin is a function of the angle e between M and E : 

ne2 >.T(l)[l- .!.aHll(l + 2cos2 0) - ~bT(ll(l + 4cos2 0)] 
2mVF O 5 35 

= ne2 .xWl[l- .!.aT(l)- ~bT(!)- (~aT(l) + 12bT(ll)cos2e]. 
2mVF 0 5 35 5 35 

(3.8) 

It thus follows that, even if the microscopie scattering mechanism leads to a 
mean free path that contains a fourth power term in cos '!9, the conductivity only 
contains the second power cos 6 term. The separate contributions of majority 
and minority-spin electrans to the AMR effect are given by 

(
Pil -Pl.) T(l) = (al. - all) T(l) = ~aTOl + H-bT(l) 

Pil l1.L l - kaTUl- 335 bl(l). (3·9) 
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For the total AMR effect we find 

( Pil- P1.) 

Pil 
( a1.a~ au) 

= 
-X6(~aT + ~~bT) + -'5(~al + ~~bl) 

(3.10) 

Information on the parameters -X6(l), a tUl, and bHll can be obtained from 
the analysis of spin and angular-resolved resistivity data, as we wil! show in 
Section 3.3. 

3.2.3 Thin films 

We now study electron transport through a film of thickness t, with outer 
boundaries at z = 0 and z = t. The electric field E is directed along the x-axis. 
We assume that the scattering at the outer boundaries of the film is purely 
diffusive, which implies that 

gTUl(v, o) = o, 
gHll(v, t) o, 

if Vz > 0, 

if Vz < 0. (3.11) 

The solution g of Eq. (3.2) has .now a spatial dependenee on the z-coordinate, 
and can be put into the form [46, 47, 66] 

TUl(· ) _ E. ·(Bfo(é)) , Hil(· ) g V, z - e Vx Of "elf V, z . (3.12) 

The effective mean free path -X!~!)(v, z) includes bulk scattering as well as 
scattering at the film boundaries: 

>-!~1 l(v,z) ,XTill(l?) [1-exp(_xrU~(~)vJ], ifvz >0, 

-'!~1\v,z) = _xT(!l(l9)(1-exp(_xT(tl~:)vJ], ifvz<O. (3.13) 

Note that this form of -X!~1 l(v, z), combined with Eq. (3.12), indeed obeys the 
boundary conditions of Eq. (3.11). The spin-dependent current density per 
unit electric field as a function of the angle between M and E follows from 
integrating gHll(v, z), as given by Eq. (3.12), combined with Eqs. (3.4) and 
(3.13) over a unit sphere in velocity space, using Eq. (3.3). The conductivity 
per spin then follows from averaging the current density over the film thickness, 
yielding 

T(l)- ne2 ~ 1t d ~ j d3 · ·2 d(l)(. ) a - Z V V x/\ ff V, Z . 
2mVF t o 47r e 

(3.14) 
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Figure 3.1: Current density per unit electric field as a function of the z coordin
ate, for a thin film with a thickness of 20 nm. The model parameters used are 
_\T = 12 nm, _\l = 0.8 nm, aHll = bT(l) = 0, and n = 8.41·1028 m- 3 . In (a) 
the separate contributions to the current density of the majority and minority
spin electrans with Vz > 0 (solid lines) and Vz < 0 ( dashed lines) are shown. In 
(b) the contributions from both spin and velocity directions have been summed. 

Fig. 3.1 shows the current density per unit electric field as a function of the 
z coordinate, for a thin film with a thickness of 20 nm. Fig. 3.1a shows the 
separate contributions to the current density of the majority and minority-spin 
electrans with Vz > 0 (solid lines) and Vz < 0 (dashed lines). In Fig. 3.1b all 
contributions to the current density have been summed. The model parameters 
used hereare _\T = 12 nm, _\l = 0.8 nm, and aHll = biU) = 0. The electron 
density n = 8.41 ·1028 m-3 , calculated using Eq. (3.7) and VF = 1.57 · 106 m/s 
(Cu), which is equivalent to one electron per atom. Carrying out the integration 
over z, we obtain 

O"T(l) 

(3.15) 

It is clear that our result is a straightforward extension of the Fuchs-Sondheimer 
theory [46,47]. 

3.2.4 Cylindrical wires 

In the case of a cylindrical wire with diameter 2R and the electric field ap
plied along the wire (x) axis (see Fig. 3.2), we use an equivalent approach as 
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z 

y 

Figure 3.2: Geometry of a cylindrical wire with radius R. The electric field 
vector E is directed along the wire axis. 

for the thin film. Again we assume diffusive boundary scattering, and sirn
ilar boundary conditions as in Eq. (3.11) can be formulated. The parameter 
.>..!~!) ( v, r) is the mean distance travelled by an electron, with normalized velo
city v, passing through a point r in the direction r 0 - r, with r 0 on the wire 
boundary. When assuming that electrans arriving at. r 0 scatter diffusely, it is 
easily shown that [66, 67] 

TUl A ) _ TOl( ) [ _ (-lro- rl)] 
.Àeff (v, r -À {) 1 exp )..TOl({)) . (3.16) 

In this expression ( r 0 - r) and v have equal directions. 
The conductivity per spin as a function of the angle between M and E 

now follows from integrating gT(!l(v, r) combined with Eqs. (3.4) and (3.16) 
over velocity space and averaging the resulting current density over the cross
sectional area S = 1r R 2 of the wire, yielding 

t(!)- ne2 2.1 d2 ~;d3AA2,T(!)(A ) (}" - 2 S r 4 vvx "'eff v' r . 
ffiVF S 1r 

(3.17) 

3. 2. 5 Trilayers 

We also study trilayer films of the type F/ NM/ F, where F and NM are fer
romagnetic and non-magnetic layers, respectively. Such trilayers show, in ad
dition to the AMR effect, the spin valve or giant magnetoresistance (GMR) 
effect: the resistance depends on the angle between the magnetization veetors 
of the F layers. In experimental studies of such systems, the magnetization 
direction of one of the F layers is often fixed due to exchange interaction with 
a high coercivity ferromagnet, or with an antiferromagnetic layer ('exchange 
biasing') . Alternatively, it is possible to study systems for which both layers 
can rotate freely (Chapter 1). In our theoretica! study we concentrate on the 
exchange-biased type trilayer [7]. In order to calculate the combinedAMRand 
GMR effect of trilayers with a ferromagnetic alloy, we have extended the semi
classica! Boltzmann transport theory for the GMR effect, originally proposed 
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Figure 3.3: Geometry of a magnetic trilayer consisting of magnetic layers A 
and C, separated by a non-magnetic layer B. 

by Camley and Barnás [49], to include anisotropic spin-dependent scattering 
within the ferromagnetic layers. In the present model we neglect scattering at 
the F/ NM interfaces. Refraction effects, related to potential steps at the inter
faces, are not included, so m and VF are constant throughout the system. A 
detailed theoretica! study of the transport properties of magnetic multilayers, 
withor without these effects, has been carried out by Hood and Falicov [68] and 
Dieny [69], respectively, however without taking the AMR effect into account. 

Fig. 3.3 shows the trilayer geometry with the magnetic layers A and C sep
arated by the nonmagnetic layer B of thicknesses a, c, and b, respectively. For 
each individuallayer solutions gl(~ c(v, z) of the form of Eq. (3.12) are valid, 
which consequently should be matebed according to the appropriate boundary 
conditions. For the case of purely diffusive scattering of electrens at the outer 
boundaries, complete transmission at the interfaces, and a change of the quant
ization a.xis at the NM/ Finterface at z = a+ b, the bonndary and interfacial 
conditions are [49] 

gl0 \v, 0) = 0, if v. > 0, 

g~w(v,a) gl0 l(v,a), ifv. > o, 

g~(l)(v,a) gl(l l(v,a), if v. < o, 

gb('v , a+b) = Tng~(v,a+b)+Tllg~(v,a+b) , if vz>O, 

gb(v,a+b) = T11g~(v,a+b)+Tilg~(v,a+b), ifvz>O, 

gk(v,a+b) = TT1gb (v ,a+b)+T11 gb (v , a+b), if vz <O, 

g~(v, a+ b) Tugb (v, a+ b) + Tligb (v, a+ b) , if vz < 0, 

ggl)(v,a+b+c) = 0, ifvz<O. (3.18) 

The transmission coefficients T TT, Til, Tl T and T ll determine the probability 
fora majority-spin electron in one magnetic layer to continue as a majority-spin 
or minority-spin electron in the other magnetic layer, and are given by [49]: 

TTT = Tu = cos2 (~) , 
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(3.19) 

where 'Ij; is the angle between both magnetizations. For example, in the case of 
an antiparallel arrangement of the magnetizations ('1/J = 1r), TTT = T li = 0 and 
Tl l =Tl 1 = 1. This means that a majority-spin electron in one magnetic layer 
becomes a minority-spin electron in the other magnetic layer, after traversing 
the non-magnetic interlayer. 

The conductivity of trilayer films, as a function of the orientation of the 
magnetization vectors, is calculated similar to the thin film case (Eq. 3.4), but 
now averaging over the tot al thickness of the trilayer, in each region of the 
trilayer using the appropriate expressions for glUl(v, z). The current-density 
distri bution (per unit electric field) in a 8 nm F/2 nm NM/8 nm F trilayer film is 
shown in Fig. 3.4, for paralleland antiparallel alignment of the magnetizations. 
In Fig. 3.4a and b theseparate contributions to the current density of majority
and minority-spin electrous with Vz > 0 (solid lines) and Vz < 0 (dashed lines) 
are shown. In Fig. 3.4c the contributions from both velocity directions have 
been summed. In Fig. 3.4d the contributions from both spin directions have 
been summed. The difference between the current densities in the parallel and 
antiparallel state of the magnetizations determines the GMR effect. The model 
parameters used bere are .À 1 = 12 nm, ).1 = 0.8 nm, THl) = 1, a Hl) = bl( l ) = 0, 
.ÀNM = 13.5 nm, and n = 8.41 · 1028 m-3 . 

3.3 Results and discussion 

3.3.1 Parameter values 

We apply the model, described in Section 3.2, to NiFe thin films and cylindrical 
wires, and to NiFe/Cu/NiFe trilayers. For polycrystalline dilute bulk NiFe 
alloys at 4.2 Kit was found by Dorleijn and coworkers [50, 51] that 

( Ptt -PJ. )T =14%, (Ptt-PJ.)l = - 2.2%, (!.._) =(lil) =0.92, 
Ptt Ptt Pi 11 ll ti 

(3.20) 

where Ptt is the resistivity for M 11 E and Pl. is the resistivity for M 11 E, O"i 

is the conductivity due to majority spin electrous and lT = lT 1 + lil is the 
total conductivity. These data were determined by the analysis of the spin 
and angular-resolved resistivities of ternary Ni1 - x(FeyX1-y)x alloys (x « 1, 
0 < y < 1, X is a metal) [50, 51, 70]. Fiom these data it follows that , at least 
in the dilute limit (x« 1), the conductivity of Ni1-xFex alloys is mainly due 
to majority-spin electrous and the AMR effect is governed by the anisotropic 
scattering of majority-spin electrons. 

It is apparent from Eq. (3.9) that Dorleijn's spin-resolved AMR data from 
Eq. (3.20) are not sufficient to determine both anisotropic scattering paramet
ers, aTOl and bTW, separately. In one extrema! case, when the bHll terms are 
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Figure 3.4: Current-density distribution (per unit electric field) in a 8 nm 
F /2 nm NM/8 nm F trilayer film . The magnetization of the lef t F layer is fixed 
(up), whereas the right F layer is up/down for parallel(P)j antiparallel(AP) 
alignment of the magnetizations. In (a) and (b) the separate contribut i ons 
to the current density of majority and minority-spin electrans with Vz > 0 
(solid lines) and Vz < 0 (dashed lines) are shown. In (c) the contributions 
from bath velocity directions have been summed. In ( d) the contributions from 
bath spin directions have been summed. The difference between the current 
densities in the parallel and antiparallel state of the magnetizations determines 
the GMR effect. The model parameters used hereare À T = 12 nm, .>.1 = 0.8 nm, 
yT(l) = 1, aT(l) = bT(l) = 0, ÀNM = 13.5 nm, and n = 8.41 · 1028 m- 3 . 
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Table 3.1: Anisatrapie scattering parameters, spin dependenee of the scattering, 
and AMR ratio for bulk dilute nickel alloys, basedon the spin-resolved resistivity 
data of Dorleijn and co-workers (4 .2 K). 

Sol u te t:::..pfpu 
element al al >..l/>..1 0 0 (%) 

Co 0.336 -0.0378 17.0 13.5 
Fe 0.327 -0.0556 14.8 12.9 
Mn 0.229 -0.0839 7.45 7.8 
Au 0.195 -0.0556 7.19 7.5 
Cu 0.231 -0.0531 3.41 6.8 
Zn 0.188 -0.0736 2.75 4.6 
Al 0.176 -0.0582 1.97 3.8 
Sn 0.153 -0.0684 1.87 2.9 
Si 0.150 -0.0813 1.47 2.1 
Ti 0.103 -0.0813 1.07 0.55 
V 0.190 -0.0787 0.531 0.15 
Re 0.157 -0.0607 0.361 -0.50 
Rh 0.188 -0.0582 0.348 0.05 
Ir -0.0633 -0.0352 0.231 -1.48 
Pt 0.141 -0.0201 0.259 0.40 
Cr 0.141 -0.0429 0.230 -0.35 
Ru 0.183 -0.0277 0.080 -0.60 

set to zero, it follows that al = 0.327, al = -0.0556, and >..6/ >..Ö = 14.8. On 
the other hand, when the a Hl) terros are set to zero it follows that bl = 0.395, 
bl = -0.0645, and >..6/ >..6 = 14.2. As a result of our calculations, we find that 
the AMR ratio for films, wires and multilayers is only very weakly dependent 
on the ratio of the cos2 19 to the cos419 contribution to the angular dependenee 
of the mean free path (Eq. (3.4)). An explicit example will be given for the 
case of a thin film. Our other examples are based on the first parameter set, 
neglecting the cos4 19 term. We are confident that from these examples, in spite 
of this restriction , a very good picture is offered on dimensionality effects in 
the AMR effect. For future reference, in Table 3.1 values of aT, al, >..6/ >..6, and 
!:::..p/ pare listed for a number of dilute nickel alloys, basedon the experimental 
data of Dorleijn, and again assuming that bT(l) = 0. These data are independ
ent of the impurity concentration. It is interesting to note that the impurity 
scattering (parametrized by a lUl), which gives rise to the AMR effect, is much 
more anisotropic than the resistivity itself. 

In the numerical calculations we use for NiFe the values >..6 = 12 nm and 

>..6 = 0.8 nm, their ratio complying with the value given above, and the aHll 

given above. We note that the actual choice of >..6 and >..6, given a certain ratio 
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between these quantities, only affects the thickness scale below which dimen
sionality effects become sizeable, and not the general behavior. In the dilute 
limit, with impurity scattering only, thickness scales are inversely proportional 
to the impurity concentration. The present values of >.6 and )..~ are expected 
to correspond to impurity concentrations of about 20 % Fe. This follows from 
an order-of-magnitude calculation using the experimental residual resistance 
of majority-spin electrans in NiFe systems (p = 0.44 x w-8nmjat .%) [50, 51], 
and using the simple expression pi = mvF jn T e2 ).. i with val u es of VF and n T 

as appropriate for Cu, m being the free electron mass. Using similar values 
of )..i and )..1 for bulk scattering in permalloy (Ni80Fe20 ), Dieny [37] was able 
to quantitatively analyze the GMR effect of NiaoFezo/Cu/NisoFezo/FesoMnso 
"spin valve" multilayers. However, we note that in this study no intrinsic 
anisotropic scattering was taken into account. We will return to this issue 
later. For the Cu layer we assume isotropie spin-independent scattering, with 
>.6 = >.6 = 13.5 nm, inspired again by the analysis of "spin valve" multilay
ers [37]. We note that this value of >.(Cu) is much smaller than the intrinsic 
mean free path of a pure copper crystal at 4.2 K , and should therefore be 
regarcled as the result of scattering due to growing imperfections and grain 
boundaries, which are present in thin films. 

3.3.2 Numerical results 

In Fig. 3.5 the calculated AMR ratio for a NiFe film is given , which shows a 
monotonic decrease with decreasing film thickness, deviating significantly from 
the bulk value for thicknesses below a few tens of nanometers. The solid curve 
gives the result based on the set of aHll parameters discussed above (taking 
bW) = 0), and the dashed curve gives the result based on the set of bWl 
parameters (taking aHll = 0) . lt can be seen that the predictions, based on 
these rather extrema! cases, are very similar. As discussed above, this has 
motivated us to neglect in further discussions the possible preserree of a cos4 {} 

term in the expression of the anisotropic mean free path (Eq. (3.4)). 
The calculated normalized resistivity of a thin film of 20 nm NiFe as a 

function of the angle 0 between M and E is shown in Fig. 3.6. The resistivity 
was calculated with the magnetization rotatingin the film (xy) plane (solid line) 
and rotatingin the xz plane (dashed line), perpendicular to the film plane. For 
both cases the angular variation is found to be described approximately, but 
not precisely, by a cos20 function. The amplitude of the effect is larger in the 
out-of-plane case, as compared to the in-plane case. Fig. 3. 7 (curves a and b) 
shows the AMR ratio as a function of the film thickness, the out-of-plane AMR 
ratio being even slightly larger than the bulk value for thicknesses above 20 nm. 
For the case of a wire Fig. 3.7c shows a monotonic decrease of the AMR ratio 
with decreasing wire diameter 2R, which is even steeper than for the in-plane 
AMR effect in a film. 

As the basis of a more detailed discussion on the origin of these results, the 
variation with thickness of the normalized resistivity change ó.pj Ó.p00 = (Pil -
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Figure 3.5: AMR ratio as a function of the film thickness with the magnetization 
rotating in the film plane. For the solid line the aWl parameters are used 
(bi(!) = 0), for the dashed line the bi(L) parameters (ai(l) = 0). The small 
dashed line represents the bulk value 

PJ..)/(PII - PJ..)oo, and of the normalized resistivity for M 11 E , Pul Pll,oo are given 
in Figs. 3.8 and 3.9, respectively. 6.p00 and Pil.oo are the bulk values. Fig. 3.8 
shows tha t the resistivity change 6.p for the thin film case is nearly independent 
of the film thickness for films thicker than about 10 nm (in-plane case, (a)) or 
about 50 nm (out-of-plane case, (b)). For thinner films 6.pj6.p00 increases. 
The effects shown in Figs. 3.6- 3.9 can be understood when consiclering only 
majority-spin electrons, as (i) they carry the major part of the current, and (ii) 
dimensionality effects due to minority-spin electrous are very smal! because of 
their small mean free path. It follows from Eq. (3.4) , wit h the values for a T and 
al given above, that majority-spin electrans with a large velocity component 
collinear to the magnetization direction experience the strongest scattering. 
Thus, as is illustrated in Fig. 3.6, the highest resistivity is found when the 
magnetization is collinear to the electric field and the resistivity drops when the 
magnetization vector is oriented perpendicular to the electric field. When t he 
film thickness decreases, diffusive scattering at the film boundaries leads to an 
increase in resistivity, as shown in Fig. 3.9(a, b). Curves (a) and (b) in Fig. 3.8 
show that this increase depends on the orientation of the magnetization . This 
can be explained by the fact that the contribution to the current of electrans 
with a velocity vector that deviates from E is larger in the case that M 11 E 
than in the case that M .1. E, so that diffusive boundary scattering influences 
Pil more than Pl.. However, the stronger increase in resistivity with decreasing 
film thickness leads to a decreasing AMR ra tio as t he net effect . 
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Figure 3.6: Calculated normalized resistivity as a function of the angle 0 
between M and E of a 20 nm NiFe thin film, with the magnetization rotating in 
the film (xy) plane (solid), and rotatingin the xz plane {dashed}, perpendicular 
to the film plane. 
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Figure 3. 7: AMR ratio as a function of the film thickness or wire diameter 
(a) for a thin film with the magnetization rotating in the film plane, {b) for a 
thin film with the magnetization rotating out of the film plane, and {c) for a 
cylindrical wire. The smalt dashed line represents the bulk value. 
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Figure 3.8: Normalized resistivity change D.p/ D.p00 as a function of the film 
thickness or wire diameter (a) for a thin film with the magnetization rotating 
in the film plane, {b) for a thin film with the magnetization rotating out of the 
film plane, and ( c) for a cylindrical wire. D.p00 is the bulk resistivity change. 
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Figure 3.9: Normalized resistivity as a function of the film thickness (solid) or 
wire diameter (chain dashed), in the case of M 11 E. Poo is the bulk resistivity. 
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Figure 3.10: AMR ratio (%) of a NiFe/Cu/NiFe trilayer film, as a function of 
the NiFe and Cu layer thickness, with parallel magnetizations. 

Due tothefact that p1_ (M in-plane) increases more strongly with .decreas
ing film thickness than p1_ (M out-of-plan€), the AMR ratio for thin films is 
smaller when the magnetization rotates in the film plane than when the mag
netization rotates from in-plane (M 11 E) to perpendicular to the film plane 
(M ..l E). In the out-of-plane case the infiuence of diffusive scattering at the 
film boundaries is reduced because the anisotropic scattering limits the mean 
free path of electrans with a large velocity component perpendicular to the film 
plane. 

In order to understand the results for cylindrical wires, we are forced to 
reconsider the point of view that the majority-spin electrous determine the 
AMR in all cases. Fig. 3.8 (curve c) shows that !J.p ultimately decreases for 
small wire diameters, in contrast to the case of thin films. In a cylindrical 
wire, the outer boundaries have astrong infiuence on the resistivity (curve c in 
Fig. 3.9). The contribution to the current of majority-spin electrons, that have 
a relatively large mean free path, depends more strongly on the wire diameter 
than the contribution of the minority-spin electrons. For a very smal! wire 
diameter the majority-spin electrous experience astrong diffusive scattering at 
the outer boundaries, leading to a relatively large contri bution of the minority
spin electrous to the total current and to the AMR. As the contribution to the 
AMR ratio due to minority-spin electrous is negative in NiFe (see Eq. (3.20) 
or, equivalently, al is negative), the total resistivity change !J.p decreases with 
decreasing wire diameter. 

The results of the calculations on NiFe/Cu/NiFe trilayers are summarized 
in Figs. 3.10 and 3.11. The magnetization of one of the NiFe layers is fixed, the 
magnetization of the other NiFe layer can be freely rotated. Fig. 3.10 shows 
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Figure 3.11: GMR ratio (%) of a NiFejCujNiFe trilayer film, as a function 
of the NiFe and Cu layer thickness, with the magnetizations parallel to the 
direction of the electric field. The dashed line connects the points, for each Cu 
thickness, of optimal NiFe thickness. 

the calculated values of the AMR ratio as a function of the Cu-layer thickness 
tcu and the NiFe-layer thickness tNiFe, defined as: 

AMR(P) = p(P,M 11 E)- p(P,M _iE) 
- p(P,M 11 E) ' 

(3.21) 

the magnetizations being mutually parallel (P). In Fig. 3.10 it can clearly be 
noticed that shunting by the Cu interlayer gives a considerable reduction of the 
AMR ratio. For tNiFe = 20 nm and tcu :=:::: 0 nm the bulk value of 12.9 % for 
the AMR ratio is almost reached. Fig. 3.11 shows the calculated GMR ratio 
as a function of tcu and tNiFe, defined as: 

GMR(M ll E) = p(AP,M 11 E ) - p(P,M 11 E)_ 
p(P, M 11 E) 

(3.22) 

The magnetizations, in a parallel (P) or antiparallel (AP) arrangement, are 
collinear to the electric field E. From Fig. 3.11 we can see that the maximum in 
GMR ratio is achieved at very low thickness, for t c u -+ 0 nm and tNiFe = 2 nm. 
Fora fini te tcu the GMR ratio is reduced because of shunting and a decreasing 
probability for electrons to cross the Cu interlayer without scattering. For large 
tNiFe it is also shunting that causes the reduction in GMR ratio. For very smal! 
tNiFe diffusive scattering of the majority-spin electrons at the outer boundaries 
reduces the difference in the scattering of spin-up and spin-down electrons and 
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increases the resistivity. Therefore the GMR ratio decreases. The dashed line in 
Fig. 3.11 marks the tNiFe with the highest GMR, as a function of tcu· It shows 
that, in order to maximize the GMR, tNiFe must be enlarged with increasing 
tcu, thereby preventing the current from running mainly through the Cu layer. 

In Fig. 3.12 the quantity ÁGMR , which is defined as 

[p(AP,MIIE)- p(P,MIIE)]- [p(AP,Mi_E)- p(P,Ml_E)] 
ÁGMR::: p(P,M IIE) 

(3.23) 

is plotted as a function of tNiFe and tcu. ÁGMR represents the- influence of 
anisotropic scattering on the GMR ratio . Comparison of Figs. 3.11 and 3 .. 12 
shows that ÁGMR/ GMR(M 11 E) can reach at least 10 to 20 % in areas where 
the GMR is very smalland ÁGMR is large enough, e.g. for tcu ~ 1 nm and tNiFe 

very small. Trends in Fig. 3.12 can be understood when taking the following 
three points into account . (i) According to Eq. (3.4) the average value of 
À r (NiFe) for electrous is smallest in the case of M 11 E. The spin dependenee 
of the scattering is therefore smaller than in the case of M l_ E. This effect gives 
a negative contribution to ÁGMR and becomes more important for decreasing 
NiFe layer thickness. In the case of thin NiFe layers most of the current is 
carried by el€ctrons with a velocity vector close the current direction, due to 
the diffusive scattering at the boundaries. (ii) As mentioned befare in the case 
of M 11 E, the enhanced scattering of spin-up electrans parallel to the current 
direction results in a relatively larger con tribution to the current from electrans 
with a large velocity component perpendicular to the plane of the layers. This 
is most important for large NiFe thickness and results in a positive contri bution 
to ÁGMR· In this case diffusive scattering at the boundaries does not severely 
limit the contribution to the current of electrous with a large perpendicular 
velocity component. (iii) When the GMR decreases, the absolute value of 
ÁGMR decreases. 

The dependenee of the AMR ratio on the mutual alignment of the magnetic 
layers follows from the quantity Á AMR, which is defined as: 

[p(P, Mil E) - p(P, Mi_E)]- [p(AP, M 11 E)- p(AP, Mi_E)] 
ÁAMR ::: .::........:...----"--'---'-''---'-----'p(::::P--:, M~I I:-=E::-:-) ~..:.:...__.:....._...:......:....___.:. __ .:...e. 

