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Samenvatting 

De exchange koppeling tussen een antiferromagnetische NiO laag en een 
ferromagnetische Ni66FetsCOt6 ( Jimbo) laag is bestudeerd. Gebleken is dat bij een 
vaste temperatuur de grootte van het exchange biasing veld ( Heb ) niet eenduidig 
bepaald is, maar dat deze geleidelijk relaxeert naar een evenwichtswaarde. Deze 
waarde wordt bepaald door de temperatuur en de magnetisatierichting van de 
ferromagnetische laag. De relaxatie is een thermisch geactiveerd proces en wordt 
veroorzaakt door de exchange koppeling. De gevonden relaxatie komt voort uit een 
verandering van de spin orientatie van de NiO korrels. Omdat geen structurele 
veranderingen optreden, is het relaxatieproces reversibel. De grootte van het 
uitwendige magneetveld, dat wordt gebruikt om de magnetisatie van de 
ferromagnetische laag te richten, is niet van invloed op de relaxatiesnelheid. Ook in 
samples waarin F eMn gebruikt wordt als biasing laag, is relaxatie waargenomen. Een 
twee-energieniveau systeem is gebruikt om de relaxatie te verklaren. 



Technology assessment 

The general need for information is increasing continuously, for instanee due to the 
continuing increase in size of software packages. In this information age, in which the 
world has turned into a global market, the transportation and storage of huge amounts 
of information are vital. Information in a digital form is most suitable for processing, 
transportation and storage. Therefore, most of the new information is generated in a 
digital form and analogue information already available, is digitised. 

With the increasing information flow, the demands on the data capacity of storage 
systems increase as well. Magnetic data storage systems are in use for over a hundred 
years now (tape and later on disk ). More recently optica! ( CD, DVD ), magneto
optical ( MO-disk, Sony's minidisk ), and solid state (RAM) data storage systems 
became available. It has long been assumed that the optica! and solid state data storage 
systems would take over the leading position of magnetic data storage systems very 
soon, because of their impressive data capacity ( optica} ) or access time ( solid state ). 
Today, however, magnetic data storage is still the leading storage system, mainly 
because of its high storage capacities at low costs. 

The bit density of magnetic data storage systems is still increasing, among other 
developments caused by the development of more sensitive reading heads. The piek-up 
coil has been replaced by thin film heads in the 80's. In the 90's the transition to 
magnetoresistive ( MR ) heads has been made. The MR head, based on the anomalous 
magneto resistance effect ( AMR ) is applied in hard disks and in the Digamax tape 
storage system. The next generation of MR heads is · based on the giant 
magnetoresistance effect ( GMR ) and is expected to be applied very soon. In the 
future, MR heads based on the tunnel magnetoresistance effect ( TMR ) might be 
possible. The development of these TMR heads is, however, still in its infancy. In this 
study the magnetic (exchange biasing) properties of a material ( NiO) which can be 
used in the future generation GMR read heads are investigated. 
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1 Introduetion 

The need for information storage is increasing continuously, for instanee due to the 
continuing increase in size of software packages. Huge amounts of data ( in a digital 
form) have to be stored. Presently, magnetic data storage (tape and disk) is the 
leading data storage method. In order · to meet the high demands of large storage 
capacities and to stay competitive to other storage systems ( optical and solid state), 
research to obtain higher bit densities is continuing. 

In the 90's, the data storage capacity per square inch in magnetic recording has 
increased very rapidly by about 60 %/year through the appearance of a new generation 
of magnetic read heads, using magnetoresistance ( MR ) elements. These heads 
became available by the progress made in thin film technology. A magnetoresistance 
sensor is based on the dependenee of its the electrical resistance on the relative 
orientation of the probing current and the magnetisation direction within the sensor. 
This magnetisation direction can be influenced by the magnetic field induced by a bit 
on a magnetic tape ( or disk). Presently, MR sensors are based on the anomalous 
magnetoresistance ( AMR) effect (e.g. HDD read heads ). The intended successar of 
the AMR sensor is basedon the giant magnetoresistance effect ( GMR ). Compared to 
an AMR sensor, the signal to noise ratio of a GMR sensor can be significantly higher 
(up to 6 dB). This larger sensitivity can be used to reduce the bit density of the 
magnetic data carrier or the sense current and hence the power dissipation of the 
sensor. 

The basic contiguration of a GMR sensor ( also called a spin-valve ) is a multilayer 
stack consisting of two ferromagnetic layers separated by a non-magnetic layer 
( tigure 1.1 ). The electrical resistance of the sensor depends on the relative orientation 
of the magnetisation directions of the ferromagnetic layers due to spin-dependent 
scattering of the electrans inside the ferromagnetic layer. Spin-up and spin-down 
electrans scatter differently in the magnetic layers depending on the relative 
orientation of the electron spin and the direction of the magnetisation inside the 
magnetic layers. 

In the spin-valve the electrical current can be represented by the sum of a current of 
spin-up electrans and a current of equal magnitude of spin-down electrons. The 
electrical resistance of the total current is a parallel conneetion of both the up- and 
down-electron currents. In case of a parallel alignment of the magnetisation directions 
of the ferromagnetic layers ( tigure 1.1 a ), the up-electrons ( B ) are hardly scattered in 
both layers. The down-electrans ( A ), however, are strongly scattered in both layers. 
In an antiparallel alignment of the magnetisation directions of the ferromagnetic layers 
( tigure 1.1 b ), both up- and down-electrans are scattered equally strong. In this case 
the total electrical resistance is higher than in case of a parallel alignment. Note that 
which type of electrans (spin-up or -down) have the highest scatter possibility, 
depends on the type of ferromagnetic material used. 
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Figure 1.1: Basic conjiguration of a GMR sensor: two ferromagnetic layers separated 
by a non-magnetic layer. The spin dependent scattering inside the ferromagnetic 
layers is indicated as wel!. The dashed lines ( B) represent the spin-up electrons, the 
solid lines (A) represent the spin-down electrons. Two different conjigurations are 
depicted: the direction of the magnetisation of bath ferromagnetic layers parallel (a) 
and antiparallel ( b) with respect to each other. 

Tape 

Magnetoresistive element 
(MRE) 

Tape 

GMR
material 

Figure 1.2: Schematic picture of one track of a yoke-type magnetoresistive read head. 
The exploded view of the magnetoresistive element shows the exchange biased spin 
valve structure. 

In a spin valve, the antiparallel alignment of the magnetisations ( at zero magnetic 
field ) is caused by 'pinning' the magnetisation direction of one layer by the exchange 
interaction to an adjacent antiferromagnetic layer, which gives rise to the so-called 
exchange biasing effect. The magnetisations can be oriented parallel under the 
influence of an extemal magnetic field. The extemal field is generated by the bits on 
the magnetic data carrier. By driving a prohing current through the spin-valve, a 
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reversal of the magnetic field reveals itself in a change of the electrical resistance of the 
sensor. In this way spin dependent scattering can be used in an MR. sensor. The 
coupling between the ferromagnetic and the antiferromagnetic layer is called exchange 
coupling and is discussed in detail in chapter 2. 

The GMR element described above, will be the key element in future read heads for 
magnetic recording. A thin film read head for magnetic tape recording is depicted in 
tigure 1.2. In this so-called 'yoke-type' read head, the magnetic flux arising from a 
magnetic bit on the tape is guided to the magnetoresistance element by soft magnetic 
fluxguides. A measuring current is driven through the MR. element perpendicular to the 
magnetic field. In tigure 1. 2, the GMR element is shown in detail. The upper 
ferromagnetic layer is exchange coupled to an antiferromagnetic layer. A yoke-type 
read head is very suitable for applications in magnetic tape systems, as the sensitive 
MR. element has been placed away from the tape-hearing surface (i.e. the surface that 
is in contact with the tape ), thereby avoiding the wear of the GMR element and the 
thermally-induced noise in the MR. element due to contact friction with the tape. 
Presently, the trackwidth of MR. heads and hence the width ofthe MR. element used at 
Philips is 3 7 j.lm. Within 5 years this will probably be reduced to 10 j.lm. 

In previous studies, GMR sensors have been studied consisting of two Nis0Fe20 

( which we will call Permalloy, Py ) ferromagnetic layers separated by a copper layer. 
One of the Permalloy layers was exchange coupled to an antiferromagnetic iron 
manganese ( FeMn) layer [1]. In this study the Permalloy is substituted by 
Ni66Fe1sCo16 ( which we will call Jimbo, J) to improve the stability of the sensor and 
hence its signal to noise ratio [2]. Nickel oxide ( NiO ) is used for the 
antiferromagnetic layer instead of F eMn for various reasons. One of the reasons is the 
higher blocking temperature of NiO. This higher blocking temperature, which is 
extensively discussed in chapter 2, results to an impravement of the exchange biasing 
at higher temperatures. Secondly, NiO is less corrosive than FeMn, which simplifies 
the processing of the read head. A third advantage is the fact that NiO is an electrical 
insulator. The measuring current through the GMR sensor cannot pass through the 
antiferromagnetic layer. Thus, in contrast to FeMn, the antiferromagnetic NiO layer 
does not act as a shunt resistance, yielding a better signa} ( to noise ratio ) from the 
sensor [3]. 

In this report the exchange coupling between a ferromagnetic Jimbo layer and an 
antiferromagnetic NiO layer is studied. The temperature dependenee of the exchange 
biasing field ( a measure for the exchange coupling ) is emphasised. For simplicity, only 
magnetic bilayers have been studied instead of complete spin valves. The samples 
consist of a nickel oxide/Jimbo/Ta multilayer on top of a Si substrate. The Ta layer is 
used to proteet the Jimbo from oxidation. 

A problem, which has been noticed in a previous study, that has to be solved is the 
reproducibility of the exchange biasing after an anneal treatment [ 4]. In this study it 
appeared that the thermal instability is caused by a thermally activated relaxation 
process. This relaxation process is studied in detail. Furthermore, efforts have been 
made to improve the exchange biasing properties of the NiO layer. Both the absolute 
magnitude of the exchange biasing field and the ratio between the exchange biasing 
field and the coercive field have to be as large as possible. It is important that the 
exchange biasing field H.:b is larger than the coercive field He, in order for the pinned 
layer to be truly single domain in the remanent state. 
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In chapter 2, a theoretical survey on exchange biasing is given. A literature study on 
the structural properties of NiO related to exchange biasing is described in chapter 3. 
The diagnostic tools used to characterise the NiO samples in this report are described 
in chapter 4. In the next chapter the preparation conditions of the samples are 
discussed. In chapter 6 the experimental results are described. Finally, in chapter 7 the 
experimental results are discussed and conclusions are drawn. 

The research described in this report is a continuation of the research carried out by 
S. Lardoux [4]. It has been carried out at the group magnetism at the 'Natuurkundig 
laboratorium' ( Natlab) ofthe Philips Research Laboratones in Eindhoven. 
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2 Exchange biasing: a theoretical survey 

2.1 Introduetion 

In a ferromagnetic ( F ) material a unidirectional anisotropy can be induced as the 
result of a magnetic interaction across the interface between the ferromagnetic and an 
antiferromagnetic ( AF ) materiaL This so-called exchange anisotropy was discovered 
in 1956 by Meiklejohn and Bean on fine, partially oxidised cobalt particles [5,6]. 
Exchange anisotropy can be obtained by cooling a system, consisting of a F and an 

• AF layer through the Néel temperature T N of the antiferromagnet in an extemal 
applied field sufficiently large to saturate the magnetisation of the ferromagnet. An 
other way of obtaining exchange anisotropy is the growth of the F/AF-system in an 
extemal applied field. 

Most simply, exchange biasing reveals itself in the displacement of the 
magnetisation loop along the field axis. The size of this field shift is called the 
exchange biasing field Heb· In figure 2.1, a 1 00% remanent magnetisation loop is 
shown, which is shifted along the field axis and has a coercive field He. 

Figure 2.1: A 100% remanent magnetisation loop, showing an exchange biasing field 
Heb and a coercive field He. 

Exchange coupling can also be observed in torque measurements by high-field 
hysteresis, and I or a sin( \jJ ) contribution, with \jJ the angle between an extemal 
applied field and the easy direction of the AF layer [5,6]. In ferromagnetic resonance 
( FMR) studies exchange anisotropy can be observed through the angular dependenee 
ofthe in-plane resonance fields or through standing spin-wave resonances [7]. 

In this report exchange biasing is studied by measuring magnetisation loops to 
determine Heb· F or a simplified representation of the F and AF layers, an expression 
for the exchange biasing field is given by the model proposed by Meiklejohn and 
Bean. This model is discussed in the next section. Subsequently more sophisticated 

• Néel temperature or ordering temperature: Temperature above which the antiparallel arrangement of 
the spins in the antiferromagnet vanishes and the antiferromagnet becomes paramagnetic. 
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models are discussed: the Mauri model ( section 2.3 ), the Malozemoff model ( 2.4 ), 
and the Pulcorner and Charap model ( 2.5 ). Finally in section 2.6 the temperature 
dependenee of the exchange biasing field according to the different models is 
discussed. 

2.2 Meiklejohn and Bean model 

In this model an idealised representation of the F I AF bilayer is used. The interface 
between the two layers is considered to be perfectly smooth. Furthermore, the spin 
structure of the AF layer at the interface is fully uncompensated. Finally, the spin 
structure of the AF layer is considered to be rigid ( i.e. infinite anisotropy is 
assumed ). 

The antiferromagnet consists of two ferromagnetic sublattices, antiparallel arranged 
in respect to each other. In this model the sublattices consist of spin planes parallel to 
the interface ( see tigure 2.2 ). 

____. ____. ____. ____. F 
+-- +-- +-- +--

~ ~ ~ ~ +-;--
11111 '/ ~ ~ 

~ ~ ~ ~ ____. ~ ~ ~ 
+-- +-- +-- +-- +-- +-- +-- +--____. ____. ____. ____. ____. ____. ____. ____. 
+-- +-- +-- +-- AF +-- +-- +-- +--

E=-cr E=+cr 

(a) (b) 

Figure 2.2: System consisting of a ferromagnetic and an antiferromagnetic layer, 
which are ferromagnetically exchange coupled at the interface. (a) Situation 
corresponding with the lowest energy. ( b) Situation corresponding with the highest 
energy. 

At the interface a fully uncompensated spin plane is present, i.e. all spins in a 
parallel alignment. The interfacial energy per unit area ( Ei ) of the F layer due to 
exchange coupling with the AF layer is expressed by 

Ei = -a cos8 , (2.1) 

where 8 is the angle between the F and the AF interfacial magnetisation. The 
maximum interfacial energy is denoted as cr, which can be expressed in terms of 
exchange interaction between the spins ( Si ) of the F and AF layer at the interface as 

nJ eb ISF liS AF I 
cr = 2 , 

a 
(2.2) 

6 



with n the number of exchange coupled honds across the interface per unit cell, a the 
lattice constant, and Jeb the exchange constant across the interface. When the system is 
placed into an extemal field ( Hext ), the Zeeman energy of the F layer per unit area is 
given by 

(2.3) 

The thickness of the F layer is represented as tF, the saturation magnetisation of that 
layer is represented as M5F, and J..lo is the permeability of vacuum. By balancing the 
Zeeman energy with the interfacial energy and assuming the AF spins to be in a rigid 
position, the exchange biasing field can be expressed as 

(2.4) 

This model described above gives a phenomenological picture of exchange biasing. 
lt correctly describes the 1 I tF dependenee of the biasing field, which is observed 
experimentally [8-10]. This dependenee confirms the interfacial origin of the effect. 
The relative independenee of Heb on the thickness of the AF layer (tAF ) can also be 
explained. The experimentally observed disappearance of Heb below a critical tAF can 
be explained by the reduction of the total anisotropy of the AF layer, which is 
proportional to its thickness. If the total anisotropy of the AF layer is smaller than the 
exchange biasing energy ( 2cr ), the spin structure of this layer can no long er be pinned 
by its anisotropy and will rotate along with the magnetisation of the F layer, upon a 
reversal ofthe latter [11]. 

The same mechanism can explain the disappearance of the exchange biasing at a 
temperature below the Néel temperature, which is called the blocking temperature Tb· 
Since the anisotropy decreases as temperature increases, at a certain temperature the 
anisotropy can no langer hold the spin structure of the AF layer and the biasing 
disappears. 

The magnitude of the predicted Heb differs from the experimentally obtained Heb by 
a large margin. For instance, calculated values on a Py/FeMn system 
( HebtF = 1.6x 105 kAlm A ) differ about two orders of magnitude from experimental 
results ( HebtF = 1 x 103 kAlm A ) [ 12]. The model also fails to explain the magnetic 
training effect, which is the gradual reduction of exchange biasing and coercivity with 
the number of hysteresis loop cycles [13]. A perfectly smooth interface has been 
assumed with an uncompensated spin plane in the AF layer. Also interface roughness 
has to be considered, as well as more complex spin planes. 

In order to overcome the shortcomings of this model, more complex models have 
been proposed, allowing more degrees of freedom to the spins in the AF layer. Several 
models are discussed below. Each of them has its strong and weak points but, 
unfortunately, all fail to describe the phenomenon completely. 
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2.3 Mauri model 

In the model described above, Heb can be increased by increasing the coupling 
between the F and AF layer. In the model proposed by Mauri et al. Heb is limited to a 
maximum, no matter how large the exchange coupling is [14]. Also in this model the 
F I AF interface is considered to be perfectly smooth and has an uncompensated spin 
structure. 

The exchange biasing field is limited to a maximum because a domain wall can 
occur in the AF layer. When the interfacial energy difference upon a reversal of the 
F layer exceeds the energy needed to create an AF domain wall, the AF spins at the 
interface will rotate along with the F spins. In this way a planar domain wall is 
created in the AF layer ( see tigure 2.3 ). 

____. ____. ____. ____. 
-- -~---*---x----~--
+-- +-- +-- +--
____. ____. ____. ____. 

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

____. ____. ____. ____. 

+-- +-- +-- +--
Etot = +cr 

(a) 

F 

AF 

____. ____. ____. ____. 
-- -~--- 7<----x----~-____. ____. ____. ____. 

'''' ! ! ! ! 
//// 
+-- +-- +-- +

Etot = -(J +4~AAFKAF 
(b) 

Figure 2.3: System consisting of a ferromagnetic and an antiferromagnetic layer, 
which are exchange coupled at the interface. The high interfacial energy for an 
antiparallel configuration of the spins across the interface (a) can be reduced by 
forming a planar domain wall in the antiferromagnetic layer ( b ). 

The energy of a 180° domain wall is 4 --J( A AF KAF ), with KAF the crystalline 
anisotropy and AAF = JSA/ I a the exchange stiffness in the AF layer [15]. The 
exchange constant inside this layer is denoted by J. In this case the maximum value of 
Heb is given by 

(2.5) 

When the exchange stiffness and anisotropy of the F layer are smaller than the ones 
of the AF, the planar domain wall will be located in the F layer. In this case a 
difference in magnetisation of the F layer will be observed when reversing it. 
However, neutron reflectometry experiments find no evidence for a planar domain 
wall in the AF layer [16, 17], but indicate that a (part of a) planar domain wall may be 
located intheF layer [17]. 
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Table 2.1: Lattice constant (a), exchange stiffness (A), anisotropy constant ( K ), 
and calculated domain wal! width ( 8) of several materials. 

a (Á) A ( Jm-1
) K ( Jm-3 ) 8 (A) 

Py 3.56 (18] 2.0x10"11 
[12] 1.6x103 

[12] 3.5x103 

FeMn 3.63 2.8xl0-11 4 1.5x103 
[18] [19] 1.3x10 [14] 

NiO 4.18 [20] 6.7xl0-12 
[21] 29 [22] 15x103 

In contrast to the calculated values of Heb using the Meiklejohn and Bean model, 
calculated values of Heb( max.) for the Py I FeMn system are in agreement with 
experimentally obtained values. In the Mauri model exchange biasing can only occur 
if the AF layer has a thickness of at least the domain wall width 8 = n~( AAF I KAF ). 
In Py I FeMn bilayers, exchange biasing has been observed down to AF 
layer thicknesses of about 25 A [12]. This thickness is several orders of magnitude 
lower than the characteristic domain wall width ( see table 2.1 ). Calculations similar 
to the ones carried out by Mauri et al. have been done by Smith and Cain [23]. 