(3.24) 

From comparison of Eqs. (3.23) and (3.24) it follows that ÁAMR = -ÁGMR· 

The conditions where the GMR ratio is relatively sensitive to the current dir
ection therefore precisely coincide with the conditions where the AMR ratio is 
relatively sensitive to the mutual alignment of the F layers. For the usuallayer 
thicknesses in spin-valve structures, i.e. tNiFe = 5-10 nm and tcu =2.5 nm, these 
cross-effects are of the order of 0.1 %. In a recent theoretica! paper Granovskii 
et al. [71], using a very similar expression for the anisotropic mean free path, 
have predicted an anisotropy of the GMR in Ni80Fe20 / Cu spin valve struc
tures which is an order of magnitude larger. In these calculat ions, however, 
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Figure 3.12: ~GMR, that represents the infiuence of anisotropic scattering on 
the GMR, as a function of NiFe- and Cu-layer thickness. 

expressions that are only valid for infinite multilayers (no diffusive boundary 
scattering) were applied to regular spin valve sandwiches, making the results of 
the calculations rather questionable. An anisotropy of the GMR in exchange
biased spin valves was experimentally demonstrated by Dieny et al. [20, 21]. 
They have determined ~GMR as a function of the thickness of the magnetic 
layers and the non-magnetic interlayer. Although the values of ~GMR are of 
the same order of magnitude as calculated here, no positive anisotropy has 
been observed experimentally. 

Our predictions of the AMR. effect in thin films can be checked by perform
ing resistivity versus field measurements, at liquid-helium temperature, on a 
ferromagnetic alloy for varying film thickness. The results of these experiments 
in two different sample-field configurations will be presented in Chapter 5. In
plane measurements of the AMR effect have already been carried out by sev
eral authors, e.g. McGuire and Potter [15] and Mitchell and co-workers [72], 
in permalloy thin films. The results of these measurements, although they 
were carried out at room temperature, roughly support our predictions. The 
out-of-plane measurements will require fairly high fields, because of demagnet
ization effects. According to our predictions the cylindrical wire case seems to 
be very suitable for determining the minority-spin contribution to the AMR 
effect. However, the AMR effect in wires will be very complicated to check ex
perimentally, mainly because of the difficulties of preparing cylindrical samples 
with a diameter small enough to measure size effects. 

In polycrystalline samples, apart from intrinsically anisotropic scattering 
processes also extrinsically anisotropic scattering processes can play an im
portant role. This was already shown by Mayadas and co-werkers [65, 73], 
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in polycrystalline thin films, and by Dieny [37], who was able to quantitat
ively analyze the GMR effect in NisoFe2o/Cu/NisoFe2o/FesoMnso multilayers 
by taking grain-boundary scattering into account. In Chapter 4 we will present 
a quantitative analysis of the resistivity of NisoFe2o and Cu thin films, tak
ing intrinsically anisatrapie scattering as well as electron scattering at grain 
boundaries into account. In Chapter 6 the results of this analysis will be used 
to analyze the magnetotransport properties of F/Cu/F/Fe50Mn50 "spin valve" 
multilayers (F is a ferromagnetic alloy) in a quantitative manner. 

3.4 Conclusions 

We have carried out model calculations of the resistivity by solving the Boltz
mann transport equation in linear response for a free-electron gas in the re
laxation-time approximation. Our most crucial additional assumption, in or
der to treat the anisatrapie magnetoresistance effect, is that the electron mean 
free path depends on the angle between the electron velocity vector and the 
magnetization vector. 

We have applied this model to bulk ferromagnetic systems, thin films, cyl
indrical wires, and trilayers of the type F/ NM/ F, where F and NM are fer
romagnetic and non-magnetic layers, respectively. Numerical examples have 
been given for dilute NiFe alloys. For a thin film, the AMR ratio in the case 
where M rotates out of the film plane is predicted to be considerably higher 
than in the case where M rotates in the film plane. Although the AMR ratio 
decreases with decreasing film thickness, the resistivity change t::.p is predicted 
to increase. This is due to the fact that infl.uence of diffusive scattering of elec
trans at the film boundaries depends on the magnetization orientation. The 
AMR ratio for a cylindrical wire decreases rapidly if the wire diameter becomes 
smaller than therelevant mean free path, and even t::.p decreases for sufficiently 
low diameters. This is due to the contribution of the minority-spin electrons, 
which cannot be neglected when the diameter becomes much smaller than the 
mean free path of the majority-spin electrons. 

Our calculations of Fj NM/ F trilayers have revealed to what extent AMR 
and GMR can be treated as two superimposed effects. In a limited range of 
F-layer and NM-layer thickness, the difference in GMR ratio in the case of 
M 11 E and M ..l E can be larger than 10 %. However, treating the combined 
effect of AMR and GMR in termsof a simple summation of both phenomena 
is, in almast the entire thickness region studied, precise within a few tenths of 
a percent. 



Chapter 4 

The infl uence of grain size 
on the resistance of Cu and 
NisoFe2o thin films 

Apart from small changes, the contents of this chapter has been published in 
IEEE Trans. Magn. 31, 3865 (1995). 

4.1 Introduetion 

In order to increase the understanding of the magneto-transport properties of 
exchange-biased NisoFe2o/Cu/NisoFe2o/Fe5oMn5o spin-valve multilayers, which 
are commonly grown on a Ta buffer layer, the electrical resistance of polycrys
talline Ta/Cu/Ta and Ta/Ni80Fe20 /Ta thin films have been studied. Maya
das et al. [65] and many other authors (a comprehensive overview is given in 
Ref [74]) have demonstrated already that two size effects have to betaken into 
account to explain the thickness dependenee of the resistivity in polycrystal
line films, i.e. film-boundary and grain-boundary scattering. Resistivity data 
are generally analyzed in terms of the Thchs-Sondheimer theory [46, 4 7], com
bined with a model for grain-boundary scattering proposed by Mayadas and 
Shatzkes [73] . In this section, using a simHar approach, we wil! show that the 
average grain size in Cu and NisoFe2o thin films, grown on a Ta buffer layer, 
is significantly smaller than the intrinsic mean free path of the electrans in Cu 
and Nis0Fe2o. As the grain size is found to be considerably smaller than the 
film thickness, grain boundaries are an important souree of electron scat tering, 
even up to large film thicknesses. In NisoFe2o films this leads toa considerable 
reduction of the effective spin dependenee of the scattering. 

39 
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Figure 4.1: Sheet conductance versus the film thickness t at 4.2 K for Cu 
(squares) and Nis0Fe20 (circles) ·thin films. The open and closed circles repres
ent different sample series. 

4.2 Experimental method 

The films under investigation had the following structure: 

3 nm Ta/txX /3 nm Ta, where X = Cu, Ni80Fe2o 
and tcu = 5- 150 nm, tNiFe = 2- 123 nm. 

The films were prepared by de-magnetron sputtering with a base pressure of 
typically 10-8 Torr, on 4 x 12 mm2 Si(lOO) substrates precleaned by an ex 
situ 2 % HF dip. The argon pressure during sputtering was 5.0 mTorr, the 
deposition rates were about 0.2 nm/s. The Ta buffer layer was used to imprave 
the (111) texture of the films. The full width at half maximum of the x-ray 
diffraction (XRD) rocking curve, measured on a film of 40 nm, is 3.7° and 5.2 o 

for Ni80Fe20 and Cu, respectively. The grain size in these textured films was 
determined by plan-view transmission electron microscopy (TEM) and grazing
incidence XRD. 

The sheet conductance for varying film thickness (Fig. 4.1) , measured in 
a four probe setup, was analyzed using a semi-classica! model similar to the 
Fuchs-Sondheimer theory, which involves the solution of the Boltzman trans
port equation in linear response for a {ree-electron gas in the relaxation-time 
approximation. In order to treat the anisotropic magnetoresistance effect in 
Ni80Fe20 , the mean free path of the electron was taken to depend on the angle 
between its velocity vector and the magnetization vector. The details of the 
model have been described in Chap. 3 (Ref. [75]). In this model diffusive elec
tron scattering at the film boundaries is assumed (specularity parameter p = 0). 
Grain-boundary scattering was taken into account in the following way: the 
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Figure 4.2: Layout of the model system of the Ta/X /Ta thin films. Scattering 
at the film boundaries is expressed in the specularity parameter p, scattering 
at the interfaces is expressed in the transmission coefficient T . The ( intrinsic) 
electron scattering in the bulk of the layers is described by the mean free paths 
À; and ÀTa, and grain-boundary scattering is expressed in Àgr· At the Ta-X 
interfaces, an intermixed layer of thickness tint with a mean free path ÀTa-x is 
taken into account. 

mean free path À, which is the only adjustable model parameter, is given by 

1 1 1 
-==-+--
À(t) À; Àgr(t) 

( 4.1) 

where À; and Àgr are the mean free paths for intrinsic scattering and grain
boundary scattering, respectively; À; and therefore also À are spin dependent 
in Ni80Fe2o, Àgr is assumed to be spin independent. Strictly speaking, a de
scription of grain-boundary scattering in terms of a mean free path is valid 
when >.; is considerably larger than the grain size. This is a similar but some
what more general approach, as compared to the Mayadas-Shatzkes model [73], 
which describes grain-boundary scattering in terrus of specular refl.ection on a 
Gaussian distributed set of randomly-spaced planes perpendicular to the cur
rent direction. In Chap. 6 a more realistic representation of the scattering at 
the boundaries of a colurnnar grain structure will be given in terms of an an
isotropic mean free path for grain-boundary scattering. lt wil!, however, be 
shown that, in the case of a thin film, anisotropic grain-boundary scattering 
yields only slightly different results as compared to isotropie grain-boundary 
scat tering. 

4.3 Results and discussion 

The layer structure of the model system, assumed to represent the Ta/ X /Ta 
thin films, is shown in Fig. 4.2. For the Cu films, with film thickness tcu, 
Àgr(t) was determined from modeHing the sheet conductance measured at 4.2 K, 
neglecting at this temperature the intrinsic scattering (À; ---+ oo) and taking an 
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Figure 4.3: Àgr versus the (nomina!) film thickness tcu, at 4.2 K, taking an 
intermixed layer of thickness tint = 0 nm (squares) and 1 nm (triangles) into 
account at the Ta/Cu interfaces. The inset shows the ratio of Àgr to the average 
grain size D versus te u. The lines are guides to the eye. 
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Figure 4.4: À; versus the (nominal) film thickness tcu, at room temperature, 
calculated for tint = 0 and 1 nm. The lines are guides to the eye. 
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intermixed layer of thickness tint at the Ta/Cu interfaces into account. The 
calculated values of Àgr as a function of the film thickness are shown in Fig. 4.3, 
fortint = 0 nm (squares) and 1 nm (triangles). It is shown that Àgr(t) increases 
monotonically with the film thickness and is only weakly dependent on tint· 
In order to determine a consistent value of tint and ÀTa-Cu, the latter being 
the electron mean free path in the intermixed layer, Àgr(t) was implemented in 
the rnadelling of the room-temperature conductivities of the same films, using 
Eq. (4.1), which yields a finite value of À; for each film. The electron mean 
free path in the intermixed layer, ÀTa-Cu , was determined by analyzing the 
sheet conductance of a nominally 3 nm Ta/tint Cu/3 nm Ta film, assuming 
that this corresponds to (3 nm-tint/2) Ta/2tint Ta-Cu/(3 nm-t;nt /2) Ta due to 
intermixing. For tint = 1 nm, a ÀTa- Cu of 1 nm at 4.2 K and 0.2 nm at room 
temperature was found. In the Ta layers, a ÀTa of 0.3 nm at 4.2 K and 1.1 nm 
at room temperature was used, determined from a separate series of Ta single 
films with varying film thickness. The negative temperature coefficient of the 
resistivity of Ta is characteristic for ,6-Ta, which is a thin film phase of Ta. 
It must be remarked that in the model calculations, presented in this section, 
the Fermi velocity of Cu is applied to all the metals . The calcnlations have 
been performed for different values of tint (and ÀTa- cu) until À;, which is a 
bulk parameter, was found to be independent of the film thickness. This is 
iUustrated in Fig. 4.4 which shows the calculated room temperature values of 
À; as a function of the film thickness, for t;nt = 0 and 1 nm. For an intermixed 
layer thickness of 1 nm, Ài was found to be about 33 nm and independent of 
the film thickness. This is reasonably consistent with the value of 39.5 nm, as 
derived from the room-temperature resistivity of Cu within the {ree-electron 
model (see for example Ref. [76]), which confirms the applicability of our model. 

In addition, the average grain size D was measured by plan-view TEM and 
grazing-incidence XRD. With both characterization techniques the preserree 
of a colurnnar grain structure was confirmed. In Fig. 4.5, plan-view TEM 
micrographs of 3 nm Ta/tcu Cu/3 nm Ta thin films, deposited on S3N4 , are 
shown for fcu ranging from 5 to 40 nm. The thickness dependenee of the grain 
size is in accordance with the expected type of film growth [77] . The ratio 
Àgr(t)/ D , which is shown in the inset of Fig. 4.3, was found to be essentially 
constant over the entire thickness range. This supports the point of view that 
the electron scattering described by Àgr is related to the grain structure of the 
films . 

For Ni80 Fe20 , Eq. (4.1) was applied toeach spin direction separately. Using 
(>,J + Àf) = 36.1 nm, as derived from the low-temperature resistivity of bulk 
Ni80 Fe20 within the free electron model [15], Àgr(t) was determined from the 
low-temperature sheet conductance for various values of a = ÀJ / ÀJ, the in
trinsic spin dependenee of the scattering. The results for a == 4, a typical value 
according to [78, 79], are shown in Fig. 4.6. For the thickness range shown, 
Àgr(t) is smaller than (ÀJ +ÀJ), clearly pointing out that grain-boundary scat
tering cannot be neglected. As Àgr(t) proved to be only very weakly dependent 
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Figure 4.5: Plan-view TEM micrographs of 3 nm Ta/ tcu Cu/3 nm Ta thin 
films, deposited on S3 N4 , for t c u = 5 {a), 10 {b) , 20 (c), and 40 nm {dj. 
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Figure 4.6: Àgr versus the film thickness tNiFe , at 4.2 K, assuming that a: = 
4 and ( \ 1 + >.f) = 36.1 nm. The open and closed symbols re present different 
sample series. The inset shows the ratio of Àgr to the measured average grain 
size D. The lines are guides to the eye. 

on interfacial intermixing, this is neglected in the analysis of the Ni80Fe20 films . 
We would lik-e to emphasize that in our analysis Àgr and a: are dependent para
meters; additional experiments would be required to determine their separate 
values. But, although the calculated values of Àgr depend on the choice of a:, 
the functional dependenee of Àgr(t) is nearly independent of a:. 

Plan-view TEM micrographs of 3 nm Ta/tNiFe Nis0Fe2o/3 nm Ta thin films, 
deposited on S3N4 , are displayed in Fig. 4.7, for tNiFe ranging from 4.2 to 41 nm. 
Micrographs taken in underfocus (an example is given by (d') in Fig. 4.7) show 
the development of voids between the grains for Nis0Fe20 films thicker than 
about 20 nm, indicating a different film morphology as compared to the Cu 
films [77]. This will seriously infiuence the conductivity, as the presence of 
intergranular voids strongly reduces the transmission probability of electrons 
at the grain boundaries. The inset in Fig. 4.6 shows that the ratio Àgr(t)/D 

is essentially constant over a large thickness range. The average grain size D 
is again estimated from the TEM measurements. The relatively low value of 
Àgr(t)jD, as compared to the C u films may be related to the presence of the 
voids. 

As mainly the mean free path of the spin-up electrons, which have the 
longest intrinsic mean free path, is affected by grain-boundary scattering, this 
wiJl lead to a considerably lower effective spin dependenee of the scattering 
O:eff ( t), given by 

(4.2) 
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Figure 4.7: Plan-view TEM micrographs of 3 nm Ta/ tNiFe NisoFe2o/3 nm Ta 
thin films , deposited on S3N4 , f or iNiFe = 4.2 (a) , 12. 5 (b), 20.5 (c), and 
41 nm (d) . (d'), taken in underfocus, reveals the presence of intergranular 
voids (bright spots) . 
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Figure 4.8: Effective spin dependenee of the scattering aetr as a function of the 
film thickness tNiFe, fora = 4 (circles), 10 (triangles), and 20 (squares). The 
open and closed symbols represent different sample series, the lines are guides 
to the eye. 

as compared to the intrinsic spin dependenee of the scattering, a. This is 
clearly illustrated in Fig. 4.8, which shows aetr(t) fora = 4, 10, and 20, using 
(.>..J + >.}) = 36.1 nm and the values of Àgr(t), as discussed above. In particular 
for high values of a, aeff is much smaller than a. 

For comparison, the values a == 2.7 [80] and a == 11 [81] are reported for 
Nis0Fe2o (at 4.2 K), derived from rnadelling the current-in-plane (CIP) mag
netoresistance insputtered Nis0 Fe20 /Cu multilayers. In the first case no grain
boundary scattering was explicitly taken into account. Hence, the value for a 
obtained is an effective value, aeff· In the second case, grain-boundary scat
tering was taken into account explicitly by introducing mean free paths that 
depend on the angle between the electron-velocity vector and the film plane. 
The value of-a obtained should therefore be regarcled as an intrinsic value. 
From measurements of the current-perpendicular-to-plane (CPP) magnetores
istance, effective a values between 3 and 5 were derived [78, 79, 82] . 

4.4 Conclusions 

The measured sheet conductances of Ni80Fe20 and Cu thin films, grown on a 
Ta buffer layer, were quantitatively analyzed using a semi-classical model for 
the electrical conductivity, that includes a spin-independent (isotropic) grain-
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boundary scattering term Àgr · Comparison of the calculated values of Àgr with 
the measured average grain size confirmed a close relation between this electron 
scattering term and the grain structure. It was found that grain boundaries are 
an important souree of electron scattering. In NisoFe2o films grain-boundary 
scattering leads to a considerable reduction of the effective spin dependenee of 
the scattering. In Ni80Fe20-based spin-valve multilayers, which are commonly 
grown on a Ta buffer layer , grain-boundary scattering wil! red uce the giant 
magnetoresistance ( Chap. 6). 



Chapter 5 

In-plane and out-of-plane 
anisatrapie 
magnetaresistance in 
NisoFe2o thin films 

The contentsof this chapter has been submitted to Phys. Rev. B. 

5.1 Introd uction 

Many ferromagnetic alloys exhibit the so-called anisatrapie magnetoresistance 
(AMR) effect, which is manifested in the dependenee of the resistivity on the 
angle between the current and magnetization direction. This effect, discovered 
in 1857 by Thomson [59], is of technica! interest in the field of magnetic re
cording [63, 64]. The size of the effect is expressed by the AMR ratio, defined 
as b..pjp = (Pil- P.l..)/Pii, in which Pil and Pl.. are the resistivities with the 
magnetization parallel and perpendicular to the current direction, respectively. 
Large AMR ratios are found in bulk crystals of transition-metal alloys, such as 
~i70 Co30 , for which b..pj p equals about 27% at 4.2 K and 6- 7% at room tem
perature [15). In magnetic sensing devices based on the AMR effect aften thin 
films with the approximate cornposition Ni80Fe20 are used. Ni80Fe20 (permal
loy) combines a very small cubic magneto-crystalline anisotropy with a very 
smal! magnetostriction constant. In addition, it is possible to induce a small 
in-plane uniaxial anisotropy in thin permaHoy films by deposition in a magnetic 
field , teading to almost hysteresis-free hard-axis loops [83). These properties, 
combined with a fair AMR ratio at room temperature, make permalloy very 
suitable for sensor applications. 

Usually the AMR effect is measured with the magnetization vector rotating 
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in the film plane. We will call this the in-plane (lP) AMR effect. For a 30 nm 
thick Ni80Fe20 film an AMR ratio of typically 2 % is measured at room temper
ature. Recently, semiclassical calculations of the resistivity and the AMR effect 
of thin films have been performed, for a rotation of the magnetization from a 
direction parallel to the current to a direction perpendicular to the current, in 
the film plane as wellas perpendicular to the film plane. The latter effect wiJl be 
called the out-of-plane (OP) AMR effect. From the calculations, the OP-AMR 
is expected to be considerably larger than the IP-AMR [75] (Chap. 3), which 
is ascribed to a dimensionality effect. Marsocci [84] and Chen [85] have per
formed AMR measurements of Ni films with the magnetic field perpendicular 
to the current direction, varying the angle between the magnetic field direc
tion and the film plane from 0 to 90 degrees. In polycrystalline Ni films with 
thicknesses of 47.8 and 107.5 nm, they found that the OP-AMR ratio is larger 
than the IP-AMR ratio. Although the authors recognized the presence of a 
dimensionality effect, the dependenee of this effect on the angle between the 
magnetization vector and the film plane could not be explained by the theories 
of AMR, known at that time. In addition, measurements of (100) oriented 
single crystal films (with thicknesses of 68 and 107.5 nm), showed a marked 
dependenee of the AMR ratio on the crystal axes along which the current and 
the magnetic field were aligned. This dependenee has also been reported by 
several other authors [86-89], for Ni and Ni-Fe single crystals. Viret et al. [90] 
have measured a 0.2 % lower OP-resistance as compared to the IP-resistance 
(M ..l I) in a 30 nm polycrystalline Co film. They explained this effect by 
assuming that upon the application of a perpendicular magnetic field domain 
walls, which in the near-zero field state give rise to an additional contribu
tion to the resistivity analogous to the giant magnetoresistance in magnetic 
multilayers, are eliminated. 

In this section we will present the results of both IP- and OP-AMR meas
urements on sputter-deposited permalloy films , with thicknesses varying from 
4.5 to 100 nm . We wiJl show that the OP-AMR ratio is indeed considerably 
larger than the IP-AMR ratio. By studying the IP- and OP-AMR effects in 
untextured as well as textured films as a function of film thickness, combined 
with a careful analysis of the structural properties of these films, we have been 
able to clearly demonstrate the dimensionality effect. Using the description of 
the AMR effect, as proposed in Ref. [75] (Chap. 3) , we are now able to explain 
the dimensionality effect, that was first measured in 1964 [84,85]. Unfortu
nately, the relatively large OP-AMR effect in Ni80Fe20 films is unlikely to be 
applied in future magnetic field sensors because of the large field necessary to 
overcome demagnetization. 

5. 2 Experiment al 

Samples were prepared by de magnetron sputtering at a base pressure of 5 · 
10- 9 Torr and an argon pressure of 5 · 10-3 Torr (target-substrate distance is 
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Figure 5.1: (111)-peak intensity ofthe high-angle XRD spectra as ajunetion of 
the NisoFe2o layer thickness. Note that the peak intensities of the films grown 
on SiOx are multiplied by a factor of 10. 

llO mm). As substrates, 4 x 12 mm2 Si(IOO) single crystals and also thermally 
oxidized Si were used. The single crystal substrates were precleaned by an ex 
situ 2 % HF dip to remave the oxide skin. Ni80Fe20 films, with thicknesses 
varying from 4.5 to 100 nm, were grown on Si(lOO) using a 3 nm Ta buffer 
layer as well as directly on the Siûx substrates (no buffer) . Deposition rates 
were about 0.2 nmjs. Layer thicknesses were calibrated using low-angle x-ray 
diffraction (XRD). During deposition a magnetic field was applied along the 
long axis of the sample, which induces a smal! uniaxial anisotropy in Ni8oFe20 . 

High-angle XRD has revealed astrong (lll) texture in the films sputtered 
on Si(lOO)/Ta, whereas the films sputtered on Siûx only show a very weak (lll) 
texture for films thicker than about 35 nm and essentially no texture at all for 
thinner films. Fig. 5.1 shows the XRD (111 )-peak intensity as a function of 
film thickness, for the films grown on Si(lOO)/Ta and on Siûx . The full width 
at half maximum of the XRD rocking curves is typically 3-4 o for the films 
grown on Si(lOO)/Ta and 20° for the films on Siûx. A3 nm Ta layer has been 
deposited on top of bath types of samples, in order to prevent the NisoFe2o layer 
from oxidation. Cross-sectional transmission electron microscopy (TEM) has 
shown that the films are polycrystalline. The films grown on Si(lOO)/Ta show 
a colurnnar grain structure, whereas in the films grown on Siûx, the grains do 
not exhibit this kind of colurnnar shape [91] . Plan-view TEM experiments have 
been performed on films , sputter-deposited on Si3N4 windows. Comparison of 
the structure of Ta/Ni80Fe20 /Ta films grown on both Si(lOO) and Si3N4 , using 
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IP OP 

Figure 5.2: Schematic view of the sample-field configurations. The easy axis 
(e.a.) of the induced anisotropy is directed along the long axis of the sample. 
The magnetic field is applied perpendicular to the easy axis, either in-plane 
{lP) or perpendicular to the film plane (OP). 

grazing-incidence XRD, showed no significant difference. The (111)-textured 
films exhibit a random in-plane crystallite orientation. A TEM study on the 
influence of a Ta buffer layer on the microstructure of a 30 nm NisoFe2o film has 
shown that application of a Ta buffer layer results in an increase of the grain 
size [92] . From a detailed analysis of plan-view TEM micrographs of NisoFe2o 
films, grown on a 3 nm Ta buffer layer, we derived an average lateral grain size 
of about 12 nm for a Ni80Fe20 thickness of 30 nm. For a film without Ta buffer 
layer we estimate an average lateral grain size of about 8 nm [92]. This is in 
good agreement with Ref. [91]. 

Resistance measurements were performed at 5 K in a setup with four con
tacts in-line. The two different field configurations are shown in Fig. 5.2: (i) 
the IP-configuration, with the magnetic field in the film plane along the hard 
magnetization axis, i.e. perpendicular to the uniaxial anisotropy axis and (ii) 
the OP-configuration, with the field perpendicular to the film plane. In both 
configurations, the magnetization is expected to rotate coherently. The sample 
is mounted on a goniometer in order to realize an accurate orientation with 

-respect to the magnetic field. The current is directed in the film plane along 
the long (easy) axis of the sample. The resistance is measured in an ac mode 
with a frequency of 13 Hz. Therefore a possible misalignment of the voltage 
contacts does not result in an error due to a possible Hall voltage in the OP
configuration. 

5.3 Results and discussion 

Fig. 5.3 shows the results of two typical measurements of the sheet resistance 
Ro as a function of the magnetic field H, (a) in the lP and (b) in the OP
configuration. In saturation, the magnetization is perpendicular to the current 
resulting in a low resistance. The in-plane saturation field is less than 1 kA/m, 
determined by the uniaxial anisotropy. The perpendicular saturation field is 
about 840 kA/m, determined by demagnetization. The zero-field state is a 
state of high resistance, as the magnetization is parallel or antiparallel to the 
current due to the uniaxial anisotropy. In both cases, the field dependenee 
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Figure 5.3: Typical sheet resistance Ro versus field H curves of a 30 nm 
Ni80 Fe20 layer, measured with the magnetic field (a) in the film plane (lP) 
and (b) perpendicular to the film plane (OP), at 5 K. At zero-field the mag
netization is parallel or antiparallel to the current (M \\ 1), at large positive or 
negative fi elds the magnetization is perpendicular to the current (M j_ I). 
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Figure 5.4: Sheet resistance Ro versus field H curve, measured at 5 K in 
the out-of-plane (OP) configuration, with the field slightly misaligned (2 o off 
normal). The small in-plane field component induces an in-plane (i.p .) rotation 
of the magnetization preceding the magnetization rotation out of the film plane 
(o.p.). 
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Figure 5.5: The product of the sheet resistance and the Nis0 Fe20 layer thickness 
Ro · tNiFe as a function of tNiFe, m easured at 5 K. The lines are guides to the 
eye. 
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of the resistance shows, to a good approximation, a parabalie behavior as is 
expected for the AMR when the magnetization reversal is governed by a co
herent rotation of the magnetization. In that case the resistance change is 
proportional to (1- (H/HA)2), in which H is the applied field and HA is the 
anisotropy field determined either by the induced anisotropy (a) or demagnet
ization (b). In order to observe this behavior it is necessary, especially in the 
OP-configuration, to align the magnetic field very carefully with respect to the 
sample. As is illustrated in Fig. 5.4, a misalignment of the field of about 2° from 
the film normal provides an in-plane field component of 0.035 · H that induces 
an in-plane rotation of the magnetization (in the field range below 30 kA/m) 
preceding the magnetization rotation out of the film plane. 

In Fig. 5.5 the product Ro · tNiFe, measured with the magnetization par
allel to the current, is displayed as a function of the Ni80Fe20 layer thickness 
tNiFe· The sheet resistance of the untextured films is, for smal! film thicknesses, 
considerably higher than that of the textured films but saturates to the same 
thick-film value of 10 JLf!cm. A systematic investigation of the relation between 
the degree of texture, expressed in the intensity of the XRD (111)-peak reflec
tion, and the resistivity showed a monotonic decrease of the resistivity with 
increasing (111 )-peak intensity [93]. This is ascribed to a decreasing infiuence 
of grain-boundary scattering with an increasing degree of texture. Because of 
the high resistivity of Ta (p = 175 p.f!cm), the contribution of the Ta-buffer 
layer to the total film conductivity is less than 5 %, so the effect of current 
shunting through the Ta-buffer layer is negligible. In Fig. 5.6a the AMR ratio 
(Pil - p .l) /Pil in the IP-configuration in the case of textured (open squares) and 
untextured films (filled squares) is shown as a function of tNiFe· Fig. 5.6b shows 
the same in the OP-configuration. A number of authors already demonstrated 
that the IP-AMR ratio depends on the film thickness (e.g. Refs. [15, 72]), which 
implies that a size effect in the resistivity depends on the orientation of the 
magnetization with respect to the current direction. Fig. 5.6a shows that the 
IP-AMR ratio is only weakly dependent on the degree of (111) texture. In 
addition, the OP-AMR ratio is found to be always larger than the IP-AMR 
ratio and strongly dependent on the degree of ( 111) texture. 

In an earlier paper [75] (Chap. 3) we have predicted a difference between 
the IP and OP-AMR ratios due to a size effect, i.e., as a result of diffusive 
film boundary scattering. The AMR effect is calculated using the Boltzmann 
transport equation, assuming that the electron mean free path is spin depend
ent and aniso'tropic, i.e. depending on the angle between the electron velocity 
vector and the magnetization. For the specific example of dilute NiFe films (see 
Chap. 3 for the parameters used) the lP and OP-AMR ratios have been pre
dicted to be different by 20-40% for film thicknesses in the range of 1-10 nm. 
The difference disappears, of course, in the limit of a thick film, when the 
film thickness becomes larger than the longest of the majority or minority-spin 
mean free path, since then diffusive boundary scattering becomes negligible. 
This dimensionality effect may be understood as follows. Let us define a co
ordinate frame with the film normal in the z direction, and the current in the x 
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Figure 5.6: AMR ratio as a function of the film thickness tNiFe, measured at 
5 K, in the (a) in-plane (lP) case and (b) out-of-plane (OP) case. The lines 
are guides to the eye. 

direction. We will campare contributions to the conductance of electrans with 
two different velocity directions, within the xy and xz planes, respectively, but 
both with a given angle {) with respect to the x direction. For the sake of clar
ity, this is illustrated in Fig. 5. 7. In addition, we restriet ourselves to discussing 
the contribution of electrans of a single spin direction to the current, and as
sume that the scattering probability is largest for electron veloeities parallel or 
antiparallel to the magnetization direction. This provides a good description 
for the case of NiFe (see Chap. 3 and references therein) and is also expected 
to be valid for permalloy. In bulk crystals, neglecting a possible anisotropy in 
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Figure 5.7: Coordinates frame used to explain the dimensionality effect. Yxy 

and V)cz are the velocity directions within the xy and xz plane, respectively, bath 
with an angle 79 with respect to the x direction. 

the transport properties related to the crystal symmetry, the contributions of 
the two velacity directions are equal if M 11 x (Fig. 5.7a), and the sum of the 
two contributions is the same for M 11 y and M 11 z (Fig. 5.7b and c): there is 
no difference in the IP and OP-AMR ratio. However, in thin films the contrir 
bution to the conductance of electrans with a velocity vector in the xz plane is 
decreased by the diffusive scattering at the film boundaries. This reduction is 
smaller when M 11 z, as compared to the situation with M 11 y. In the. former 
case the mean free path of electrans with a velocity vector in the xz plane is 
smaller than in the latter case, due to the anisatrapie scattering, which makes 
these electrans less sensitive to film-boundary scattering. On the other hand, 
for electrans with veloeities in the xy plane there is na film thickness effect in 
their contribution to the conductance. As a result, the net. effect is that the 
conductance for the situation M 11 z is larger than in the case of M 11 y (and 
bath conductances are stilllarger than for M 11 x), and therefore the OP-AMR 
ratio is larger than the IP-AMR ratio. 

The experimental results that we have presented clearly support the predic
tion th-at the OP-AMR ratio is larger than the IP-AMR ratio due to the dimen
sionality effect. However, it must be remarked that in realistic systems there 
are two complicating aspects, that affect the difference between the OP and 
IP-AMR ratios . First, the resistance nat only depends on the angle between the 
current and magnetization vectors, but also on the orientation of these veetors 
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with respect to the crystal axes. This has been observed for Ni and Ni-Fe single 
crystals [84-89], and both phenomenological and microscopie theories within 
which this effect may be described have been discussed in Refs. [86, 89, 94). 
This effect may provide an alternative explanation for the difference between 
the OP and IP-AMR ratio of the (111) textured films grown on Si(100)/Ta, 
which is considerably larger than in the case of the untextured films grown 
on SiOx. We expect, however, that the dimensionality effect discussed above 
is still responsible for part of the difference between the OP and IP-AMR in 
the textured films. In the untextured films, grown on SiOx, we attribute the 
difference between the OP- and IP-AMR ratios entirely to the dimensionality 
effect. We note that in the case of the untextured films, the IP and OP-AMR 
ratios would be expected to be equal in the thick film limit. Experimentally, 
however, a difference remains. This may be explained by the presence of a 
weak (111) texture in the thickest films on SiOx, as was measured by XRD 
(Fig. 5.1). The second complicating effect is grain-boundary scattering. 1t has 
been demonstrated in Chap. 3 [95] that grain boundaries are an important 
souree of electron scattering in sputter-deposited permaltoy films, similar to 
those investigated in the present study, even up to large film thicknesses. It 
leadstoa thick film value of the AMR ratio which is considerably smaller than 
the value of 16% (at 4.2 K), obtained for bulk systems [15]. The slightly lower 
IP-AMR ratio for the untextured films is attributed to a different grain struc
ture as compared to the textured films [91, 92), resulting in a more pronounced 
grain-boundary scattering of the electrons. This can, however, not explain the 
large difference in OP-AMR ratios. A complicating aspect of grain-boundary 
scattering is that it depends on the film thickness, as grain diameters vary with 
the film thickness [65, 95]. Although good progress has been made in Chap. 4 
in relating grain-boundary scattering to the microstructure, we will, in view 
of the microstructural complications involved, not attempt to quantitatively 
analyze the variations with film thickness of the OP and IP-AMR ratios. 

5.4 Conclusions 

We have carried out a systematic study of the anisotropic magnetoresistance 
in both strongly (111) textured and untextured polycrystalline NisoFe2o thin 
films, with the magnetization vector rotating in the film plane as well as out 
of the film plane. Accurate orientation of the samples with respect to the field 
yields parabalie resistance versus field loops, indicating a coherent rotation 
of the magnetization. The OP-AMR ratio is found to be considerably larger 
than the lP ratio, and, in addition, strongly dependent on the degree of tex
ture. In untextured films, the difference between the IP and OP-AMR ratios 
is explained in terms of a dimensionality effect, whereas in textured films an 
additional contribution to the OP-AMR is found that is related to the orient
ation of the magnetization along a well defined crystal axis, i.e. the [111] axis 
perpendicular to the film plane. 



Chapter 6 

Resistance and 
magnetoresistance of 
exchange-biased spin valves 

6.1 Introduetion 

Although a huge amount of experimental work on the magnetoresistive prop
erties of spin-valve rnultilayers has been published, only a few authors have 
attempted to quantitatively analyze the measured data of both sheet conduct
ance and GMR ratio simultaneously in terrns of a theoretica! model for the 
electrical conductivity [37, 38, 78, 79, 81, 82, 96, 97] . A quantitative analysis of 
the measured sheet conductance and GMR ratio is expected to yield insight 
in the nature (bulk or interfacial) of the spin-dependent scattering processes. 
In addition, once a set of parameters (mean free paths, interface-scattering 
parameters) has been deterrnined, the calculations can be a useful tooi toop
timize the layer thicknesses in a spin valve and to predict the magnetotransport 
properties of different designs of layered structures. 

Various classica! and quantum-statistical models have been proposed to de
scribe the electrical conductivity of thin films and multilayers. A comprehensive 
overview of these models is given in Refs. [98- 101]. The simplest theoretica! 
approach is the semi-classica! Fuchs-Sondheimer [46, 4 7] theory for thin films, 
extended by Garcia and Suna [48] to the case of multilayers and subsequently 
by Camley and Barnás [49) to the case of m agnetic multilayers. This t heory 
involves the salution of the Boltzmann transport equation in linear response 
for a free-electron gas in the relaxation-time approximation (Chap. 3) . Elec
tron scattering at the outer boundaries of the film is taken into account in 
terms of a specularity parameter p. Interface scattering is treated in terms 
of phenomenological parameters for spin-dependent t ransmission, specular re
flection, and diffusive scattering. Quantum-rnechanical model calculations are 
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frequently based on the Kubo formalism. The conductivity is expressed in 
termsof Green's functions in momenturn space (102] or in real space (38, 103]. 
In the semi-classica! limit the Kubo approach is very similar to the Boltzmann 
approach. 

The semi-classical model treatment encounters serious conceptual difficulties 
when dealing with length scales comparable to the Fermi wave length, which 
is of the order of a few tenths of a nanometer. In particular, the semi-classica! 
theory neglects (i) the quantization of electron momenturn due to the finite 
size of the films in the direction perpendicular to the layers ( this effect be
co mes important if kFt::; 1) and (ii) the effects of interference from scattering 
at different sites (this effect becomes important if kF>.. ::; 1) [104]." Here, kF, t, 
and >.. are the Ferm i wave vector, the film thickness, and the electron mean free 
path, respectively. Zhang and Butler [98] have made a comparison between 
the semi-classical theory and a full quantum-mechanical theory. In the case of 
a thin film of thickness t with a square-well potential, the conductivity is well 
described by the semi-classical theory when a cutoff on the angle of incidence of 
the electrous is introduced to correct for the quantum-size effect, mentioned un
der (i). This cutoff is related to the minimum value of the electron momenturn 
perpendicular to the film surface, kz,min = 1r ft , and is usually of the order of a 
few degrees. In the case of a multilayer with an infinite number of repetitions 
there is good agreement between both theories as long as the individual layer 
thicknesses are larger than the electron mean free path in each layer. For a 
layer thickness considerably smaller than the mean free path, the semi-classical 
approach overestimates the conductivity. This problem was already noticed by 
several groups, applying the semi-classica! model to the measured conductiv
ities of multilayers. They found that, if the parameters are adjusted to fit the 
GMR ratio, the calculated sheet conductance is overestimated [96, 105-107]. 
We will show that in the layered structures under investigation here, the elec
tron mean free paths are smaller than or of the order of the layer thicknesses. 
In addition, Zhang and Butler have demonstrated that the semi-classica! the
ory breaks down when the electron mean free path becomes of the order of the 
Fermi wave length ÀF, as mentioned under (ii) . 

The validity of the assumptions made in the frameworkof the semi-classica! 
theory may be further questioned for scattering at interfaces and at the film 
boundaries, with a high density of scatterers. It is, however, believed that such 
a scattering should be addressed similarly to bulk scattering, i.e., by assuming 
thin regions with an extremely high scattering rate near interfaces and film 
boundaries [98, 103, 108] . This results in probabilities for transmission through 
or diffusive scattering in the interface layer that effectively depend on the angle 
of incidence of the conduction electrons: in the limit of zero thickness of this 
interface layer, such an approach would be equivalent to the use of angular
dependent interfacial scattering parameters [103]. Angular-dependent scatter
ing parameters have also been proposed on the basis of rough or disordered 
interfaces [109] and film boundaries [110, 111]. The semi-classica! theory is re
latively easy to use and, in spite of its limitations, it directly yields insight in 
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many aspects of the electrical conduction in thin films and multilayers. 
As an extension of the semi-classica! Camley and Barnás theory, Hood and 

Falicov (68] have introduced spin and layer-dependent potentials, reflecting the 
difference in energy between the Fermi energy and the bottorn of the conduction 
band. Angular and spin-dependent electron-scattering effects at the potential 
harriers between adjacent layers are treated by a quantum-mechanical match
ing of the electron wave functions. Differences in potential for spin-polarized 
electrans are expected to play only a minor role if sp-electrons dominate the 
conduction but can be important if d-electrons contribute significantly to the 
conduction, as is being assumed by some authors for Fe-based structures [112]. 
In view of the lack of a firm theoretica! basis, from which a set of energy po
tentials could be chosen, and in view of the difficulty for experimentalists to 
include these potentials as additional fitting parameters in an already large set 
of parameters to be determined, these effects are usually neglected, by using the 
same spin-independent value of the Fermi velocity throughout the multilayer. 

Now we will discuss two semi-classica! treatments of the electrical conduct
ivity of exchange-biased spin valves, given by Dieny et al. and Vedyayev et al., 
in more detail. Dieny [37, 81] adopted the approach of Camley and Barnás [49] 
based on the semi-classica! Fuchs-Sondheimer theory [46, 47], assuming diffus
ive scattering at the film boundaries (specularity parameter p = 0). In addition, 
he introduced an anisotropy in the mean free paths of the electrons, which was 
ascribed to scattering at the boundaries of colurnnar shaped grains with the 
column axis perpendicular. to the film plane. The anisotropic mean free path 
used, À('1.9), is given by 

(6.1) 

in which {) is the angle with respect to the film normal [113]. The in-plane 
mean free path ÀJJ is related to the perpendicular mean free path À1., which is 
regarcled as being equal to the intrinsic mean free path, through 

1 1 1 
-=-+-. 
ÀJJ À1. Àgr 

(6.2) 

In this expression, Àgr represents the mean {ree path associated with grain
boundary scattering. Consequently, it follows from Eqs. (6.1) and (6.2) that 
À(O) > À( 1r /2) . The model calculations are found to be in good quantitative 
agreement with the measured values of the sheet conductance and GMR ratio, 
at 5 K, of F jCujNi80Fe20/Fe5oMnso spin valves, of which the sensitive layer 
consists of Ni80Fe20 , Co, or Fe. The origin of the GMR effect was found to 
be predominantly spin-dependent bulk scattering for Ni8oFe20 , spin-dependent 
interface scattering for Fe and a combination of spin-dependent bulk and in
terface scattering for Co as a sensitive layer. It must be remarked here that, 
although different Fermi veloeities are used in each layer (seeRef. (37] forthese 
details), the effects of electron scattering at potential steps havenotbeen taken 
into account. 
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In an alternative approach, Vedyayev et al. [38] started from a quantum
statistical theory in the semi-classicallimit to describe the electrical conduct
ivity of NisoFe2o/Cu/NisoFe2o/FesoMnso spin valves at 5 K, neglecting spin
dependent interface scattering. Although the mathematica! expressions are 
different, the final model used by Vedyayev bas essentially the same semi
classica! character as that of Dieny. However, Vedyayev introduces a cutoff on 
the angle of incidence of the electrons (with respect to the film plane), given by 
{)c = arcsin(l/JICFX), which prohibits the motion of electrans parallel to the 
interfaces. This angular cutoff emphasizes the relative contribution to the con
duction of electrans propagating under an angle with respect to the film plane 
and therefore bas more or less the same effect as the anisatrapie mean free paths 
in Dieny's approach: it enhances the GMR ratio with respect tothesheet con
ductance. To my opinion, however, the application of an angular cutoff {)c as 
described in this paper is questionable 1 . Scattering at the substrate/Ni80Fe20 

interface was treated by employing a special procedure which leads to strongly 
(but not entirely) diffusive scattering for perpendicular incidence, and to a 
large fraction of specularly refl.ected electrans for grazing incidence [114]. The 
scattering at the other outer boundary is, effectively, purely diffusive due to 
the preserree of the highly-resistive Fe50 Mn50 layer. In spite of the conceptually 
different starting point of the models of Dieny and Vedyayev, good fits of the 
experimental data have been obtained with both models, using basically the 
same values for the mean free paths. 

Instead of using one of these (relatively complicated) electron-transport 
models, attempts have been made to derive information on the role of spin
dependent interface and bulk scattering using simple phenomenological expres
sions for the layer-thickness dependenee of the magnetoresistance [22, 33- 35]. 

In this chapter, we wil! first discuss the applicability of these phenomeno
logical expressions to derive information on spin-dependent interface and bulk 
scattering by camparing them to the results of semi-classica! model calculations 
(Section 6.2). The main subject of this chapter .(Sections 6.3-6.5) camprises the 
presentation of an extensive set of measured values of the sheet conductance 
and the GMR ratio of Ni-Fe-Co-based exchange-biased spin valves as a function 
of the sensitive-layer thickness, and a quantitative analysis of these data using 
a semi-classica! model, similar to the one presented in Chap. 3, as a starting 
point. Subsequently, isotropie and anisotropic grain-boundary scattering wil! 
be introduced in the model. Based on the results of our study of the electrical 
conductivity of thin films, presented in Chap. 4, an extra (spin-independent) 
scattering term (in addition to the intrinsic scattering) is taken into account, 

1 After neglecting terros which oscillate rapidly with the layer t hickness ( quanturn-si ze 
effect), the expression forthesheet conductance, as derived by Vedyayev, leads to a larger 
sheet conductance than the sheet conducta.nce given by the semi-classica! theory. In the 
limit of kF >. » 1, this expression becomes ident ical to the semi-classica! expression . In 
order to improve the predictions based on the semi-classica! theory for the case that kFÀ :<:: 
1, it would be necessary to include an additional contribution to the sheet conductance, 
whereas Vedyayev unjust ly proposes to m ake use of an angula r cutoff, which reduces the 
sheet conductance. 
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in order to treat the electron scattering at grain boundaries. This term in gen
eral depends on the film thickness. Finally, some additional refinements of the 
model will be discussed, such as angular-dependent transmission parameters 
at the interfaces, anisotropic scattering in order to take the AMR effect into 
account, and specular refiection at the film boundaries, simultaneously taking 
the quantum-size effect into account. In Section 6.6 conclusions are given. 

6.2 Simplified analysis ofthe magnetoresistance 

As an alternative for expressions based on a full electron-transport theory, sev
eral authors have applied simple phenomenological expressions for the Jayer
thickness dependenee of the magnetoresistance, in order to determine the elec
tron mean free paths from experimental data. 

Dieny et al. [22, 33) proposed a phenomenological expression for the vari
ation of the GMR ratio with the thickness tr of the sensitive layer. The expres
sion can be rewritten in terms of the change in sheet conductance ll.Go(tr ): 

ll.Go(tr) = ll.Go,o(l-exp[-tr/À')), (6.3) 

where .\' is a parameter that is expected to be related to À i, À t being the longest 
of the mean free paths in the ferromagnetic layers. tl.Go,o depends on the layout 
of the spin valve. Another method to determine the Jongest of the mean free 
paths was proposed by Parkin [34), who inserted a thin Ru layer, at which 
conduction electrans of both spin polarizations are scattered, in the sensitive 
layer (Fig. 6.la). By placing the Ru layer at successively larger distances dRu 
from the F I NM interface, electrans coming from the pinned layer can penetra te 
further into the sensitive layer without scattering. The variations of tl.Go as 
a function of the position of the Ru layer are also described by Eq. (6.3), 
replacing tf by dRu, the free-layer thickness between the F I NM interface and 
the Ru layer. In both cases the authors claim to be able to measure directly 
À 1, which, combined with the value of (À i+ Àl ) that can be derived within the 
nee-electron model from the bulk conductivity, yields the bulk spin-dependenee 
of the scattering a. We will now show that the direct determination of À 1 using 
these methods is only possible if it may be assumed that the FINM interface 
acts as a perfect spin filter, i.e., if T 1 ITi = 0, or that Àl « tr. Here, TT and 
Ti are the transmission parameters at the Fl NM interfaces for spin-up and 
spin-down electrons, respectively. 

We performed model calculations on a simple tFl F1 12.5 nm NMI6 nm F2 

trilayer, using the model presented in Chap. 3, in which the bulk scattering 
in the F and NM layers is described by À iU) and ÀNM , respectively, and the 
interface scattering is described by Ti and Tl. At the outer boundaries, purely 
diffusive scattering is assumed. Here, the anisatrapie scattering in order take 
the AMR effect into account has been neglected. While (À i + Àl) is kept 
constant, ll.G0 is calculated as a function of the thickness tp1 of the F1 layer 
(1 nm ~ tFl ~ 100 nm) for different sets of À i (and À!), Ti, and Tl. The 
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Figure 6.1: Layout of (a) a spin valve with a thin Ru layer placed within the 
sensitive layer at a distance dRu from the F /NM interface, as proposed by 
Parkin (34}, and {b) a spin valve in which the sensitive layer has been replaced 
by a thin filter layer and a back layer of thickness tback, as proposed by Gurney 
et al. (35}. 

7 

Ê 
c ._. 

2-

I I I I 

6 8 10 12 

/! (nm) 

Figure 6.2: ,\' as a function of,\ I, the longest of the mean free paths. (,\I+,\!) 

= 12.6 nm and Tl /Tl = 0 (circles), 0. 5 (triangles) , and 1 (squares). The 
dashed lines are given by the expression ,\' = [À l + (Tl jTl ),\1 J/2. 
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calculated data are fitted using the phenomenological relation of Eq. (6.3) with 
>.'as a fit parameter. In Fig. 6.2 )..'is displayed as a function of).. I, for (>-.I+)..!) 
= 12.6 nm and T 1 jTI = 0, 0.5, and 1. In the NMlayer, ÀNM = 20 nm. It can be 
concluded from the figure that the interpretation of)..' strongly depends on the 
interface scattering parameters, i.e., on the degree of spin-dependent filtering 
of the conduction electrans at the interfaces. The parameter )..' is found to be 
a weighted average of).. I and )..! , to a good approximation given by 

>-.' = ~(>-.1 + (T!) >-.1). 
2 T i 

(6.4) 

The dasbed lines in Fig 6.2 are given by Eq. (6.4) . It is shown that >.' ~ ).. i /2 
in the case of full spin-dependent filtering at the interface (T! jTI = 0). In 
the case of Tl jTi = 1, >-.' is approximately equal to the average mean free 
path, which is kept constant here. It must be stressed that the ratio Tl jTi is 
important here, not the values of Tl and Tl separately. The relation between 
)..' and ).. i(l), given by Eq. (6.4), holds, in principle, only when )..! is small as 
compared to ).. i, which is demonstrated in Fig. 6.2 for T! jTi = 0.5. In fact, if 
)..1 is not smal! as compared to ).. I, the thickness variation of tlG0 can not be 
described by a single exponential function. 

We could also calculate 6.G0 as a function of the position of a plane in 
one of the F layers, at which electrans of both spin polarizations are dif
fusively scattered, representing e.g. the thin Ru layer discussed earlier. The 
results are, however, the same. Summarizing, the analysis of tlGo, sugges
ted in Refs. [22, 33, 34], is only valid when )..1 is small as compared to ).. i, 
and the correct interpretation of )..' requires accurate knowledge of the spin
dependent scattering at the F / NM interface. In addition, one should realize 
that in sputter-deposited spin valves changes in the average grain size, when 
the thickness of the sensitive layer or the position of the Ru layer is changed, 
could result in an additional thickness dependenee of tlG o . 

A third methad aiming at the direct determination of the spin-dependent 
mean free paths was proposed by Gurney et al. [35]. The authors designed 
a new type of spin valve of the form AF/F/NM/F lilterf back, which is illus
trated in Fig. 6.1 b. The layered structure used in the actual study was 8 nm 
FesoMnso/5 nm NisoFe2o/2.3 nm Cu/2 nm NisoFe2o/tback back layer. In this 
spin valve the sensitive layer is replaced by two layers: the thin Ni80Fe20 layer is 
a filter layer whereas the back layer of thickness tback i& a magnetic or nonmag
netic layer whose properties are to be pro bed. It was found experimentally that 
tlGo increases monotonically with increasing back-layer thickness until a sat
uration value is reached, even when the back layer is nonmagnetic. This shows 
that the thin NisoFe2o layer and/or the NisoFe2o/Cu interface act as a spin
dependent filter, preventing spin-down electrans that come from the pinned 
layer to penetrate into the back layer. The saturation value of tlGo is determ
ined by the conductivity of the spin-up channel of the back-layer material and 
is therefore a measure for ).. i. Now, the back-layer con tribution to tlG0 can be 
described by Eq. (6.3) with te = tback· Gurney et al. found that >-.' = 19.2 nm 
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for a Cu back layer, and À 1 = 4.6 nm, 5.5 nm, and 1.5 nm for NisoFe2o, Co, 
and Fe back layers, respectively. It must be remarked that the data of D..Go 
have been measured at room temperature, where the validity of the two-current 
model and the aforementioned interpretation of the data become questionable. 

According to the results of the semi-classica! calculations presented earlier, 
we find that À1 = À l /2 as long as the spin-dependent filter is perfect. This 
requires that T! jTl ~ 0 at the interfaces between the filter layer and the 
Cu interlayer or the back layer, or that the thickness of the filter layer is 
considerably larger than À!. The degree of spin-dependent filtering cannot be 
determined from the measurements. Therefore, an unambiguous interpretation 
of the value of À1 is very difficult. Gurney et al. have taken >..' ~ >., which is 
nat consistent with Eq. (6.4) for the case of complete spin-dependent filtering 
(in this expression indicated by T! jT1 ~ 0). In addition, it must again be 
remarked that changes in the average grain size in the back layer as a function 
of its thickness result in an additional thickness dependenee of D..Go. 