In the way the model is described above, the assumptions of a perfectly smooth 
F I AF interface and an uncompensated interfacial spin structure of the AF layer are 
serious deficiencies of this model. Recently, these problems have been addressed by 
Koon by performing micromagnetic numerical calculations on thin F I AF films, 
assuming a fully compensated spin structure ofthe AF layer at the interface [24]. The 
main conclusions that can he drawn from these calculations are: 1 ) Even with a 
perfectly smooth and fully compensated spin structure at the interface, exchange 
biasing could occur, provided that the AF layer exceeds a certain thickness. 2) The 
mechanism that causes the storage of magnetic exchange energy is the formation of 
planar domain walls, as proposed by Mauri et al .. 3 ) In zero field, the magnetisation 
directions of the F and AF layer are perpendicular to each other and is related to the 
'spin-flop' state in antiferromagnets. A deficiency that remains, is the absence of any 
explanation of magnetic training effects. 

2.4 Malozemoff model 

The model proposed by Malozemoff is not restricted to an uncompensated 
interfacial spin plane [25]. A perfectly smooth interface is nota necessity. The model 
assumes a complete randomness in exchange interactions across the interface, arising 
from surface roughness or chemica! inhomogenity on an atomie scale. In this case the 
theory of a 2-dimensional ferromagnetic random-field is applicable. 

The F layer is assumed to he single domain, and the spins at the interface in the AF 
layer are assumed to he either parallel or antiparallel with respect to the F spins 
( 8=0° or 180° ). Hence the local interface energy Eil will he positive or negative. The 
average Ei over a surface area A, will go down statistically as Ei ~ Eil I --fN where 
N = A I a2 is the number of unit cells projected onto the interface plane. According to 
the above and the equations 2.1 and 2.2, the minimum Ei can now he expressed as 
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(2.6) 

with J the exchange constant inside the AF layer and fi a compensation factor of order 
unity. For an AF layer it will be energetically favourable to split up into domains, 
separated by domain walls perpendicular to the interface. For each domain, its net 
interfacial surface magnetisation can be aligned to the direction of the magnetisation 
of the F layer. In this way the averaged interfacial energy is lowered. The formation of 
a domain wall however, raises the total energy. A cylindrical AF domain with 
diameter L and height tAF ( the AF layer thickness ) has a domain wall energy per unit 
area of interface of 

(2.7) 

For such a cylindrical domain, the total energy per unit surface is given by 

(2.8) 

If the AF layer exceeds a critical thickness tAF,criti> the total energy of a domain is 
positive implying an unstable situation. In this case, an AF state without domains is 
favoured. If the AF layer has a thickness below this critical value, a domain state 
becomes stable. Two different types of domain states can occur. If the domain size is 
larger than the domain wall thickness, the AF layer is in the so-called Ising domain 
state. Below a second critical thickness tAF,crit2• the domain wall width becomes larger 
than the domain size. This is the so-called Heisenberg domain state. Instead of AF 
domains separated by a domain wall, a continuous rotatien of spins will occur inside 
the AF layer. The critical thicknesses can be expressed as 

(2.9) 

(2.1 0) 

According to the model depicted above, the magnitude of Heb as a function of tAF 
can be calculated ( tigure 2.3 ). Between tAF,critl and tAF,crit2 the exchange biasing field 
is independent on the thickness ofthe AF layer [25]. In this region calculated absolute 
values of Heb suit experimental values, similar to calculated values according to the 
model of Mauri et al .. 

Below tAF,crit2 the exchange biasing field is inversely proportional to tAF· However, 
this specific relationship has never been verified experimentally. This can be due to 
the decrease of the anisotropy in the AF layer. The anisotropy in the AF layer is 
thought to hold the domain walls in place, up on a reversal of the magnetisation of the 
F layer. If the anisotropy of an AF domain is too small, the domain walls will no 
longer be fixed and move to other positions when the F layer is reversed. This implies 
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the disappearance of exchange biasing. In the picture of cylindrical domains, the 
anisotropy of the AF domains will scale with the AF layer thickness. A critical lower 
thickness, at which the biasing drops to zero, will be present. It is nearly impossible to 
predict this critical lower thickness because the coercivity of small domains is 
unknown. lt might be possible that this critical thickness is larger than tAF,crit2 and 
hence no I/tAF dependenee has been found. Experimentally cut off thicknesses have 
been found, dependent on the AF materialand temperature (e.g. 25 A for FeMn [12] 
and 150 A for NiO [26], both measured at room temperature). If the cut off 
thicknesses are measured at lower temperatures, these thicknesses willeven be lower. 
For example, the cut offthickness ofCoO at 0 Kis only 4 A [27]. 

Above tAF,critl the exchange biasing field drops to zero. This upper critical 
thickness, which is in the order of the domain wall width, has never been found 
experimentally. Kinetic effects are thought to prevent the formation of large domains 
[28]. Furthermore, smaller domains can occur due to e.g. crystal imperfections, and 
still give a Heb represented by a dotled horizontalline in figure 2.3. 

~------,.······· 

tAF,crit2 

tAF (a. u.) 

Fig.ure 2.3: Exchange biasing field versus AF thickness, according to the model 
proposed by Malozemoff. 

The main condusion that can be drawn from this model is the spontaneous break
up of the AF layer into domains to minimise the total energy. The possibility for the 
AF layer to consist of domains with a domain wall perpendicular to the interface, had 
already been proposed by Kouvel [29] and Néel [30]. Néel indicated how such 
domains, pinned by anisotropy, could give rise to magnetic training effects. This in 
contrast to the models proposed by Meiklejohn and Bean, and Mauri, which cannot 
explain magnetic training effects. These early theories about perpendicular domain 
walls could, in contrast to the Malozemoff model, not predict the size of the domains 
and hence could not predict the magnitude of Heb· 
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2.5 Futcorner and Charap model 

All models discussed above, try to explain the origin and magnitude of exchange 
biasing. For simplicity, in all models the AF layer is assumed to consist of a single 
crystal. This idealised situation can be reached by MBE growth. However, sputtered 
layers do not meet this conditions. The AF layer is polycrystalline, usually having no 
specitic crystal orientation, making the system more complex. The model proposed by 
Pulcorner and Charap is applicable to these polycrystalline AF films [31]. The model, 
however, does not explain the origin of exchange biasing. Combined with the models 
discussed above, a more complete picture of exchange biasing in polycrystalline films 
IS gtven. 

2.5.1 Distribution of blocking temperatures 

In the Malozemoff model described above, the existence of magnetic domains in 
the AF layer is based on a mathematica! derivation. The domain size only depends on 
magnetic properties such as exchange stiffness and anisotropy. The microscopie 
structure of the antiferromagnet is not taken into account. If the AF layer consists of 
grains, it is not unlikely that grain size and magnetic domain size coincide. At grain 
boundaries the spin structure will be disturbed from the bulk structure because of 
lattice mismatch es. F or the total spin structure, it will be energetically favourable if 
domain walls ( a change of spin orientation ) coincide with grain boundaries. Thus, a 
grain size distribution implies a distribution ofmagnetic domain sizes [9,31-37]. The 
blocking temperature of aF/AF system ( defined insection 2.2) only depends on the 
properties of the AF material [33-36]. If the grains do not interact, each grain can he 
treated as a single antiferromagnet, having its own blocking temperature. 

Depending on temperature, the spin structure of a grain will either be pinned or 
unpinned. If the anisotropy of a grain is sufficiently large to keep it from rotating 
along with the magnetisation of the F layer upon a reversal of that layer, the grain is 
pinned [11]. The local blocking temperature of this grain is higher than the ambient 
temperature. If on the other hand the anisotropy of a grain is too small, the grain will 
rotate along with the F layer and is unpinned. In this case its blocking temperature is 
smaller than the ambient temperature. Grains with a blocking temperature smaller 
than the ambient temperature do not contribute to exchange biasing. These grains are 
still coupled to the F layer. Therefore extra energy is needed to rotate this layer so 
these grains do contribute to the coercivity of the F layer. With increasing temperature 
more grains become unpinned and Heb will decrease. The exchange biasing field 
drops to zero, when even the grains having the highest blocking temperature become 
unpinned. The observed Tb equals the maximum blocking temperature of the grains. 

In order to determine the distribution of blocking temperatures, field cooling 
experiments have been done [32,34], as shown in figure 2.4. A sample consisting of a 
F and an AF layer has been biased by field cooling from above T N to room 
temperature ( Tr ). The direction of the extemal field during cooling is denoted as the 
biasing direction. All grains having a blocking temperature higher than Tr will 
contribute to Heb· At Tr the exchange biasing field is measured and the sample is 
heated up to a certain temperature ( T5 ). All grains having a blocking temperature 
below this temperature will be unpinned. Their interfacial magnetisation will he 
aligned parallel to the direction of the magnetisation of the F layer. At T5 the 
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magnetisation of the F layer is directed antiparallel to the biasing direction by an 
extemal applied field, and the sample again is cooled to Tr. The grains having a 
blocking temperature between Tr and T5 are pinned again. This time with their 
interfacial magnetic moment antiparallel to the initia! biasing direction, giving a 
negative contribution to Heb· The procedure of warming up and cooling down is 
repeated for several T5• Results obtained by Soeya et al. [34] are depicted in 
figure 2.4. 
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Figure 2.4: Temperafure dependenee of the exchange biasing field (open dots) and 
measurements of Heb at room temperafure after field cooling experiments (crosses), 
according to Soeya et al. [34]. The sample consistsof 400A Py/500A NiO. 

Note that when the sample is heated up to Tb ( 500 K) and field cooled in an 
extemal field antiparallel to the biasing direction, the magnitude of Heb at room 
temperature is the same as in the initial state but the sign has reversed. As can be 
calculated from this field cooling experiment, the blocking temperatures of the NiO 
grains are distributed over a wide range, from Tr up to Tb. Similar experimentsusinga 
FeMn layer have been done and also show a distribution in blocking temperatures 
[32]. 

The distribution of blocking temperatures could also be calculated using the 
measured dependenee of the exchange biasing field on temperature ( open dots in 
figure 2.4 ). Compared with the method described above, this method has the 
disadvantage that all measurements are done at different temperatures. In this case 
temperature dependenee of e.g. the interfacial magnetisation of the antiferromagnet 
acts upon the measurements. 

2.5.2 Relaxation model 

In the idea described above, a grain can either be pinned or unpinned, depending on 
its blocking temperature in relation to the ambient temperature. In the thermal after 
effect model proposed by Futcorner and Charap [31 ,3 7] the difference between pinned 
and unpinned is not sharp anymore. Induced by thermal excitations, a certain 
possibility exists that the spin structure of a grain changes. This implies there is a 
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possibility that the spin structure of a grain will change at temperatures below the 
blocking temperature of that grain. This model is used to explain the experimental 
results discussed in chapter 6, and is therefore described below in detail. 

The AF layer is considered to consist of N cylindrical grains with an interface area 
A, and height tAF· All grains are decoupled, and consist of one single domain. The F 
layer, which has a volume V F• is considered as a single domain and is exchange 
coupled to the AF grains. The F layer and the AF grains have a uniaxial anisotropy 
withits easy axis parallel to the X direction ( figure 2.5 ). 

N antiferromagnetic grains 

A l~~ 

l~ 

Magnetisation F 

~~a;netisation AF 

Hext 

<111-----~~-... 

Ferromagnetic layer Easy axis F and AF 

Figure 2.5: Schematic picture of FIAF system. The AF layer consists of decoupled 
cylindrical grains, exchange coupled to the F layer, which consists of a single 
domain The easy axis of bath F and AF layer is in the X direction The external 
applied field is also directed along the X direction 

The total energy of this system is expressed by 

Etot = KF VF sin2 <I>- HextlloMsF VF cos<l> 

+ I{KAFAtAFsin
2
8i -J'MsFMsAFACcos(8i -<1>)}. 

i 

(2.11) 

The anisotropy constauts of the F and AF layer are denoted as KF and KAF• 
respectively. The angle between the interfacial magnetisation of the ith AF grain and 
the positive X direction is denoted as ei. The angle between the magnetisation ofthe F 
layer and the positive X direction is expressed by <1>. The exchange coupling between 
the antiferromagnet and the ferromagnet is represented by J', an exchange constant. 
The sublattice magnetisation of the antiferromagnet is represented by MsAF· 

In order to take account for interface imperfections, a dimensionless contact 
fraction C is added [31]. Normalising by J..LoMsF V F• the energy related to the 
ferromagnet is expressed as 

eF =HF sin2 <I>- Hext cos <I>- L heb cos(8 i- <I>), 

HF = KF I !loMsF ' 
heb = J' ACMsAF I llo VF . 

(2. 12) 

(2.13) 

(2.14) 

Although equation 2.12 has a dirneusion of magnetic field, it is still called an energy 
hereafter. In a similar way the energy ofthe ith AF grain is be expressedas 
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e~ =HAF sin
2
ei -heb co~ei -<I>), 

HAF= KAFAtAF I ~oMsF VF. 

(2.15) 

(2.16) 

Since the easy axis of the AF grains is in the X direction, and the magnetisation of 
the F layer is forced into this direction by its anisotropy and the extemal field 
( <I> = 0 or 180 ), the assumption can be made that, ei only takes 0° or 180°. 
Equation 2.12 can now be as 

eF =HF sin
2 

<I>- ( Hext +~heb cose i) cos <I>. 
I 

(2.17) 

Balancing the Zeeman energy of the F layer and the sum of the exchange 
contributions of the AF grains gives an expression for the exchange biasing field: 

(2.18) 

The probability ofthe ith grain having ei= 0 is denoted as P+ and having ei= 180 as p_. 
The calculation of Heb has become a statistica! problem as P+ and p_ have to be 
determined. Therefore the energy state of the ith AF grain is considered. According to 
equation 2.15, the energy of a grain is expressed by 

e~F =HAF sin
2 
ei- heb cose i 

e~ = HAF sin 
2 
ei + heb co se i 

(<1>=0), 

(<1>=180). 

(2.19) 

(2.20) 

When HAF is smaller than heb I 2, the energy profile of the AF grain shows only one 
minimum ( ei = 0 or 180 when <I>= 0 or 180, respectively ). U pon a reversal of the F 
layer, the state of lowest energy changes, and the spins in the AF grains will rotate 
along with the F layer, yielding no exchange biasing. However, when HAF is larger 
than heb I 2 the energy profile shows two minima ( at ei = 0 and 180 ) separated by an 
energy harrier ( figure 2.6 ). One minimum is absolute, and the other one is local. 
When <I> is 0, the absolute minimum occurs at ei= 0. When <I> equals 180, the absolute 
minimum shifts to ei = 180. The energy of the harrier, also normalised by ~oMsF V F is 
expressed by 

(2.21) 

U pon a reversal of the F layer the absolute and local minimum switch positions. The 
spins in an AF grain can only rotate along with the F layer if the energy harrier can be 
overcome by thermal excitation. If the thermal energy is too small, the grains will be 
fixed and exchange biasing occurs. The exchange biasing field is determined by the 
accupation rate of the energy minima: P+ and p_. These variables are determined by 
their initial values and the thermal excitation of the magnetic state of the grain. 
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Fig.ure 2. 6: The energy of the lh antiferromagnetic grain. Two minima occur: an 
absolute one and a loc al one. U pon a reversal of the ferromagnetic layer they switch 
position. 

Let the magnetisation of the F layer be directed in the positive X direction 
( <l> = 0 ). Suppose the interfacial magnetisation of an AF grain can either be parallel 
or antiparallel to the magnetisation of the F layer, yielding two stabie states 
( ei = 0 or 180 ) with probability P+ and p_, and separated by an energy harrier. This is 
a so-called two energy level model ( see also [38,39] ). The rate of change of the 
probability P+ is given by 

d:t+ = v 0 [p_ exp{-(eb- heb)l-loMsF VF I kB T} 

- p+ exp{-(eb + heb)l-loMsF VF I kB T}]. 

(2.22) 

In this expression the fi.rst term represents the fraction of grains changing their 
interfacial moment from ei = 180 to ei = 0 per second. The second term represents the 
fraction of grains changing its moment from ei = 0 to ei = 180 per second. The total 
trial number per unit time to overcome the harrier is denoted as v0. Solving this 
differential equation leads to 

p + ( t) = p ~r + ( p ~ - p ~r ) exp(-t I 't) , 

p~f = 11 { 1 + exp( -2hebl-loMsF VF I kB T)} , 

1 h = v 0[exp{-( eb- heb)l-loMsF VF I kB T} 

+ exp{ -(eb + heb)l-loMsF VF I kB T}]. 

(2.23) 

(2.24) 

(2.25) 

where p+0 is the initial value of P+ ( t = 0 ). The relaxation time is denoted as 't. The 
fraction of grains having ei = 0 at equilibrium ( t = oo ) is denoted as P+inf. The 
equilibrium distribution equals a Boltzmann distribution. It only depends on the 
energy difference of the two minima and is independent on the energy harrier. If the 
magnetisation of the F layer has been directed in the negative X direction ( <l> = 180 ) 
equations 2.22 to 2.24 have to be adjusted. The absolute and local minimum switch 
positions and for symmetrical reasons P+ has to be substituted by p_. 
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The exchange biasing field can be calculated, using equation 2.18. This expression 
has to be altered as the probability is time dependent Using P+(t) + p_(t) = 1, 
equation 1.18 is replaced by 

(2.26) 

Experimentally Heb is obtained by measuring a magnetisation loop, implying a 
reversal of the magnetisation of the F layer. This complicates the calculation of Heb' 
because the exchange biasing field depends on the loop time ( t1oop ). In the limit t1oop 

equals infinity or 't equals zero, the distribution equals the equilibrium distribution 
when the magnetisation of the F layer is reversed. In this case no biasing occurs. In 
the limit t1oop equals zero or "C equals infinity, the distri bution does not change at all. 
Even when the magnetisation of the F layer is reversed, the AF spin state remains 
fixed, yielding maximum biasing. In this case only the initial state of the distri bution 
determines the exchange biasing, which depends on the history of the magnetic state 
of the grains. 

In reality the AF grains will vary in diameter and a grain size distribution has to be 
assumed. In Appendix A an expression for Heb is given as a function of time for the 
specific situation at which the magnetisation of the F layer is reversed at t = 0. The 
equations derived in appendix A are applicable to the relaxation experiments 
described in chapter 6. 

2.6 Temperafure dependenee of Heb 

In this section the temperature dependenee of the exchange biasing field is 
discussed, according to the various models described above. 

According to the model proposed by Meiklejohn and Bean, the temperature 
dependenee of the spins in the AF and F layer also determines the temperature 
dependenee of Heb· In the mean field approximation [25] the magnitude of a spin in an 
antiferromagnet is proportional to ( 1-T I T N ) 112 

*. In the case of a spin in a 
ferromagnet, T N has to be substituted by the Curie temperature ( Tc ) of the 
ferromagnet. Normally the Curie temperature of F materials is much higher than the 
Néel temperature of AF materials. This implies for temperatures below T N' that the 
spin in the ferromagnet can he considered independent on temperature. Hence Heb is 
proportional to ( 1-T I T N ) 112

• When instead of bulk material, a thin AF layer is used 
( like in almost all biasing studies ), the temperature at which Heb drops to zero is 
slightly below TN. This temperature is denoted as the blocking temperature Tb. The 
difference between T N and Tb may be caused by a decrease of the anisotropy due to 
finite size effects. 

In the models of Mauri and Malozemoff crystalline anisotropy also plays a role. 
When the anisotropy is uniaxial, it is quadratic in the AF spin in the simplest 
approximation [25]. The temperature dependenee of Heb will be the same as in the 
Meiklejohn and Bean model. In the case of cubic anisotropy Heb is proportional to the 

• lnstead of using the word spin, it would be better to talk about the average contribution to the 
magnetisation of one spin. ( 1-T /T N) 

112 is a high temperature approximation of a Brillouin function. 
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square of the magnitude of a spin in the antiferromagnet [25]. This results in a linear 
dependenee of Heb on temperature. Some experimental observations of Heb as a 
function of temperature, using FeMn as an antiferromagnet, show this linear 
dependenee [9]. Other experiments, however, show a different curve, suggesting that 
the anisotropy is not simple uniaxial or cubic. 