A variation on the back-layer spin valves was proposed by Swagten et al. [36], 
using a thick (2û-30 nm) Cu back layer and varying the thickness and the 
composition of the filter layer. This type of back-layer spin valves could, in the 
case of a very thin filter layer, reveal the presence of spin-dependent interface 
scattering. A further increase of D..Go with the filter-layer thickness yields 
information about the bulk scattering. However, quantitative interpretation of 
these data is rather diflicult, as the basic concept of spin-dependent filtering has 
been abandon€d here. The first experiments by Swagten et al. show evidence 
of a spin-dependent interface scattering for bath Co and Ni8oFe2o. 

In conclusion, the phenomenological expressions for the layer-thickness de
pendence of the magnetoresistance are found to be only useful in a limited part 
of the parameter space. In addition, the translation of the fit parameters into 
the relevant physical parameters (e.g. of À1 to À l) requires extensive knowledge 
of the system under investigation. In the rest of this chapter, the experimental 
data of the resistance and magnetoresistance of exchange-biased spin valves 
will be analyzed using a semi-classica! model for the electrical conduction. In 
the following section, the experimental aspects of this study are presented. 

6.3 Preparation and experimental method 

Exchange-biased spin valves were grown with the structure: 

3 nm Ta/tr F /tcu Cuftp F /8 nm Fe50Mn50 /3 nm Ta, 

in which F = NisoFe2o, NhsFe1gCo5, Ni7oFe1sCo12, Ni66Fe15Co1s. and Co. 
The thickness of the sensitive layer is tr = 2-53 nm; tcu = 2.5 nm for Ni80Fe20 
and tc u = 3 nm for the other alloys; tp = 5-6 nm. The films were prepared by 
de magnetron sputtering with a base pressure of 10- 8 Torr, using 4 x 12 mm2 
Si(IOO) single crystals as substrates, precleaned by an ex situ HF dip. The Ta 
buffer layer induces astrong (111) texture in the films and it leads toa larger 
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average grain size as compared to films grown without a Ta buffer layer (see 
Chap. 5). The argon pressure during sputtering was 5 mTorr, the deposition 
rates were about 0.2 nmjs, and the target-substrate distance is 110 mm. For 
sputtering of the alloy layers, composite alloy targets were used . Tagether with 
each set of spin valves a 50 nm F film was deposited, for thickness calibration 
of the magnetic layers using low-angle x-ray diffraction. In addition to the 
spin valves, series of 3 nm Taft F /3 nm Ta thin films were prepared, with t 
= 2-60 nm. In order todetermine the bulk residual conductivity of Ni80Fe20 , 

Ni66 Fe16Co18 , and Co, 4 x 12 mm2 polycrystalline bulk samples were prepared, 
with a thickness of 1.1 mm, 0.98 mm, and 0.28 mm, respectively. The samples 
were annealed for 2 hours at 300 °C in order to reduce the amount of defects 
and grain boundaries. 

The resistance of the samples was measured at 5 K, using a four terminal 
setup. The ferromagnetic thin films and bulk samples were measured in a suf
ficiently large magnetic field to saturate the magnetization along the current 
direction. The resistance of the spin valves was measured as a function of the 
magnetic field, with the field parallel or antiparallel to the current direction. 
From these measurements the sheet conductance Go,P in the case of paral
lel magnetizations, the change in sheet conductance D.Go = (Go,P- Go,AP) 
( Go,AP being the sheet conductance in the case of antiparallel magnetizations ), 
and the GMR ratio .ó.R/R (:: (Ro,AP -Ro,P)/Ro,P = (Go,P -Go,AP)/Go,AP) 
were determined. 

6.4 lngredients of the model 

6.4.1 Basic model 

In this section the model , within which the experimental data are analyzed, 
is discussed. The starting point is the semi-classica! model for the electrical 
conductivity of layered thin films, which we presented in Chap. 3. At first, the 
anisotropic scattering, introduced in that chapter in order to take the AMR 
effect into account, wil! be neglected for the sake of simplicity. Fig. 6.3 shows 
the layout of the system, and an overview of the parameters used to model the 
exchange-biased spin valves. The presence of the Ta buffer and capping layer 
are taken into account by subtracting the measured value of 1.2 · 10-3 n-1 at 
5 K for the sheet conductance of these 3 nm thick layers from the total sheet 
conductance of the spin valve. In view of the very short mean free path (0.3 nm 
if the free-electron model were applicable and assuming 1 electronjatom, see 
Chap. 4), this is expected to be a very accurate procedure. At the outer 
boundaries, the electron scattering is assumed to be purely diffusive (specu
larity parameter p = 0) and complete transmission (T = 1) is assumed at the 
F /Fe50Mn50 interface. The adjustable parameters in the model are the electron 
mean free paths in the individuallayers, viz. , À T and >.l in the F layers, Àc u in 
Cu, and ÀFeMn in Fe50Mn50 , and the spin-dependent transmission coefficients 
Tl and Tl at the F /Cu interfaces. 
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Figure 6.3: Layout of the system used to model exchange-biased spin valves. 
The scattering at the film boundaries is e.Tpressed in the specularity parameter 
p, the scattering at the interfaces is described by the transmission coefficients 
T, Tl , and Tl. The electron scattering in the bulk of the layers is expressed in 
the mean free paths À T(l), Àcu, and ÀFeMn . 

To reduce the number of adjustable parameters, the sheet conductance of 
a set of spin valves with varying thickness of the Fe50Mn5o layer has been 
measured at 5 K. The slope of the sheet conductance as a function of the film 
thickness yields a value of the conductivity of 1. 74 · 106 (!lm) - l ( the resistivity 
PFeMn = 57.6 JJ.f2cm) . From this it can be calculated, using {ree-electron theory 
and assuming one conduction electron per atom, that ÀFeMn = 1.1 nm. The 
intrinsic conductivity of Cu is assumed to be extremely high at 5 K and is 
therefore determined by extrinsic scattering at impurities, defects , and grain 
boundaries (see Chap. 4). Frorn the measured resistance of the annealed bulk 
samples, (>.I + ).1) of the ferromagnetic layers is calculated, using {ree-electron 
theory and assuming 1 electron/atom. If extrinsic scattering processes within 
the ferromagnetic alloy layers could be neglected, only four adjustable paramet
ers remain, viz., TT, Tl, Àcu, and the spin dependenee of the bulk scattering 
a::::,\ij)...l . 

6.4.2 Grain-boundary scattering 

It has been shown in Chap. 4, from the analysis of the electrical conductiv
ity of sputtered Nis0 Fe20 thin films, that extrinsic scattering processes in the 
ferromagnetic alloy layers cannot be neglected. This is mainly ascribed to grain
boundary scattering and, additionally, to scattering at defects, and will in the 
following simply be called grain-boundary scat tering. In order to take this ef
fect into account, Dieny incorporated an anisotropic electron mean free path, 
independent of the layer thicknesses, in his model for the electrical conductiv
ity of spin valves (Sec. 6.1) [37]. We will follow a slightly different approach 
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by (as a first step) incorporating grain-boundary scattering by means of an 
isotropie mean free path ÀH!l(t) that depends on the film thickness t, analog
ous to the thin-film case, described in Chap. 4. Equivalent to Eq. (4.1), the 
spin-dependent mean free path ÀT(ll (t) is given by 

1 1 1 
---:-;-:-c-:--:- = -- + --
ÀT(!l(t) ÀT(L) Àgr(t) 1 

I 

(6.5) 

in which Ài{l) is the mean free path for intrinsic scattering in the F layers. 

From the conductivity of the bulk samples, (>.l + >.f) is derived, within the 
free-electron theory. The function Àgr ( t), w hich describes the variation of the 
average degree of extrinsic scattering within a layer of thickness t, is obtained 
as follows. For any value of the spin dependenee of the scattering G:, Àgr ( t, G:) 
is determined from fitting the sheet conductance of 3 nm Taft F /3 nm Ta 
thin films, using >.[ and >.f as input parameters 2 . Fig. 6.4 illustrates how the 
thickness dependenee of Àgr(t) is implemented in the model system of the spin 
valve, guided by the evolution of Àgr with the film thickness in the TaftF /Ta 
thin films . This approach is ba.sed on cross-sectional TEM observations that 
show contrastsextending over all layers of the spin valve, indicative of a colurn
nar grain structure with a number of grains that have developed throughout 
the spin valve [92] (Chap. 2). As the intrinsic scattering in the Cu layer may 
be neglected at 5 K (>.cu,i --+ oo ), Àcu equals Àgr · Grain-boundary scattering 
is neglected in the Fe5o Mil,) a layer, because ÀFeMn ( = 1.1 nm) is considerably 
smaller than the average grain size. 

As a further refinement, we will use a more realistic representation of the 
scattering at the grain boundaries of a colurnnar grain structure, given by an 
anisatrapie mean free path for grain-boundary scattering [37]. In that case, the 
tot al spin-dependent mean free path À T(l) ( t, 19) is given by 

1 1 sin 19 
ÀHLl(t, 19) = ).t(l) + Àgr(t)' 

I 

(6.6) 

in which {) is the angle of the electron-velocity vector with the film normal. 
Consequently, >. Wl(t, 19) = >.[Ol for {) = 0 and tr, and decreases when 19--+ 1r /2. 
This expression is different from the expression for the anisatrapie mean free 
path used by Dieny (cf. Eqs. (6.1) and (6.2)) . 

6.4.3 Other refinements 

As a further extension of the basic model with grain-boundary scattering, some 
other refinements of the theory will be discussed bere. In our final analysis 
(Sec. 6.5), we wil! discuss the seperate as wel! as the combined effects of these 

2The actual value of a is to be determined by the analysis of spin-valve structures; the 
simultaneous determination of Àgr(t) and a is therefore the resu\t of an iterative procedure. 
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Figure 6.4: Jmplementation of the thickness dependenee of the grain-boundary 
scattering in the model system, guided by the evolution of Àgr with the F layer 
thickness in the Ta/F /Ta thin films. 

refinements. First, there is the angular dependenee of the interface scatter
ing. We have investigated the approach of Ref. [103], and used transmission 
coefficients at the F /Cu interface which are given by 

TH!l(19) = exp --- . ( AtOl) 
cos19 

(6.7) 

In this expression, Al(!) is a (spin-dependent) scattering parameter . This an
gular dependenee of rt<O results in a strongly diffusive scattering of electrons 
that reach the interface under grazing incidence (TH!) ~ 0 when 19 ~ 1r /2) , 
whereas t:he transmission probability is larger for electrous under normal incid
ence. 

Second, there is an additional anisotropic scattering, as a result of the 
AMR effect, discussed in Chap. 3. In Eq. (6.6), \T(!) is replaced by À[(!)(l
aWl cos2 7]) , in which 1J is the angle between the electron-velocity vector and 
the magnetization vector, and a1W is the anisotropy factor for spin-up and 
spin-down electrons, respectively. lt is shown in Chap. 3 that the AMR effect 
in thin films is dominated by the spin-up electrons. Therefore, a! is taken 
equal to zero. lt must be remarked that the anisotropic scattering affects the 
electrical conduction of the spin valves directly through the intrinsic scattering 
term in Eq. (6.6) as wel! as indirectly as it is also taken into account in the 
analysis of the thin films, using Eq. (6.6) to calculate Àgr(t) . The parameter 
al is determined from the AMR ratio at 5 Kof a bulk sample. 

Finally, we consider the influence of specular reflection of conduction elec
t.rons at the film boundaries (p # 0) . In that case, quantization of the electron 
momenturn perpendicular to the film plane can play an important role, espe
cially for smal! film thicknesses. This quantum-mechanical aspect of electron 
transport can he incorporated in the semi-classica) model through an angular 
cutoff [98] . In order to illustrate this , we have compared the conductivity of 
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Figure 6.5: Normalized conductivity a-ja0 as a function of (kFt/1r ) , calculated 
with the quantum-mechanical model of Zhang and Butler (98} (a) and with our 
semi-classical model including an angular cutoff (Eq. (6.8)), for C = 0 (b), 0.5 
{c) and 1 (d) ; a0 is the bulk conductivity. 

a thin film of thickness t ( containing free electrans within a square-wel! po
tential, with infinitely high potentials outside the film), calculated with the 
quantum-mechanical model of Ref. [98], to the conductivity calculated with 
our model using p = 1 (purely specular reflection) . The cutoff angle f)c to take 
the quantum-size effect into account is given by 

f)c = arccos ( C t:F) , (6.8) 

in which C is a constant. Accordingly, in the expression of the conductivity 
the angular interval [iJc, 1r - fJc] with respect to the film normal is left out of 
the integration over velocity space. Fig. 6.5 shows the normalized conductivity 
aja0 as a function of (kFt/7r), calculated with the quantum-mechanical model 
of Ref. [98], (a), and with our semi-classica! model with angular cutoff, for 
C = 0 (b), 0.5 (c) and 1 (d) . In the case that C = 0, the conductivity is 
independent of the thickness, because of the specular reflection at the film 
boundaries. Therefore, the thickness dependenee for C > 0 is completely due 
to the angular cutoff. In the semi-classica! limit (kFt/Jr ~ 1) the semi-classica! 
and quantum-mechanical approaches are found to be in good agreement for 
C = 0.5. The choice C = 1, which was suggested in Ref. [98], is clearly less 
suitable, although it leads to the correct critica! film thickness below which the 
conductivity vanishes. If p < 1 it is expected that a lower value of C (C < 0.5) 
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would be a better choice. The cutoff angle vanishes ( '!9c --+ 1r f2) if p --+ 0. For 
the films used in the present study kFtf1r » 1 in all cases, ~o (even if p is 
close to 1) the inclusion of a cutoff angle in the theory would only be a smal! 
correction. 

Several expressions for an angular-dependent specularity parameter for scat
tering at the outer boundaries have been proposed, based on the scattering off 
a rough surface [111] or based on the scattering at scatterers that are ran
domly distributed over the surface [110]. These models have in common that 
they predict specular refl.ection for grazing incidence and a certain amount of 
diffusive scattering for electrans with a velocity vector close to the film normaL 
In contrast to this, in Ref. [114] an alternative model is presented, based on 
a quantum-mechanical treatment of surface scattering, that prediets specular 
refl.ection under normal incidence and a certain amount of diffusive scattering 
under grazing incidence. In our analysis (Sec. 6.5), we will restriet ourselves to 
the limiting cases of purely diffusive scattering (p = 0) and specular reflection 
(p = 1). Similar to the introduetion of the anisatrapie scattering to take the 
AMR effect into account, the choice of p influences the spin valve calculations 
directly as wellas indirectly, through the values of Àgr(t). 

6.5 Results and discussion 

6.5.1 Thin films 

In order to study the influence of grain-boundary scattering, the sheet con
ductance Go of 3 nm Taft F f3 nm Ta thin films has been determined from 
resistance measurements as a function of the thickness t. For the thickest films , 
where scattering at the outer boundaries has only a small effect on G0 , the slope 
of the Go(t) curve may be considered as the average thick film conductivity a, 
determined by intrinsic scattering and grain-boundary scattering. In Fig. 6.6, 
the resistivity p (=1fa) at 5 Kis plotted versus the composition of the mag
netic layer, characterized by its Co concentration. The open symbols are the 
values determined from the thick films, the closed symbols are the values de
termined from the bulk samples. The large difference between the resistivity 
derived from sputtered thick films and bulk samples is ascribed to the electron 
scattering at grain boundaries and defects in the sputtered films. Especially in 
the pure Co films, this is found to be the dominating mechanism for electron 
scat tering. 

The measured values of Go(t) are quantitatively analyzed using a model 
that includes grain-boundary scattering. Fig. 6.7 shows the calculated values 
of Àgr(t) fora series of 3 nm Taft NisoFe2of3 nm Ta thin films, using a: = 20 

and ( \ 1 + >.f) = 24.1 nm, in the case of an analysis using an isotropie mean 
free path (open symbols, see Eq. (6.5)) and an anisotropic mean free path 
(closed symbols, see Eq. (6.6)) in order to take grain-boundary scattering into 
account. In Fig. 6.8, Àgr(t) of NisoFe2o, Ni66Fe16Co18 , and Co based thin films 
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Figure 6.6: Resistivity at 5 K versus the alloy composition 
(Ni.o. 8 Fea. 2 } 10o-xCox, characterized by its Co concentration x . The open 
symbols are the values determined from sputtered thin films, the closed symbols 
are the values determined from bulk samples. The resistivity of bulk Co is 
found to be 0.33 ~tf!cm. 

is displayed as a function of the film thickness, for the case of anisatrapie grain
boundary scattering. The input parameters used for NisoFe2o and Ni55Fe15Co1s 
are a = 20 and p..; + ,>..f) = 24.1 nm and 25.8 nm, respectively, the latter being 
determined from the conductivity of NisoFe2o and NissFe1sCo1s bulk samples 
using {ree-electron theory. For Co, the intrinsic scattering is neglected. In the 
next section, the values of Àgr, determined from the thin films as a function of 
t and a, will be used as input for the rnadelling of the electrical conductivity 
of spin valves. 

6.5.2 Spin valves 

Fig. 6.9 shows the measured values of the GMR ratio b.Rj R at room temper
ature and at 5 K, versus the thickness tr of the sensitive layer, for five different 
ferromagnetic alloy compositions. b.R/ R is found to increase with increasing 
Co concentration. It must be remarked that the values for Ni80Fe20 are relat
ively high with respect to the other alloys, due to the smaller thickness of the 
Cu interlayer (2.5 nm insteadof 3 nm). In this section, the semi-classica! model 
described earlier will be used to analyze the experimental data for the resist
ance and the magnetoresistance, at 5 K, in order to clarify the origin of the 
differences in b.R/ R for the different compositions of the ferromagnetic layers. 
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Figure 6.7: Àgr as a function of the film thickness t, derivedfrom fitting the 
sheet conductance at 5 Kof 3 nm Tajt NisoFe2o/3 nm Ta thin films, using a = 
20 and ( >.J + >.f) = 24.1 nm as input parameters. The open and filled sym
bols represent the cases of isotropie and anisotropic grain-boundary scattering, 
respectively. The lines are guides to the eye. 
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Figure 6.8: Àgr as a function of the film thickness t for filmsbasedon Nis 0 Fe20 , 

NitJ6Fe16 Co1s, and Co, for the case of anisotropic grain-boundary scattering. 
The input parameters used for Nis 0 Fe20 and NitJ6 Fe16 Co1s are a = 20 and 
(>.[ +>.f) = 24.1 nm and 25.8 nm, respectively. For Co, the intrinsic scattering 
is neglected. The lines are guides to the eye. 
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Figure 6.9: GMR ratio ó.R/ R, measured at room temperature and at 5 K, 
versus the thickness tr of the sensitive layer, jor 
3 nm Ta/tr NisoFe2o/2.5 nm Cu/5 nm NisoFe2o/8 nm FesoMnso/3 nm Ta 
(open squares), 
3 nm Ta/tr Ni75Fe1gCo6/3 nm Cu/5.4 nm Ni7sFe1gCo6/8 nm FesoMnso/3 nm 
Ta (open triangles), 
3 nm Ta/tr Ni7oFe1s Co12/3 nm Cu/5. 7 nm Ni7oFe1s Co12/8 nm Feso Mnso/ 
3 nm Ta (crosses), 
3 nm Ta/tr Nie,5Fe16 Co1s/3 nm Cu/ 6 nm Nie,6Fe16 Co1s/8 nm FesoMnso/3 nm 
Ta (closed squares), 
and 3 nm Ta/tr Co/3 nm Cu/5 nm Co/8 nm Fe50 Mn50/3 nm Ta (open circles) 
spin valves. 
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Figure 6.10: (a) Sheet conductance Go,P in the case of parallel magnetizations, 
(b) change in sheet conductance b.Go, and (c) GMR ratio b.R/R of NisoFe2o
based spin valves as a function of the thickness tr of the sensitive layer. The 
squares represent the measured values. The solid line represents a fit of the 
data with the general model, using the parameters a== 20, TT == 1, Ti == 0.13, 
and Àcu = 6.4 nm. For (\T + .\f) a value of 24.1 nm is used. 

For this purpose, three different compositions of the F layers were selected, viz. 
F == NisoFe2o, Ni66Fe16Co1s , and Co. 

The measured values of Go,p, b.Go, and b.R/ R of Ni80 Fe2o-based spin 
valves, as a function of the thickness tr of the sensitive layer, have first been 
analyzed in terms of the basic model for the electrical conductivity, described 
in Sec. 6.4.1. The results are shown in Fig. 6.10. The squares represent the 
measured data and the solid line represents a best fit of the data with the 
basic model, yielding the parameters a == 20, TT = 1, Tl = 0.13, and Àcu = 
6.4 nm. For (.\[ + .\f) a value of 24 .1 nm is used. It must be remarked here 
that a = 20 is the maximum a value allowed in our fitting procedure. For 
a = 20 the current carried by the spin-down electrous in the F layers is very 
smal! in comparison with the spin-up electrons. Therefore, higher values of a 
have hardly any infiuence on the results of the calculations. It is shown that 
the calculated values of Go ,P are considerably larger than the measured ones, 
viz. a factor of two for large tr to a factor of 3 for small tr . In addition, the 
calculated GMR ratios are considerably smaller than the measured ones . 
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Figure 6.11: {a) Sheet conductance Go,P, {b) change in sheet eonduetanee 
.C:.Go, and (e) GMR ratio .C:.Rf R of NisoFe2o-based spin valves as a function of 
the thiekness tr of the sensitive layer. The squares represent the measured val
ues. The lines represent fits of the measured data with the model that includes 
isotropie (dashed lines) and anisatrapie (solid lines) grain-boundary seattering, 
using the parameters a = 20, Tr = 1, and Tl = 0, and a = 20, Tf = 0.98, 
and Tl = 0, respeetively. 

Fig. 6.11 shows the results of a best fit of the measured data with the model 
presented in Sec. 6.4.2, including isotropie ( dasbed lines) and anisatrapie (solid 
lines) grain-boundary scattering. The parameters used are a = 20, Tl = 1,. 
and Tl = 0 for the first and a = 20, Tl = 0,98, and Tl = 0 for the latter. 
The measured data are reasonably well fitted by the model. Comparîson of 
Figs. 6.10 and 6.11 clearly illustrates the importance of taking grain-boundary 
scattering into account. 

To study the effects of further refinements of the model, the model with 
anisatrapie grain-boundary scattering is used as a starting point. Introducing 
angular-dependent transmission coefficîents at the Ni80Fe20 interfaces, accord
ing to Eq. (6.7), results in basically the same fits, using the parameters a= 20, 
Tf (0) = 0.99, and Tl(O) = 0.09. Taking an anisotropy in the intrinsic mean 
free paths into account (see Sec. 6.4.3), urged by the fact that the spin valves 
show an AMR effect, yields a = 20, Tl = 0.93, and Tl = 0. Neglecting 
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Figure 6.12: (a) Sheet conductance Go,P, {b) change in sheet conductance 
LlGo, and (c) GMR ratio LlR/R of Nis0 Fe20 -based spin valves as aJunetion of 
the thickness tf of the sensitive layer. The squares represent the measured val
ues. The lines represent fits of the measured data with the model that includes 
anisotropic grain-boundary scattering. The scattering at the film boundaries is 
purely diffusive (solid lines) or purely specular, taking an angular cutoff into 
account (dashed lines). The parameters used are a = 20, TT = 0. 98, and Tl = 
0, and a = 20, TT = 1, and Tl = 0, respectively. 

the anisotropy factorforspin-down electrons, al is taken to he equal to 0.398 
(for a= 20), which is derived from the AMR ratio at 5 K of a bulk Ni80Fe20 

sample [15). It can he concluded that these refinements of the model only result 
in smal! differences of the parameter sets obtained. 

In Fig. 6.12 the experimental results are analyzed using the model that 
includes anisatrapie grain-boundary scattering, assuming purely diffusive scat
tering (p = 0, solid line in Fig. 6.11) or specular refiection (p = 1) at the film 
boundaries. In the latter case, an angular cutoff to correct for the quantum-size 
effect is taken into account, using Eq. (6.8) in which C = 0.5 and in which t 
is the thickness of the NisoFe20 /Cu/Ni80Fe2o stack. The fit parameters used 
are a = 20, TT = 1, and Tl = 0. It is shown that diffusive scattering at 
the film boundaries yields a much better description of the experimental data. 
The differences in LlG and LlR/ R can he ascribed to an increased amount of 
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Figure 6.13: Àgr as a function of the film thickness t, derived from fitting the 
sheet conductance of 3 nm Tajt NisoFe20/3 nm Ta thin films, using a = 20 
and ( >.[ + >.f) = 24.1 nm as input parameters. The open and filled symbols 
represent the cases of purely diffusive scattering (p = 0) and specular refiection 
(p = 1) at the film boundaries, respectively. The lines are guides to the eye. 

(spin-independent) grain-boundary scattering in the case of p = 1, in order to 
fit the measured values of the sheet conductance in the absence of diffusive 
scattering at the outer boundaries. This is illustrated in Fig. 6.13, showing the 
calculated values of Àgr(t) for 3 nm Ta/t Ni8oFe20 /3 nm Ta thin films, using 
a = 20 and (\T + >.f) = 24.1 nm as input parameters and assuming purely 
diffusive scattering (p = 0, open symbols) or speenlar re:fl.ection (p = 1, closed 
symbols) at the film boundaries. 

Figs. 6.14 and 6.15 show the fits of the Ni66Fe16Co18 and Co based spin 
valves, using the model with anisotropic grain-boundary scattering. The para
meters used for Ni66Fe16Co18 are a= 20, TT = 1, T L = 0, and (>.{ + >. f ) = 
25.8 nm. As the intrinsic scattering for Co has been neglected, the only spin
dependent scattering takes place at the Co/Cu interfaces. The parameters used 
are TT = 1 and T l = 0. 

In Table 6.1, the input and output parameters for NisoFe20 , Ni66Fe15Co1s, 
and Co have been summarized. Above it has been shown that the measured 
values of Go,P of the spin valves are reasonably wel! fitted by the semi-classica! 
model, using the data for grain-boundary scattering derived from fitting the 
sheet conductances of the thin films. In contrast to this, the discrepancy 
between the measured and calculated values of ~Go and ~R/ R increases with 
the Co content of the F layers. In addition, the parameter sets obtained are 
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Figure 6.14: (a) Sheet conductance Go,P, (b} change in sheet conductance 
6.G0 , and (c) GMR ratio 6-R/R of Nit;6Fe16Co1s-based spin valves as afunc
tion of the thickness tr of the sensitive layer. The squares represent the meas
ured values, that are fitted with the model that includes anisatrapie grain
boundary scattering (solid line}. The parameters used are a = 20, T 1 = 1, 
and Tl= 0. 

near the limit of maximum spin dependenee of the scattering in the bulk and 
at the interfaces. Further refinement of the model does not imprave the quality 
of the fits, nor does it significantly change the parameter sets obtained. Con
sequently, with the model presented here we are not able to describe the details 
of the spin-dependent transport. 

It was argued in Chap. 4 that the effective spin dependenee of the scat tering, 
aeff, is considerably smaller than the intrinsic spin dependence, a, due to the 
spin-independent scattering at grain boundaries and defects that mainly affects 
the spin-up electrons. In view of this, the question arises whether the scattering 
at the grain boundaries should be taken to be spin dependent. An indication for 
this is given by the analysis of the measured resistance and magnetoresistance in 
the current-perpendicular-to-plane (CPP) configuration of Co/Cu multilayers, 
using the two spin-channel theory [78, 82]. The analysis of the measured data 
in the CPP configuration is more straightforward than in the current-in-plane 
( CIP) configuration, as, in the first case, the scattering (of each channel of spin
polarized electrans) within the layers and at the interfaces can be modelled as 
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Figure 6.15: (a) Sheet condu.ctance Go,P, (b) change in sheet conductance 
~Go, and (c) GMR ratio ~R/ R of Co-based spin valves as a function of the 
thickness tf of the sensitive layer. The squares represent the measured values, 
that are fitted with the model that inclu.des anisatrapie grain-bou.ndary scatter
ing. The parameters u.sed are yr = 1 and TL = 0. 

a number of (bulk and interface) resistances in series. Although in Co no 
intrinsic scattering is expected, an (effective) spin dependenee of the scattering 
l:keff :::::: 3 is found in Co [78, 82], suggesting spin-dependent extrinsic scat tering. 
Another point of discussion is the semi-classical treatment of spin-dependent 
interface scattering, that may be insufficient to deal with interface-scattering 
phenomena. In addition, we cannot preclude the possibility that a model based 
on the free-electron theory, neglecting the details of the band structure, simply 
does not work for these layered systems. Indeed, a full quantum-mechanical 
free-electron based approach is also found to be unable to descri he the electrical 
conductivity of these systems [115] . 

In Table 6.2 an overview is presented of the spin-dependent scattering para
meters for Ni80Fe20 and Co, as reported in the literature, using various roodels 
to analyze the measured CIP (current-in-plane) resistance and magnetoresist
ance. The workof Refs. [37,81] and [38] has been discussed earlier (Sec. 6.1). 
When camparing our measured data of Nis0Fe20 and Co based spin valves to 
the data presented in Refs. [37, 38, 81], remarkably lower val u es of the sheet 
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Table 6.1: Input and output parameters of the model, for F = NisoFe2o, 
Nie,6 Fe16 Co1s, and Co. The different approaches are denoted by (1) basic model, 
(2) isotropie grain-boundary scattering, (3) anisotropic grain-boundary scatter
ing, (4) angular-dependent interface parameters, (5) anisotropic intrinsic mean 
free paths, and (6) specular refiection at the film boundaries 

Input: 

NisoFe2o Nis6Fe1sCo1s Co 

(> .. [ + >..f (nm) 24.1 25.8 00 

al 0.398 

Output: 

Approach F 0' Tf rr 
(1) NisoFe2o 20 1 0.13 

(1) + (2) NisoFe2o 20 1 0 

(1) + (3) NisoFe2o 20 0.98 0 
Ni6sFe1sCo1s 20 1 0 
Co 1 0 

(1) + (3) + (4) NisoFe2o 20 0.99 0.09 

(1) + (3) + (5) NisoFe2o 20 0.93 0 

(1) + (3) + (6) NisoFe2o 20 1 0 

conductance have been observed in the latter case whereas the values of t1R/ R 
are comparable. This explains the differences in the results of the quantitative 
analysis, although the models used are very similar to our model. We must 
point out that our samples are of high quality and well characterized, therefore 
being most suitable as input for further theoretica! investigations. 

6.6 Summary and conclusions 

First, we have critically reviewed the applicability of some simplified approaches 
to derive information on the role of spin-dependent scattering in the bulk of the 
F layers and at the F / NM interfaces. It has been found that the phenomeno
logical expressions for the layer-thickness dependenee of the magnetoresistance 
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Table 6.2: Overview of the spin-dependent scattering parameters for 
NisoFe2o/Cu and Co/Cu, determined from simultaneously analyzing the CJP 
resistance and magnetoresistance, as reported in the literature. For the ap
proaches that take grain-boundary scattering into account, bath the intrinsic 
spin dependenee a as the effective spin dependenee ll'etf are given. The para
meter ll'etr,interface is the effective spin dependenee in an interface layer. 

F F layer F /Cu interface Reference 
NisoFe2o 0' = 25 (ll'etf = 18) TT= TI= 1 [37] 

ll'eff = 9.2 Ti= Tl= 1 [38] 
0' = 11 Ti= Tl= 1 [81] 
0' = 20 TT = 0.93-1, Tl = ü-0.1 this work 
(aetr::::: 10 for tr = 40 nm) 

Co 0' = 14 Ti= 1,T! = 0.2 [81] 
ll'eff = 7.1 ll'eff,interface = 19.5 [97] 

TT= 1, Tl= 0 this work 

are found to be only useful in a limited part of the parameter space, and that 
the translation of the fit parameters into the relevant physical parameters (spin
dependent mean free paths) requires extensive knowledge of the system under 
investigation. 

In addition, attempts have been made to simultaneously model the resist
ance and magnetoresistance of Ni-Fe-Co-based exchange-biased spin valves, us
ing a semi-classica! model for the electrical conductivity. The role of (isotropic 
and anisotropic) grain-boundary scattering, angular-dependent interface scat
tering, anisotropic scattering to take the AMR effect into account, and specular 
scattering at the film boundaries has been discussed. Furthermore, the differ
ences between our model and a full quantum-mechanical approach have been 
discussed. 

Although the refined versions of our model that include grain-boundary 
scattering offer a reasonably good description of the sheet conductance, the 
spin-dependent scattering phenomena determining the GMR effect are strongly 
underestimated. Therefore, with this model we cannot explain the differences 
in GMR ratio when the composition of the ferromagnetic layers is changed. The 
analysis of the experimental data could be improved by (i) incorporat ing spin
dependent grain-boundary scattering or by (ii) using a quantum-mechanical 
theory that includes band-structure effects. 

Our samples are, however, of high quality and well characterized, and are 
therefore most suitable as input for further theoret ica! investigations. 
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PART 11: MAGNETIC 

INTERACTIONS 



Chapter 7 

lnterlayer coupling in 
exchange-biased spin valves 

The contents of this chapter has been published in J. Appl. Phys. 76, 1092 
(1994) in a slightly modified form. The significanee of such a study was more 
or less independently recognized by several other groups (10, 116-120]. 

7.1 Introduetion 

In recent years, there bas been considerable interest in exchange-biased spin 
valves of the type NisoFe2o/Cu/NisoFe2o/FesoMnso [7, 8, 37,121, 122] . The !ow
field magnetoresistive behavior of these spin valves may be advantageous for 
application in magnetoresistive read heads, important in high-density recording 
technology. In most reports pu blished so far the Ni80Fe20 layers are ( nearly) 
uncoupled because of a relatively thick Cu interlayer. It would be of interest to 
see whether upon decreasing the thickness of the Cu interlayer, the exchange
biased spin valves display an oscillatory interlayer exchange coupling, similar 
to what bas been found for example in sputtered Fe/Cu and Co/Cu multilay
ers [123, 124), NisoFe2o/Cu multilayers [125-127] and in MBE grown Co/Cu/Co 
and Fe/Cu/Fe systems [128, 129]. An oscillatory interlayer exchange coupling 
would yield the possibility to prepare an exchange-biased spin valve with un
coupled NisoFe20 layers at relatively low thickness of the Cu interlayer, resulting 
in a relatively high magnetoresistance. Until very recently [120), indications of 
an oscillatory coupling in exchange-biased spin valves have only been reported 
for film structures grown on a Ru/Cu multilayer as a buffer layer (130] or on 
a NiO underlayer [10, 119]. The second motivation for studying the interlayer
thickness dependenee of the magnetoresistance is that any non-oscillatory coup
ling, ferromagnetic or antiferromagnetic, can strongly infl.uence the shape of the 
magnetoresistance curves of exchange-biased spin valves. 

In this paper we discuss the infl.uence of interlayer coupling on the R(H) 
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curves, i.e., the resistance as a function of the applied magnetic field , of ex
change-biased spin valves. We have compared measured R(H)-curves with the 
predictions from a minimum-energy model for the orientation of the magnetiz
ations. Simultaneously with the spin-valve or giant magnetoresistance (GMR), 
the anisotropic magnetoresistance (AMR) is measured, because magnetization 
reorientation of the magnetic layers implies a change of the angle between 
the current and the magnetization direction. By measuring in two different 
current-field configurations, we have separated these two magnetoresistance 
effects, enabling us to make a correct interpretation of the results. 

From the model calculations it follows that a ferromagnetic coupling leads 
to a decreasing difference in switching fields for both magnetic layers. When 
the coupling exceeds a critical value, perfect antiparallel alignment of the mag
netizations cannot be realized, resulting in a reduction of the GMR effect. This 
behavior has indeed been observed experimentally. 

7.2 Preparation and experimental methad 

Samples with the structure Si(l00)/3 nm Ta/8 nm Ni8oFe20/tcu Cu/6 nm 
NisoFe2o/8 nm FesoMnso/2 nm Ta were prepared by de magnetron sputtering 
with 5 x w-3 Torr argon pressure during deposition. The base pressure of the 
system was w-s Torr. Sputter rates for Cu, Ni80Fe20 and Ta were 0.22 nm/s; 
Fe50Mnso was sputtered at 0.24 nmjs. The samples were deposited at room 
temperature on 4 x 12 mm2 Si(100) substrates, which were precleaned ex-situ 
by a 2% HF dip. During deposition an external magnetic field of 10 kA/m was 
applied. This field determines the in-plane direction of the exchange anisot ropy 
of the exchange-biased NisoFe2o layer, characterized by the exchange-biasing 
field HEs, as the FesoMnso layer grows on saturated NiaoFe2o. Furthermore 
it induces a very small uniaxial anisotropy in the Ni80Fe20 layers, parallel to 
the direction of the field [83], characterized by an anisotropy field of about 
0.4 kAjm. In the exchange-biased Ni80Fe20 layer the (unidirectional) exchange 
anisotropy will be the dominant anisotropy. Each sample was prepared in 
two configurations: with the magnetic field during growth along the long axis 
( configuration I) or short axis ( configuration II) of the substrate. 

The thickness of the Cu interlayer was calibrated by low-angle x-ray diffrac
tion (XRD) measurements on 50 nm Cu reference samples, deposited simultan
eously with each set of spin-valve samples. The high-angle XRD measurements 
in Fig. 7.1 show that the films under investigation have a (111) texture that 
becomes stronger with increasing tcu· For thick Cu interlayers the separate 
(111) peaks for FesoMn50 and Cu (219 = 43.2° and 43.3° respectively), and 
for NisoFe2o (219 = 43.7°) can be distinguished, implying that the layers are 
strongly textured. We have also found from XRD measurements that growing 
on a Ta-buffer layer improves the texture of the films [93]. Th is results in an 
increase of the magnetoresistance by a factor 2, as was first reported by Dieny 
et al. [131] . 
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Figure 7.1: High-angle x-ray di.ffraction patterns for tcu = 0.9, 2.3, and 9.3 nm. 
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Figure 7.2: Geometry of the Ni.soFe2o/Cu/Ni.soFe2o/FesoMnso spin valve in two 
configurations. '!9t and '!9'2 are the angles between the NisoFe2o magnetizations 
and the positive field direction. 

Magnetoresistance was measured at room temperature in a standind four
point set up, current and magnetic field are in the plane of the layers. The sheet 
resistance is half the measured resistance value. The current direction was along 
the long axis of the sample, the magnetic field was in all cases directed along 
the exchange-anisotropy axis. This means that the current direction is colinear 
to the magnetic field in configuration I, and perpendicular to the magnetic field 
in configuration 11 (Fig. 7.2). The resistance in both configurations can, to a 
very good approximation [75] (Chap. 3), bedescribed as 

óRAMR 2 2 óRGMR 
Rr = Ro + 2 (cos '!9t +cos '!92) + 2 [1- cos('!91- '!92)], (7.1) 

óRAMR . 2 . 2 óRGMR Ru = Ro + 2 (sm '!9t + sm '!92) + 2 [1- cos('!9t - '!92)], (7.2) 

where Ro is the resistance in the case of two parallel magnetizations perpendic-
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Figure 7.3: MR curvesfort = 1.1 nm, measured in configuration I, field co
linear to current, and in configuration IJ, field perpendicular to current. The 
GMR is given by (RI + Rn)/2. 

ular to the current, and 191 and 1J2 are the angles between the magnetizations of 
the Ni80Fe20 layers and the (positiv€) direction of the magnetic field . .6.RAMR 
and .6.RaMR are the amplitudes of th€ AMR and the GMR effect, respectively. 
Combining Eqs. (7.1) and (7.2) makes it possible to separate the AMR and 
GMR effect: (RI+ Rn)/2 yields the GMR, (RI- Rn)/2 yields the AMR, as a 
function of 1J1(H) and 1J2 (H) . Fig. 7.3 demonstrates this way of determining 
the GMR, for an interlayer thickness tcu = 1.1 nm: the averaging of two R(H) 
measurements in different configurations reveals a small GMR effect . 

7.3 Experimental results 

Fig. 7.4 shows the R(H) curves of the GMR as a function of the Cu-interlayer 
thickness, as derived from the measurements by averaging RI(H) and Ru(H). 
For tcu 2: 1.9 nm, the difference between RI(H) and Ru(H) is not significant. 
At large interlayer thickness (tcu > 1.7 nm) the curves show a plateau-like 
part, that corresponds to an antiparallel alignment of the Ni80Fe20 layers. For 
tcu :S 1. 7 nm this plateau disappears and the GMR-ratio, which is defined as 

.6.RaMR Rrnax - R.nin 

R.nin R.nin 
(7.3) 

decreases rapidly with decreasing interlayer thickness. Rmin and Rmax denote 
the minimum and maximum resistance in Fig. 7.4. 

Fig. 7.5 shows the R(H) curves of the AMR for tcu = 1.1 nm and 1.7 nm, 
derived by calculating (RI - Rn)/2, and illustrates the magnetization reversal 
of the Ni80Fe20 layers. The figure shows that for a 1.7-nm-thick interlayer 
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Figure 7.4: R(H) curves of the GMR for (3 nm Ta/8 nm NisoFe2o/tcu 
Cu/6 nm Nig0Fe20/8 nm Fe5oMn5o/2 nm Ta}, derived from the measurements 
by calculating (Rr + Rn)/2, with tcu ranging from 0.9 to 9.3 nm. The arrows 
indicate the ramping direction of the magnetic field. 
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the Ni80Fe20 layers reverse more or less separately. For a very thin interlayer 
( 1.1 nm) the Ni80Fe20-layers act as one single layer because of the st rong inter
layer coupling. In this case almast only AMR is measured. As will be shown in 
detail below, the R(H) curves at a Cu-layer thickness below 2.1 nm can be ex
plained in terms of the interplay between exchange biasing and a ferromagnetic 
interlayer coupling. 

7.4 Model calculations 

We have used the following model for calculating the R(H) curves of the GMR 
for an exchange-biased spin valve. The total energy of the system is given by 

EroT(H) = -J.LoMt t1H cos 191 - J.LoM2t2H cos 192- EEB cos 192- J cos( 19t -192) . 
(7.4) 

The angles 191 and 192 are defined in Fig. 7.2. The first two terros represent the 
Zeeman energy of the magnetic layers, with magnetization M and thickness 
t, in a magnetic field H . The third term corresponds to the unidirectional 
exchange-anisotropy energy EEB of the exchange-biased Ni80Fe20 (2) layer, res
ulting from the exchange interaction over the NisoFe20 /Fe50Mn5o interface. 
The uniaxial anisotropy induced by the external field during growth is very 
smal! and therefore neglected. The fourth term gives the coupling between 
both NisoFe2o layers, over the Cu interlayer, with coupling parameter J. The 
directions of the Ni80Fe20-magnetization veetors M 1 and M 2 as a function 
of the applied field can be determined by minimizing the total energy of the 
system, with respect to 191 and 192 , 

( BE/roT) _ O 
a-a1 {i H- ' 

2. 

( BEroT) a-a = o .. 
2 iiJ,H 

(7.5) 

To simplify the notation, we now introduce the following dimensionless quant
i ties: 

J 
J = EEB' 

h = J.LoMzt2 H = _.!!_ 
EEB -HEB' 

(7.6) 

Several sets of angles 191 (h) and 192 (h) satisfy Eq. (7.5), as is shown in the 
Appendix. The salution of minimum total energy, 191,min(h) and 192,min(h), is 
found by inserting all possible solutions in Eq. (7.4) . The GMR is given by 

1 
r(h) = 1 + 2(1 - cos[19t,min(h) - 192,min(h)J) , (7.7) 

where the dimensionless function r(h) is related to the resistance curve R(H) 
by 

r(h) = 1 + (R[H(h)] - Rmin) . 
R a p - Rmin 

(7.8) 
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Figure 7.6: (a) Calculated r(h) curves for x= 1, as a function of the dimen
sionless coupZing parameter j. The criticaZ coupZing parameter Jcrit = 1/4. The 
maximum in resistance for strong coupling is found at h = -1/(1 +x)= -0.5. 
(b) Calculated r( h) curves for x = 4/3, as a function of the dimensionless coup
Zing parameter j. The critical coupZing parameter lcrit = 0.287. The maximum 
in resistance for strong coupZing is found at h = -1/ (1 + x) = -0.427. 

R ap denotes the resistance in the case of antiparallel arrangement of the mag
netizations, Rmin is the minimum resistance, corresponding to the case of par
allel magnetizations. 

Fig. 7.6a shows the calculated r(h) curves for the case of equal magnetic 
layer thicknesses (x= 1), as a function of the dimensionless interlayer coupling 
j. The curves are symmetrie about h = -0.5 (see Eq. (7.17) in the Appendix). 
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Figure 7.7: '!91,min(h) and '!92,min(h), as a function of the dimensionless magnetic 
field h for x = 1 and a coupling j = 0.2 and 0.4. 

In the case of uncoupled Nis0 Fe2o layers (j = 0), the MR curve is square and 
the (normalized) switching field of the unbiased NisoFe2o(1) layer is h1 = 0. 
Magnetization reversal of the exchange-biased Jayer takes place at the exchange
biasing field HEB= EEBI1-LoM2t2 , i.e., for h2 = -1 (see Eq. (7.6)). Interlayer 
coupling has great impact on the shape of the r(h) curves. For small values of 
j the switching fields h1 and h2 are equal to - j I x and - ( 1 - j), respectively 
(Eq. (7.16) in the Appendix). Ferromagnetic coupling (j > 0) thus causes 
a decrease of the field range of antiparallel alignment . Furthermore it follows 
from Fig. 7.6a, that ar I Bh at the transitionsis reduced because of this coupling. 
The critica! value of the <:oupling parameter, Jcrit, is found to be 114. For larger 
values of j no perfect antiparallel alignment of the magnetizations is realized, 
reducing the amplitude of the GMR. 

The in:fluence of the coupling on the reorientation of the magnetic moments 
of the layers is illustrated more clearly in Fig. 7.7. This figure shows the mo
ment rotation of both NisoFe2o layers in terms of '!91,min(h) and '!92,min(h)• for 
j = 0.2 and j = 0.4. For a smal! coupling (j = 0.2), below the critica! value, 
magnetization reversal of the unbiased layer is accompanied by a smal!, but 
temporary, magnetization rotation in the exchange-biased layer. The mag
netizations are antiparallel until, at a higher field, the magnetization of the 
exchange-biased layer reverses, accompanied by a smal!, but temporary, mag
netization rotation of the unbiased layer. For a coupling slightly larger than the 
critica! value (j = 0.4), the reversal of one layer is accompanied by a complete 
magnetization reversal of the other layer. This explains the reduction of the 
GMR when the coupling exceeds the critica! value. In the limiting case of very 
strong coupling both magnetic layers act as one single layer. 

According to Eq. (7.16) in the Appendix, antiferromagnetic coupling (j < 0) 
enlarges the field range of antiparallel alignment of the magnetizations, which 
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can be seen in Fig. 7.6a for the case of j = -0.2. 
Changing the thickness ratio x wil! affect the shape of the r(h) curves. In 

Fig. 7.6b the calculated r(h) curves in the case of x = 4/3, conesponding 
to the experimentally used thickness ratio, are displayed as a function of the 
interlayer coupling parameter j. The curves are not symmetrie, as follows from 
the expression (Eq. (7.16) in the Appendix) for the switching fields h1 and h2 , 

and the maximum in the resistance for strong coupling occurs at h = -0.429 
(Eq. (7.17) in the Appendix). This is caused by the difference in Zeeman energy 
of the thick and the thin NiaoFe2o layer. Therefore, the largest slope ar I ah is 
found for the magnetization change of the thickest Ni80Fe20 layer, which is in 
this case the (unbiased) NisoFe20(1) layer (Eq. (7.15) in the Appendix). The 
value of Jcrit increases from 1/4 for x= 1 to 0.287 for x= 4/3. 

7.5 Analysis of the experimental results 

Assuming that the NisoFe2o layers are uncoupled at tcu = 3.3 nm (J::::::: 0), the 
exchange-biasing field H =HEB = 21.7 kA/m leads to EEB = 0.13 mJ/m2, 
according to Eq. (7.6). With this value the experimental switching fields at 
other values of tcu have been normalized. The dimensionless switching fields 
of the Nis0Fe20 layers, h1 and h2 , are plotted as a function of the Cu-layer 
thickness in Fig. 7.8 (left hand-scale), the real values are plotted on the right
hand scale. In the limit of tcu -> 0, h 1 and h2 approach the value of -0.429, 
indicated by the dashed line, as was predicted by the model for x = 4/3. For 
increasing Cu-layer thickness h1 approaches to zero and h2 goes to 1; however, 
for large values of tcu there is a smal! decreasein the exchange-biasing field. 

One of the limitations of the model is that coercivity is not included. Fur
thermore, the exchange anisotropy is assumed to he homogeneous, being de
termined by one value of EEs. The R(H) curves in Fig. 7.4 show that this 
is not the case. The magnetization reversal of the exchange-biased layer takes 
place in a relatively broad field range, indicating that there could be a distri
bution of the exchange anisotropy around a mean value, that corresponds to 
EEs [132]. Also the interlayer coupling is assumed to be homogeneaus in the 
model. 

It should be noted that the R(H) curves in Fig. 7.4, for tcu ::; 1.7 nm, 
seem to suggest a 'negative' coercivity in the magnetization reversal of the 
unbiased NiaoFe2o layer. We explaîn this phenomenon from the coercivity 
of the exchange-biased Ni80Fe20 layer combîned with the partîal coincidence 
of the reversal of this layer with the magnetization reversal of the unbiased 
layer. Therefore, the degree of antiparallel alignment at a certain field value 
for positive field ramping is less than for negative field ramping. For larger 
Cu-layer thickness the partial coincidence in magnetization reversal disappears 
with the increasing difference in switchîng fields for both NîsoFe2o layers. 

The interlayer couplîng parameter j, which we derived from fitting the ex
perimentally determined R(H) curves with the calculated ones, is plotted in 
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Figure 7.8: The switching fields of the exchange-biased and unbiased NisoFe2o 
layers as a function of the Cu-interlayer thickness. The dashed line represents 
h = -1/(1- x) = -0.429 to which the data points should converge for strong 
coupling. The solid lines are guides to the eye. 

Fig. 7.9. This coupling is found to be purely ferromagnetic and shows no oscil
lations. A possible explanation for the ferromagnet ic coupling is the preserree 
of pinholes, but an alternative explanation could be the socalled 'orange peel' 
magnetostatic coupling [133], which can occur when the surface of the lay
ers is not completely fiat and the ( wavy) corrugation of the two interfaces is 
strongly in phase. A crossover of flux from the magnetic poles on one layer 
to the poles on the other layer then yields a ferromagnetic coupling between 
both magnetic layers. However, it is difficult to separate this type of coupling 
from pinhole coupling, especially at small tcu. We remark that for sputtered 
Ni8oFe20 /Cu fee multilayers with (100) and (111) texture [125, 127] an inter
layer exchange coupling of -0.02 mJ jm2 is found at t he first antiferromagnetic 
maximum (tcu ~ 0.8- 1.0 nm). We find that J = 0.3 mJ/m2 for our samples 
at tcu = 0.9 nm. The order of magnitude of this value is considerably higher 
than expected on the basis of interlayer exchange coupling. 

Kools et al. [134] have analyzed the data in Fig. 7.9 in terms of the Néel 
model, using the period and the amplitude of the roughness as fit parameters. 
They found that this- relatively simple- model gives a very reasanabie descrip
tion of the data, for t cu > 1.7 nm. The values of the period and amplitude of 
the roughness are found to be consistent with the observed microstructure. In 
the regime where tcu < 1.7 nm it is proposed that the coupling is dominated 
by pinholes. 

The calculated value of Jcrit equals 0.287, i.e., l crit = 0.037 mJ/m2 (Eq. 
(7.6)), which, according to Fig. 7.9, corresponds to a critica! Cu-interlayer 
thickness t'C~t of 1.5 nm. This seems to be in good agreement with the meas
urements in Fig. 7.4: the plateau of antiparallel alignment disappears between 
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Figure 7.9: The coupZing parameter as a function of the Cu-interlayer thickness, 
derived by fitting measurements and calculations. The line is a guide to the eye. 

1.5 and 1. 7 nm; however, the GMR ratio, plotted versus the Cu-layer thickness 
in Fig. 7.10, has a maximum of 4.3 % at tcu = 2.2 nm, which was theoretic
ally expected to occur at të~t = 1.5 nm or at slightly lower tcu· On the one 
hand, there is the effect of shunting by the Cu-layer, decreasing with decreasing 
interlayer thickness, and the variation in transmission without scattering for 
polarized electrans through the Cu-layer, increasing with decreasing interlayer 
thickness, that results in an increasing GMR ratio with decreasing tcu· On the 
other hand, ferromagnetic coupling startstoreduce the GMR ratio below të~t. 
The discrepa.ncy noted may be due to inhomogeneities in the coupling because 
of pinholes or fluctuations in tcu, resulting in a distribution of J values. This 
is supported by the measurements in Fig. 7.4, which show an increase in the 
squarenessof the R(H) curves when tcu is increased from 1.7 to 2.3 nm. These 
curves could be considered as being a weighted average of R(H) curves with dif
ferent values of J. The effect of an inhamogeneaus coupling on the GMR ratio 
will he described in more detail below by a simple phenomenological approach. 