In the Pulcorner and Charap model the temperature dependenee of Heb is rather 
complex. First, Heb depends on temperature through the magnetisation of the F and 
AF layer. Second, the equilibrium distribution ( Boltzmann distri bution ) of an energy 
state is temperature dependent ( see equation 2.24 ). In a non-equilibrium state, Heb 

moves towards the equilibrium value. The relaxation time involved in this process 
also depends on temperature. Temperature dependenee and time dependenee have to 
be considered together. If a grain size distribution is assumed ( in reality this is always 
the case, see appendix C ), temperature dependenee becomes even more complex 
because both equilibrium distribution and relaxation time depend on grain size. 
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3 NiO and exchange biasing 

3.1 Structure of NiO crystals 

Below its Néel temperature, T N = 523 K, nickel-oxide ( NiO) is an antiferromagnet 
[40,41]. Above this temperature the antiparallel contiguration of magnetic moments 
vanishes and NiO becomes paramagnetic. In the paramagnetic state, its crystal 
structure is face centred cubic ( f.c.c. NaCl-structure ). This cubic state is denoted as 
NiO (I). Below T N• the crystal is slightly distorted from this cubic structure to a 
rhombohedral one, involving a contraction along one of the four original cubic ( 111) 
directions, as can be seen in tigure 3.1. In this crystal state, NiO is denoted as NiO 
(11). Using a rhombohedral unit cell containing 4 NiO molecules, the rhombohedral 
angle a is slightly larger than 90°. The distortien is temperature dependent and 
increases as temperature decreases, leading to a maximal distartion of a= 90°6' at 
T = 0 K [ 40]. This small di stortion is caused by the AF ordering, and may cause a 
macroscopie crystal to be twinned below T N: i.e. a single crystal can be composed of 
regions each characterised by one of the four ( 111) contraction axes, separated by 
so-called twinning planes. On the other hand, crystal imperfections such as grain 
boundaries, dislocations, and stacking faults will cause disturbances in the magnetic 
order, because crystal imperfections and defects in magnetic structure are closely 
related toeach other. 

z 

11 

------ contraction axis 

Fig.ure 3.1: An exaggerated model of the rhombohedral disfortion in NiO below T N 

The Oxyz axes are orthogonal. The rhombohedral angle a. is slightly /arger than 90° 
and each of the rhombohedral axes makes an ang/e 8 with the Oxyz axes. A twin wal/ 
on a (OOI) plane between regions I and 1/, having different contraction axes, is shown. 

Since the crystallographic distortions are small, it is convenient to use pseudocubic 
unit cells to describe the NiO crystals in the AF state. The lattice constant of this 
pseudocubic unit cell at room temperature equals 4.18 A [20]. As shown by neutron 
refraction [41,42], a magnetic unit cell consists of eight chemica! unit cells and 
therefore contains 32 magnetic ions. lts dimension is twice the lattice parameter of a 
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chemical unit cell ( see tigure 3.2 ). The magnetic moments of the Ni ions are spin 
only values with S = 1/2. The moments are arranged in ferromagnetic sheets, 
perpendicular to the contraction axis (111). The magnetic moments in neighbouring 
planes are antiparallel in respect to each other. The antiparallel contiguration of 
moments in adjacent planes is explained by the superexchange interaction between 
nickelions on opposite sides of an oxygen ion [43]. The (111) out-of-plane anisotropy 
constant at T=OK has been determined by Kondoh (K1 =5x105 J/m3

) [44] and 
Sievers et al. ( K1 = 1x105 J/m3

) [45]. The contiguration with the magnetic moments 
lying parallel in a (111) plane is consistent with calculations of the minimum dipole 
energy [ 46,4 7]. The magnetic moments in the ferromagnetic plan es are oriented in the 
<110> direction, having a trigonal symmetry. The (111) in-plane trigonal anisotropy 
constant has been determined by Kurosawa et al. ( K2 =29 J/m3 at room temperature) 
[22]. As can beseen from this data, the (111) in-plane anisotropy is several orders of 
magnitude smaller than the (111) out-of-plane anisotropy. 

[00 1] l 

[OIO] 

[tooy 

Figure 3.2: Antiferromagnetic structure of NiO. The d- ions are represented by the 
open circles. The magnetic N/+ ions are represented by their spins. The spins are 

directed in the (111) plane and along the [ 1T0 J axis. The contraction axis is [111] 
and the rhombohedral cel! shown has a= 90°4' at room temperature. 

3.2 Thin NiO films: film properties re/ated to exchange biasing 

In magnetoresistance sensors a thin ( sputtered) NiO layer can be used as a biasing 
layer ( see chapter 1 ). The thickness of a NiO biasing layer is typically below 1000 A. 
Relevant structural properties of these thin films, related to exchange biasing, are film 
thickness, crystal orientation, grain size, interface roughness, intemal strain, 
nickel/oxygen ratio ( stoichiometry ), and the amount of impurities. In order to study 
the effect of one specific film property on the exchange biasing, it would be ideal to 
change only one property at the time, by adjusting the preparation conditions of the 
film. However, by changing preparation (sputtering) conditions, several properties 
are changed simultaneously. This makes it difficult todetermine the exact influence of 
one specific property on the exchange biasing. In this section the influence on the 
exchange biasing of several of the properties mentioned above, will be discussed. 
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3.2.1 Thickness of the NiO layer 

The influence of the NiO layer thickness on exchange biasing has been studied 
extensively [26,33,48,49]. Lai et al. [49] report an onset in the NiO layer thickness at 
which exchange biasing occurs at 150 A, measured at room temperature. As the 
thickness increases the exchange biasing increases as well. The exchange biasing 
remains constant above an AF thickness of about 400 A. Lin et al. [26] report an onset 
of 100 A, and a constant exchange biasing at thicknesses above 300 A, also measured 
at room temperature. All samples discussed in this report, have a NiO layer thickness 
of at least 380 A, so maximum exchange biasing is obtained. The onset of the NiO 
thickness, at which biasing occurs, can he explained by the reduction of the total 
anisotropy for thinner NiO layers. When tNiO becomes too small, the layer can no 
longer he pinned by its anisotropy and will rotate along with the magnetisation of the 
F layer, upon a reversal ofthe latter ( see also chapter 2 ). 

Since anisotropy increases as temperature decreases, the onset for exchange biasing 
will decrease with decreasing temperature. Exchange biasing is only observed if the 
blocking temperature exceeds the ambient temperature. Lin et al. [ 48] studied the 
effect of the NiO layer thickness on the blocking temperature. The blocking 
temperature ofNiO increases as the thickness increases, reaching a maximum value of 
200°C. Note that in this study only three NiO thicknesses have been studied ( 250, 
400 and 870 A ) *. The effect of magnetic training on NiO thickness has been studied 
by Lai et al. [ 49]. They report zero magnetic training for thicknesses below 60 A ( at 
this thickness Heb = 0 ). The training rises to a sharp peak at the onset thickness for 
exchange biasing ( 150 A ), and returns to a small, almost constant magnitude ( 25% 
ofthe magnitude ofthe exchange biasing) for thicknesses over 275 A. 

3.2.2 Crystal orientation 

The surface spin structure of a NiO film depends on the crystal orientation. If a 
crystal has been grown in a (111) orientation, its surface spin structure is 
uncompensated: all spins are in a parallel alignment ( see figure 3.2 ). A (100) or 
(11 0) orientation on the other hand, has a compensated spin structure. By changing 
the sputter conditions, Han et al. [50] altered the crystal orientation, and observed no 
dependenee of the exchange biasing on crystalline texture. 

The independenee of the exchange biasing field on the crystal orientation of the 
NiO may he due to the difference in lattice parameter of NiO ( a= 4.18 A ) and the 
Permalloy ofthe ferromagnetic layer (a= 3.60 A). A compensated NiO surface does 
not have to imply a compensated interface and can therefore still lead to exchange 
biasing [27]. 

Recently, Koon [24] described that exchange biasing can occur over a F/AF 
interface, for a fully compensated interfacial spin structure of the AF layer, even with 
equal lattice parameters of the F and AF layers ( see section 2.2 ). A ( partially ) 
uncompensated spin surface seems not to he a necessary condition for exchange 
biasing. Furthermore, in practice the interface is not perfectly smooth. The RMS of 
the interface roughness of the films used, is typ i cal 5 A exceeding the lattice constant 

For MBE grown CoO Iayers, the blocking temperature as a function of Iayer thickness has been 
determined more accurately [27]. For these MBE samples a decrease in blocking temperature away 
from T N for CoO thicknesses below 50 A is reported. 
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( 4.2 A). According to Malozemoffs random field theory ( section 2.4 ), the 
existence of a perfect compensated interface is very unlikely and crystal orientation is 
not significant any more. 

3.2.3 Grain size 

The influence of grain size on the exchange biasing is not well understood and 
conflicting dependencies are reported. Lai et al. studied the effect of grain size on 
exchange biasing by using different substrates and by an anneal treatment of the NiO 
films [51]. They observed an increase in the exchange biasing field on decreasing the 
grain size. Soeya et al. also studied the effect of grain size on exchange biasing, but 
varied sputter pressure in order to vary grain size [36]. In contrast to Lai et al., they 
report an increase of the exchange biasing as the grain size increases. 

The contractietion in the experimental observations, involving the dependenee of 
exchange biasing on grain size, can be explained by experimental difficulties. 
Changing the grain size, is usually accompanied by other structural changes, e.g. the 
surface roughness, and intemal strain. So different film properties are unintentionally 
changed simultaneously. The effect on the exchange biasing by one of them, is 
difficult to isolate. 

According to the Malozemoff model ( section 2.4 ), smaller magnetic domains lead 
to an enhanced exchange biasing field. If magnetic domain size and grain size 
coincide, this implies an increase of the exchange biasing with decreasing grain size. 
An effect that opposes the increase of the exchange biasing with decreasing grain size, 
is caused by the decrease of the total anisotropy of the grains, as described by the 
Pulcorner and Charap model ( section 2.5.1 ). The spin structure of smaller grains will 
be unpinned easier, and will rotate along with the magnetisation of the ferromagnetic 
layer, upon a reversal of this magnetisation. This effect implies a decrease of the 
exchange biasing. Thus even from a theoretica! perspective it is not clear which 
dependenee with grain size to expect. 

3.2.4 Interface roughness 
As mentioned above, interface roughness and grain size are closely related to each 

other, if preparation conditions are altered. Therefore it will not be surprising that also 
in this case the experimental observations are conflicting. Soeya et al. [36] and Shen 
and Kief [52] studied the effect of interface roughness on exchange biasing by altering 
the sputter pressure. They both report higher exchange biasing values as interface 
roughness decreases. Han et al. [50] varied the substrate bias and the OiAr ratio in 
the reactive sputter process ( see section 4.1 ). They did not see a dependenee of the 
exchange biasing on interface roughness. The observed coercivity in the 
ferromagnetic layer however, does depend on the interface roughness: the rougher the 
interface, the larger the observed coercivity [50]. This in contrast to the observations 
by Lai et al. [51], who report an independenee on interface roughness of both the 
exchange biasing and coercivity. Intheir study, interface roughness has been altered 
by using substrates of different roughness, obtained by different polishing processes. 
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The fact that it is difficult to change only one film property at a time, may be an 
explanation for the experimental contradictions described above. Especially if sputter 
conditions are altered, several other structural properties besides interface roughness, 
are altered simultaneously, such as grain size, internal stress, and stoichiometry. The 
effect of internal strain and stoichiometry on exchange biasing is still unknown. The 
effect of strain [6] and stoichiometry [53] on the anisotropy of NiO has already been 
noticed several decades ago. Since anisotropy and exchange biasing are closely 
related to each other ( see chapter 2 ), strain and stoichiometry presumably also 
influence the biasing properties. 
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4 Diagnostic tools 

In this chapter the diagnostic techniques used to characterise the magnetic and 
structural properties of thin magnetic layers, are described. All magnetisation loops 
described in this report have been determined by the Kerr measurement technique, 
which is detailed in section 4.1. During this research, a Kerr set-up with the possibility 
to do temperature dependent measurements, has been made operational at the Philips 
research lab. Section 4.2 describes the tools used for structural characterisation of the 
samples. Firstly, in section 4.2.1 X-Ray diffraction ( XRD ) is discussed. This 
technique has been used to determine the texture of the NiO films. To determine the 
grain size and shape, transmission electron microscopy ( TEM ) has been applied, 
which is described insection 4.2.2. Finally, insection 4.2.3 Rutherford backscattering 
speetometry ( RBS) is described, which has been applied to determine the thickness 
ofthe NiO layer and its stoichiometry. 

4.1 Kerr messurement technique 

4.1.1 Magneto optical Kerr effect 

The magneto optica! Kerr effect ( MOKE) refers to a change of the polarisation 
state of light, when it is reflected from a magnetised surface [54( The 
Kerr measurement technique can be used to determine magnetisation loops. As the 
Kerr effect is directly proportional to the magnetisation, straightforward algorithms 
can be used. From these magnetisation loops, magnetic characteristics such as 
remanence, coercive field, and exchange biasing field, can be deduced ( see 
section 2.1 ). 

One of the advantages of Kerr measurements over other diagnostic tools to 
determine magnetisation loops, such as the superconducting quanturn interference 
device ( SQUID ), and the vibrating sample magnetometer ( VSM ), is the fact that a 
loop can be measured very quickly. The Kerr set-up used to characterise the magnetic 
films in this report, is able to measure a complete magnetisation loop within 10 s. 
Compared to the VSM, the Kerr measurements technique is more sensitive. The 
technique is sufficiently sensitive to measure the magnetisation of films with a 
thickness of only a few nanometers: a prerequisite for the studies reported here. Kerr 
measurements are only sensitive to the magnetisation of the upper part of the sample, 
determined by the penetration depth of the light in the sample. The penetra ti on depth 
of visible light in nickel is about 90 A [56]. In addition, by means of the Kerr 
technique the magnetisation can be measured very locally, because the light souree 
( laser ) can be focused ( the spot diameter can be as small as 70 !J.m ). Therefore, this 
technique is highly suitable to determine the magnetic characteristics of for instanee 
wedge shaped samples. A disadvantage of the Kerr technique, is the impossibility to 
determine the absolute magnitude of the magnetisation, because the magnitude of the 

• The magneto optica! Kerr effect in ferromagnetic materials can be explained by the existence of spin
orbit coupling [55]. 
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Kerr effect depends on wavelength, temperature, and the type of material used, in a 
complex way. 

The Kerr effect iniluences the polarisation state of light in two ways. Firstly, the 
direction of linearly polarised light will rotate with an angle after reileetion from a 
magnetic surface. Furthermore, linearly polarised light will become elliptical. Both 
effects can be described by regarding linearly polarised light as the superposition of 
left and right circularly polarised components of equal amplitude. If the light reilects 
from a magnetic surface, the reileetion coefficients of left and right circularly 
polarised light differ, depending on the magnetisation state ofthe surface. The relative 
phase change of the two polarisation components is indicated as the Kerr rotation 
angle. The relative change of the amplitudes after reilection, is called the 
Kerr ellipticity [56].. 

PO LAR LONGITUDINAL TRANSVERSE 

Figure 4. 1: Definition of the pol ar, longitudinal and transverse Kerr effects in terms 
of the relative orientation of the plane of incidence and the sample 's magnetisation 
vector. 

Using the Kerr technique, three different geometries can be distinguished: po/ar, 
longitudinal, and transverse ( tigure 4.1 ). This difference is based on the relative 
orientation of the measured component of the magnetisation in the sample, the plane 
of incidence of the laser beam ( or the direction of the incoming laser beam for the 
polar geometry ), and the surface plane of the sample. In the polar geometry, both the 
incoming laser beam, and the measured component of the magnetisation are 
perpendicular to the surface of the sample ( angle 8 is almost 0 ). In the longitudinal 
geometry, the measured component ofthe magnetisation is both parallel to the surface 
plane, and the plane of incidence of the incoming laser beam. Finally, in the 
transverse geometry, the measured component of the magnetisation is parallel to the 
surface of the sample, but perpendicular to the plane of incidence of the incoming 
laser beam [56]. For both the longitudinal and transverse geometries, the angle 
between the incoming laser beam and the surface plane of the sample is typically 
45 degrees. The set-up of laser and electromagnetic is the same for the longitudinal 
and transverse geometries. The contribution of the transverse component is much 
weaker than the longitudinal component, and will therefore be neglected 

4.1.2 The basic Kerr set-up 

In order to investigate the thermal stability of the exchange biasing of NiO, a Kerr 
set-up was constructed having the possibility to perform temperature dependent 
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measurements. In this section the basic Kerr set-up will he discussed. The temperature 
control will he discussed in detail in the next section. 

A longitudinal Kerr geometry is used: the magnetisation of the sample is both 
parallel to the film plane as well as the plane of incidence of the light beam. A 
schematic representation of this Kerr set-up is given in figure 4.2. The contributions 
of other geometries ( polar and transverse) can he neglected in this set-up. 

A HeNe laser ( Polytec, 10 mW, A.= 633 nm) is used as a light source, because the 
beam can easily he focused, and has a high intensity. The beam is linearly polarised 
and passes through a diaphragm in order to reduce the beam diameter, and to prevent 
multiple reflection from optical components back into the laser. Subsequently, the 
polarisation state is modulated by a Photo Elastic Modulator ( PEM-80, Hinds 
international Inc.) in order to improve signal to noise ratio. Modulation techniques 
have to he applied, because the Kerr rotation angle and ellipticity are very small: in 
the order of several millidegrees. 

The main part of the PEM [57] is an optical crystal, attached to a piezo electric 
crystal. The piezo electric crystal applies an external stress upon the optical crystal 
and makes it birefringent. The piezo electric crystal is vibrating at 50kHz, so the 
polarisation state is modulated at the same frequency, and lock-in techniques can he 
applied [56]. 

After the beam has passed the PEM, it is focused onto the sample. The sample has 
been mounted on a sample bolder, located in a vacuum chamber ( see section 4.1.3 ). 
An external magnetic field can be applied by an electromagnet ( home made ). After 
reflection from the sample, the beam diameter is reduced by a diaphragm. Right 
bebind the diaphragm, the beam passes through an analyser ( that is a polarisation 
sheet ). Only the polarisation component of the light along the polarisation direction 
of the sheet is passed through, and its intensity is measured by a photo diode detector 
( home made ). The polarisation modulation originated from the PEM, reveals itself as 
a time varying intensity in the detected signal, having a frequency equal to the PEM 
modulation frequency in case of Kerr ellipticity. If Kerr rotation is monitored, the 
intensity of the detected signal has a frequency, which is double the frequency of the 
PEM modulation frequency [56]. 

The modulated Kerr signal is extracted from the detector signal by a lock-in 
amplifier ( EG&G Princeton Applied Research, model 5209 ). The PEM control 
signalis used as the lock-in reference signal. 

The magnetic field is monitored by a Hall probe, located in the homogeneous 
region of the field. The magnitude of the magnetic field at the Hall pro he differs from 
the magnitude of the field at the sample position. A constant correction factor is used 
to compensate this difference. A Gauss meter ( Magnetic Instrumentation Inc., 904) is 
used to measure the Hall voltage. The zero-field calibration has been checked 
regularly. 

A personal computer ( Philips P3348) is used to compute the Kerr angle from the 
lock-in signal and the detector signal. The computer also monitors the magnetic field, 
and controls the power supply of the electromagnet. A magnetisation loop can he 
measured automatically by sweeping the magnetic field and monitoring the Kerr 
signal, which is proportional to the magnetisation, as a function of the applied field. 
The standard loop time used in this report is 12 seconds. The magnetisation loop can 
be visualised by an oscilloscope ( Philips, PM 3211 ). 
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Figure 4.2: Schematic layout ofthe Kerr set-up. The optica! path is represented by the 
dotted fine. 
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The so-called Faraday effect poses an experimental problem. The polarisation state 
of light, transmitted through an isotropie material, undergoes a change in rotation and 
ellipticity when the material is magnetised [58]. The stray field originating from the 
electromagnet, magnetises the slightly paramagnetic lens and optical windows and 
induces an optical anisotropy. As a result, a Faraday contribution is added to the 
Kerr signal, which is proportional to the magnetic field. If the external applied 
magnetic field is sufficiently large to saturate the magnetisation of the sample, the 
Kerr signal will remain constant upon a further increase of the magnetic field. The 
Faraday contribution however, will show a linearly rising ellipticity or rotation upon 
an increasing magnetic field. Since the change in ellipticity due to the Faraday effect 
is smaller than the change in rotation, it is preferabie to measure ellipticity. 
Furthermore, the Faraday effect can be minimised by enlarging the distance between 
magnet and optical components. Therefore, the distance between the sample and the 
lens is about 40 cm. The optical windows of the vacuum chamber are placed on 
protruding tubes, 25 cm away from the magnet poles, to reduce the Faraday 
contribution as well ( see section 4.1.3 .1 ). As precautions have been taken to 
minimise the Faraday effect, soit is no longer detectable. 