The GMR ratio for large Cu-layer thickness is fitted well by a function 
of the form Cexp(-tcu/d)/(tcu + to), represented by the dasbed line (1) in 
Fig. 7.10, with C = 352 %, d = 15.8 nm and t0 = 4.6 nm. Such a func
tional dependenee was first proposed by Speriosu et al. [27]. We regard it as 
an phenomenological expression, which makes it possible to extrapolate to the 
limiting case tcu -+ 0, if there were no (ferromagnetic) coupling. We find for 
this limit ó.Rj R = 7.7 %. A more fundamental analysis of the GMR and 
its Cu-layer thickness dependenee would e.g. involve modeHing by means of 
Boltzmann transport theory [37, 122]. If we define a function F[j(tc u)J, that 
accounts for the reduction of the GMR ratio by the ferromagnetic coupling, 
the GMR ratio as a function of the Cu-layer thickness can he described by 
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Figure 7.10: GMR ratio as a function of the Cu-layer thickness. The dashed 
(1), dotted (2), and chain-dashed (3) lines give the GMR ratio for the case of 
zero coupling, and homogeneaus and inhamogeneaus coupling, respectively. The 
solid line (4) gives the GMR ratio for the case of inhamogeneaus coupling with 
increased J. The inset shows the AMR ratio versus the Cu-interlayer thickness, 
directly measured (D) and determined from (RI- Rn)/2 (*). The solid line is 
a guide to the eye. 

F[j(tcu)]C exp( -tcu/d)j(tcu + to). The function F[j(tcu)] is derived from 
Fig. 7.6b, combined with Fig. 7.9. The dotted line (2) in Fig. 7.10 represents 
this theoretically expected GMR ratio, as a function of the Cu-layer thick
ness. To illustrate the infiuence of inhomogeneities in the coupling, F[j(tcu)] 
is replaced by a simple distribution, given by 

{F[j(tcu- 0.35 nm)] + 2F[j(tcu)] + F[j(tcu + 0.35 nm)]}/4, 

which is related to an interfacial width of 0.7 nm of the Ni80Fe20 /Cu inter
face [56, 135]. In this approach R(H) curves with different ferromagnetic coup
ling strength are averaged, which is allowed when the lateral concentration of 
the inhomogeneities is low. The chain-dashed line (3) in Fig. 7.10 now rep
resents the Cu-layer dependenee of the GMR ratio, with an inhamogeneaus 
ferromagnetic coupling. This simple approach already shows a considerable 
similarity with the measured data, and can account for a shift of the maximum 
GMR ratio to higher Cu-layer thickness. In fact, it is the first step of an itera
tion procedure with the coupling strengthand the dispersion of tcu as varia bles. 
Consiclering the Cu-layer thickness dependenee of the coupling in Fig. 7.9, it 
can be expected that inhomogeneities in the coupling wil! lead to a stronger 
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average coupling. Indicative for this is the solid line (4) in Fig. 7.10, that fol
lows from the long-dashed line (3) by increasing the average coupling strength 
by a factor of 1.5, and shows a considerable agreement with the measured data. 

The inset of Fig. 7.10 shows the AMR ratio versus the Cu-layer thickness , 
directly measured by rotating the saturated sample in a magnetic field . In this 
way it is possible to change the orientation of the magnetizations from parallel 
to perpendicular with respect to the current. The AMR ratio is defined similar 
to the GMR-ratio. The asterisk represents the AMR derived from the earlier 
R(H) measurements, by calculating (R, - Rn)/2 according to Eqs. (7.1) and 
(7.2). The method used for separating the AMR and GMR is basedon the as
sumption that the mechanism of magnetization reorientation is reversible, i.e., 
a coherent rotation of the moments. Comparison with the directly measured 
AMR values, which are considerably higher, suggests that the magnetization 
reorientation is at least partly determined by domain wal! movement. This 
process of magnetization reorientation is nonreversible and leads to a cutoff of 
the AMR. This means that the interpretation of the measurements for very 
low Cu-layer thickness is not completely correct, but, in spite of this, it should 
be clear from Fig. 7.3 that the separation of AMR and GMR according to 
Eqs. (7.1) and (7.2) leadstoa considerable impravement of the analysis. 

7.6 Conclusions 

The effect of interlayer coupling on the magnetoresistive behavior of Ni80Fe20-

based exchange-biased spin valves has been investigated. The coupling over the 
Cu interlayer was found to be purely ferromagnetic and decreasing monotonic
ally with increasing tcu. The critica! interlayer thickness të~t, below which no 
perfect antiparallel alignment of the magnetizations can be realized, was found 
to be 1.5 nm, conesponding to an coupling constant lcrit = 0.037 mJ / m2 . 

This is determined by the interplay between the interlayer coupling and the 
exchange-biasing effect. The maximum GMR ratio D..R/ R of 4.3 % is reached 
at t cu = 2.2 nm. The occurrence of a maximum and its position is determ
ined the balance between two opposing effects, i.e., shunting effects in the Cu 
layer and the variation in transmission without scattering of polarized elec
trans across the Cu layer, versus the ferromagnetic interlayer coupling with an 
inhomogeneous coupling strength. 
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Appendix: Minimum energy model for the switch
ing behavior 

The switching behavior of the magnetic layers as a function of the magnetic field 
is calculated by minimizing the total energy of the system (Eq. (7.4) ), expressed 
in termsof the dimensionless quantities of Eq. (7.6). First the general solutions 
are given, then we describe some special cases. 

The minimum energy conditions, given in Eq. (7.5 ), yield 

hx sin 191 + j sin(191 - 192) = 0 (7.9) 

and 
(h + 1) sin 192 - j sin(191 - 192) = 0. (7.10) 

This set of equations has four trivia! solutions, viz., 

and one nontrivial solution, which is g.iven by 

(7.12) 

and 

(7.13) 

Inserting each of these five solutions into Eq. (7.4) yields the solution ( 191 ,min (h ), 
192,min(h)) for which the energy is minima!. 

For the purpose of calculating the r(h) curves it is convenient to use the 
following expression for cos(19I,min(h)- 192,min(h)): 

(h + 1?( -j2 + h2x2)- h2x2j2 
cos(19l,min(h)- 192,min(h)) = 2hxj2(h + 1) (7.14) 

Combining Eqs. (7.14) and (7.7) and differentiating the resulting expression 
with respect to h, yields the steepness of the r( h) curves, 

àr _ -2h2x2(h + 1)3 + h2x2P- (h + 1)2 j 2 + h2x2(h + 1)2 

àh 4h2xj2(h + 1)2 
(7.15) 

The (normalized) switching fields h1 and h2 follow from cos(191,min(h) -
192,min(h)) = 1 (Eq. (7.14)), which, for smal! values of j, leads to 

J hl=--, 
x 

h2 = -(1- j) . (7.16) 

When inserting these expressions for h1 and h2 in Eq. (7.15) , the slope of 
the r(h) curves at the transitions, for j -> 0, is given by -x/2P and xJ2P, 
respectively. 
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In the limiting case of very strong coupling, '!91 = rh, and it follows from 
Eqs. (7.9) and (7.10) that the switching field for both layers is 

h= __ 1_. 
l+x 

(7.17) 
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Chapter 8 

Spin valves with low 
coercivity and ultrahigh 
sensitivity 

The contents of this chapter has been published in Appl. Phys. Lett. 65, 916 
(1994). 

8.1 introduetion 

Recently Dieny et al. reported on the magnetotransport properties of exchange
biased NiaoFe2o/Cu/NiaoFe20 /FesoMn50 spin valves [7, 8] . The !ow-field mag
netoresistive behaviour of these sandwiches may be advantageous for applica
tion in magnetoresistive thin film read heads for high density magnetic record
ing [64, 136]. Because of their higher sensitivity, exchange-biased spin valves, 
exhibiting the giant magnetoresistance (GMR) effect, can have an advantage 
over the present sensor materials, based on the anisatrapie magnetoresistance 
(AMR) effect. Apart from sensitivity, several other issues such as coercivity, 
noise, high frequency behavior and linearity determine the applicability. One 
of the outstanding problems is that in a standard spin valve, with parallel an
isotropy axes of the free and exchange-biased layer, hysteresis is observed upon 
reversal of the sensitive (unbiased) Ni80Fe2o layer [8]. 

In this section we report astrong reduction of hysteresis in the magnetores
istance of Ni80Fe20 /Cu/Nia0Fe20 /Fe50Mn50 spin valves, using a configuration 
of crossed anisotropies: the anisotropy axis of one Ni80Fe20 layer is rotated over 
90 degrees with respect to the other NîaoFezo layer. This enables us to meas
ure magnetoresistance with the magnetic field perpendicular to the easy axis 
of the sensitive Ni80Fe20 layer. It is wel! known that magnetization reversal, in 
case of an uniaxial anisotropy, takes place by a coherent rotation process when 
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Figure 8.1: Schematic representation of the magnetization reversal in the 
Nis 0 Fe2o layers of a spin-valve multilayer structure with parallel and crossed 
anisotropies. HK and HEA characterize the induced anisotropy and exchange 
anisotropy, respectively. 

the field is applied perpendicular to the anisotropy axis [137]. As there is no 
domain wall movement involved in the reversal of the sensitive NisoFe2o layer, 
the magnetization curve and therefore the resistance versus field curve is free 
of hysteresis. Fig. 8.1 schematically illustrates the magnetization reversal in 
the cases of parallel and crossed anisotropies. 

8.2 Experimental 

The films were prepared by de magnetron sputtering, with a base pressure 
of 2 x 10-8 Torr, and have the following structure: Si(100)/3 nm Ta/8 nm 
Ni80Fe20 /3 nm Cu/6 nm Nis0Fe2o/8 nmFe50 Mn50 /2 nm Ta. Pre-cleaning of 
the Si(100) substrates was done ex-situ by a 2 % HF dip. The argon pressure 
during sputtering was 5.0 mTorr, the deposition rates were about 0.2 nmjs. X
ray diffraction measurements on the films under investigation show that they 
are polycrystalline with a (111) texture. The full width at halve maximum 
of the rocking curve is a bout 4 o . During deposition an external magnetic 
field of 10 kA/m was applied. It induces a small uniaxial anisotropy in the 
Ni80 Fe20 layers, parallel to the direction of the field [83] and characterized by 
an anisotropy field HK of about 0.14 kA/m. In addition, it determines the 
direction of the exchange anisotropy of the exchange-biased Ni80 Fe20 layer, 
characterized by the exchange anisotropy field H EA ("' 17 kA/ m). 

A configuration of crossed anisotropies of the Ni80Fe20 layers has been 
achieved by two different methods. (i) Films were deposited in a rotatable 
magnetic field: after deposition of the first Ni80 Fe20 layer the magnetic field 
was rotated over 90 degrees. (ii) Films, deposited with parallel anisotropies, 
were annealed afterwards, in an N2 atmosphere at sufficiently high temperature 
("' 160 °C), and subsequently caoled in a magnetic field (10 kA/m), perpendic-
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Figure 8.2: Low-field magnetoresistance of 8 nm NisoFe2o/3 nm Cu/6 nm 
Nis0 Fe2o/8 nm Fe50Mn5o spin valves with (a) parallel anisotropies, {b) aniso
tropies crossed during sputtering, and {c) anisotropies crossed by annealing (--.. 
160 ° C) and in-field cooling. Curve (dJ represents a sample with the anisotropy 
axes crossed during sputtering, that was afterwards annealed and cooled down 
with the magnetic field parallel to the anisotropy axis of the exchange-biased 
Niso Fe2o layer. 

ular (in plane) to the field direction during growth. Following metbod (ii) the 
direction of the exchange-anisotropy field can be changed to the direction of 
the external field. In agreement with the results of Hempstearl et al. [138], we 
find that this process already starts at an annealing temperature far below the 
estimated Néel temperature of a thin Fe50Mn50 layer ("' 220 oe). Although the 
induced anisotropy is also found to be affected by the annealing process (see 
Chap. 9), we wil! show that with methad (ii) a very favourable configuration. 
of crossed anisotropies is achieved. 

8.3 Results and discussion 

Fig. 8.2 shows !ow-field magnetoresistance curves, measured in a standard four 
point set up with the current and the magnetic field in the plane of the layers, for 
parallel (a) and crossed anisotropies (b-d). The easy direction of the exchange
biased Nis0Fe2o layer was in all cases aligned with the magnetic field. Curve (a), 
representing the case of parallel anisotropies, shows a hysteresis of 0.30 kA/m 
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Figure 8.3: Low-field hysteresis loops of 8 nm NisoPe2o/3 nm Cu/6 nm 
NisoFe2o/B nm FesoMnso spin valves with (a) parallel anisotropies, (b) an
isotropies crossed during sputtering, and (c) anisotropies crossed by annealing 
and in-field cooling. Curve (d) represents a sample with the anisotropy axes 
crossed during sputtering, that .was afterwards annealed and caoled down with 
the magnetic field parallel to the anisotropy axis of the exchange-biased NisoFe2o 
layer. 

and a sensitivity of 33 %/(kA/m). In this context we define sensitivity as 
(àR/Rrx,)/àH, which is the slope at the steepest point of the MR ratio versus 
field (H) curve. Roo is the resistance of the saturated system at high field. The 
shift from zero field is caused by a small ferromagnetic coupling over the Cu 
interlayer (Chap. 7) [19]. Curve (b) shows the case in which the arrangement of 
crossed anisotropies is achieved during sputtering. Within the accuracy of the 
measurement ( < 0.03 kA/m) no hysteresis is observed, and the curve shows a 
sensitivity of 8 %/(kA/m). The sample in which the anisotropy axes have been 
crossed by annealing and in-field cooling is represented by curve ( c). This curve 
shows a sensitivity of 18 %/(kA/m). Curve (d) was measured on a sample that 
already had crossed anisotropy axes after sputtering, but still was given an 
anneal treatment with the magnetic field parallel to the anisotropy direction of 
the exchange biased layer. Curve (c) and (d) show a very strong resemblance. 

In Fig. 8.3 the conesponding hysteresis loops are presented, measured at low 
field using a SQUID magnetometer. The field interval in which the magnetiza
tion reversal of the sensitive Ni80 Fe20 layer takes place is basically determined 
by the induced anisotropy HK. Comparison of the slopes of curves (b) and ( c) 
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in Fig. 8.3 shows that HK is reduced by almast a factor of 2 upon annealing 
at 160 oe and cooling down in a perpendicular magnetic field. We observed 
this effect in single Ni8oFe20 films , too. In genera! , changes in the induced 
anisotropy are expected to occur at annealing temperatures wel! above 400 o C, 
where dilfusion may lead to a change of the arrangement of atoms in the al
loy. We wil! discuss this issue in more detail in Chap. 9. The reduction of 
the induced anisotropy leads to an increase in sensitivity of a factor of 2, as 
can be seen in Fig 8.2. Annealing the sample of which the anisotropy axes 
are rotated during sputtering, and cooling down in a magnetic field parallel to 
the anisotropy direction of the exchange biased Ni80Fe20 layer, leads to a sirn
ilar result (curve 8.2(d) and 8.3(d) ). The field interval in which the resistance 
change occurs (0.36 kA/min Fig. 8.2(b) and 0.17 kA/min Fig. 8.2(c)-(d)) is 
smaller than the field interval in which the magnetization reversal takes place 
(0.41 kA/min Fig. 8.3(b) and 0.23 kA/min Fig. 8.3(c)-(d)). This is due the 
superposition of the GMR and AMR effect. 

8.4 Conclusions 

We have demonstrated that the hysteresis in the magnetoresistance of Nis0 Fe2o 
jCu/Ni80Fe20 /Fe50Mn5o spin valves can be very strongly reduced by creating 
a contiguration in which the exchange anisotropy of the biased Ni80Fe2o layer is 
perpendicular to the uniaxial anisotropy of the sensitive NisoFe2o layer. With 
the external field along the anisotropy direction of the exchange-biased layer, 
a coherent rotation process then dominates the magnetization reversal of the 
sensitive Ni80 Fe20 layer. It is demonstrated that this results in an increased 
linearity of the voltage output of patterned GMR field sensors, and that it 
reduces the noise caused by Barkhausen jumps [139] . 
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Chapter 9 

Switching field interval of 
the sensitive magnetic layer 
in exchange-biased spin 
·valves 

9.1 Introd uction 

Since the discovery of the giant magnetoresistance effect (GMR) in magnetic 
multilayers, there has been considerable effort in applying this effect in mag
netoresistive sensors, important for, e.g., high-density recording technology. In 
this perspective, exchange-biased spin valves of the type NisoFe2o/CujNisoFe2o/ 
FesoMn5o prove to be of great interest because of their low-field magnetores
istive behavior [7, 14]. Ni8oFe20 (permalloy) is sametimes replaced by a Ni
Fe-Co [45] or Co-Fe alloy [140, 141], preferably close to a composition such as 
Ni66Fe16Co18 for which the magnetostriction is nearly zero [142]. Especially 
spin valves with crossed anisotropies of the sensitive and exchange-biased mag
netic layers are very favorable for applications because they exhibita high sens
itivity combined with an extremely low coercivity (Chap. 8) [14]. Although lin
earity, coercivity, and several other properties such as noise and high-frequency 
magnetic behaviour also determine the applicability [44, 143], sensitivity is an 
important issue. The sensitivity is defined as the steepness of the resistance 
(R) versus field (H) curve 

[ 1 àR] 
s(Hap) = R aH ) 

H=Hop 
(9.1) 

where Hap is the field of operation, i.e., the static field around which the applied 
field is varied. The sensitivity function is determined by the magnetization-
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reversal process, and by the current direction, as a result of the superimposed 
anisotropic magnetoresistance (AMR) effect. For any configuration of field, 
current, and anisotropy directions, a large sensitivity in the operating point 
requires a large steepness of the magnetization versus field curve. Equivalently, 
it requires a small value of the switching field interval, D..H., in which the mag
netization reversal of the sensitive layer effectively takes place. A precise defin
ition of D..H, will be given below. In an unpatterned spin-valve structure the 
switching field interval depends on the interplay between the induced in-plane 
anisotropy of the magnetic layers, the interlayer coupling, and the exchange
biasing of the pinned magnetic layer. Model treatments of this interplay have 
been given by Rijks et al. [19] (neglecting the induced anisotropy of the sensit
ive and pinned magnetic layers) and by Parker et al. [144]. However, so far no 
systematic experimental study of the switching field interval in exchange-biased 
spin valves has been carried out. 

In this paper we present such a systematic study. As the switching field 
interval of the sensitive layer in a spin valve is expected to be mainly determined 
by the induced anisotropy, we first focus on the induced anisotropy of single 
Ni-Fe-Co thin films, sputter deposited on a Ta buffer lay€r, with varying film 
thickness and composition, and for several choices of the adjacent layers. Such 
an extensive -study was motivated by results reported in the literature, showing 
a marked decrease of the anisotropy field HK of permalloy thin films with 
decreasing film thickness, for thicknesses smaller than 40 nm [145] or 5 nm [146]. 
lt is suggested that this is due to island growth in a very early stage of the film 
deposition. Goto et al. [145] proposed a simple model to describe the thickness 
dependenee of HK in termsof a dead anisotropy layer, i.e., a magnetic layer in 
which no anisotropy is induced. HK is then given by 

H _ tr- td,a H 
K - tr K,cxn (9.2) 

in which tr is the film thickness, td,a. is the effective thickness of the dead 
anisotropy layer, and HK,oo is the thick-film limit of HK. This expression 
describes the data reasonably well when using td,a = 10 nm. In contrast to 
this, essentially no thickness dependenee of HK is reported in Refs. [147, 148] 
and [149]. In Ref. [150] no marked thickness dependenee of HK was measured 
for films sputtered at a pressure of 7 mTorr, whereas in films sputtered at 
3 mTorr HK decreases with decreasing film thickness, below a thickness of 
5-10 nm. 

Subsequently, we focus on the effect of the interlayer coupling on D..H •. 
We measured D..H. of the sensitive layer in a spin valve, as a function of the 
thickness of the Cu interlayer and the sensitive layer. These measurements show 
that the switching field interval of the sensitive layer is not solely determined 
by the induced anisotropy, but that there are additional contributions to D..H., 
that increase monotonically with increasing interlayer coupling. We wil! explain 
this in terms of (i) the effect on the magnetization reversal of the sensitive 
layer due to a simultaneous small, but temporary, magnetization rotation in 
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the exchange-biased layer and (ii) lateral variations of the interlayer coupling. 
In addition, the role of biquadratic coupling is discussed. 

Finally, we study the change of b..H. upon annealing the spin valves. This 
study was motivated by reports that the induced anisotropy of thin films may 
change upon annealing in a magnetic field, even at temperatures in the order 
of 100-200 oe (Chap. 8 and [151-154]). Indeed, we observed that b..H. may 
change dramatically when the spin valves are subjected to elevated temperat
ures. This is relevant from an applications point of view, si nee process steps 
at a temperature of 150-200 oe are very common in the fabrication of mag
netoresistive sensing devices. The resulting value of b..Hs depends strongly on 
the direction of the magnetic field during the annealing process. 

9.2 Experimental 

Samples were prepared by de magnetron sputtering at a base pressure of 5 · 
10-9 Torr and an argon pressure of 5 mTorr (target to substrate distance is 
110 mm). Substrates were either 4x 12 mm2 Si(100) single crystals, which 
had been precleaned by an ex situ HF dip, or 12 nm t hick Si3 N4 membranes 
for transmission electron microscopy (TEM) studies. Basically three types of 
samples were grown: 

(1) 3 nm Taftr F /3 nm Ta, in which Fis NisoFe2o , Ni1sFe1gCos, NiroFe1aCoi2 
or NissFe1sCo18 and tr varies from 2 to 50 nm. 

(2) 3 nm Taftr F ftcu Cu/6 nm F /10 nm FesoMnso/3 nm Ta, where tr = 
10 nm and tcu varies from 1.8 to 2.4 nm for F = NisoFe2o , and tr = 8 nm 
and tcu varies from 1.8 to 4.4 nm for F = Ni75Fe1gCos, Ni7oFe1sCo12, 
and NissFe16Co1s · 

(3) 3 nm Taftr Ni7oFe1sCo12/3 nm Cu/6 nm NiroFeisCoi2/10nm FesoMnso/ 
3 nm Ta, where tr varies from 2 to 46 nm. 

The Ta buffer layer was used to induce a strong (111) texture, which was con
firmed by high-angle x-ray diffraction (XRD). The XRD roeicing curves show a 
full width at half maximum of typically 3- 4° . The deposition rates were about 
0.2 nmjs, the layer thicknesses were calibrated using low-angle XRD. During 
deposition a magnetic field of 15 kA/m was applied, which induces an unia.xial 
anisotropy in the Ni-Fe-Co layers. In addition, it determines the direction of 
the exchange anisotropy of the exchange-biased layer inthespin valves, charac
terized by an exchange-anisotropy field of a bout 20- 25 kA/m. After deposition, 
the easy direction of the exchange-biased layer was rotated over 90° by heating 
the sample (under nitrogen flow) to 140 oe and subsequently cooling down in 
a magnetic field of 15 kA/m, directed perpendicular to the present easy a.xis . 
This yields a spin valve with crossed anisotropies (Chap. 8) [14]. Transmission 
electron microscopy (TEM) has shown that the films under investigation are 
polycrystal!ine with a colurnnar grain structure [91]. The average grain size, 
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Figure 9.1: Magnetization versus field loop of a 3 nm Ta/ 16.5 nm 
Ni80Fe20/3 nm Ta thin film, with the magnetic field direction along the hard 
axis. It is demonstrated how the switching field interval f1H. is defined. 

determined by plan-view TEM, increases monotonically from 5 nm at a film 
thickness of 5 nm to about 15 nm at a film thickness of 50 nm. 

Magnetization measurements were performed at room temperature using a 
Quanturn Design superconducting interference device (SQUID), with the mag
netic field directed along the hard axis of the (sensitive) magnetic layer. In a 
spin valve with crossed anisotropies, this implies that the field is directed along 
the biasing direction. Lorentz microscopy in the Fresnel mode was performed 
on samples of type (2) containing Ni80Fe20 as the F material, with tr = 8 nm 
and tcu = 2 and 10 nm. 

9.3 Results and discussion 

9.3.1 lnduced anisotropy 

The induced-anisotropy field, HK, has been measured for the films of type (1) 
as a function of the F-layer thickness, for four different alloy compositions. 
Fig. 9.1 shows a characteristic magnetization (M) versus field (H) loop of a 
3 nm Ta/16.5 nm NisoFezo/3 nm Ta film, with the magnetic field along the 
hard axis of the Ni80Fe2o layer. This configuration yields a rotation of the 
magnetization, resulting in a M(H) loop with only very little hysteresis. The 
anisotropy field is obtained by extrapolating the tangent to the M(H) curve 
at M = 0 to M = ±M., as is illustrated in Fig. 9.1, M. being the saturation 
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Figure 9.2: The anisotropy field HK as a function of the F-layer thickness te, 
for Jour different alloy compositions. The lines represent fits using an expres
sion similar to Eq. (9.2), but taking an effective magnetically-dead layer into 
account. 

value of the magnetization. The switchlng field interval ÄH. equals 2HK. In 
Fig. 9.2, HK is displayed as a function of the F-layer thickness te. It is shown 
that for te values larger than a certain thickness, HK is essentially independent 
of the layer thickness. Below this critica! thlckness, HK rapidly decreases with 
te. Our data can be very reasonably described by an expression of the form 
of Eq. (9.2) . In this expression, however, te must be replaced by the effective 
magnetic layer thickness (tr - td,m) , in which td,rn. is the effective tillelmess of 
the magnetically-dead layer (summed over both interfaces). The values of td,m, 

tabulated in Table 9.1, are determined from measurements of the saturation 
magnetic moment as a function of the F-layer thickness. The magnetically
dead layer thickness is found to decrease with increasing Co concentration. The 
values-of td,a and HK,oo, determined from fitting the experimental data (solid 
lines in Fig. 9.2) arealso tabulated in Table 9.1. The parameter td,a is found to 
be about 0.6 nm and, within the accuracy, independent of the alloy composition. 
Although the magnetically-dead layer and the dead anisotropy layer are treated 
bere as independent layers with effective thicknesses, the phenomena of moment 
and anisotropy reduction are expected to occur simultaneously in the same 
regions near the interfaces. The origin of the effective layer thickness with no 
induced anisotropy, the presence of which results in a thickness dependent HK, 
will be discussed now. 

When reviewing the results of Refs. [145- 150), they can be divided into three 
categories. First, films that were prepared by rf or de magnetron sputtering 
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Table 9.1: The measured values of td,m, and the parameters td,a and HK,oo 

determined by fitting the thickness dependenee of the induced anisotropy, using 
an expression similar to Eq. (9.2). 

Alloy td,m (nm) td,a (nm) HK,oo (kA/m) 
Ni80 Fe20 2.4 ± 1.0 0.4 ± 0.3 0.39 ± 0.01 

Ni75Fe1gCo6 2.2 ± 1.0 0.6 ± 0.3 0.82 ± 0.02 
Ni7oFe1sCo12 1.0 ± 1.0 0.8 ± 0.3 1.46 ± 0.03 
Ni66Fe15Co1s 1.6 ± 1.0 0.6 ± 0.2 1.72 ± 0.02 

at room temperature and high sputter pressure (7-10 mTorr) [148-150], as 
wellas films grown at room temperature by evaporation [147] show no marked 
thickness dependenee of the anisotropy. Second, films that were evaporated at 
elevated temperatures, show a strong decrease of HK below a film thickness 
of about 40 nm [145]. Finally, films prepared at room temperature by ion
beam sputtering (at an argon pressure of 0.1 mTorr) [146] or by low-pressure 
(3 mTorr) de-magnetron sputtering [150] show a similar but less pronounced 
thickness dependence. These results suggest that the thickness dependenee of 
the induced anisotropy is related to the kinetics of the deposition process, i.e., 
the energy of the atoms arriving at the growing-film surface and the surface 
mobility of the atoms. In the case of evaporation, all atoms have thermal 
kinetic energies (much less than 1 eV), in which case the potential (binding) 
energy (typically 4-5 eV per atom) is the dominating energy term. When 
using sputtering techniques, the atoms depart from the target with energies 
up to several tens of eV. The kinetic energy with which the atoms arrive at 
the substrate is determined by the number of collisions with the atoms of the 
sputter gas, and therefore depends on the gas pressure. For ion beam sputtering 
(at an argon pressure of the order of 0.1 mTorr) a considerable fraction of the 
atoms, arriving at the substrate, has a kinetic energy larger than 10 eV. At 
higher pressures, more atoms are thermalized and the high-energy tail of the 
energy distribution decreases [5, 56]. The deposition of energetic atoms leads 
to an increased surface mobility as wel! as to collisional mixing. Heating of the 
substrate also enhances the surface mobility. 

In view of this, three possible explanations for the thickness dependenee 
of HK can be considered, (i) island growth in a very early stage of the film 
deposition, as was suggested in Refs. [145] and [146], (ii) interface intermixing, 
and (iii) a high defect density in the bottorn of the magnetic layer. Starting 
with the first, when island growth is taking place, very smal! islands could 
he either paramagnetic, especially when growing at elevated temperatures, or 
ferromagnetic with a large randomly oriented anisotropy due to the shape of the 
islands or due to the specific distribution of the limited number of pairs of Ni 
and Fe atoms in the island volume [155]. In both cases the magnetization can 
not he saturated by the field applied during deposition. Therefore no anisotropy 
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wil! be induced in the case of paramagnetism, or no net anisotropy will be 
induced if the islands are ferromagnetic with a large random anisotropy. After 
completion of a number of atomie layers with an equivalent thickness of td,a, the 
film is closed, ferromagnetic, and the random anisotropies have been averaged 
out to a sufficient extent as a result of the exchange interaction between the 
previously isolated islands. Now it is possible to saturate the film in the applied 
field, and an anisotropy will be induced in the subsequently deposited atomie 
layers. Island growth occurs if the equilibrium growth mechanism is three
dimensional and if the surface diffusion is fast enough, like in the case of low
pressure sputtering or when growing at elevated temperatures. In this case 
one would expect a thickness dependent HK [145, 146, 150]. Otherwise, like in 
the case of room temperature evaporation or high-pressure sputtering, the low 
surface mobility suppresses the island formation . In that case, no thickness 
dependenee of HK is expected [147-150]. 

A second possible explanation for the thickness dependenee of HK is interfa
cial intermixing. When using buffer and cover layers, intermixing at the inter
faces will not only infiuence the magnetic moment , resulting in a magnetically
dead layer, but will possibly also influence the induced anisotropy near the 
interface. Smal! amounts of Ta impurities in the magnetic layer could very wel! 
disturb the delicate pair ordering process that induces the uniaxial anisotropy. 
This effect is expected to be significant when the films are prepared by low
pressure sputtering [146], because in that case the bombardment of energetic 
atoms causes collisional mixing. 

Third, as plan-view TEM shows that the film growth on a Ta-buffer layer 
starts with a very fine grained structure, a high defect density in the bottorn 
of the magnetic layer could also be responsible for a reduced degree of pair 
ordering. 

As an additional experiment, in order to investigate the infl.uence of the 
choice of the adjacent layers, we replaced one or both of the NisoFezo / Ta in
terfaces by a Ni80Fe20 /Cu interface. Being aware of the large infl.uence of Ta 
as a buffer layer on the film structure, we did not simply replace Ta by Cu 
but we inserted thin Cu-layers (3 nm) at the NisoFez0 /Ta interfaces. This is 
also of interest in view of the fact that our final goal was to study the mag
netic behavior of the sensitive layer in a F /Cu/ F /Fe50Mn50 spin valve. The 
val u es of H K, determined from magnetization measurements, are tabulated in 
Table 9.2 (tNiFe = 9 nm). It is demonstrated that HK is significantly reduced 
with Cu as an adjacent layer, but only when the Cu layer is inserted at the 
bottam Ni80Fe20 /Ta interface. In Ref. [146] also smaller values of HK are re
ported when the Ni80Fe20 layer is sandwiched between Cu layers, as compared 
to Ta. The authors, however, completely replaced the Ta layers, and did not 
consider the possible infiuence of changes in the film structure on HK. The 
strong reduction of HK is reinarkable as the magnetically-dead layer thickness 
at a Ni80Fe20 jCu interface is only 0.15 nm [56], which is considerably smaller 
than the value of 1.2 nm (± 0.5 nm) for a Ni80Fe20 /Ta interface. Therefore, 
the influence of an anisotropy-dead layer thickness is expected to be smaller 
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Table 9.2: Induced anisotropy for various combinations of adjacent layers. 

Film 
3 nm Ta/9 nm NisoFe2o/3 nm Ta 
3 nm Ta/9 nm NisoFe2o/3 nm Cu 

3 nm Ta/3 nm Cu/9 nm NisoFe2o/3 nm Ta 
3 nm Ta/3 nm Cu/9 nm Ni80Fe20 /3 nm Cu 

HK (kA/m) 
0.30 
0.29 
0.23 
0.22 

in view of the larger effective magnetic layer thickness. Although a certain 
degree of intermixing is expected to be present at both bottorn and top in
terface, the top interface does not significantly influence HK. Extensive TEM 
analyses have shown that thin Ni80Fe20 films on Ta develop an almast com
plete (111) texture, whereas the presence of a thin Cu layer in between the Ta 
buffer layer and the Ni80Fe20 layer gives rise to a certain fraction of randomly 
oriented grains [156, 157]. Summarizing, this suggests that the details of the 
initial stages of film growth are of major importance for the development of an 
induced anisotropy. These details are, however, not yet understood. 

9.3.2 Effects of interlayer coupling 

Fig. 9.3 shows the switching field interval 6.H. of the sensitive layer in the 
spin valves of type (2), as a function of the Cu-interlayer thickness tcu · For 
tcu > 3 nm, flH. equals the values of 2HK (dashed lines), that were measured 
on samples of the composition 3 nm Ta/ F /3 nm Cu/3 nm Ta, prepared simul
taneously with the spin valves. These samples received the sameheat treatment 
as the spin valves. In fact, these samples can be regarcled as the sensitive layers 
of spin valves with an infinitely thick Cu interlayer. It must be remarked that 
HK in Fig. 9.3 is considerably smaller than the values in Fig. 9.2. It is observed 
that the heat treatment in a magnetic field perpendicular to the easy axis of 
the sensitive layer, used to modify the direction of the exchange-biasing field, 
also results in a decrease of the induced anisotropy in the sensitive layer. This 
issue wil! be addressed in more detail in Section 9.3.3. For tcu < 3 nm, 6.H. in
creases considerably with decreasing Cu-layer thickness. It is shown in Fig. 9.4, 
for Ni1oFe1sCo12-based spin valves of type (3) with tcu = 3 nm, that 6.H. is 
dependent on the thickness tr of the sensitive layer. For comparison, HK ( = 
flH./2) of a series of 3 nm Ta/tr Nh0Fe18Co12 /3 nm Cu/3 nm Ta thin films 
was measured as function of the Ni70Fe18 Co12-layer thickness. Again, these 
samples received the same heat treatment as the spin valves. Fig. 9.4 shows 
that (6.H. - 2HK) is non-zero and increases for increasing tr. So in addition 
to the induced anisotropy, there is another contribution to the switching field 
interval that is related to the presence of the second magnetic layer in the spin 
valve. In this section, we wil! discuss the extra contribution to flH. in terms 
of the interactions between the exchange-biased layer and the sensitive layer. 



Switching field interval of the sensitive magnetic layer . .. 

:r:"' 
<l 

:r:"' 
<l 

:r:"' 
<l 

2 

• 

• 
• • 

o~~~~~~~~~~~~~~-; 
2'-

1-

__________________ ,._ ____ ...,. _____ . _____ _ 

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

0~~~~~~~~~~~~~~~ 
3-

• 
2- • • 

:r:"' • • • 
<l 1 ----------------41----.-----~-------

o~~--~~~--~--~~~--~ 
1.5 2.0 2.5 3.0 3.5 4.0 4.5 

teu (nm) 

115 

Figure 9.3: Switching field interval ~H. of TajF jCujF jFesoMn5o/Ta spin 
valves as a function of the Cu-layer thickness tcu , for Jour different alloy 
compositions. The dashed lines denote the values of 2HK , determined from 
TajF /Cu/Ta films, that are equivalent to the sensitive layers of spin valves 
with tcu -+ oo. 
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Figure 9.4: The switching field interval ó.H. (open symbols) and the additional 
contribution to the switching field interval ( ó.Hs - 2H K) ( fitled symbols) as a 
function of the thickness tr of the sensitive layer, for Ni7oFe1s Co12 -based spin 
valves. The lines are guides to the eye. 

It has been reported by several authors [19, 56,116- 118, 134] that exchange
biased spin valves, using permaHoy or Ni-rich ternary Ni-Fe-Co alloys for the 
ferromagnetic layers, exhibit a ferromagnetic interlayer coupling. It was shown 
by Kools [56, 134] that the dependenee of the coupling constant 11 on the Cu
layer thickness, for tcu > 1.5-2 nm, is well described by the Néel model for 
magnetostatic interlayer coupling, based on the interaction between the dipale 
fields produced by rough interfaces [133]: 

] _ ~ h2 M2 ( -21r.J2tcu) 
1 - ..j2 .À JLo s exp .À . (9.3) 

Here, .À and h are the lateral length scale and amplitude of the roughness, 
respectively, and M . is the saturation magnetization. In this model the rough
ness is assumed to he two-dimensional and sinusoidal. It is believed that the 
typical lateral lengtb scale characterizing the roughness is determined by the 
grain size. Only correlated roughness of the interfaces on either side of the Cu 
layer is taken into account . The magnetostatic interactions between the top 
F /Cu interface and the F /Ta interface as well as between the bottorn F /Cu 
interface and the F /Fe5oMn50 interface can he neglected. 

In exchange-biased spin valves, an interlayer coupling results in a shift from 
zero field of the M(H) loop of the sensitive layer. This offset field H0 , is defined 
as the field value at which the total magnetic moment of the sensitive layer is 
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Figure 9.5: Offset field Ho {left axis) and bilinear interlayer-coupling constant 
1 1 (right axis) for Ni-,0 Fe1s Co12-based spin valves, as a function of the thickness 
of (a) the Cu interlayer {tr = 8 nm) and {b) the sensitive layer (tcu = 3 nm). 
In {b), the filled and open squares represent H0 and 11, respectively. The lines 
are fits with the Néel model for magnetostatic interlayer coupling. The inset 
in {b) shows the average grain size D as a function of the Ni1oFe1s Co12 -layer 
thickness, as obtained from plan-view TEM measurements. 
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zero. From H 0 , the (bilinear) coupling constant ] 1 can be calculated, using 

(9.4) 

which is valid when the exchange-biasing field HEA » H0 • It can be shown that 
Eq. (9.4) overestimates the value of 11 when this condition is not fulfilled [19]. 
As far as our data are concerned, this effect can be neglected. In Fig. 9.5, 
the coupling constant 11 of the Ni1oFe1sCo12-based spin valves is shown as a 
function of te u (type ( 2)) and as a function of tr (type ( 3)). The line in Fig. 9. Sa 
represents a fit of the measured data using Eq. (9.3) and J..loMs = 0.97 T [158], 
yielding À = 10 nm and h = 0.25 nm. These values are consistent with the 
grain size and roughness amplitude of a 3 nm Ta/8 nm Ni7oFe1sCo12/3 nm 
Cu thin film, as measured by plan-view TEM and AFM, respectively. The 
observation that 11 also depends on the thickness of the sensitive layer, as 
shown in Fig. 9.5b, may seem somewhat surprising as Eq. (9.3) does not contain 
the thickness tras an explicit parameter. However, the measured data (squares) 
are well described by Eq. (9.3), if for À the average tr-dependent grain size D, 
as measured by plan-view TEM (inset Fig. 9.5b) is used, with constant h = 
0.4 nm. AFM measurements on 3 nm Ta/tr Ni70Fe18Co12/3 nm Cu thin films 
showed no evolution of the roughness amplitude with the Ni70Fe18Co12-layer 
thickness. So the increase in coupling strength with increasing thickness of the 
sensitive layer is entirely ascribed to the evolution of the laterallength scale of 
the roughness. 

In Chap. 7, we addressed the interplay between the interlayer coupling and 
the exchange-biasing effect. In that chapter, we used a minimum-energy model 
to calculate the magnetization orientation of the magnetic layers in a spin 
valve, as a function of the interlayer coupling. It was found that the switching 
field interval increases with the coupling strength, due to the fact that the 
magnetization reversal of the sensitive layer is accompanied by a smal!, but 
temporary, magnetization rotation in the exchange-biased layer. Although in 
this model the induced anisotropy was not taken into account, we can use it 
to make a rough estimate of this effect on D.H •. When the coupling energy 11 
is sufficiently smal! with respect to the exchange-anisotropy energy EEA of the 
exchange-biased layer, the additional contribution to D.H. is estimated by 

ó.H::::: 2P HEA = 2H; .!!., 
x HEA tp 

(9.5) 

in which j = 11/EEA, EEA = 1-LoMsHEAtp, x = trftp, and 11 is defined by 
Eq. (9.4). In these expressions, tP and HEA are the thickness of the exchange
biased layer and the exchange-biasing field, respectively. So using HEA = 
20 kA/m and tp = 6 nm, ó.H can be calculated as a function of Ho , for each 
series of samples. Correction of D.H. for this effect yields D.H; = D.H. - ó.H. 
We can use Eq. (9.5) also to correct the values of D.H. for varying tr (Fig. 9.4). 
When inserting the values of Ho and tr from Fig. 9.5b, ó.H is found to increase 
from approximately 0.004 kA/m for tr = 4 nm, to approximately 0.08 kA/m 
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Figure 9.6: Additional contribution to the switching field interval (ó.H. -
2HK)/ HK (open symbols) and (AH: - 2HK)/ HK {filled symbols) as a Junc
tion of the offset field Ho, befare and after the correction given in Eq. (9.5}, 
respectively. The data have been derived from Fig. 9.3. 
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Figure 9.7: Additional contribution to the switching field interval (LiH. -
2HK)/ HK (open symbols) and (!:iH:- 2HK) (filled symbols), for Ni1oFe1s Co12-
based spin valves, as a function of ttoMsHotr, before and after the correction 
given in Eq. {9.5), respectively. The data have been derived from Fig. 9.4. 

for tr = 46 nm. This effect is almost an order of magnitude smaller than 
the measured values of (LiH. - 2HK ). This is due to the increasing Zeeman 
energy of the sensitive layer when tr increases, which favors a reduction of the 
switching field interval and therefore counteracts the effect of the coupling on 
llH •. In Fig. 9.6, (LiH.- 2HK)/HK (open symbols) and (!:iH:- 2HK)/HK 
(filled symbols), derived from the data in Fig. 9.3, are displayed as a function 
of H0 . This figure shows that there is still a contribution (!:iH; - 2HK) to 
the switching field interval that remains unexplained. The fair correlation 
between (!:iH; - 2HK)/ HK and Ho provides support for the point of view 
that also this additional contribution to the switching field interval is closely 
related to the interlayer coupling. In Fig. 9. 7, (LiH. -2HK)/ HK (open symbols) 
and (LiH.*- 2HK)/HK (filled symbols), derived from the data in Fig. 9.4, 
are displayed as a function of ttoM.Hotr. In order to explain the additional 
contri bution to LiH., we will now consider the effect of lateral variations of the 
bilinear coupling. In addition, the role of biquadratic coupling is discussed. 

The general form of a hard axis M(H) curve with an offset field Ho is given 
by 

M(H) 

M(H) 

M(H) 

-M., if H +Ho< -HK, 

( H ;KHo) · M., if - HK::::; H +Ho::::; HK, and (9.6) 

M., if H +Ho> HK. 
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A laterally varying coupling strength results in a distribution of offset fields 
when the variations take place on a length scale large enough to allow inde
pendent switching of the magnetization in different regions. To demonstrate 
the effect of this on the M(H) curve, let us consider the specific case of a 
Gauss distribution of Ho values around an average value H~, with a standard 
deviation ó.H0 . Eq. (9.6) is then replaced by 

in which the distribution function p(Ho) is given by 

1 [ 1 (H -H') 2
] p(Ho) = ó.Ho.Jiir exp -2 ~Ho o . (9.8) 

The calculated M(H) curves as a function of (H- H~)/HK are displayed in 
Fig. 9.8, for various val u es of ó.Ho/ HK. It is shown that a distribution of 
Ho values has two effects on the M(H) curve: it leads to a rounding of the 
M(H) curve and to an enhancement of D.H • . The switching field interval can 
be calculated from Eq. (9.7) using 

2M. 
ó.Hs = [aM ] 

oH H=H~ 

in which erf is the error function defined by 

2 r 
erf(x) = y'7r Jo dtexp(-t2 ). 

(9.9) 

(9.10) 

Fig. 9.9 shows the (normalized) contribution to the switching field interval as 
a function of ó.Ho/ HK. Within this model (D.H. - 2HK)/ HK is negligible 
for ~Ho < 0.3HK and becomes appreciable for largervalues of ~H0 . This is 
basically the same behavior as was measured as a function of Ho (Fig. 9.6), 
indicating that ~Ho increases with Ho when the thickness of the Cu interlayer 
decreases. Although the structural origin of the lateral variations in coupling 
strength is expected to remain unchanged, the effect of these variations becomes 
more distinct when t cu is decreased. The dependenee of (~H.- 2HK) /HK on 
the thickness of the sensitive layer (Fig. 9. 7) is ascribed to changes in the 
structural origin of the lateral variations in the coupling strength. The changes 
in the film structure as a function of tr have been discussed earlier. 

Direct evidence for the occurrence of a laterally inhomogeneous switching 
behaviour is presented in Figs. 9.10 and 9.11. These figures display sequences 
of Lorentz micrographs, obtained in the Presnel imaging mode, showing the 
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Figure 9.8: Calculated M(H) curves as a function of (H- H~)/ HK, for various 
values of 6..Ho/ HK 

Figure 9.9: Normalized contribution to the switching field interval (óH. -
2HK)/HK as ajunetion of 6..Ho/HK. 
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magnetization reversal of the sensitive layer of 3.5 nm Ta/8 nm Ni80Fe20 /tcu 
Cu/6 nm NisoFe2o/10 nm FesoMn5o/5 nm Ta spin valves with a Cu-layer thick
ness of 2 nm (Fig. 9.10) and 10 nm (Fig. 9.11). The values of the magnetic 
field, directed perpendicular to the easy axis of the sensitive layer, are indicated 
in kA/m. The arrows indicate the average magnetization directions. Although 
some domain walls can be observed, both magnetization reversals show a coher
ent rotation over large fractions of the sample, as evidenced by the orientation 
of the magnetization ripple. Magnetization ripple, which is a local dispersion 
in the direction of the magnetization, is imaged in the Fresnel mode of Lorentz 
microscopy as a pattem of black and white lines perpendicular to the average 
magnetization. 

For the strongly-coupled spin valve (tcu = 2 nm), one observes that the 
reversal process is initiated at fields around -0.7 kA/m, while it requires fields 
as large as -2.3 kA/m to complete the reversal process. This yields a value of 
flH. of 1.6 kA/m, which is consistent with the data in Fig. 9.3. The weakly
coupled spin valve displays a rotation of the magnetization that is completed 
in a smaller field interval, i.e., between H = 0.15 k.A/rn and H = -0.2 k.A/m. 
A more striking difference between Figs. 9.10 and 9.11 is found in the degree of 
lateral variations. The sensitive layer of the weakly-coupled spin valve displays 
a ripple pattem of lines that are (almost) parallel tbraughout the region under 
investigation. This is an indication that, apart from small fiuctuations due to 
this ripple pattem, the magnetization rotates homogeneously tbraughout the 
observation area. For the strongly-coupled spin valve one observes, although 
an exact quantification the ripple intensity is difficult, that the ripple pattem 
at the onset of reversal is much more pronounced. In addition, it is observed 
that the field at which the maximum ripple intensity occurs is varying over the 
area of investigation ( campare e.g. Fig. 9.10e and Fig 9.11e). 

Both effects can be attributed to more pronounced lateral variations of 
the coupling strength in the strongly-coupled spin valve. As the interlayer 
coupling is the only parameter that is different forthespin valves of Figs. 9.10 
and 9.11, any differences in the phenomena observed must be due to coupling
related effects. As was discussed earlier, the mechanism responsible for the 
interlayer coupling is associated with the magnetostatic effects of topological 
features, and it is reasonable to assume that lateral variations of the density of 
these topological features result in an inhomogeneons coupling constant. The 
exchange and magnetostatic interactions in the ferromagnetic layers will result 
in an averaging of the coupling field over areas determined by the exchange 
length, giving rise toa ripple pattem caused by this laterally varying coupling. 
More pronounced lateral variations of the coupling strength lead to a more 
pronounced ripple pattem at the onset of magnetization revers~ which is 
indeed observed. If the degree of the variations is such that the local coupling 
field after this averaging is stilllaterally dependent, areas switching at different 
offset fields will be observed (Fig. 9.10) as was assumed in Eqs. (9.7) and (9.8). 

In an earlier study of coupling effects in exchange-biased spin valves, we 
already found indications for an inhamogeneaus switching behavior of the sens-
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Figure 9.10: Sequence of Lorentz micrographs, obtained m the Fresnel imaging 
mode, of a Nig0Fe20 -based spin valve with a Cu-layer thickness of 2 nm. The 
magnetic field, indicated in kA/m, is directed perpendicular to the easy axis of 
the sensitive layer. 

Figure 9.11: Sequence of Lorentz micrographs, obtained in the Fresnel imaging 
mode, of a Niao Fe2o -based spin valve with a Cu-layer thickness of 10 nm. The 
magnetic field, indicated in kA/m, is directed perpendicular to the easy axis of 
the sensitive layer. 
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itive layer from an increased rounding of the (usually square) resistance versus 
field loops, when the Cu-layer thickness is decreased [19]. 

Now, we will consider the possible effect of biquadratic coupling on the 
switching field interval. In addition to the magnetostatic bilinear coupling due 
to correlated roughness, with a coupling energy E1 = J1 cos 19, Demokritov et 
al. have shown that uncorrelated roughness leads to a magnetostatic coupling
energy term of the form E2 = J2 cos2 19. Here, 19 is the angle between the 
magnetization directions of adjacent layers. This is called biquadratic coup
ling or 90-degree coupling [159], and it has been observed in epita.xially grown 
Fe/ Au/Fe sandwiches [160]. In spin valves with a configuration of crossed an
isotropies, the biquadratic coupling-energy term is mathematically identical to 
the unia.xial anisotropy energy, and therefore enhances the effective unia.xial 
anisotropy of the sensitive layer. The effective anisotropy field is then given by 

J2 1 
HK,etf = HK + --1--. 

tr 2J1.oMs 
(9.11) 

In Ref. [159], an expression for h is derived for a specific case of uncorrelated 
(one-dimensional) roughness, viz., with one flat and one rough interface: 

(9.12) 

In Eq. (9.12), A'~ A, the exchange stiffness (A~ w-11 Jjm). When inserting 
typical parameter values as used above for the calculation of the bilinear Néel
type coupling, viz. JLoM. = 0.97 T (M. = 776 kA/m), h = 0.25 nm, tcu 
= 2 nm, tr = 8 nm, and >. = 10 nm, Eq. (9.12) yields h = 2.3·10-8 Jjm2. 
The second term of Eq. (9.11) then becomes 5.9 A/m, which is 2-3 orders of 
magnitude smaller than the typical values of HK. Therefore we conclude that 
a possible contribution of biquadratic coupling to the switching field interval 
can be neglected here. 

9.3.3 Thermal stability of the switching field interval 

The thermal stability of the switching field interval D..Hs was investigated 
for a number of identical Ni80Fe20 spin valves, consisting of 3 nm Ta/8 nm 
Ni8oFe2o/2.5 nm Cu/6 nm NisoFe2o/lO nm FesoMnso/3 nm Ta. Here, it is 
important to stress that after deposition we have a configuration of parallel 
anisotropies. This study is motivated by the fact that a heat treatment in a 
magnetic field is required to create the configuration of crossed anisotropies (see 
Sec. 9.2). In the fabrication of a magnetoresistive sensing device there are also 
other process steps at elevated temperatures. Here, we are especially interested 
in the infl.uence of the direction of a magnetic field during the heat treatment. 
In our experiments, the samples were heated to 140 oe and maintained at this 
temperature for a certain period of time, different for each sample. A set of 
four samples was annealed during (tA- 5) minutesin a magnetic field (of about 
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15 kA/m) aligned parallel to the easy axes of the sensitive and exchange-biased 
layer (=field direction during growth), followed by 5 minutesof annealing and 
subsequent cooling in a field perpendicular to the easy axes, in order to achieve 
a configuration of crossed anisotropies. The last step is necessary in order to 
be able to measure a hard axis M(H) loop of the sensitive layer and determ
ine t:.H.. Another set of five samples was annealed during tA minutes, and 
subsequently cooled, in a field perpendicular to the easy axes, therefore auto
matically yielding a configuration of crossed anisotropies. After cooling down 
the samples, t:.H. was measured at room temperature. The results for both 
sets of samples are plotted in Fig. 9.12, as a function of the total annealing 
time tA. The results are compared toa sample in which the anisotropies were 
crossed during sputtering, by mechanically rotating the field direction between 
the deposition of both Ni80Fe20 layers. So this sample was not subjected to 
any heat treatment and D.H. equals 0.41 kA/m (filled square). It is clearly 
demonstrated in Fig. 9.12 that only 5 minutes of annealing in a perpendicu
lar field already leads to a significant reduction of t:.H. with respect to the 
sample that did not receive any heat treatment. Further perpendicular anneal
ing reduces D.H. even more to 0.24 kA/m (open triangles), whereas parallel 
annealing increases the t:.H. considerably up to 0.52 kA/m (filled triangles) . 
One sample was annealed for 4 hours in the absence of a magnetic field followed 
by 5 minutes of perpendicular annealing, which resulted in a value of 6.H. of 
0.46 kA/m ( + symbol). 