From a practical point of view, another property of the lens is mentioned below. 
Even in zero field the lens causes a change in the polarisation state of the beam. The 
ellipticity is distorted more than the rotation, for the lens used in the Kerr set-up 
described in this report. Since the change of the polarisation state depends on the 
angle of the lens inside the lens holder, it can be minimised by rotating the lens. By 
minimising this contribution to the ellipticity or rotation, the background signal of the 
Kerr measurements can be reduced, enabling a higher accuracy of the measurements. 
The change of the polarisation state is caused by an optical anisotropy in the lens. 
This anisotropy can be induced by external stress (e.g. during manufacturing or by the 
lens holder). 

4.1.3 Temperafure controlled Kerr set-up 

4.1.3.1 Cryostat 
The temperature of the sample can be controlled from 20 K up to 500 K. The 

sample has been mounted on a copper sample holder ( home made ), which is 
positioned in a cryostat ( Oxford Instruments ). A schematic representation of the 
cryostat is given in figure 4.3 a. A detailed description ofthe sample holder is given in 
section 4.1.3.2. All parts of the cryostat are made of non-magnetic materials to avoid 
vibrations caused by variations in the magnitude of the applied magnetic field during 
hysteresis loop measurements. 

The cryostat has a stainless steel tube inside with a copper block at the bottorn of it. 
The sample holder is mounted on that copper block. The tube is held in position inside 
the cryostat by a teflon disk. Teflon has been used, because of its low thermal 
conductivity [59]. The tube, and thus the sample position, can be displaced vertically. 
The sample space inside the cryostat remains at vacuum because of the metal springs 
on top of the cryostat. An insert, which has to be placed ins i de the tube, is used to cool 
or heat the copper block at the bottom. The block is made out of copper because of its 
excellent thermal conductivity compared to stainless steel. So, mainly the copper 
block and the sample holder attached to it, are heated or cooled. Using the cold insert, 
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the sample can be cooled from room temperature down to 20 K. If the hot insert is 
used, the sample can be heated up to 500 K. The inserts will be discussed in 
section 4.1.3.3 

The sample is placed in vacuum space to insulate it thermally and to prevent it 
from oxidation. The pressure inside the VC is maintained at about 2x 1 o-5 mbar by a 
rotatien pump ( Leybold-Heraus, Trivac) and a turbo pump (Pfeiffer, TPH110W) 
and is monitored by a pyrani ( Leybold-Heraus, 1x10°-1x10-3 mbar) and an ionisation 
gauge ( Grainville-Philips, 1x10-4-1x10-8 mbar). 

The bottorn part of the cryostat consists of a detachable vacuum chamber (VC) so 
the sample can be changed. As can be seen from tigure 4.3, the VC has two 
protruding tubes perpendicular in respecttoeach other, and with an inner diameter of 
8 mm. The main reason why these protruding tubes are used is to reduce the Faraday 
contribution of the windows as discussed in section 4.1.2. The windows are made of 
glass and are placed 25 cm away from the magnet poles. Another advantage of the 
relatively large distance between the windows the and sample holder, is that the 
windows stay at room temperature, even when the sample holder is heated or cooled. 
Thereby, a thermal gradient over the windows is avoided and no condensation of 
water vapour will occur on the outside of the windows. A disadvantage of the use of 
these long and narrow tubes is that it renders the optical alignment critically, which is 
time-consuming. 
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Fig.ure 4.3: (a) Schematic representation of the cryostat. (b) The sample ho/der, 
including the Pt-resistance thermometer is shown in detail. 
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4.1.3.2 Sample holder 
A detailed representation of the sample holder is given by tigure 4.3 b. As can be 

seen in this figure, the stainless steel tube inside the cryostat ends on a copper block. 
The hot or cold inserts can be placed inside this copper block. Below the copper block 
a copper disk is mounted, on which the sample holder is screwed. The disk remains 
tixed and the sample holder can be removed to changed the sample. In order to place 
the sample holder in the proper position for an ideal optica} alignment, it is possible to 
rotate it horizontally. The sample itself is attached on a thin circular copper plate 
using photo tape. The thickness of the copper plate can be adjusted to the sample 
thickness in order to obtain a proper optical alignment. The copper plate is attached on 
the sample holder, again using photo tape. Both the sample and the copper plate are 
clamped by two thin clips, made of phosphor bronze. This material is used instead of 
copper because of its larger elasticity. Since its thermal conductivity is still good, the 
sample is thermally anchored to the sample holder. The screws used to mount the 
clips to the sample holder are made of stainless steel. In the point of view of thermal 
conductivity, copper would be a better material but it is too soft ( mechanically ). 

An important part of the sample holder is a platinum resistance thermometer. This 
thermometer can be used in the complete temperature range from 20 up to 500 K. A 
100 Q Pt-resistor has been placed inside the sample holder. The electricalleads to the 
resistor have a diameter of only 0.25 mm, to prevent heat or cold transfer to the 
resistor through the leads. The resistor and the contact points to the leads are 
thermally anchored to the sample holder using General Electric ( GE ) varnish. This 
vamish has a good thermal conductivity, is an electrical insulator, and withstands the 
high and low temperatures. At the point the leads come out of the GE varnish, they are 
electrically insulated with a teflon coating, because also teflon withstands both the 
high and low temperatures. As four wires are connected to the Pt-resistor a four-probe 
measurement technique can be used. Using this technique, the electrical resistance of 
the leads does not have to be taken into account. The electrical leads are twisted to 
proteet the sample from magnetic stray tields, arising from the measuring current 
through the leads. Since the leads to the thermometer can be disconnected from the 
leads in the cryostat, the sample holder, thermometer included, can be removed from 
the cryostat. 

4.1.3.3 Insert 
A cold insert is used to cool the sample from room temperature down to 20 K, 

while a hot insert is used to heat the sample from room temperature up to 500 K. Two 
different inserts are used because the cold insert cannot withstand the high 
temperatures. A schematic representation of the bottorn part of both inserts, which 
have to be placed into the tube inside ofthe cryostat, are given in tigure 4.4. 

If the cold insert is used, the cryostat is in use as a continuous gas-flow cryostat 
[59] using helium as a coolant. Cold helium, coming from a liquid He vessel, is lead 
to the cryostat through a vacuum tube ( see tigure 4.4 a). The enthalpy of cold gas 
evaporating from liquid He is used to cool the copper block at the bottorn of the tube. 
A continuous He flow is maintained by a gas flow pump ( Compton, D/180 ), and the 
flow is controlled by a needie valve ( Oxford Instruments, VC30 ). A temperature 
controller ( Oxford Instruments, ITC4 ) is used to set the temperature of the helium 
gas. The temperature at the bottorn of the insert is measured by an AuFe/Chromel 
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thermocouple and can be controlled by driving a current through a resistor, using it as 
a heater for the He gas. 

The hot insert is less complex because no coolant has to be used. The insert 
consists of a stainless steel rod with a copper tip at the end, in which both 
thermocouple ( AuFe/Chromel ) and heater are integrated ( see tigure 4.4 b ). The 
temperature of the copper tip is controlled by the same temperature controller. The 
copper tip is pressed inside the copper block on which the sample holder is mounted. 

All thermometers used, are calibrated in the same way. The temperature 
characteristics of a Pt-resistor and an AuFe/Chromel thermocouple are stored in the 
temperature controller. These standard curves are adjusted to the thermometers used, 
by a calibration using two fixed points in temperature: evaporating liquid nitrogen of 
77 K, and boiling water of 3 73 K. As an error check, the temperature of melting ice 
(273 K) was measured. The measured temperatures were accurate within 2 K. 
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Fig.ure 4.4: Schematic representation of the bottorn part of the cold rod (a), and the 
hot rod (b). 

4.2 Structural characterisation techniques 

4.2.1 X-ray diffraction 

In order todetermine the texture ofNiO films, X-ray diffraction (XRD) techniques 
have been applied. This technique is based on the fact that atoms scatter 
electromagnetic radiation. The incoming X-rays, with an angle 8 with respect to the 
film plane, will be reflected along an angle 28 in respect to the incoming beam ( see 
tigure 4.5 ). The intensity ofthis reflected beam is monitored. An XRD measurements 
consists of a scan of intensity versus angle 8. The X-rays reflected at planes (e.g. 
lattice planes, film planes ), will interfere constructively if they satisfy the conditions 
of the Bragg law, given by 

2d sin(8 ) = nÀ (n = 1,2,3, .. ), (4.1) 
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with d the distance between subsequent planes, and À the wavelength of the radiation. 
The X-rays are emitted by a copper souree and have a wavelength Àcu-Ku=1.5406 A. 
Constructive interference reveals itself as a peak in the intensity. 

Ifthe X-rays strike the sample at a grazing angles ( < 5° ), the thickness ofthe film 
can be determined from an XRD-scan. At these angles, a sample thickness of about 
50 nm is a typical distance to satisfy the Bragg law. At high angles, the distance 
between lattice planes inside the crystals is suitable to have constructive interference. 
In this way, the perpendicular lattice constant of the material can be determined. 
Because the distance between the lattice planes inside the crystal depends on the 
crystal orientation, different crystal orientations can be distinguished. A detailed 
description ofX-ray diffraction techniques and its applications can be found in [60]. 
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Figure 4. 5: X-ray diffraction geometry. 

4.2.2 Transmission electron microscopy 
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Transmission electron microscopy ( TEM ) has been used to study the crystal 
structure of the NiO films. The sample is irradiated with an electron beam of uniform 
current density, emitted from an electron gun. The beam is focused on the sample 
using a magnetic lens system. The electron beam passes through the sample and an 
image of the sample can be made from the transmitted electrons. An other lens system 
is used to obtain a proper image. Special sample preparations are necessary to reduce 
the substrate thickness, so the electrans can pass through the sample. 

In the sample, the electrans interact strongly with the atoms by elastic and inelastic 
scattering. Electrans which are scattered through angles larger than the objective 
aperture, do not contribute the image of the sample. The absence of electrans on 
certain positions causes a contrast in the image of the sample ( scattering contrast ). 
TEM can provide a high resolution because elastic scattering is an interaction process 
that is highly localised at an atomie nucleus. 

In this report two types of TEM images are discussed. Firstly, a planar view of a 
NiO layer has been made. The NiO layer has been sputtered on a Si3N4 substrate. 
After deposition the substrate has been removed partially by an etching process to 
reduce the substrate thickness. An other type of TEM image is a cross-sectional view 
of the NiO film. A cross-sectional slice having a thickness of about 150 Jlm is cut 
from the sample. The thickness is reduced below 100 nm by a polishing process, so 
the electrans can pass through the sample. From both types of TEM images, the grain 

33 



structure of the NiO film IS derived. A detailed description of TEM can be 
found in [61]. 

4.2.3 Rutherford backscattering speetrometry 

Rutherford backscattering spectroscopy ( RBS) can be used to determine the 
chemica! composition of separate layers in a multilayer stack. In this report, RBS data 
have been used to calculate the thickness ofthe NiO layer and its stoichiometry. 

A beam of collimated alp ha particles ( 4He nuclei ) with an energy of 2 Me V is 
created by an ion source, a magnetic lens, magnetic analyser, and several slits ( see 
tigure 4.6 ). This beam impinges on the sample, located in a vacuum chamber. Most 
of the alpha particles reappear at other side of the sample with some slightly reduced 
energy, and only slightly altered direction. The few alpha particles that do notpass the 
sample, have passed a nucleus of a single atom of the sample at such a small di stance, 
that the particles are scattered elastically. Some ofthe backscattered particles impinge 
on the detector, which determines the energy of the scattered particles. An 
RBS spectrum consists of the number of particles as a function of energy. 

The collision of an alp ha partiele with an atom inside the sample is elastic. The loss 
of energy of the alpha partiele is characteristic for the atom the partiele has scattered 
from. This energy loss can be calculated, and compared to the measured energy 
losses. So, from an RBS-spectrum, the number of atoms of a specific element per unit 
area, present in the sample, can be derived. Knowing the number of nickel and oxygen 
atoms present in the sample, the stoichiometry can be calculated. Knowing the 
density, also the layer thickness can be calculated. A detailed description of RBS can 
be found in [62]. 
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system. 
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5 Film deposition and processing 

5. 1 Magnetron sputtering 

Thin NiO films can he manufactured in several ways. Most common deposition 
techniques are molecular beam epitaxy ( MBE) [63], metal organic chemica! vapour 
deposition ( MOCVD) [64] and ( reactive) sputtering. The different deposition 
methods lead to different structural properties of the deposited films. In this report 
sputtered samples have been studied, because of the intended applications of the 
exchange coupled F/AF layers in read heads ( see chapter 1 ). For industrial 
manufacturing of GMR spin valves sputtering is well applicable. A complete GMR 
sensor can he manufactured using sputter techniques. In this section the magnetron 
sputtering technique is described ( section 5.1.1 ), and the influence of sputter 
conditions on the exchange biasing is discussed ( section 5.1.2 ). 

5.1.1 Magnetron sputtering device 

Sputtering refers to the event that atoms on the surface of a solid can he removed 
by a bombardment of highly energetica! particles. The term 'magnetron' in a 
magnetron sputtering device, refers to the use of a magnetic field to retain the 
electrons inside the plasma. A schematic representation of a magnetron sputtering 
device in cross-section is given in figure 5.1. Item 1 is the non-magnetic metal case 
which houses the magnet assembly and the target; item 2 is an insuiator which isolates 
the magnet assembly from the case; item 3 is the flux guide of the magnet assembly, 
which can he made of soft iron or mild steel; items 4 are the permanent magnets that 
supply the field; and items 5 are magnetisable pole pieces for the magnets. The sputter 
target rests on the pole pieces. The substrate carrier is located above the target. The 
wholeset-up is located inside a vacuum chamber, in which a sputter gas can he let in. 

A high voltage is applied between the metal case ( anode ) and the magnet 
assembly ( cathode ). As a result, a glow discharge will appear in the sputter gas, and 
a plasma is created. Most frequently argon is used as a sputter gas. The positively 
charged argon ions impinge on the target, releasing target material from the surface. 
The plasma now consists of both argon and target i ons and free electrons. Also neutral 
argon atoms will he present, as well as neutral atoms ( or molecules ) originating from 
the target. The electrically charged particles will he influenced by the electrical and 
magnetic fields. The neutral target atoms, however, are not influenced by these fields 
and scatter away from the target. They impinge on the substrate, forming a film of 
target materiaL The electrons that are released from the target surface are trapped by a 
magnetic field, indicated by the contours located above the target surface in figure 5 .1. 
The electrons are mainly trapped between the target surface and the accented field 
lines in figure 5.1. Because these electrons can ionise Ar-atoms, a sort of plasma 
tunnel is created near the target surface. At this location, the target material is 
sputtered away from the solid. A sputter erosion track occurs in the target material 
after an extended period of sputtering, as can he seen from the figure 5.1. 
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Fig.ure 5.1: Schematic representation of a magnetron sputtering device in cross
section. The items are explained in the text. 

The advantage of magnetron sputtering over normal sputtering is the fact that the 
electrans are trapped near the target surface. In this way the energy of the electrans is 
used optimally to ionise the sputter gas. The deposition rate is increased and less 
sputter gas can be used ( lower sputter pressure ), while the plasma can still be 
maintained. 

If an electrically conducting material ( e.g. PermaHoy or Jimbo ) has to be 
sputtered, a DC voltage is applied between the anode and the cathode. If an 
electrically insulating material (e.g. NiO) has to be sputtered, the voltage has to be 
modulated at radio frequencies ( RF ) to avoid charging of the target. 

If a non-reactive sputter gas is used (e.g. Ar), the target material and the material 
deposited on the substrate are the same. This sputtering process is called non-reactive 
sputtering because the sputter gas does not react with the target materiaL In case NiO 
is deposited by a non-reactive sputter process, an insulating NiO target is used. If a 
reactive gas is used ( e.g. an argon-oxygen mixture ), the target material ( e.g. Ni ) and 
the deposited material on the substrate differ. This sputter technique is called reactive 
sputtering. The oxygen reacts with the nickel atoms deposited on the substrate and 
NiO is formed. A more detailed description of magnetron sputtering devices can be 
found in [65]. 

5.1.2 Sputter parameters related to exchange biasing 

By changing the deposition conditions, film properties can be changed. For 
example, the substrate on which the film is grown, can be altered ( different type of 
material, crystal orientation, or surface roughness ). The temperature of the substrate 
during deposition can also be changed. Also the sputter gas used and the sputter 
pressure are relevant parameters to influence the film properties. In this section the 
effect of these deposition conditions on structural properties and exchange biasing as 
presently known from the literature for the sputtering of NiO in NiO/Py bilayers, is 
discussed. 
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5.1.2.1 Sputter pressure 

By altering the sputter pressure most relevant film properties change [36,52]. 
Decreasing the sputter pressure will increase the grain size and decrease the interface 
roughness. The intemal stress will change from tensile ( high sputter pressure ) to 
compressive ( low sputter pressure) [36]. Also the crystallographic texture will 
change. The overall result of these changes is an increase of the exchange biasing and 
blocking temperature as sputter pressure decreases [36]. Note that a minimum sputter 
pressure is needed to maintain the plasma. 

5.1.2.2 Substrate 
Structural properties of the substrate strongly influence the growth of the NiO film. 

The roughness of the substrate directly influences the interface roughness of the NiO 
film [51]. Furthermore, the texture of the substrate can have an effect on the 
crystallographic texture ofthe NiO layer. For example, grain size, intemal strain, and 
crystal orientation can he influenced. 

5.1.2.3 Substrate temperafure 
If desired the substrate can either he heated or cooled during deposition. In this 

way, interface roughness and grain size can he altered. Soeya et al. [36] have studied 
the effect of substrate temperature on exchange biasing and blocking temperature 
between room temperature and 250° C. Both exchange biasing and blocking 
temperature remained unchanged within this temperature region [36]. 

5.1.3 Sputter conditions and structural properties of the samples used 

The different layers of all samples described in this report, have been sputtered in 
the same multitarget UHV-sputtering device (Ion tech Ltd, U.K. ). The background 
pressure inside the vacuum chamber is in the order of 1x104 mTorr ( 1 Torr equals 
1.3 mbar). Unless a different gas is mentioned explicitly, argon has been used as a 
sputter gas. NiO has been sputtered non-reactive at an argon pressure of 1 mTorr, in 
order to obtain the best exchange biasing characteristics ( see section 5.1.3 ). All 
metallic layers have been sputtered at a higher sputter pressure of 5 mTorr to prevent 
intermixing between the layers. A silicon substrate, covered with amorphous silicon 
oxide, has been used to grow the NiO films on. The FeMn samples have been 
sputtered on a glass substrate. The films are deposited in a magnetic field of 
12-15 kAlm, generated by permanent magnets near the substrate. The distance 
between the target and the substrate is 1 09 mm. 

The NiO films have a colurnnar grain structure with a grain size widely distributed 
around about 50 A, as determined by TEM images. The film is polycrystalline, having 
both (111) and (100) orientated crystals. The (111) orientated structure is dominant. 
The out of plane lattice parameters of both (111) and (100) orientations are larger 
( 4.31 and 4.23 A respectively) than the bulk lattice parameter ( 4.18 A). Both lattice 
parameter and texture are obtained by XRD. Soeya et al. [36], using comparable 
sputter conditions, report that the nickel I oxygen ratio ( stoichiometry ) is somewhat 
below one, due to a surplus of oxygen probably located at the grain boundaries. The 
stoichiometry of the samples described in this report, could not he determined 
accurately enough by RBS data (Ni I 0 = 1.0 ± 0.1 ) in order to confirm the results 
obtained by Soeya et al .. 
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5.2 Rapid thermal processing 

5.2.1 RTP reactor 

After deposition, the sample can be annealed with or without an external applied 
magnetic field. Depending on annealing temperature, the structural and I or magnetic 
properties ofthe sample can be changed. At temperatures below 300 K, only magnetic 
properties will change during an anneal treatment with an external field. In this report, 
this type of annealing has been used to enhance the exchange biasing properties of the 
samples. The sample is heated above the Néel temperature of NiO, and field cooled 
back to room temperature. In order to alter the structural properties of NiO, an anneal 
treatment at a higher temperature ( 950 K) has been done. During this treatment, only 
the NiO layer ( before the deposition of the ferromagnetic layer) had been annealed, 
and no magnetic field was used. At the Philips Research Lab a Rapid Thermal 
Processing ( R TP ) reactor is available to anneal the thin films in an external applied 
magnetic field, and in an ambient gas flow of desired composition. 