These changes of the switching field interval u pon annealing, that have also 
been observed in Ni80Fe20 thin films [161], are attributed to changes in the 
induced anisotropy due to atomie diffusion . During the heat treatment atomie 
diffusion causes the formation of atom pairs with the pair axis along a direction 
defined by the local magnetization direction, the so-called directional ordering, 
which is believed to be the origin of the induced anisotropy [162, 163] . The 
phenomenon that the induced anisotropy changes upon annealing in a mag
netic field is well known (see for example Refs. [151-154]). Depending on 
the direction of the field during heating, this will either enhance (parallel) or 
reduce (perpendicular) the anisotropy created by directional ordering during 
deposition in a magnetic field. At such a low temperature, the diffusion pro
cess involved is expected to be defect diffusion that takes place in the vicinity 
of grain boundaries, where usually a high atom mobility exists [164]. Grain 
boundaries are abundantly present in our polycrystalline films. The interlayer 
coupling was found to be unaffected by the heat treatment, which makes it very 
unlikely that the change in switching field interval is due to a change in the 
lateral variations of the coupling field . Moreover, such a mechanism could not 
explain the dependenee on the field direction. The sample that was annealed 
in the absence of a magnetic field also shows an increased t:.H., camparabie to 
the samples that were subjected to 4 hours of parallel heating foliowed by 5 
minutes of perpendicular annealing. This is due to the spontaneous alignment 
of the sensitive-layer magnetization along the already present easy axis. In this 
experiment, the switching field interval obtained is of course very sensitive to 
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0.6 

tA (min) 

Figure 9.12: Switching field interval t::JI. versus the tot al annealing time t A 

with the magnetic field parallel (open triangles) and perpendicular (filled tri
angles) to the easy axes. The lines are guides to the eye. The filled square 
represents a sample that was not subjected to any heat treatment, the. cross 
represents a sample that was annealed without the presence of a magnetic field. 

stray-field components perpendicular to the easy a.xis, if they are significantly 
large with respect to the anisotropy field of 0.2 kAjm, befare heat treatment. 
We want to point out here that heat treatment can, on the one hand, be an 
important tooi to control the contribution of the induced anisotropy to the 
switching field interval of the sensitive layer, and consequently the sensitiv
ity and the noise of a magnetoresistive sensor [165] . On the other hand, one 
should be carefut with subjecting the spin valves to elevated temperatures 
without proper control of the magnetic field direction, as stray :fields could in
fiuence the induced anisotropy and therefore the switching field interval in an 
unpredictable manner. 

9.4 Con cl usions 

We have stuclied the switching field interval D.H. of Ni-Fe and Ni-Fe-Co-based 
thin films and spin valves, sputter-deposited on a Ta-buffer layer. In thin films, 
D.Hs is determined by the induced anisotropy, that is found to depend on the 
ferromagnetic-layer thickness as well as on the choice of the adjacent layers. 
This effect may be related to the growth mode of the first few atomie layers. In 
spin valves, an additional contribution to D.H. was discovered, that increases 
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monotonically with increasing interlayer coupling. We explain this in terms of 
(i) the effect on the magnetization reversal of the sensitive layer due to a sim
ultaneous small, but temporary, magnetization rotation in the exchange-biased 
layer, and (ii) lateral variations of the interlayer coupling. The latter is corrob
orated by Lorentz microscopy observations and is found to be dominant . We 
also considered a possible contribution from magnetostatic biquadratic coup
ling. This can, however, be neglected. Finally, we have demonstrated that 
D.H. is very sensitive to heat treatments. Annealing at a temperature of about 
140 oe results in an increase or decrease of the induced anisotropy, depending 
on the direction of the magnetic field during the anneal treatment. 
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Summary 

In this thesis, studies on the magnetoresistance and the magnetic interactions 
in Ni-Fe-Co based exchange-biased spin valves are presented. These spin valves 
basically consist of two ferromagnetic layers separated by a non-magnetic layer. 
One of the magnetic layers is in contact with an antiferromagnetic layer and 
exhibits the socaBed exchange-biasing effect, manifested in a magnetization 
versus field loop of this layer that is shifted away from zero-field. As the 
other magnetic layer is virtually uncoupled, it is possible to create a trans
ition between parallel and antiparallel alignment of the magnetizations using 
only a very small magnetic field. These spin valves exhibit the socalied giant 
magnetoresistance effect (GMR), a new phenomenon that was discovered only 
recently ( 1988), and could be very promissing for- application in magnetoresist
ive sensors, because of the potentially higher sensitivity of a magnetoresistive 
sensorbasedon the GMR effect as compared to the anisotropic magnetoresist
ance effect (AMR). In magnetoresistive read heads for high-density tape and 
rigid-disk recording, which is considered to he the most important application 
area for GMR materials, the benefit in voltage output of a GMR-based head 
(as compared to an AMR-based head) has. been experimentally found to be a 
factor of 10. In addition, there are several other applications for (G)MR ma
terials, e.g., in magnetic random access memory (MRAM) devices, in magnetic 
field sensors for compasses, and in position sensors, acceleration sensors, and 
torque sensors, which are used in robotics and in cars. 

The research described in this thesis has been carried out to support the 
development of magnetoresistive read heads for magnetic tape recording. The 
results of magnetic and electrical measurements on unpatterned 4 x 12 mm2 

samples are being used as an input for the design of patterned magnetoresistive 
elements, with lateral dimensions of the order of micrometers. 

In the first part of this thesis, several issues concerning the electrical con
duction of thin films and spin valves are discussed. We have presented a semi
classica! model for the electrical conduction (at low tem perature) of metallic 
thin films and multilayers, that takes into account the anisotropic magnetores
istance effect (AMR) by introducing a spin-dependent and anisotropic mean 
free path (Chap. 3). This enables us to predict and understand dimensional
ity effects of the resistance in single thin films, cylindrical wires, and layered 
thin films. As a result of these calculations, it has been found that the AMR 
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ratio, in the case that the magnetization rotates out of the film plane, is expec
ted to be considerably larger than in the case tbat tbe magnetization rotates 
within the film plane. This is ascribed to the fact that the influence of diffusive 
scattering of electrans at the film boundaries depends on the magnetization ori
entation. Measurements of tbe AMR effect of NisoFe2o thin films have shown 
that the out-of-plane AMR ratio is indeed larger than the in-plane AMR ratio, 
as was predicted (Chap. 5). In untextured films , this is explained in terms of 
a dimensionality effect, whereas in textured films an additional contribution 
to the out-of-plane AMR is found, that is related to the orientation of the 
magnetization along a well defined crystal axis. 

In addition, calculations on layered thin films have revealed that treating 
the combined effect of giant magnetoresistance (GMR) and AMR in termsof a 
simple summation of both phenomena is, in almost tbe entire thickness region 
studied, precise within a few tenths of a percent (Chap. 3). 

Tbe semi-classica! model for the electrical conduction bas been used to 
quantitatively analyze the measured sheet conductance of Ta/Cu/Ta and 
TajNisoFe2o/Ta tbin films, as a function of the Cu and NisoFe2o layer thickness 
(Chapt 4). It bas been sbown that the measured data are well described by 
the model if an extra scattering term, in addition to the intrinsic scattering, is 
introduced. This (spin-independent) scattering term is found to be correlated 
to the average grain size and is therefore mainly ascribed to electron scat tering 
at the grain boundaries. In NisoFe2o films, this leads to an effective spin de
pendence of the scattering that is considerably smaller than the intrinsic spin 
d€pendence. 

An extensive set of measured values of the sheet conductance and GMR 
ratio of Ni-Fe-Co-based exchange-biased spin valves bas been quantitatively 
analyzed, using a semi-classica! model for the electrical conduction, similar to 
the one presented earlier, as a starting point (Chapt 6) . The role of (isotropic 
and anisotropic) grain-boundary scattering, angular-dependent interface scat
tering, anisotropic scatt€ring to take the AMR effect into account, and specular 
scattering at the film boundaries is discussed. Althougb the refined versions 
of our model, tbat include grain-boundary scattering, offer a reasonably good 
description of the sheet conductance, the spin-dependent scattering phenom
ena determining the GMR effect are strongly underestimated. This could be a 
result of the treatment of grain boundaries as spin independent scatterers. In 
addition, W€ have critically reviewed the applicability of some phenomenolo
gical expressions to derive information on the spin-dependent bulk scat tering, 
by camparing them to results of semi-classical calculations. It is shown that 
these expressions are only useful in a limited part of the parameter space and 
that a correct interpretation of the results requires accurate knowledge of the 
systems under investigation, in particular of the degree of spin-dependent fil
tering at the ferromagnetic/nonmagnetic interface or in a ferromagnetic filter 
layer. 

In the second part of this thesis, the magnetic interactions in the spin valves 
are discussed . Magnetoresistance curves have been measured for Ni80Fe20-
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based exchange-biased spin valves, as a function of the thickness of the Cu 
interlayer (Chap. 7). After separating the contributions from AMR and GMR, 
the GMR curves are interpreted in terrus of a minimum-energy model for the 
magnetization orientation of the NisoFe2o layers. It is shown that the Ni80Fe20 
layers are ferromagnetically coupled across the Cu interlayer. This coupling 
increases with decreasing Cu-layer thickness and is well described by the Néel 
model for magnetostatic coupling due to correlated interface roughness. This 
roughness is believed to be closely related to the grain st ructure of the polycrys
talline films. It is shown that the interplay of the ferromagnetic coupling and 
the exchange-biasing effect results in a critica! Cu-layer thickness, below which 
no perfect antiparallel alignment of the NisoFe20 magnetizations can be real
ized. The GMR ratio, which would otherwise increase with decreasing Cu-layer 
thickness, therefore reaches a maximum near the critica! value of the Cu-layer 
thickness. The fact that the maximum GMR ratio is not found at t he critica! 
Cu-layer thickness is ascribed to lateral variations in the coupling. 

In addition, the switching behavior of the sensitive layer in Ni-Fe-Co-based 
exchange-biased spin valves has been studied. Using a contiguration of crossed 
anisotropies, i.e., a contiguration in which the easy axis of the sensitive layer 
is perpendicular to the exchange-anisotropy of the exchange-biased layer , an 
extremely low coercivity is measured (Chap. 8). In this configuration, the 
field interval in which the magnetization reversal of the sensitive layer takes 
place is mainly determined by the uniaxial anisotropy, induced by growth in a 
magnetic field, if the interlayer coupling is sufficiently small (Chap. 9). This 
induced anisotropy is found to be dependent on the t hickness and composition 
of the magnetic layer, as well as on the choice of the adjacent layers. An addi
tional contri bution to the switching field interval is observed when the interlayer 
coupling becomes larger. This additional contribution increases monotonically 
with increasing interlayer coupling and can be explained in terrus of lateral 
variations of the interlayer coupling. Direct evidence for the aceurenee of a 
laterally inhomogeneons switching behavior is given by Lorentz microscopy. 

Finally, we have demonstrated that the switching field interval is very sens
itive to heat treatments. Annealing results in an increase or decrease of the 
induced anisotropy, depending on the direction of a magnetic field during the 
anneal treatment. 
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Samenvatting 

In dit proefschrift worden studies van de magnetoweerstand en de magneti
sche wisselwerkingen in zogenaamde 'exchange-gebiasde spin valves' beschre
ven. Deze 'spin valves' zijn, in hun eenvoudigste vorm, opgebouwd uit twee fer
romagnetische lagen (hier bestaande uit Ni-Fe-Co-legeringen) gescheiden door 
een niet-magnetische tussenlaag. Een van de magnetische lagen is in kon
takt met een anti-ferromagnetische laag en vertoont het zogenaamde 'exchange 

· biasing'-effekt. Dit uit zich in een verschuiving van de hystereselus van deze 
laag langs de veldas, waardoor het omklappen van de magnetisatie optreedt bij 
een veldwaarde (absoluut gezien) groter dan nul. Aangezien de andere magne
tische laag nagenoeg ontkoppeld is, is het mogelijk door middel van een klein 
aangelegd magneetveld een overgang te bewerkstelligen tussen een toestand 
van parallelle en een toestand van anti-parallelle magnetisaties. Deze gelaagde 
dunne films vertonen het zogenaamde reuze of 'giant' magnetoweerstandsef
fekt (GMR), een nieuw fenomeen dat recentelijk (in 1988) werd ontdekt, en 
zijn veelbelovend voor toepassing in magnetoweerstandssensoren vanwege de 
mogelijk grotere gevoeligheid van een magnetoweerstandssensor gebaseerd op 
het reuzemagnetoweerstandseffekt in vergelijking met het anisotrope magneto
weerstandseffekt (AMR). In magnetoweerstandsleeskoppen voor het lezen van 
gegevens van magneetbanden en harde schijven met een hoge informatiedicht
heid, hetgeen gezien wordt als het belangrijkste toepassingsgebied voor reuze 
magnetoweerstandsmaterialen, heeft men experimenteel aangetoond dat een. 
leeskop gebaseerd op het reuze magnetoweerstandseffekt een tien keer zo groot 
uitgangssignaal geeft dan een leeskop gebaseerd op het anisotrope magneto
weerstandseffekt. Verder kunnen (reuze) magnetoweerstandsmaterialen toege
past worden in, bijvoorbeeld, magnetische geheugens (MRAM's), magnetisch~ 
veldsensoren voor kompassen en in positie-, versnellings- en koppelsensoren, 
die gebruikt worden in de robotica en in auto's. 

Het onderzoek dat in dit proefschrift beschreven wordt, is uitgevoerd ter 
ondersteuning van de ontwikkeling van magnetoweerstandsleeskoppen voor het 
lezen van gegevens van magneetbanden. De resultaten van de magnetische en 
elektrische metingen aan ongestruktureerde ( 4 x 12 mm2 ) preparaten worden 
gebruikt als invoergegevens voor het ontwerpen van gestruktureerde magneto
weerstandselementen, met laterale dimensies in de orde van mikrometers. 

In het eerste deel van dit proefschrift komen verscheidene onderwerpen aan 
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de orde die betrekking hebben op de elektrische geleiding van enkelvoudige en 
gelaagde dunne films. We hebben een semi-klassiek model gepresenteerd voor 
de elektrische geleiding (bij lage temperatuur) van metallische enkelvoudige en 
gelaagde dunne films, waarin het anisotrope magnetoweerstandseffekt (AMR) 
behandeld wordt door de introduktie van een spinafhankelijke en anisotrope 
vrij weglengte van de elektronen (hoofdstuk 3). Hierdoor wordt het mogelijk 
dimensionaliteitseffekten in de elektrische weerstand van enkelvoudige dunne 
films, cilindrische draden en gelaagde dunne films te voorspellen en te begrij
pen. De berekeningen voorspellen dat de AMR-ratio (die een maat is voor 
de grootte ·van het AMR-effekt) in het geval dat de magnetisatie uit het film
vlak gedraaid wordt, aanzienlijk groter is dan in het geval dat de -magnetisa
tie in het filmvlak gedraaid wordt. Dit wordt toegeschreven aan het feit dat 
de invloed van diffuse verstrooiing van elektronen aan de filmgrenzen afhangt 
van de oriëntatie van de magnetisatievector. Metingen van het AMR-effekt in 
Ni80Fe20 dunne films hebben aangetoond dat het AMR-effekt inderdaad groter 
is wanneer de magnetisatie uit het filmvlak gedraaid wordt (hoofdstuk 5). In 
engetextureerde films wordt dit toegeschreven aan een dimensionaliteitseffekt, 
terwijl in getextureerde films een additionele bijdrage aan het uitvlaks-AMR
effekt wordt gevonden, die samenhangt met de oriëntatie van de magnetisatie 
langs een goed gedefiniëerde kristalas. 

Bovendien hebben berekeningen aan gelaagde dunne films laten zien dat 
een aanpak die het gecombineerde effekt van GMR en AMR simpelweg als 
een -sommatie van beide effecten beschouwt, in bijna het hele diktebereik dat 
onderzocht is, korrekt is binnen enkele tienden van een procent. 

Het semi-klassieke model voor de elektrische geleiding is gebruikt voor een 
kwantitatieve analyse van de gemeten vierkantsgeleiding van TafCu/Ta en 
Ta/Ni80Fe20 /Ta dunne films, als funktie van de dikte van de Cu- en NisoFe20-
laag (hoofdstuk 4). Er is aangetoond dat het model de gemeten data goed 
beschrijft indien er, benevens de intrinsieke verstrooiïng, een extra verstrooi
ingsterm in rekening wordt gebracht. Er is een korrelatie gevonden tussen 
deze (spinonafbankelijke) verstrooiïngsterm en de gemiddelde korrelgrootte, 
waardoor deze term hoofdzakelijk toegeschreven wordt aan de verstrooiing van 
elektronen aan korrelgrenzen. In Ni80Fe20-films resulteert dit in een effektieve 
spinafhankelijkheid van de elektronenverstrooiing die aanzienlijk kleiner is dan 
de intrinsieke spinafbankelijkheid. 

Een uitgebreide set meetwaarden voor de vierkantsgeleiding en de GMR
ratio van 'exchange-gebiasde' gelaagde dunne films, waarvan de ferromagneti
sche lagen bestaan uit Ni-Fe-Co-legeringen, is kwantitatief geanalyseerd, waar
bij als eerste aanzet gebruik is gemaakt van een semi-klassiek model voor 
de elektrische geleiding dat gelijkwaardig is aan het eerder beschreven mo
del (hoofdstuk 6). De rol van (isotrope en anisotrope) korrelgrensverstrooiïng, 
hoekafhankelijke grensvlakverstrooiïng, anisotrope verstrooiïng om het AMR
effekt in rekening te brengen, en spiegelende reflektie aan de filmgrenzen wordt 
besproken. De verfijnde versies van ons model, inclusief korrelgrensverstrooi
ing, geven een redelijk goede beschrijving van de vierkantsgeleiding, maar on-
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derschatten in sterke mate de spinafhankelijke fenomenen die het GMR-effect 
bepalen. Dit zou veroorzaakt kunnen worden door de behandeling van kor
relgrenzen als spin-onafhankelijke verstrooiïngscentra. Verder hebben we de 
bruikbaarheid onderzocht van enkele fenomenologische uitdrukkingen , die ge
bruikt worden om informatie te verkrijgen over de spinafhankelijke bulkver
strooïing. Door deze uitdrukkingen te vergelijken met de resultaten van semi
klassieke berekeningen hebben we aangetoond dat de bruikbaarheid van deze 
uitdrukkingen beperkt is tot slechts een deel van de parameterruimte, en dat 
een korrekte interpretatie van de resultaten uitgebreide kennis vereist van het te 
onderzoeken systeem, met name van de mate van spinafhankelijke verstrooïing 
aan de ferromagnetische/niet-magnetische grensvlakken of in een ferromagne
tische filterlaag. 

In het tweede deel van dit proefschrift worden de magnetische wisselwer
kingen in de gelaagde dunne films behandeld. Magnetoweerstandskurves van 
op Ni80Fe20 gebaseerde 'exchange-gebiasde' gelaagde dunne films zijn gemeten 
als funktie van de dikte van de Cu-tussenlaag (hoofdstuk 7). Na scheiding van 
de bijdragen van het AMR- en het GMR-effekt , zijn de GMR-kurves geanaly
zeerd aan de hand van een minimum-energiemodel voor de oriëntatie van de 
magnetisaties van de NisoFe2o-lagen. Er is aangetoond dat de Ni80Fe20-lagen 
ferromagnetisch gekoppeld zijn over de Cu-tussenlaag. De koppeling wordt 
sterker met afnemende Cu-laagdikte. Een goede beschrijving van deze kop
peling wordt gegeven door het Néel-model voor magnetastatische koppeling 
ten gevolge van gekarreleerde grensvlakruwheid. Er wordt verondersteld dat 
deze ruwheid nauw samenhangt met de korrelstruktuur van de polykristallijne 
films. De wisselwerking tussen de ferromagnetische koppeling en het 'exchange 
biasing'-effect resulteert in een kritische Cu-laagdikte, beneden welke geen per
fekte antiparallelle oriëntatie van de Ni80Fe20-magnetisaties meer wordt gevon
den. De GMR-ratio, die anders zou toenemen met afnemende Cu-laagdikte, 
vertoont daarom een maximum in de buurt van de kritische Cu-laagdikte. Het 
feit dat dit maximum niet optreedt bij de kritische Cu-laagdikte wordt toege
schreven aan laterale variaties in de koppeling. 

Verder is het schakelgedrag van de gevoelige laag van op Ni-Fe-Co-legeringen 
gebaseerde gelaagde dunne films bestudeerd. Wanneer gebruik wordt gemaakt 
van een konfiguratie met gekruiste magnetische voorkeursrichtingen, d.w.z. een 
konfiguratie waarin de magnetische voorkeursas van de gevoelige laag loodrecht 
staat op de voorkeursrichting in de gepinde laag, wordt er een extreem lage ko
erciviteit gemeten (hoofdstuk 8). In deze konfiguratie wordt het veldinterval, 
waarin de magnetisatie van de gevoelige laag van richting omkeert, hoofdza
kelijk bepaald door de uniaxiale anisotropie, die geïnduceerd wordt door de 
films in een magnetisch veld te groeien, mits de koppeling voldoende klein is 
(hoofdstuk 9). Er is gevonden dat deze geïnduceerde anisotropie afhangt van 
de dikte en de samenstelling van de magnetische laag, en ook van de keuze van 
de naburige lagen. Een additionele bijdrage aan genoemd veldinterval wordt 
waargenomen wanneer de tussenlaagkoppeling toeneemt. Deze extra bijdrage 
neemt monotoon toe met toenemende tussenlaagkoppeling en kan worden ver-
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klaard aan de hand van laterale variaties in de tussenlaagkoppeling. Direkte 
aanwijzingen voor het optreden_ van een, lateraal gezien, inhomogeen schakelge
drag van de gevoelige laag zijn gevonden met behulp van Lorentz-mikroskopie. 

Tenslotte hebben we aangetoond dat het veldinterval, waarin de magnetisa
tie van de gevoelige laag van richting omkeert, erg gevoelig is voor warmtebe
handelingen. Verhitting van de films resulteert in een toename of afname van 
de geïnduceerde anisotropie, afhankelijk van de richting van een magneetveld 
tijdens de warmtebehandeling. 
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1. Correcte interpretatie van de fitparameters van fenomenologische uit
drukkingen voor de magnetoweerstand, die gebruikt worden ter bepa
ling van de spinafhankelijke verstrooiïngsparameters, is alleen mogelijk 
wanneer de mate van spinafhankelijkheid van deze verstrooïngspara
meters bekend is. 

B. Dieny et al., Phys. Rev. B 45, 806 (1992); J. Magn. Magn. Mat. 
136, 335 (1994). 
S.S.P. Parkin, Colloquium Digest of the E-MRS Symposium on Mag
netic Ultrathin Films, Multilayers, and Surfaces, Germany (1994). 
B.A. Gurney et al., Phys. Rev. Lett. 71, 4023 (1993). 
Dit proefschrift: hoofdstuk 6. 

2. De door Harrison and Putnis gevonden toename van de Curie
temperatuur van (Fe304)0.51 (MgAh04 )o.49 na verhitting tot 650° C 
kan slechts verklaard worden door het ontstaan van een hetero
gene structuur van afwisselend (ferrimagnetische) Fe3Ü4-rijke en (ge
induceerd-ferrimagnetische) Fe3Ü4-arme gebiedjes. 

R.J. Harrison and A. Putnis, American Mineraiogist 81, 375 (1996) . 

3. Talloze experimenten waarin het verband tussen de kwaliteit van de 
grensvlakken in een multilaag en de grootte van het reuzenmagneto
weerstandseffect wordt onderzocht leiden tot onbetrouwbare resulta
ten omdat door het variëren van de grensvlakkwaliteit ook de relatieve 
oriëntatie van de magnetisaties wordt beïnvloed. 

Bijvoorbeeld M. Suzuki and Y. Taga, J. Appl. Phys. 74, 4660 (1993). 

4. De grote gevoeligheid van een leeskop gebaseerd op het reuzenmagne
toweerstandseffect kan deels gebruikt worden om het stroomverbruik 
van de kop te reduceren. 

5. Het anisotrope magnetoweerstandseffect in een dunne film waarbij de 
magnetisatie uit het filmvlak gedraaid wordt is aanzienlijk groter dan 
in het geval dat de magnetisatie in het filmvlak draait. 

Dit proefschrift: de hoofdstukken 3 en 5; Th.G.S.M. Rijkset al., Phys. 
Rev. IJ 51 , 283 (1995). 



6. De vermogensabsorptie die bij lage magneetvelden wordt waargeno
men in de ferromagnetische resonantiespectra van Co/Cu-multilagen 
wordt, in tegenstelling tot de bewering van Watanabe et al., niet ver
oorzaakt door een rotatie van de magnetische subroosters maar kan 
worden gerelateerd aan een magnetoweerstandseffect. 

H. Watanabe et al., J. Phys. Soc. Jpn 63, 762 (1994). 

7. Laterale inhomogeniteiten in de tussenlaagkoppeling leiden tot een 
vergroting van het veldinterval waarin de magnetisatie van de gevoe
lige laag van een 'exchange-gebiasde spin valve' van richting omkeert. 

Dit proefschrift: hoofdstuk 9. 

8. Het weglaten van een hoekinterval in de semi-klassieke uitdrukking 
voor de vierkantsgeleiding, zoals voorgesteld door Vedyayev et al., leidt 
niet tot overeenstemming maar juist tot een grotere discrepantie met 
de op basis van de quanturnmechanische theorie voorspelde elektrische 
geleiding. 

A. Vedyayev et al., Europhys. Lett. 19, 329 (1992). 
Dit proefschrift: hoofdstuk 6. 

9. Een zekere additionele ferromagnetische koppeling tussen de magne
tische lagen van een 'exchange-gebiasde spin valve' is gewenst om de 
( antiferromagnetische) magnetastatische koppeling in gestructureerde 
magnetoweerstandselementen, voor het detecteren van kleine mag
neetvelden, te compenseren. 

W. Folkerts et al., IEEE Trans. Magn. 31, 2591 (1995) . 

10. De enige vorm van ervaring die niet in personeelsadvertenties gevraagd 
wordt, is sollicitatie-ervaring. 

11 . In deze tijden van toenemende maatschappelijke individualisering is 
burengerucht een laatste middel voor het leggen van kontakten. 