In an RTP reactor, the sample is heated by ( infrared) light. The heat souree of the 
RTP reactor at the Philips research lab is a tungsten-halogen lamp ( Àpeak = 1 Jlm ). 
One of the advantages of RTP over a conventional oven, is its short heating and 
cooling time. As the main transport mechanism for heat transfer is radiation, the 
sample can be heated rapidly. As there is no thermal equilibrium inside the reactor, 
the sample can be cooled rapidly as well, by switching of the lamps. Other advantages 
are the possibility to control temperature, magnetic field, and ambient gas flow in an 
accurate way, and the reproducibility of the anneal treatment. A schematic 
representation of an RTP reactor is given in figure 5.2. 

In the RTP reactor, the tungsten-halogen lamps surround a quartz-tube, in which 
the sample is mounted on a rotatable graphite substrate plate. A gas flow of desired 
composition can be led through the quartz-tube. The radiation emitted by the lamps is 
barely influenced by the quartz-tube. It will be absorbed by the graphite plate and the 
sample on top of it. The surface temperature of the graphite plate is monitored by a 
pyrometer. For safety the temperature of the quartz-tube is monitored as well. The 
graphite plate, quartz-tube, and halogen lamps are surrounded by a reflective water
caoled reactor wall. An external magnetic field up to 660 Oe can be generated by a 
computer controlled electromagnet. The magnetic field is homogeneaus over the 
complete graphite plate [66]. 

As mentioned above, the temperature of the graphite plate is measured by a 
pyrometer. This pyrometer is only sensitive for temperatures above 525 K. At 
temperatures close to this minimum temperature (e.g. 550 K ), the accuracy in 
temperature is about 10°. Note that the surface temperature of the graphite plate is 
monitored, in stead of the temperature of the sample. The temperature of the thin 
sample is assumed to be equal to the surface temperature of the graphite plate, after 
heating it for 1 minute. Apart from radiation, the sample is also heated by conductive 
heat transfer from the graphite plate. The RTP set-up and its applications are 
extensively described in [66,67]. 
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Figure 5.2: Schematic representation of a rapid thermal processing reactor, that can 
be usedfor the annealing ofthinjilms in a magneticjield. 

After deposition, all samples discussed in this report have been applied to an 
anneal treatment, as described below. Before the sample is heated, the sample space 
( the quartz-tube ) is purged by a N2 gas flow. After 20 s a small fraction of H2 is 
added, in order to chemically reduce the amount of oxygen inside the sample space. 
This ( laminar ) gas flow will remain during the whole anneal treatment. Within 20 s 
the magnetic field is ramped up to its maximum magnitude ( 660 Oe ) and remains 
constant during heating and cooling. One minute after switching on the magnetic 
field, the lamps are switched on. In 10 s the surface temperature of the graphite plate 
is raised up to 550 K, and remains fixed. After 60 s, the lamps are switched off, and 
the temperature of the sample starts to decrease. Within about 2 minutes, the sample 
has cooled to room temperature. The magnetic field is ramped down to zero field in 
20 seconds. A complete anneal treatment is obtained within 5 minutes. 

In order to alter structural properties of the NiO films, annealing at higher 
temperatures has been done as well. Only the NiO layer has been subjected to this 
anneal treatment. During this treatment, no magnetic field has been used. The sample 
has been heated up to 975 Kin an 0 2 gas flow. After 5 or 10 minutes the lamps have 
been switched off, and the sample is cooled back to room temperature. 

5.2.2 Effect of annealing on structural film properties and exchange biasing 

The 550 K anneal treatment described above, is intended to improve the exchange 
biasing, by a rearrangement of the spin structure of the film. At temperatures below 
550 K, the texture of the film is not effected at all. The crystallographic properties of 
the NiO film do not alter, as has been observed in high angle XRD measurements. 
However, an anneal treatment at higher temperatures does change the texture of the 
NiO film. The grain size increases and the crystal orientation and internal strain are 
influenced, as observed in XRD measurements. These results are in agreement with 
li terature [ 51]. 

39 



Soeya et al. [36] studied the effect of the anneal time on the exchange biasing. 
They annealed the film for 12 hours at 525 K, and did notcbserve any change in the 
exchange biasing. Probably, no structural properties have been changed during this 
anneal treatment because structural properties and exchange biasing are closely 
related to each other. Owing to the same reason, it is also probable that no interface 
mixing occurs ( e.g. oxygen migration from NiO to limbo ). 

Lai et al. [ 51] studied the effect of a high anneal temperature ( up to 97 5 K ) on the 
exchange biasing. In order to avoid interface mixing, only the NiO film has been 
annealed. After the anneal treatment of the NiO layer, the ferromagnetic layer has 
been deposited. They observed a monotonously decrease of the exchange biasing, if 
the anneal temperature is increased above 575 K. Compared to the exchange biasing 
of a unannealed NiO film, the exchange biasing of a NiO film annealed at 975 K, is 
decreased by about 50 %. The coercivity, however, is increased by 40 %. They also 
observed an increase in the magnetic training. 
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6 Experimental results 

In this chapter the experimental results of the exchange biasing study are descri bed. 
The first section ( 6.1) describes the temperature dependenee of the exchange biasing 
field arising from the interaction between an antiferromagnetic NiO layer and a 
ferromagnetic Ni66Fe16Co 18 layer. The second section (6.2) describes the 
reproducibility of the ( room temperature ) exchange biasing field after annealing. 

In section 6.3 relaxation experiments of Heb in an extemal field applied antiparallel 
to the biasing direction are described in detail. Firstly, the relaxation experiment itself 
is descri bed. Furthermore, the temperature dependenee of the relaxation phenomenon 
is given and the experimentally obtained relaxation curves are fitted with calculated 
curves. Next, the dependenee of relaxation on the NiO layer thickness is reported. 
Subsequently, the dependenee ofthe relaxation on the magnitude ofthe extemal field 
is discussed. Finally, the relaxation characteristics of an other type of 
antiferromagnetic material ( FeMn) are given for comparison. 

Section 6.4 deals with the effects of the loop measurement itself and the field 
cooling time on the observed magnitude of the exchange biasing field. In section 6.5 
the effects of several preparatien conditions on the exchange biasing characteristics of 
NiO biased samples are discussed: sputtering of the NiO surface, an anneal treatment 
of the NiO layer at 700°C, a substrate temperature during deposition of 1 00°C, a 
copper layer between the NiO and the Jimbo layers, and the use of neon as a sputter 
gas. 

In this exchange biasing study, NiO I Ni66Fe16Co18 bilayers have been stuclied 
( Ni66Fe16Co18 will be called Jimbo ). The bilayers have been covered with a non
magnetic tantalum layer, to prevent the Jimbo from oxidation. The multilayer stack 
has been sputtered on a silicon substrate. For all samples the thicknesses of the Jimbo 
and tantalum layers are 50 Ángstrom ( unless a different thickness is mentioned 
explicitly ). In this report alllayer thicknesses are given in Ángstroms. All NiO based 
samples have been heated above the blocking temperature of the NiO layer. 
Subsequently, they are cooled back to room temperature in an extemal applied 
magnetic field. The direction of the extemal magnetic field during field cooling is 
denoted as the biasing direction. 

6.1 Temperafure dependenee of exchange biasing 

In this report the exchange biasing field is obtained from easy axis magnetisation 
loops, using a Kerr set-up ( see section 4.1 ). In an easy axis magnetisation loop the 
extemal magnetic field is applied along the biasing axis. Besides an easy axis loop, a 
hard axis loop can be measured as well. In this case, the extemal magnetic field is 
applied perpendicular to the biasing axis. In case of proper unidirectional anisotropy, 
no exchange biasing field is observed in a hard axis loop. Typical easy and hard axis 
loops, measured at room temperature are given in figure 6.1. The loops showed, are 
obtained after an average of 10 subsequent magnetisation loops. 
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Figure 6.1: Typical easy and hard axis magnetisation loops measured at room 
temperafure for a Si/560A Ni0/50A J/50A Ta sample. From the easy axis loop the 
exchange biasing ( and coercive) field can be obtained (Heb = 13.8 kAlm, 
He= 17.0 kAlm). 

The easy axis magnetisation loop is nearly rectangular and is shifted along the field 
axis (Heb= 13.8 kAlm). The easy axis loop in figure 6.1 is similar to the ideal 
magnetisation loop given in figure 2.1. So, heating the sample above the blocking 
temperature and cooling it back to room temperature in an extemal applied magnetic 
field indeed induces exchange biasing. Note, the small shift along the field axis 
observed in the hard axis loop ( only 0.8 kAlm), can be caused by a deviation from 
90° between the biasing axis and the extemal applied field ( bad alignment of 3 ° ) *. 
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Figure 6. 2: Exchange biasing and coercive fields of a 560A Ni0/50A J/50A Ta sample 
as a function of temperature, from 22 K up to 488 K. The blocking temperafure is 
about 475 K. 

• The shift ofthe hard axis loop along the field axis is not caused by a poor zero-field calibration ofthe 
Gauss meter. 
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The characteristic temperature dependenee of the exchange biasing and coercive 
fields of a 560 A NiO based sample are given in figure 6.2*. The coercive field 
decreases monotonously from 52.5 kAlm at 22 K to 0.8 kAlm at 488 K. The exchange 
biasing field is nearly constant below 350 K. In this plateau, only a slight increase 
below 75 K has been observed. Above 350 K, the exchange biasing decreases more 
rapidly, reaching zero at the blocking temperature of about 475 K. Note that He> Heb 
below T = 320 K. Both heating and cooling of the sample in between subsequent 
measurements has been done in an extemal magnetic field, applied parallel to the 
biasing direction. 

The observed temperature dependenee of Heb is similar to measurements reported 
by Soeya et al. [34] ( figure 2.4 ). In order to compare the absolute magnitude of Heb 
at room temperature from figure 6.2 and figure 2.4, the exchange biasing field has to 
be corrected for the different ferromagnetic materials and layer thicknesses. Therefore, 
the exchange biasing energy per unit area defined as 2)l0M5FtFHeb has to be compared: 
data by Soeya et al. [34]: 1.2x104 Jm-2

, our data: 1.5x104 Jm-2
. In contrast to the 

results described above, Van der Zaag and Munsters [68]. report a He at room 
temperature, which is below Heb 

6.2 Reproducibility of exchange biasing after annea/ing 

A requirement for industrial applications ofNiO as a biasing layer in read heads, is 
reproducibility of the initial ( room temperature ) magnitude of the exchange biasing 
field. After heating the sample above the blocking temperature and field cooling back 
to room temperature, the magnitude of Heb must equal its value before the anneal 
treatment. 

In order to improve the exchange biasing of the as-deposited samples, they are 
annealed using an RTP treatment [4]. The sample is heated and cooled very rapidly in 
an N2 I H2 gas flow. Typically, the cooling time from 550 K to room temperature is 
a bout 2 minutes. The standard anneal procedure after deposition is a 1 minute R TP 
treatment at 550 Kas described insection 5.2.1. After this RTP anneal treatment, the 
temperature dependences of Heb and He have been determined by measuring hysteresis 
loops at increasing temperature, using the Kerr set-up ( figure 6.3, first heating ). After 
the measurements, the sample has been cooled down to room temperature in vacuum 
in a magnetic field applied parallel to the biasing direction. Cooling down from above 
Tb to room temperature takes about 1 0 hours. The exchange biasing field at room 
temperature has increased by 30%. The coercive field had not changed from its initia! 
value. Note that a measurement of Heb as a function of temperature, and field cooling 
back to room temperature has to be seen as an anneal treatment. 

Again, the temperature dependences of Heb and He are measured ( figure 6.3, 
second heating ). Comparing the first and second heating curves, Heb is significantly 
larger in the second heating curve up to 460 K. Above this temperature no difference 
is observed. The difference in He(T) is less significant. Fora third time ( second time 
in Kerr set-up), the sample has been field cooled down to room temperature. This 

• The displayed H.b{T) curve has been measured after the sample had been subjected to an anneal 
treatment using the Kerr set-up. 

43 



time, the observed He as well as Heb had not changed ( figure 6.3, squares) and 
although not depicted in figure 6.3, the Heb(T) curve reproduces. 

The condusion that can be drawn from this experiment, is the fact that Heb of a 
sample, which has only been subjected to an RTP treatment, does notreproduce after 
a anneal treatment using the Kerr set-up. If the sample is subjected to an anneal 
treatment using the Kerr set-up, the exchange biasing field does reproduce. Therefore, 
all samples have been subjected to such an anneal treatment before they are used in 
the experiments. The reason why Heb(T) differs after an R TP anneal treatment and 
after an anneal treatment using the Kerr set-up is discussed insection 6.4.2. 
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Fig.ure 6.3: The exchange biasing ( solid markers) and coercive fields (open 
markers) have been determined as a function of temperature. The sample consists of 
600A Ni0/50A J/50A Ta and the NiO layer has been sputtered at 6 mTorr Neon*. The 
up-triangles represent the measurement after an RTP treatment ( rt heating ). After 
cooling the sample in a magnetic field from above the blocking temperafure back to 
room temperature, again Heb and He have been determined as a function of 
temperature, represented by the down-triangles ( 2nd heating ). After cooling the 
sample in magnetic field back to room temperafure for the second time, Heb and He 
reproduce (square markers). Between subsequent magnetisation loops an external 
magnetic field has been applied parallel to the biasing direction 

6.3 Relaxation of the exchange biasing in an external magnetic field 
applied antiparallel to the biasing direction 

In this section the stability of Heb is investigated. F or this purpose a somewhat 
extreme test has been used, by applying an extemal magnetic field antiparallel to the 
biasing direction. All samples discussed in this section have been subjected to an 
anneal treatment, using the Kerr set-up. All measurements have been done at constant 
temperature ( constant within 1 o ). 

Although neon has been used to sputter this sample, the characteristics of Heb and He are similar to the 
ones obtained from argon sputtered samples. 
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6.3.1 Description of the relaxation phenomenon 

The first sample that is discussed, consist of 380Á Ni0/50Á J/50Á Ta. From room 
temperature the sample is heated up to 402 K, in an extemal field applied parallel to 
the biasing direction. When the temperature has stabilised, 1 0 magnetisation loops are 
measured to eliminate magnetic training effects [ 13]. After these measurements the 
magnetic field remains directed along the biasing direction. Afterabout halfan hour, 
one loop is measured. The exchange biasing field, determined from this loop is 
denoted as the initia! value. After the measurement the magnetic field still remains 
directed along the biasing direction. 

Afterabout 15 minutes, the magnetic field is reversed ( t = 0 ). From now on, it is 
directed antiparallel to the biasing direction. The exchange biasing field has been 
determined as a fimction of time by measuring one single magnetisation loop at 
different points of time. The extemal field as a function of time is schematically 
depicted in tigure 6.4. During about half the loop time, the magnetisation of the 
ferromagnetic layer is directed parallel to the biasing direction. As the loop time 
( 12 s ) is much smaller than the time scale of the experiment ( hours ), this 
disturbance in the direction of the extemal field will be neglected. 

parallel 't 

...... Honf1~-~ ,A~-~ 
antiparallel : 

0 ti ~ t3 

Figure 6. 4: Schematic representation of the external magnetic field as a function of 
time during a relaxation experiment with the external magnetic field applied 
antiparallel to the biasing direction At t = 0 the magnetic field is reversed. At t = t; a 
magnetisation loop is measured. The loop time ( 12 s) is much shorter than the time 
scale of the experiment. 

As can be seen from tigure 6.5, the exchange biasing field decreases during the 
experiment. After 7 hours, the exchange biasing field even changes sign. The decrease 
of Heb is quite spectacular at the start of the experiment. Within 30 minutes, the 
magnitude of the exchange biasing field has decreased by 50%. As the experiment 
continues, the decrease becomes less prominent. The coercive field increases slowly: 
20% within 30 hours. 

After the experiment has stopped, the sample is heated above the blocking 
temperature, and field cooled back to room temperature, in an extemal magnetic field 
parallel to the biasing direction. At room temperature, the magnitudes of the 
exchange biasing and coercive fields ( Heb = 11.1 kAlm, He = 11.4 kAlm ) were 
comparable to their initia! room temperature values (Heb= 12.2 kAlm, 
He = 12.1 kAlm ), as measured before the relaxation experiment*. 

• Differences in Heb and He of about 10% are typical after an anneal treatment using the Kerr set-up. 
Sometimes Heb and He are higher, sometimes lower due to for instanee differences in the exact cooling 
ra te. 
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Figure 6. 5: Exchange biasing and coercive fields versus time in a relaxation 
experiment at 402 K. The external magnetic field applied antiparallel to the biasing 
direction ( Hext = 530 Oe). The sample consists of 380A Ni0/50A J/50A Ta. After 
7 hours, the exchange biasing.field reverses sign. 

The observed relaxation phenomenon will be discussed, using the Pulcorner and 
Charap model discussed in section 2.5.2. When the direction of the ferromagnetic 
layer is reversed ( t = 0 ), the local and absolute minima in tigure 2.6 change 
positions. The total energy of the system can be lowered by a reversal of the direction 
of the surface magnetisation of the antiferromagnetic layer ( from 0 to 180 degrees ). 
As a result, the exchange biasing field will also reverse sign. As can be seen from 
tigure 6.5, no abrupt change of sign in the exchange biasing field is observed, but the 
magnitude ofthe exchange biasing field decreases gradually. This can be explained by 
the existence of deccupled magnetic domains. In the Pulcorner and Charap model the 
size of these domains is assumed to be equal to the grain size. Each grain is regarcled 
as an independent antiferromagnet, having its surface magnetisation either parallel or 
antiparallel to the magnetisation direction of the ferromagnetic layer. Induced by 
thermal excitation, there is a certain possibility that the spin structure of a grain will 
change its orientation. So, the spin structures of these grains can reverse sign 
independently and a gradual reduction of Heb will be observed. 

According to the Pulcorner and Charap model, the relaxation time of an 
antiferromagnetic grain depends on the total anisotropy of the grain ( energy harrier, 
or activatien energy ) with respect to the thermal energy ( see equation 2.25 ). lf all 
grains are equal, only one single activatien energy would be present resulting in an 
exponential decay of Heb· However, the observed relaxation curve could not be fitted 
satisfactory with an exponential decay curve ( see appendix B ) and a distribution of 
activatien energies has to be assumed. This implies a distribution of grain size. As the 
total anisotropy of a grain is proportional to its volume, large grains will relax more 
slowly than small grains. At the end of the experiment, the small grains have already 
been relaxed towards their new equilibrium, and only the relaxation of the larger 
grains is visible. The Pulcorner and Charap model, which assumes a grain size 
distribution seems a more appropriate model. Therefore, the validity of this model 
will be investigated in more detail. 
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T o check the validity of the Pulcorner and Charap model, several experiments have 
been done. These experiments are described in the next sections. In section 6.3.2 the 
temperature dependenee of the relaxation is investigated. The dependenee of the 
relaxation rate on the thickness of the NiO layer is described in section 6.3 .3. 
Subsequently, the reversibility of the relaxation (6.3.4) and the dependenee on the 
magnitude ofthe extemal magnetic field (6.3.5) are described. Finally, insection 6.3.6 
the relaxation characteristics of an other type of antiferromagnet ( F eMn ) are given. 

6.3.2 Temperature dependenee of relaxation 

6.3.2.1 Experiments 
The relaxation rate of the exchange biasing field is expected to depend on 

temperature as can beseen from equation 2.25. As temperature increases, the thermal 
energy increases, which results in a quicker relaxation. In order to verify this, the 
relaxation of the exchange biasing field has been stuclied at various temperatures. The 
measurements have been carried out in the same way as the experiment described in 
the previous section. A point to noteis that a 380 A NiO biased sample has been cut 
into pieces and at each experiment another piece of the same sample has been used. 
This way, the initial conditions of all experiments are the same. As can be seen from 
tigure 6.2, the magnitude of the exchange biasing field depends on temperature. In 
order to compare the relaxation rate at different temperatures H.:b has been normalised 
to 1 at the start of the experiment (at t = 0 ). The results of the relaxation 
measurements at 296, 346, 375, 402, 425, and 450 K are depicted in figure 6.6. 
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Figure 6. 6: Relaxation of the normalised exchange biasing field at different 
temperatures, in an external magnetic field antiparallel to the biasing direction All 
curves have been obtained jrom the same sample consisting of 
380A Ni0/50A J150A Ta. The magnitudes of the exchange biasing fields at all 
temperatures have been normalised to 1 at t = 0. For all experiments, the magnitude 
ofthe externa/field is about 530 Oe. 

As can be seen from tigure 6. 6, the relaxation rate indeed depends on temperature. 
As temperature increases, the relaxation rate increases as well. At a temperature of 
450 K, the exchange biasing field changes sign after 70 minutes. At temperatures 
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below 375 K, no change of sign of the exchange biasing field is observed within 
70 hours. At room temperature ( 296 K ), the exchange biasing only decreases by 35% 
within 3 days. 

At higher temperatures ( 425 and 450 K ), the measured exchange biasing field 
appears not to decrease monotonically anymore. This is caused by the decrease of the 
accuracy of the measurements at higher temperatures, because the absolute 
magnitudes of the exchange biasing fields to be measured are small. 

The main condusion to be drawn from tigure 6.6, is that the relaxation process 
described above is a thermally activated process, since the relaxation rate increases 
with temperature. 

6.3.2.2 Calculations 
To use the Fulcomer and Charap model not only qualitatively but also 

quantitatively, the relaxation curves shown in tigure 6.6 were fitted with theoretically 
calculated relaxation curves. 

Since the total anisotropy of a NiO grain depends on its volume, all NiO grains 
have equal total anisotropy if their sizes are equal ( no grain size distribution is 
assumed ). In this case, only one relaxation time has to be considered. As described in 
the previous section, the relaxation curves could not be fitted using a simple 
exponential decay curve and a grain size distribution has to be assumed to fit the data. 
The grain size distribution of NiO grains has been determined for a 500 A NiO layer 
from a planar TEM image ( see appendix C ). The grain size distribution is assumed to 
be log normal with a standard deviation of 0.57 and a mode ( i.e. the most frequently 
occurred grain size) of 50 A. Using this grain size distribution and equation All from 
appendix A, theoretica! fit curves have been calculated. The math program MapleV, 
version 3.0 has been used to perform the calculations. A listing ofthe Maple program 
used, is given in appendix D. 

As can be seen from equation AlO, two fit parameters are used: a and v0. The fit 
parameter a multiplied by the grain diameter is defined as 

(6.1) 

The product aL 2 represents the total anisotropy energy of the grain, divided by the 
thermal energy ( see equation A6 as well ). The parameter v0 represents the totaltrial 
number per unit time to overcome the harrier. It is assumed to be temperature 
independent and is mainly used as a fit parameter without any physical interpretation. 
The influence of the different fit parameters, the grain size distribution included, on 
the fitting functions is described in appendix E. As a depends directly on temperature, 
for a constant v0, a set of values of a has been calculated. If v0 = 3.5x 1 o-2 min-1

, the 
best agreement with the experimental results is achieved. In tigure 6.7, fit curves with 
varying a are shown with the experimental results. 

48 



1.0 

0.8 

0.6 
l50e-5 

0.4 

] 0.2 

1 0.0 

-0.2 ~ 

:::c:-9 -0.4 

-0.6 

-0.8 

-1.0 
~----L---~--~--~--~----L---~--J_--~ 

0 600 1200 1800 2400 3000 3600 4200 4800 5400 

t (min) 

Figure 6. 7 a: Theoretica/ fits through the experimenta/ data of figure 6. 7, according 
to equation Al 0 of appendix A. The grain size distri bution used, is equa/ to the one 
obtained .from experimental data in appendix C: Lmod = 50 A, cr = 0.57. The best fits 
are obtained with the fit parameter v0 equal to 3.5xl0"2 min-1

• The fit parameter a 
has been varied 
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Figure 6. 7b: Exploded view of figure 6. 7 a, .from t = 0 to t = 600 min. 
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Except for the relaxation curve measured at 296 K, the fit curves and experimental 
curves coincide within the accuracy of the measurements. The accuracy of the 
experimental data points, rendered to the fit parameter a is about 5 x 1 o-s A -2. As can 
beseen in tigure 6.7b, at t < 100 minutes the relaxation ofthe experimentally obtained 
curves is more rapid than the theoretica! curves. This is caused by the choice of the 
magnitude of fit parameter v0. In order to increase the relaxation rate of the theoretica! 
curves, v0 has to be increased. For t < 100 minutes, the difference between 
theoretically and experimentally obtained relaxation curves would be smaller. 
However, for t > 100 minutes the difference would be larger. Hence, it is not possible 
to calculate a theoretica! relaxation curve, which exactly coincides with an 
experimental relaxation curve in both time regimes ( t < 100 min and t > 100 min). 

The validity of the two-level system might be the reason why the theoretica! fit 
curves do not coincide with the experimental relaxation curves in both time regimes. 
If the energy harrier is not sufficiently larger ( several times ) than the thermal energy, 
a two-level system is not applicable. This might be the case for small grains, which 
have a high relaxation rate. If the two-level system, used in the Pulcorner and Charap 
model, is no longer valid. This can explain the bad fit of the theoretica! curves with 
the experimental curves for t < 1 00 min. The actual relaxation is more rapid, which is 
seen in tigure 6.7b. 

The magnitude of the fit parameter a at different temperatures, is listed in table 6.1. 
According to the fit curve, at T = 402 K a equals 4x10-4 A-2• As an indication this 

• value can be compared toa theoretica! value using the in-plane anisotropy constant at 
402 K K2 >::; 3 Jm-3 [22], and equation 6.1 . The calculated magnitude of a equals 
1.6x 1 o-7 A-2

: about 3 orders of magnitude smaller than the fitted value. 
According to equation 6.1, aT is independent on temperature, disregarding the 

temperature dependenee of the anisotropy of the AF layer. In table 6.1, the values of 
a.T are listed for different temperatures. As can beseen from this table, the magnitude 
of aT is not constant at all. In tigure 6.8 aT is plotted versus temperature. The 
temperature dependenee of the anisotropy constant K2 is plotted as well [22]. Both are 
normalised to one at 346 K. For temperatures above 346 K, the normalised anisotropy 
and aT curves are nearly identical. So, the decrease of aT at increasing temperatures 
seems to originate from the temperature dependenee of the K2 anisotropy constant** . 
At T = 296 K, the normalised anisotropy and aT do not coincide. At this temperature 
the fit through the experimental relaxation data is also very poor ( see tigure 6.7 ). 

The in-plane anisotropy constant K2 has been used since an (111) oriented crystal orientation is 
assumed. 
•• In contrast to the temperature dependenee ofK2 which is concave, the temperature dependenee ofK1 

is convex [44]. Therefore K2 is used in stead ofK1• 
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Table 6.1: Fit parameter a and aT at different temperatures. Data obtained from 
jigure 6. 7 for t > 100 min. 

T(K) a ( 10-5 Á-2 ) aT ( KÁ-2
) 

296 190 0.56 
346 120 0.42 
375 67 0.25 
402 40 0.16 
425 25 0.11 
450 20 0.09 

The product aL 2 represents the total anisotropy energy of a grain ( i.e. the 
activation energy ~E ) divided by the thermal energy ( equation 6.1 ). The probability 
of a grain having a diameter L is determined by the grain size distribution ( log 
normal distribution, expressed by equation A9 ). The magnitude of a can be 
determined from the fitting functions. Combining the grain size distribution, and the 
magnitude of a , a probability distri bution of the activation energies can be calculated. 
In figure 6.9, the distributions of the activation energy with respect to the thermal 
energy are plotled for different temperatures. 
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Figure 6.8: Anisotropy constant K2 ( solid markers) and aT (open markers) as a 
function oftemperature, bath normalised to one at T = 346 K 
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Figure 6. 9: Distri bution of the activation energy with respect to the thermal energy 
for different temperatures. 

The relaxation time of a single grain having an activation energy ~' is expressed by 

(6.2) 

The constant 'to is related to the fit parameter v0 ( 'to = 1/2vo according to 
equation A5). According to the fit curves in figure 6.7, the magnitude of Vo equals 
3.5x10-2 min-1• A distribution ofrelaxation tirnes can be derived from equation 6.2 and 
figure 6.9. 

6.3.3 Dependenee of the relaxation on the NiO layer thickness 

Since the relaxation depends on the total anisotropy of the grains, the relaxation 
time should decrease as the grain size increases. In the Pulcorner and Charap model, 
the grains are thought to be columnar, and consist of a single magnetic domain. Thus, 
by increasing the thickness of the NiO layer, the relaxation time should decrease. In 
order to verify this, a relaxation experiment has been done sirnilar to the one described 
in the previous section using a thicker NiO layer: 560 A instead of 380 A. 
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Figure 6.10: Relaxation of the normalised exchange biasing field at different 
temperatures, in an external magnetic field antiparallel to the biasing direction. The 
initia[ ( t = 0 ) magnitude of the exchang~ biasing jield ~s normalised at 1 for all 
temperatures. Red curves: 560A Ni0!50A J/50A Ta, black curves: 
380A Ni0!50A J/50A Ta. 

The experimentally obtained relaxation curves at different temperatures are 
depicted in figure 6.10. No difference is observed in the relaxation rate if the 
relaxation curves of the samples with different NiO layer thickness are compared to 
each other. Only the relaxation curves at T = 375 K do not coincide. The difference 
between both curves is slightly larger than the inaccuracy of the measurements. 
Disregarding this small difference, the relaxation rate does not depend on the layer 
thickness. 

In order to explain the difference between experiment ( no layer thickness 
dependenee of the relaxation rate ) and theory ( dependenee of the relaxation rate on 
layer thickness ) the grain structure of the NiO layer has been investigated using cross 
sectional TEM images ( see section 4.2.2 ). As can beseen from figure 6.11, the NiO 
grains have indeed a colurnnar shape, tbraughout the sample. 
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Figure 6.11: Cross-sectional TEM image of a Si/380A Ni0!50A J/50A Ta multilayer 
stack ( left image). The right image is a TEM image of a Si/560A Ni0!50A J/50A Ta 
multilayer stack. As can be seen, in both samples a colurnnar grain structure exists 
through the whole NiO layer. 

Although the grain structure of the NiO is indeed colurnnar as assumed in the 
Pulcorner and Charap model, the relaxation rate does not depend on layer thickness; 
experiment and model are conflicting. A plausible explanation for the absence of any 
dependenee on layer thickness of the relaxation, is the existence of a planar domain 
wall inside the grains limiting the effective total anisotropy of the grains. The hei~ht 
of these domains should be less than the thickness of the thinnest NiO layer ( 380 A). 
In a (111) oriented crystal the width of a planar domain wall can be calculated using 
the anisotropy constant K2, and the exchange stiffness A. The calculated domain wall 
width is about 15000 Ä*: two orders of magnitude larger than the layer thickness. 

6.3.4 Reversibility of the relaxation 
lf the relaxation process is solely a magnetic process as assumed in the Pulcorner 

and Charap model ( no structural anneal effects ), the relaxation should be reversible. 
In order to verify this, the following experiment has been done. At a temperature of 
425 K, a standard relaxation experiment has been done: the extemal applied magnetic 
field ( Hext = 530 Oe) has been directed antiparallel to the biasing direction. After 
2500 minutes, the extemal applied magnetic field has been reversed ( directed parallel 
to the biasing direction ) and again a relaxation experiment has been carried out. As 
can beseen from figure 6.12, the relaxation is indeed reversible. The measured values 

·of the exchange biasing field during the 'positive' relaxation, coincide with the 
mirrored relaxation curve of the 'negative' relaxation. 

• This domain waJI width should only be regarded as an indication because anisotropy and exchange 
stiffness depend on temperature. 
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Figure 6.12: Relaxation experiment at T = 425 Kin an external field antiparallel to 
the biasing direction ( 'negative' relaxation, Hext = 530 Oe). The sample used 
consists of380A Ni0/50A J/50A Ta. At t = 2500 minutes, the externalfleid is reversed 
and is directed parallel to the biasing direction ( 'positive' relaxation ). The dotted 
line is the mirrored curve of the 'negative ' relaxation. 

lt is remarkable that the measured values of the exchange biasing field during the 
'positive' relaxation, coincide with the mirrored relaxation curve of the 'negative' 
relaxation. The initia! probabilities P+ and p_ are not mirrored because the equilibrium 
distribution has not been reached during the 'negative' relaxation experiment 
( Heb(normalised) * -1 ). As can heseen from equation 2.23, the relaxation depends on 
the difference between the equilibrium distribution of the spin structure of the grains, 
and its real distribution. Therefore, the relaxation during the 'positive' relaxation 
experiment will he slower than during the 'negative' relaxation experiment. However, 
this effect is not visible in figure 6.12 because it is only significant for larger 
relaxation times. In the experiments on the loop time dependenee of the exchange 
biasing described in section 6.4.1, this effect has been observed. 

6.3.5 Dependenee relaxation on magnitude external field 

According to the model of Pulcorner and Charap, the observed relaxation 
phenomenon is caused by the exchange interaction between the magnetisation of the 
ferromagnetic layer and the surface magnetisation of the antiferromagnetic grains. 
This implies that the direction of the magnetisation of the ferromagnetic layer 
determines the relaxation process. The extemal applied magnetic field is used only to 
direct the magnetisation of the ferromagnetic layer. If the magnetisation of the 
ferromagnetic layer has been saturated by the extemal field, no dependenee on the 
magnitude of the extemal field should he . observed. If the magnitude of an extemal 
field applied antiparallel to the biasing direction, is smaller than the magnitude of the 
exchange biasing field, the magnetisation of the ferromagnetic layer will still he 
directed parallel to the biasing direction and no ( 'negative' ) relaxation should he 
observed. 
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An alternative way to explain the observed relaxation phenomenon is the 
assumption that the spin structure of the AF grains is directly influenced by the 
extemal applied field ( exchange coupling with the ferromagnetic layer is not 
important ). One way to explain a direct influence of the extemal magnetic field on 
the antiferromagnetic grains, is the assumption of a ( small ) magnetic moment in the 
antiferromagnetic grains. Experiments carried out by Richardson et al. [69] on fine 
NiO particles ( smaller than 100 nm ) showed the existence of a magnetic moment in 
the particles, which increases as partiele size decreases. This magnetic moment 
probably arises from the incompleteness of the lattice structure at the edges of a 
crystallite ( not a perfect antiferromagnet ). An other way in which an extemal field 
can influence the spin structure of the antiferromagnetic grains is the existence of spin 
flops inside the antiferromagnetic layer. The magnitudes of the spin flop fields 
however, are in general much higher ( > 10 T) than the extemal magnetic fields used 
in this study ( < 0.1 T ). Therefore, spin flopscan expected to be disregarded. 

In order to distinguish between the two theories described above, relaxation 
experiments have been done in extemal magnetic fields with variabie magnitudes, 
applied antiparallel to the biasing direction. As can be seen from figure 6.13, no 
difference in the relaxation rate has been observed for magnitudes of the extemal field 
of 550 and 1600 Oe. If the magnitude of the extemal magnetic field applied 
antiparallel to the biasing direction ( 60 Oe ) is smaller than the exchange biasing 
field ( 84 Oe ), the magnetisation of the ferromagnetic layer is still directed parallel to 
the biasing direction and no 'negative' relaxation is observed. However, a 'positive' 
relaxation is seen, indicating that the initial magnitude of the exchange biasing field 
(at t = 0 ), was not an equilibrium value ( see section 6.4.3 ). 
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Figure 6.13: Relaxation experiments at a temperafure of 400 K, in an external field 
applied antiparallel to the biasing direction A sample consisting of 
380A Ni0!50A J/50A Ta has been used. Relaxation has been studied at different 
magnitudes of the external field: 550 Oe, 1600 Oe, and 60 Oe. The latter magnitude 
was too smal! to reverse the direction of the magnetisation of the ferromagnetic layer. 
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The experiments described above confirm the Pulcorner and Charap model, since 
the relaxation only depends on the relative orientation between the magnetisation 
direction of the ferromagnetic layer and the biasing direction. Thus the relaxation 
phenomenon is solely caused by the exchange interaction between the magnetic 
moments of the ferromagnetic and antiferromagnetic layers across the interface. No 
indication has been found that the spin orientation in the antiferromagnetic grains can 
be influenced directly by an extemal magnetic field smaller than 1600 Oe, used in the 
experiments reported here. 

6.3.6 FeMn as the antiferromagnetic layer 

In order to study whether the observed relaxation phenomenon is a general 
phenomenon of ferromagnetic/antiferromagnetic bilayers or is restricted to NiO as an 
antiferromagnet, iron manganese ( FeMn) has been used to study the relaxation as 
well. The sample is a standard F eMn sample as used in previous investigations [ 1]. 
The multilayer stack has been sputtered on a glass substrate. On top of the glass 
substrate a 30 A Ta layer has been deposited in order to promotea preferential crystal 
orientation ofthe layers on top of it [1]. Subsequently, a 50 A Jimbo layer has been 
sputtered. On top ofthis ferromagnetic layer, a 100 A FeMn layer has been sputtered. 
Finally, a 50 A Ta layer has been grown on top ofthe stack, to prevent the FeMn layer 
from oxidation. The sample has been grown in an extemal magnetic field to induce 
exchange biasing. After deposition, the sample has not been subjected to any anneal 
treatment. Again, the sample has been cut into pieces and each experiment has been 
carried out with another piece of the sample. 
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Figure 6.14: Exchange biasing and coercive jields as a function of temperature, 
from 32 K up to 468 K for a glass/30A Ta/50A JIJOOA FeMn/50A Ta sample. The 
blocking temperafure is about 420 K. 
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The temperature dependenee of the exchange biasing and coercive fields has been 
determined. As can be seen from figure 6.14, temperature dependenee of Heb and He is 
quite different compared to the temperature dependenee of Heb and He of a NiO 
sample ( figure 6.2 ). For temperatures below 400 K, the absolute magnitude of the 
exchange biasing field is larger than the coercive field. The magnitude of the 
exchange biasing field decreases monotonically as temperature increases. No plateau 
of constant Heb has been observed. The observed blocking temperature of FeMn 
( 420 K) is comparable to literature values [37], and is 55 degrees below the blocking 
temperature of NiO. The coercive field is nearly constant between 200 K and 400 K. 
Above 400 K the coercive field decreases rapidly. Below a temperature of 200 K, an 
increase of the coercive field has been observed as temperature decreases. 

Note that a peak is visible in the coercive field at a temperature of 20 degrees 
below the blocking temperature. This is in contrast to the trend of a decreasing 
coercive field as temperature increases for NiO. The magnitude of the coercive field 
increases by 65% between 325 K and 400 K. A peak in the magnitude of the coercive 
field near the blocking temperature has been calculated by Nishioka et al. [37], but 
has never been observed experimentally before in a He(T) curve ( to the knowledge of 
the author ). 
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Figure 6.15: Relaxation experiments at different temperatures in an external field 
directed antiparallel to the biasing direction. The solid markers represent the 
glass/30A Ta/50A JIJOOA FeMn/50A Ta sample. The Si/380A Ni0!50A J/50A Ta 
sample is represented by the open markers. 
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For the FeMn sample, the relaxation of the exchange biasing field has been 
determined in an extemal magnetic field applied antiparallel to the biasing direction •. 
The relaxation curves measured at three temperatures are plotted in tigure 6.15. The 
relaxation curves of NiO from tigure 6.8 are plotted as well for comparison. At a 
temperature of 346 K ( 73 o C ), the relaxation rate of the F eMn sample is much lower 
than the relaxation rate of the NiO sample. At a temperature of 375 K ( 102° C ), the 
relaxation curves of FeMn and NiO cross each other. During the first three hours of 
the experiment, the relaxation rate of the FeMn sample is larger than the relaxation 
rate of the NiO sample. After three hours, the situation is reversed, leading to a 
different shape of the relaxation curves of the FeMn and NiO samples. The same 
behaviour is observed in the relaxation curve ofthe FeMn sample at T = 387 K. 

Besides a comparison of relaxation curves of NiO and FeMn at the same 
temperatures, they can also be compared relative to their blocking temperature 
( T/Tb ). The blocking temperatures of NiO ( 475 K) and FeMn ( 420 K) are 
different. Therefore the FeMn relaxation curve measured at 375 K, has to be 
compared to a NiO curve measured at 424 K. As can be seen from tigure 6.15, the 
FeMn relaxation rate at T = 375 K is smaller than the relaxation rate of the NiO 
sample at T = 425 K. 

The differences between the relaxation curves of the FeMn and NiO samples, can 
be explained by the difference in anisotropy and sizes of the grains. Firstly, the 
anisotropy constant KAF can be different for both materials. Secondly, the absolute 
grain size and grain size distribution can be different. 

As can be concluded from this section, the observed relaxation phenomenon is not 
restricted to NiO samples, but has also been observed in FeMn samples. The observed 
relaxation curves of both materials differ from each other due to different material 
properties. Consequently, the relaxation effect has to be considered when a material is 
going to be used as a biasing layer in industrial applications. 

6.4 Effect of the loop messurement itse/f and the field cooling rate on 
the observed exchange biasing 

6.4.1 Effect of the loop measurement itself 

A hysteresis loop measurement itself influences the magnitude of the measured 
exchange biasing field. Upon a reversal of the magnetisation of the ferromagnetic 
layer duringa husteresis loop measurement, the system is in a non-equilibrium state 
and relaxation towards this equilibrium state occurs. A schematic representation of the 
extemal field as a function of time during a loop measurement is depicted in 
tigure 6.16. During a time ~t, the magnetisation of the ferromagnetic layer is directed 
antiparallel to the biasing direction, and 'negative' relaxation takes place: Heb 
decreases. For the remaining time, the extemal field is applied parallel to the biasing 
direction. When the direction of the magnetisation of the ferromagnetic layer is 
directed parallel to the biasing direction and the decreased Heb ( due to 'negative' 

• Since the sample has not been subjected to an anneal process in an extemal magnetic field, the 
biasing direction is defined as the direction of the magnetisation of the ferromagnetic layer at room 
temperature in zero field ( T=Troom : Heb > He ). 
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relaxation during ~t) increases due to 'positive' relaxation. So, the observed 
magnitude of the exchange biasing field depends on the loop time ( better: ~t ) and the 
time between subsequent loops. 

loop time 

parallel 

Hext t 
--. 

2Hc+ Heb· t 

allel 
L\t 

Figure 6.17.· Schematic representation of the external magnetic field as a function of 
time during a loop measurement. Befare and after the measurement, the magnetic 
field has been directed parallel to the biasing direction During a time ~t, the 
direction of the magnetisation of the ferromagnetic layer is antiparallel to the biasing 
direction 

Firstly, the influence of the time between subsequent magnetisation loops on the 
observed exchange biasing field is studied. At a temperature of 395 K, one 
magnetisation loop of a 560Á NiO biased sample has been measured within 
12 seconds ( black curve in figure 6.17 ). The observed exchange biasing field is 
8.4 kAlm. About one minute after this first loop, three subsequent loops have been 
measured without any delay between the three loops. The averaged magnetisation 
loop is depicted in the same figure by the green curve. The magnitude of the exchange 
biasing field has decreased by 0.3 kAlm. About one minute after these three loops, ten 
loops have been measured, again without any delay between the subsequent loops. 
The averaged magnetisation loop is plotled by a cyan curve. Compared to the 
magnitude of the exchange biasing field of the first loop, its value has decreased by 
0. 7 kAlm ( -8% ). One minute after the ten loops, one single loop has been measured 
( blue line ). As can be seen from figure 6.17, the exchange biasing field has 
increased, compared to the 10 loop average. After 45 minutes another magnetisation 
loop has been measured ( red curve ). As can be seen, the magnitude of the exchange 
biasing equals its initial value ( red and black curves coincide ). 
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Figure 6.1 7: Subsequent magnetisation loops measured at T = 395 Kof a sample 
consisting of 560A Ni0/50A J/50A Ta. As the number of measured loops increases, 
the magnitude of the exchange biasing field decreases. Aft er 45 min, the magnitude of 
the exchange biasingfield equals its initia! value. 
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Figure 6.18: Magnetisation loops measured at 375 Kof a 560A Ni0/50A J/50A Ta 
sample. The exchange biasing field obtained from the magnetisation loop having a 
loop time of 6 s, equals 8. 0 kAlm. The exchange biasing field obtained from the loop 
having a loop time of 3 00 s, equals 7. 0 kAlm. 
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The experiment described above confirms the dependenee of the exchange biasing 
field on the time between subsequent loops. After 45 minutes, the diminished 
exchange biasing field has relaxed towards its initial magnitude. The difference in the 
magnitudes of the exchange biasing field between one loop and ten averaged loops, is 
due to the decreased time during which the magnetisation of the ferromagnetic layer 
has been directed parallel to the biasing direction in between subsequent loops. The 
observed decrease must not be confused with magnetic training, which is a 
irreversible decrease of the exchange biasing field after several hysteresis loops [13]. 
Thus, when magnetic training effects are studied, one has to bear in mind the 
reversible decrease of the exchange biasing due to the relaxation processes described 
above. 

In order to study the effect of the loop time on the magnitude of the exchange 
biasing field, two magnetisation loops having loop times of 6 and 300 s, have been 
measured from a 560 A NiO biased sample at a temperature of 375 K. These 
magnetisation loops are plotted in figure 6.18. Between the subsequent loops, the 
external magnetic field has been applied parallel to the biasing direction for 20 min. 
As can be seen from figure 6.18, the magnitude of the exchange biasing field 
decreases with increasing loop time ( -14% ). 

6.4.2 Influence of the cooling ra te on the exchange biasing: 'positive' relaxation 

As can beseen from figure 6.3, a discrepancy exists between Heb(T) after an RTP 
treatment, and Heb(T) aftera conventional anneal treatment, using the Kerr set-up. A 
plausible explanation for this difference can be found in the Pulcorner and Charap 
model: after an RTP anneal treatment the occupation of the initial P+ at t=O is lower 
than after an anneal treatment using the Kerr set-up, and it does not equal the 
equilibrium distribution. Therefore P+• and with it Heb• should increase in time. In 
order to verify this, the following experiments have been done. 

parallel h r'l r~ 
Hcxt t 1-++----+1---H--.,.. 

t 
antiparallel t1 

Figure 6. 19: Schematic representation of the external magnetic field as a function of 
time during a relaxation experiment with the external magnetic field applied parallel 
to the biasing direction. At t = ti a magnetisation loop is measured. The loop time 
( 12 seconds) is much shorter than the time scale of the experiment. 

A 360 A NiO biased sample has been subjected to a standard RTP treatment as 
described in section 5.2.1. The cooling time from 550 K back to room temperature 
was about 2 minutes. Within 11 minutes, a magnetisation loop has been measured at 
room temperature, using the Kerr set-up. This point of time is denoted as t = 0. After 
this loop measurement, the magnetisation of the ferromagnetic layer remained 
directed parallel to the biasing direction by an external magnetic field 
( Hext = 40 kAlm). Subsequent magnetisation loops have been measured as a function 
of time. After each measurement, the external field remains parallel to the biasing 
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direction as can be seen from figure 6.19. As the loop time is much shorter than the 
time scale of the experiment, the time that the magnetisation of the ferromagnetic 
layer is antiparallel to the biasing direction is negligible ( 'negative' relaxation is 
negligible ). The exchange biasing field and the coercive field, deduced from the 
magnetisation loops, have been measured for over a week. As can be seen from the 
up-triangles in figure 6.20. no change in magnitude of Heb and He is observed ( 8.9 
and 11.9 kAlm respectively ). 

Using the Kerr set-up the sample has been heated from room temperature up to 
432 K within 18 minutes, in an extemal magnetic field parallel to the biasing 
direction. Immediately, a magnetisation loop has been measured. Subsequent loops 
have been measured as a function of time. Similar to the experiment previously 
described, a magnetic field has been applied parallel to the biasing direction between 
subsequent loop measurements. As can be seen from the down-triangles in 
figure 6.20, at this temperature the magnitude of the exchange biasing field is not 
constant, but increases during the experiment. Within about 20 hours, the exchange 
biasing field increased from 2.7 kAlm to 4.6 kAlm ( +70% ). The coercive field has 
also increased: from 2.2 kAlm to 3.0 kAlm ( +36% ). 

At the end of the experiment, the sample has been cooled from 432 K down to 
room temperature, in a magnetic field parallel to the biasing direction. At room 
temperature the observed exchange biasing field was 13.6 kAlm: an increase of 53% 
compared to its room temperature value before the experiment at 432 K. Compared to 
room temperature values of the exchange biasing field of the same sample, after a 
normal anneal treatment using the Kerr set-up, this value is only slightly larger 
( within the experimental accuracy ). The coercive field had not changed significantly 
( 11.3 kAlm). 

10 . . . . . . . . . . . . . . . . . . . . 
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Figure 6.20.· Relaxation experiment carried out with a sample consisting of 
380A Ni0/50A J/50A Ta in an external magnetic field app/ied parallel to the biasing 
direction ( Hext = 40 kAlm). Just before the room temperafure measurement, the 
sample has been subjected to an RTP treatment. The coercive and exchange biasing 
fields have been monitored as a function of time, at constant temperature. At room 
temperafure no change in Heb and He has been observed (up triangles ). At 432 K, the 
magnitudes of both Heb and He increase in time. Note the axis break at 
t = 1400 minutes. 
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The increase of the exchange biasing field at T = 432 K ( 'positive' relaxation ), 
and the difference between Heb(T) after an R TP treatrnent and Heb(T) after a 
conventional anneal treatrnent, using the Kerr set-up, can be explained by a relaxation 
process using the Pulcorner and Charap model described insection 2.5.2. 

According to equation 2.24, the fraction of grains having their surface 
rnagnetisation parallel to the biasing direction at equilibrium ( P+inf) depends on 
ternperature. At high ternperatures, P+inf is smaller than at low ternperatures. So, 
during cooling down the sample, P+mf will increase. It takes time for P+ to relax 
towards the equilibrium value P+inf while cooling down. According to equation 2.25, 
this relaxation time depends on ternperature as well. As ternperature decreases, the 
relaxation time increases. 

According the experiment, the relaxation time at room temperature of the grains, 
which are froozen in during RTP cooling, is rnuch larger than one week, because no 
change in P+ ( which determines Heb) has been observed. At T = 432 K the relaxation 
time has decreased and relaxation towards equilibrium is observed. 

In the case of an RTP treatrnent, the sample is cooled very rapidly from a high 
ternperature down to room ternperature ( within 2 minutes ). In case of a conventional 
anneal treatrnent using the Kerr set-up, the sample is cooled down more slowly 
( within 10 hours ). Below a certain ternperature the relaxation time becornes too large 
in respect to the cooling rate ( dT/dt) and no equilibrium state is reached anyrnore. 
The ternperature at which the relaxation time becornes too large in respect to the 
cooling rate, is lower for an anneal treatrnent in vacuurn than for the R TP anneal 
treatrnent. In case of a low cooling rate, the actual P+ is closer to the equilibrium P+inf. 

A larger fraction of grains have their surface rnagnetisations parallel to the biasing 
direction, and a higher exchange biasing field is observed ( see figure 6.3 ). 

6.5 Ways to influence Heb' He and the re/axation rate. 

In this section the effects of several preparation conditions on the exchange biasing 
characteristics ( absolute magnitudes of Heb and He, blocking ternperature, and 
relaxation rate) of NiO biased samples are discussed: sputtering the NiO surface 
(6.5.1), anneal treatrnent of the NiO layer in an 0 2 environment at 700°C (6.5.2), 
deposition ternperature of 100°C (6.5.3), copper layer between the NiO and the Jirnbo 
layers (6.5.4), and the us of neon insteadof argon as a sputter gas (6.5.5). 

6.5.1 Sputtering of the NiO surface 

In this section the influence on the exchange biasing properties of a sputter 
treatrnent of the NiO surface is discussed. After the deposition of the NiO layer, the 
surface of the sample has been sputtered, using a Ar-ion gun. Sputtering treatrnents 
have been performed with different sputter voltages: 250, 500 and 1000 V. The 
sputtering time has been 10 s for all treatrnents. Depending on the sputter voltage, 
several atomie layers ofthe NiO can besputtered away frorn the sample. Furthermore, 
it is assumed that an amorphous layer is formed at the NiO surface [70]. After this 
sputter treatrnent, a 50 A ferrornagnetic Jirnbo layer and a 25 A protective Ta layer 
have been deposited on top of the NiO layer. The thickness of the initial NiO layer 
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( before sputtering the surface ) is somewhat above 600 A. After the sputter treatment 
the NiO thickness is about 600 A. 

In figure 6.21 the exchange biasing and coercive fields are depicted as a function of 
temperature for the samples sputtered at 250 and 500 V. Also Heb(T) of the non
sputtered sample is plotted. As can be seen from this figure, Heb of the 250 V 
sputtered sample does not differ from the non-sputtered sample. The exchange biasing 
field of the 500 V sample is smaller than Heb of the 250 V sputtered sample. The 
exchange biasing and coercive fields of the 1000 V sputtered sample have not been 
plotled since the Heb(T) curve did not reproduce. The magnitude of the exchange 
biasing field at room temperature of the sample after R TP, was 6 kAlm. After four 
subsequent anneal treatments, the exchange biasing has vanished. 
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Figure 6. 21: Exchange biasing ( solid markers) and coercive fields (open 
markers) of 600A Ni0/50A J/25A Ta samples. The surface of the NiO layer of the 
sample represented by the up-triangles has been sputtered at 250 V The surface of 
the NiO layer of the sample represented by the down-triangles has been sputtered at 
500 V The stars represent Heb of a non-sputtered 560A Ni0/50A J/50A Ta sample. 

If the sputter voltage is increased, the magnitude of the exchange biasing field 
decreases. This is probably due to the increase of the thickness of an amorphous layer 
formed at the surface ofthe NiO layer. Ifthe sputter voltage is too high ( 1000 V), the 
amorphous layer becomes too thick and the exchange biasing field vanishes. Note that 
this explanation is speculative. 

Sputtering the NiO surface ifuseful when a NiO layer is subjected to e.g. an anneal 
treatment outside the sputtering apparatus. During this treatment the surface of the 
layer is contaminated. By sputtering the NiO surface before subsequent layers are 
deposited on top of the NiO, this contamination can be removed. If sputter voltages 
below 500 V are used, the exchange biasing properties ofthe NiO are nearly changed 
and ex-situ annealing ofthe NiO layer is possible. 

65 



6.5.2 RTP anneal treatment at 700°C 

In order to study the effect of a high temperature anneal treatment on the coercive 
and exchange biasing field, a 600 A NiO film has been subjected to an RTP anneal 
treatment at 700°C in an 0 2 environment. A description of RTP and the effects of 
such an RTP anneal treatment on the structural properties of the NiO film are 
described in sectien 5.2. Only the NiO film is subjected to the anneal treatment to 
prevent intermixing of the metallic layers. After the anneal treatment, the NiO layer is 
brought back into the sputter apparatus and its surface is sputtered to clean the 
surface, using 250 V. Subsequently, the metallic layers ( Jimbo and Ta) have been 
deposited on top ofthe NiO layer. 

Two different anneal times have been applied: 5 and 10 minutes. The structures of 
both annealed samples were similar to each other, as observed by XRD 
measurements. Compared to a unannealed sample, the texture of the samples has been 
changed. The texture has been altered from a ( 111) dominated crystal orientation 
( section 5.1.3 ) to a (100) dominated orientation. The lattice parameter has relaxed 
from a value above the bulk lattice parameter, to the bulk lattice parameter ( 4.18 A ). 

After an anneal treatment using the Kerr set-up ( Heb(T) is reproducible ), the 
exchange biasing and coercive fields have been measured as a function of 
temperature. Figure 6.22 shows that the exchange biasing field, which is low 
compared to the unannealed samples ( figure 6.2 ). At room temperature the exchange 
biasing field ofthe annealed sample is only 3.7 kAlm, while Heb ofthe non-annealed 
samples is about 12 kAlm. Furthermore, the coercive field is high. At room 
temperature the magnitudes of the coercive fields of the annealed and non-annealed 
samples are 27 kAlm and 15kAlm respectively. The blocking temperature has 
increased: 500 K in stead of 475 K for the non-annealed samples. Relaxation 
experiments have not been done because of the poor signal to noise ratio of the 
measurements due to the low Heb/He ratio. 

Since both the absolute magnitude of Heb and the Heb/He ratio are low, annealing at 
high temperatures does not contribute to an improvement of the biasing properties. 

Fig.ure 6.22: Exchange biasingfield and coercive field as ajunetion oftemperature 
of a 600A Ni0/50A J/50A Ta sample. The NiO layer ofthe sample has been annealed 
for 5 minutes at 700°C in an 0 2 environment. Note the different axes scales for Heb 
andHc. 
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6.5.3 Substrate temperature during deposition of 100°C 

In order to study the effect of the substrate temperature during deposition on the 
exchange biasing field and coercive field, blocking temperature, and relaxation rate, 
samples have been sputtered at a substrate temperature of 1 00°C during deposition ( in 
stead of room temperature ). Two samples have been sputtered, both consisting of 
SOOÁ Ni0/50Á J/SOÁ Ta. The complete multilayer stack of one sample has been 
sputtered at a substrate temperature of 1 00°C. Only the NiO layer of the other sample 
has been sputtered at a substrate temperature of 100°C. The metallic layers on top of 
the NiO layer have been sputtered at room temperature. 

The temperature dependenee of the exchange biasing and coercive fields of both 
samples ( blocking temperature included ) are identical to the ones of samples 
deposited at room temperature. The same results have been observed by Soeya et al. 
[36]. A 'negative' relaxation experiment has been done for the sample which was 
completely deposited at 100°C. The relaxation rate, measured at 400 K, is cernparabie 
to the sample deposited at room temperature as can beseen from figure 6.23. 

A higher substrate temperature during deposition does not influence the biasing 
properties of the sample. The absolute magnitudes of Heb and He and their temperature 
dependenee have not changed. Also the relaxation rate at a temperature of 400 K has 
not changed. 
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Figure 6.23: Relaxation experiments at T=400 K, with the external magnetic field 
applied antiparallel to the biasing direction The solid markers represent a sample 
consisting of 360A Ni0150A J/50A Ta which has been sputtered at room temperature. 
The open markers represent a sample consisting of 500A Ni0150A J/50A Ta which 
has been sputtered at a substrate temperafure of 100 ~-

6.5.4 Copper layer between NiO and Jimbo layer 
In an attempt to improve the HeJHc ratio, an ultra-thin copper layer ( several 

Angstroms) has been sputtered between the NiO and the Jimbo layers. For small 
thicknesses the capper layer is thought to consist of small clusters of Cu atoms 
( islands) on top of the NiO layer and no continuous layer is formed. For thicker 
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copper layers, a continuous layer is formed and the NiO and Jimbo layers are 
magnetically decoupled. In the case of a discutinuous Cu layer, parts of the surface of 
the NiO grains are covert with Cu-islands, reducing the effective biasing surface of the 
grains. Therefore, the magnitudes ofboth Heb and He will decrease. However, since the 
exchange coupling decreases while the total anisotropy remains constant ( not 
influenced by the Cu-layer ), small grains, which initially contribute to He, 
( section 2. 5.1 ) can contribute to the exchange biasing field ( Futcorner and Charap 
model: by the decrease of heb a transition from one energy minimumtoa situation with 
two energy minima can occur ). As a result, the IL:JHc ratio will improve. 

Table 6.2: Exchange biasing and coercive fields measured at room temperafure for 
different capper layer thicknesses. The Het/He ratio is also listed The samples consist 
of 500A NiOixA Cu/50A J/50A Ta. The sample without a capper layer is listed as a 
reference. 

Cu thickness { A ) Heb {kAlm 2 He ( kA/m_j __ _!!eb/g:_ 
0 12 15 0.8 
2 7.8 8.6 0.9 
4 4.2 1.7 2.5 
6 4.0 1.6 2.5 
10 1.1 0.8 1.4 

If the surface of the Cu-islands is comparable to the surface of the NiO grains, small 
NiO grains can be covert totally by a Cu-island. These small grains, with a small total 
anisotropy are thought to determine the coercive field, because they can have 
relaxation times which are comparable to the measurement time of a hysteresis loop. 
Since these grains are decoupled from the ferromagnetic layer by the copper buffer 
layer, they do no longer contribute to the coercive field. Allthough the magnitude of 
Heb will decrease as well, caused by the reduction of the effective biasing surface of the 
grains, the IL:JHc ratio will increase. 

Independent on the size of the Cu-islands with respect to the NiO grain size, the 
IL:JHc ratio is thought to increase if a thin, discontinuous Cu layer is sputtered 
between the NiO and Jimbo layers. 

Four different samples have been sputtered with a varying thickness ofthe Cu layer: 
2, 4, 6, and 10 A. After a standard low temperature RTP treatment ( see 
section 5.2.1) the magnitudes oflL:b and He have been measured at room temperature. 
As can beseen from table 6.2, both Heb and He decrease with increasing Cu thickness. 
The samples with a Cu thickness of 4 and 6 A, have a IL:JHc ratio, which is 
significantly higher than a sample without a Cu layer. For the sample with a 10 A Cu 
layer, Heb has almost vanished. Presumably, this is caused by a continuous Cu layer 
which covers the NiO layer completely. The ideas described above seem to be correct. 
Unfortunately, the exchange biasing field has decreased as well, by a diminished 
exchange coupling. 

In figure 6.24 the temperature dependenee of a sample consisting of 
500A Ni0/6A Cu/50A J/50A Ta has been plotted. At room temperature the 
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* magnitudes of Heb and He are 4.5 kAlm and 2.0 kAlm respectively . The blocking 
temperature is about 475 K. Below 175 K, the exchange biasing field remains 
constant. Compared to a standard sample ( without the copper layer, see figure 6.2 ) 
the blocking temperature has not changed. The temperature below which Heb remains 
constant, has decreased from 325 K to 175 K. 
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Fig.ure 6.24: Exchange biasing and coercive fieldsas ajunetion oftemperature of a 
sample consisting of 500A Ni0!6A Cu/50A J/50A Ta. 

At a temperature of 346 K, a relaxation experiment has been done, in an extemal 
field applied antiparallel to the biasing direction. After about 1000 minutes, the 
exchange biasing field changed sign. Compared to the relaxation experiments of a 
sample without the copper layer, the relaxation rateis higher. 

As can be concludated from this section, a Cu layer between the NiO and the 
Jimbo layer indeed increases the Heb/He ratio. However, at room temperature the 
absolute magnitude of the exchange biasing field is decreased by 70%. Furthermore, 
the relaxation rate of the exchange biasing is increased. Thus using a Cu layer does 
not lead to an improvement. 

• The temperature dependenee of Heb and He has been measured after the sample has been subjected to 
an anneal treatment using the Kerr set-up. 
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6.5.5 U se of neon as a sputter gas 

Previous experiments carried out with samples deposited in a different sputter 
apparatus using a lighter sputter gases ( Ne, Hel Ar mixture ), showed an increase of 
Heb of about 25%. The magnitude of the coercive field decreased [68]. To investigate 
if using Ne as a sputter gas also improves the stability of the NiO, NiO layers 
sputtered with Ne were investigated. The metallic layers on top of the NiO have been 
sputtered with Ar. A 600 A NiO layer has been sputtered at a sputter pressure of 
6 mTorr. The exchange biasing field as a function of temperature is plotted in 
figure 6.25. The temperature dependenee of an Arsputtered layer has been plotled as 
well as a reference. As can be seen from this figure, the temperature dependenee and 
absolute magnitudes of Heb of the samples are almost identical. Also the temperature 
dependenee and magnitudes of He ( not plotted) are similar. In this aspect the 
experimental results differ ofthose of a previous study [68]. The blocking temperature 
of the sample with the NiO layer sputtered with Ne, is somewhat higher ( 485 K in 
stead of 475 K ). 

In order to study the relaxation rate of the Ne sputtered sample, relaxation 
experiments have been done at different temperatures in an extemal magnetic field 
applied antiparallel to the biasing direction. The relaxation curves are depicted in 
figure 6.26. The relaxation curves of an Ar sputtered sample are depicted as well, as a 
reference ( see figure 6.8). At temperatures of 400 K and 425 K, the relaxation rate of 
the Ne sputtered sample is lower than for the Ar sputtered sample. The relaxation 
curves of the Ne sputtered sample are similar to relaxation curves of the Ar sputtered 
sample measured at a temperature which is about 10 degrees lower ( note that the 
difference in blocking temperature is 10° as well ). At a temperature of 346 K, no 
significant difference in relaxation rate has been observed. 

Figure 6. 25: Exchange biasing field as a function of temperature. The open data 
points represent a 600A Ni0/50A J/50A Ta sample with the NiO layer sputtered at 
6 mTorr neon. The solid data points represent a 560A Ni0/50A J/50A Ta sample with 
the NiO layer sputtered at 1 mTorr argon. 
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Figure 6.26: Relaxation experiments ofthe exchange biasingjield carried out in an 
external magnetic field applied antiparallel to the biasing direction The black curves 
are measuredfrom a 380A Ni0/50A J/50A Ta sample, with the NiO layer sputtered at 
1 mTorr argon. The red curves are obtained from a 600A Ni0/50A J/50A Ta sample, 
with the NiO layer sputtered at 6 mTorr neon. 

Although the absolute magnitudes of the exchange biasing and coercive fields are 
not influenced by the kind of sputter gas used to sputter the NiO layer, the relaxation 
rate can he decreased by using Ne insteadof Ar. Since the relaxation rate depends on 
the total anisotropy of the NiO grains, this anisotropy seems to increase as Ne is used 
as a sputter gas. This might he due to a formation of larger grains, or to an increase of 
the anisotropy constant KAF· 
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7 Conclusion and discussion 

At the start of this study, the reproducibility of the exchange biasing field after an 
anneal treatment was a problem ( chapter 1 ). This problem turned out to be caused by 
a thermally activated relaxation process, which is present in the exchange coupled 
antiferromagnetic/ferromagnetic ( AF IF ) bilayers. This relaxation process has been 
studied in detail. 

The main condusion that can be drawn from the experimental results described in 
chapter 6, is that the magnitude ( and sign ) of the exchange biasing field in an AF IF 
bilayer, is not unambiguous at a fixed temperature. The exchange biasing field is 
influenced by the magnetisation direction ofthe F layer. 

In experiments in which the magnetisation of the F layer is directed by an extemal 
magnetic field, the exchange biasing field has been measured as a function of time. 
The experiments show a gradual change of the magnitude of Heb ( relaxation process 
in the AF layer ). The observed relaxation phenomenon is a thermally activated 
process, since the relaxation rate increases with temperature ( section 6.3.2 ). The 
relaxation is reversible, indicating that it is a magnetic process and no irreversible 
structural processes occur ( section 6.3.4 ). The magnetic structure of the AF layer is 
only influenced by the magnetisation direction of the F layer and does not depend on 
the magnitude of the extemal applied magnetic field. Thus, the exchange coupling 
between the AF and the F layers causes the relaxation ( section 6.3.5 ). The relaxation 
process is not restricted to sputtered NiO films, but has also been observed in 
sputtered FeMn films ( section 6.3.6) and therefore seems to be a general 
phenomenon in ( sputtered ) films. 

The observed relaxation phenomenon is described by the thermal fluctuation after
effect model proposed by Pulcorner and Charap ( section 2.5.2 ). In this model the AF 
layer is described as an ensemble of magnetically decoupled domains ( grains ). The 
magnetic structures of these grains is not statie, but is influenced by the direction of 
the magnetisation of the F layer and the ambient temperature. The direction of the 
surface magnetisation of a grain is assumed to be either parallel or antiparallel to the 
magnetisation direction of the F layer due to a uniaxial anisotropy in the magnetic 
layers ( two-level system ). The two states of the surface magnetisation of the AF 
grains gives rise to either a positive or a negative contri bution to the exchange biasing 
field and are separated by an energy harrier, which depends on the total anisotropy of 
the grain. By thermal excitation, a transition between the two energy states is possible. 

At a certain temperature an equilibrium distribution over the two energy states 
exists, giving rise to an equilibrium exchange biasing field. The sign of the 
equilibrium exchange biasing field is determined by the magnetisation direction of the 
ferromagnetic layer. If the actual exchange biasing field differs from this equilibrium 
value, relaxation towards equilibrium is observed. In order to explain the gradual 
( non-exponential ) reduction of Heb upon a reversal of the magnetisation direction of 
the ferromagnetic layer, a broad distribution of relaxation times, associated with the 
grain size distribution, is assumed. 
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The assumption of a two-level system is only valid if the energy harrier exceeds 
the thermal energy ( k8 T) by several times. For small grains, this is not the case and 
the two-level system is no longer valid. Relaxation of these small grains will be more 
rapid than predicted by the two-level model as can be seen from theoretica! fit 
functions. 

If the size of the magnetic domains coincide with the grain size and the grains have 
a colurnnar shape, the relaxation time has to depend on the thickness of the AF layer. 
The shapes of the grains inside the NiO layer are indeed columnar, as has been 
confirmed by cross-sectional TEM images. The relaxation rate however, did not 
depend on the thickness of the NiO layer ( section 6.3.3 ). This contradietien may be 
caused by the formation of a domain wall inside the grains limiting the effective total 
anisotropy of the grains. 

One of the experimental results that can be explained by the relaxation process 
mentioned above, is the observed difference in the magnitude ofthe exchange biasing 
field after different anneal treatments ( section 6.4.2 ). At each temperature a new 
equilibrium value of the exchange biasing field has to be established. As temperature 
decreases, this equilibrium value increases. Since the relaxation is a thermally induced 
process, the relaxation rate will decrease at lower temperatures. At a critical 
temperature, the relaxation rate is too small with respect to the cooling rate and no 
equilibrium can be established anymore. The magnitude of the exchange biasing field 
is 'frozen in' at this temperature. This critical temperature depends on the cooling 
rate. The magnitude of the exchange biasing field remains constant after a further 
decrease of temperature. Compared to a standard anneal treatment in vacuum, the 
cooling rate of an RTP anneal treatment is high. So, the critical temperature will be 
high as well. This results in a smaller exchange biasing field at room temperature, 
compared toa standard anneal treatment in vacuum. To obtain a higher magnitude of 
Heb slow field cooling ( no RTP ) is preferred. 

The dependenee of the observed magnitude of the exchange biasing field on the 
measuring time of a magnetisation loop can also be explained by the relaxation 
phenomenon ( section 6.4.1 ). During the measurement of a magnetisation loop, the 
magnetisation direction of the ferromagnetic layer reverses sign. This implies a 
reversal of sign of the exchange biasing field at equilibrium. Therefore, the magnitude 
of the exchange biasing field will decrease as long as the magnetisation direction of 
the ferromagnetic layer is reversed. So, as the measurement time of a magnetisation 
loop increases, the observed magnitude of the exchange biasing field decreases. 

Although the relaxation has been studied under extreme conditions ( magnetisation 
direction of the F layer directed antiparallel to the biasing direction ), the application 
of NiO as an exchange biasing layer in the GMR sensor of a read head for magnetic 
tape ( see chapter 1 ) the observed relaxation phenomenon may cause problems. The 
dimensions of the GMR sensor are so small, that also shape anisotropy has to be 
considered. At the edges of the sensor, shape anisotropy can dominate the 
unidirectional anisotropy caused by the exchange biasing. The easy directions of both 
anisotopies are perpendicular to each other. Therefore, at the edges of the sensor 
( largest shape anisotropy ) the magnetisation direction of the ferromagnetic layer will 
be tilted from the exchange biasing direction. Since the direction of the surface 
magnetisation of the AF grains will relax towards the magnetisation direction of the 
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ferromagnetic layer, the exchange biasing will gradually reorient. In the worst case, 
the exchange biasing field can rotate 90° and the GMR sensor is useless. Due to 
ohmic dissipation inside the sensor, the operating temperature of the read head is 
about 355 Kin the Digamax magnetic tape recording system. At this temperature the 
relaxation rate inside the GMR sensor increases compared to room temperature. 

Another practical problem for the application of NiO as an exchange biasing layer 
in GMR sensors is that at room temperature the magnitude of Heb in these studies is 
about 10-20% below He. Since He> Heb• the magnetisation direction of the 
ferromagnetic layer is not unambiguous in zero field, which is undesirable. Note, 
however, that other biasing studies using NiO however, report Heb> He at room 
temperature [68]. By the addition of a thin copper layer between the NiO and the 
Jimbo layer, it is possible to improve Heb/He ratio. However, the absolute magnitude 
of the exchange biasing field decreased by 60-70% ( section 6.5.4 ). The absolute 
magnitude of the exchange biasing field cannot be improved by other experiments 
described insection 6.5: sputtering the NiO surface, RTP treatment ofthe NiO layer at 
700°C, substrate temperature during deposition 1 00°C, and the use of Ne as a sputter 
gas. The relaxation rate of the NiO based samples can be reduced by the use of neon 
insteadof argon as a sputter gas ( section 6.5.5 ). 
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Appendix A 

In this appendix an expression for the exchange biasing field as a function of time 
is given for a specific case. In the case described below the direction of the 
magnetisation of the ferromagnetic layer is reversed at t = 0. The two energy level 
model is used, as described insection 2.5.2. 

The magnetisation of the F layer is directed in the positive X direction by an 
extemal applied field (<I>= 0 ). Consider one AF grain, which has a probability P+ to 
have its surface magnetisation parallel to the magnetisation of the F layer ( positive 
state ). This is energetically the most favourable state. Suppose this probability equals 
the equilibrium probability P+inf(<l>=O), given by equation 2.24. According to 
equation 2.26, the initia! contribution to the exchange biasing field of this single grain 
( hi) at t = 0 is given by 

t = 0, (Al) 

where heb is given by equation 2.14. The contribution of the single grain to the 
exchange biasing field at t = 0 is denoted as h0• Because P+inf(<l>=O) is larger than 112, 
h0 will be negative. At a certain moment ( t = 0 ) the direction of the extemal field is 
reversed and so is the magnetisation ofthe F layer (<!>=180). The positive state is now 
over populated and P+ will decrease to its new equilibrium value according to 
equation 2.23. According to symmetry P+inf(<l>=l80) equals 1-p+inf(<l>=O). Now P+ as a 
function of time can be expressed by 

p + ( t) = p :r (<I> = 180) + [ p :r (<I> = 0)- p :r (<I> = 180)] exp(-t I 't) 

= 1 - p :r (<I> = 0) + [ 2 p :r (<I> = 0) - 1] exp(-t I 't ) , 
(A2) 

where 't is given by equation 2.25. According to the equations 2.26 and Al the 
contri bution of one AF grain to the exchange biasing as a function of time is given by 

hi (t) = -h0 + 2h0 exp( -tI 't) t;::: 0. (A3) 

If the assumption is made that the anisotropy of an AF grain is much bigger than 
the exchange coupling energy of that grain ( HAF >> heb ), the equations 2.21 and 2.25 
can be simplified, leading to 

(A4) 

For a single cylindrical AF grain, having diameter L, its contribution to the 
exchange biasing is given by 
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h;(t,Ll = h{ 2exp{ -2v,texp( -HAFr:~" v,) }-1] 
= pe[2exp{-2v 0texp( -aL2

)} -1], (A5) 

with v0 and the new variables a and p, independent on the grain size. The product aL2 

represents the ratio between the total anisotropy of a grain with diameter L ( activation 
energy ), and the thermal energy. U sing equation 2.16 to substitute HAF• this product 
is given by 

(A6) 

The total exchange biasing field equals the sum of the exchange contributions of 
the AF grains. Assuming a grain size distri bution P(L )dL, the exchange biasing field 
is expressed by 

"' 
Heb(t) = Lhi(t,L) = N < hi(t,L) >= N Jhi(t,L)P(L)dL, (A7) 

i 0 

with N the number of AF grains and < hi(t,L) > the average of hi(t) on the grain size 
distribution. The total number of AF grains can be expressed as the quotient of the 
total interface area and the average surface of the AF grains < A >: 

(A8) 

In order to calculate Heb(t), the distribution of the grain sizes is assumed to be 
log normal [71], leading to 

P(L)dL= 1-exp(- x
2

2 )dx, (A9) 
cr 2n 2cr 

x=ln(L/Lmod), (AIO) 
with cr the standard deviation ( characteristic for the width of the distribution ) and 
Lmod the mode of the distribution. In the situation pictured out above, an expression 
for the exchange biasing field as a function of time is given by a combination of the 
equations A5 to A9. Suppose at t = 0 Heb equals H0 then at t = oo Heb equals -H0. The 
exchange biasing field can be normalised by a constant Cn in such a way that at t = 0 
Heb equals 1. This leads to 

H;:~(t) =-i +C, }xp[ 2x-
2
:,-2v0texp{-aL2

• 00 exp(2x)} }x. (All) 

This equation is used to fit the experimental results described in chapter 6 
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Appendix 8 

In this appendix, the experimentally obtained relaxation curves of figure 6.6 are 
fitted with exponential decay curves using one decay time. In order to obtain proper 
fits, an offset has to be added. These simple functions represent the relaxation 
behaviour of a NiO layer, consisting of a combination of fixed grains ( offset in the 
fitting functions) and grains having a relaxation time 1. The fitting functions are 
expressed by 

(Bl) 

with H eb nonn the normalised exchange biasing field and Hnfnonn the normalised exchange 
biasing field at t = oo. The Origin computer program has been used to determine the fit 
parameters by a ' least square' routine. Exponential functions have been fitted with all 
five relaxation curves. These fit functions tagether with the experimental data at 
various temperatures are plotted in figure B 1. 
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Figure BI: Relaxation curves of the normalised exchange biasing.field measured in 
an external magnetic applied antiparallel to the biasing direction ( black markers). 
The sample consistsof 380A Ni0/50A J/50A Ta. The red curves represent exponential 
fit functions. 

As can be seen from the figure, the shapes of the experimentally obtained relaxation 
curves and the fit curves differ. It is not possible to find a fit function, which fits all the 
experimentally obtained data points of the experiment. Especially at the start of the 
measurements ( t < 300 rninutes) the fitting functions do not correspond to the 
experiment. 
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The temperature dependenee of the fit parameters -r and Hinfnonn is not realistic. In 
case of a thermally activated relaxation process, the relaxation time should decreases at 
increasing temperature. The fitted relaxation time however, does not decrease as 
temperature increases. The offset in the fit functions decreases as temperature 
increases. This decrease is caused by the unpinning of grains: grains which are pinned 
at low temperatures, are no Jonger pinned at higher temperatures. In the experimentally 
obtained relaxation curves no real ' offset' is present. The relaxation rate decreases as 
the experiment continues. The magnitude of the exchange biasing field seems to 
stabilise, but in fact the relaxation time has become too large to abserve a decrease in a 
reasanabie time interval. The strict difference between fixed grains and grains having a 
relaxation time -r does not correspond to reality. The assumption of a relaxation time 
distribution is more realistic. Therefore, the Fulcomer and Charap model, in which this 
distribution is linked to the grain size distribution, is used. The distribution of grain size 
of the NiO based samples has been deterrnined from a planar TEM image 
(appendix C ). 
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Appendix C 

In this appendix, the distribution of the NiO grains is determined from a planar 
TEM image of a 500 A NiO layer deposited on Si. A description of the TEM 
technique is given in sectien 4.2.2. An image of the NiO layer is given in tigure C 1. 

r ··:s t. z; I 

0 50 100 150 200 250 nm 

Figure Cl: TEM image of a 500 A NiO layer deposited on a Si substrate ( planar 
view). The grain size has been determinedfrom the dark spots. 

All grain sizes of the upper left quarter have been determined. As the grains are not 
perfectly circular, the average diameter has been measured. It is difficult to determine 
the grain sizes of the smallest grains, because of the poor resolution. The mode of the 
distribution Lmod ( i.e. the most frequently occurred grain size ) is 50 A. In tigure C2, 
the observed number of grains versus the logarithm of the grain size, divided by the 
mode of the distribution, has been plotted. As can be seen from this figure, the grains 
are widely distributed around 50 A. The maximum observed grain size was 250 A. A 
log normal distri bution [71] has been fitted through the data points. The fit has only 
been based on the grain sizes over 50 A, because the accuracy in the size of the small 
grains was too low. The standard deviation obtained from the fit ( characteristic for 
the width ofthe distribution ), is 0.57. According to equation A8, the normalised grain 
size distribution is expressed as 

1 ( x
2 

J P(L)dL = J21t exp - 2 dx, 
0.57 27t 2. ( 0.57) 

(Cl) 

x=ln(~). 
Lmod 

(C2) 

This distribution is used for the fits ofthe relaxation curves in sectien 6.3.2.2. 

85 



z 

lr(IJj)) 

Figure C2: The number of observed grains versus the logarithm of the grain size, 
divided by the mode of the distribution. The data are obtained from a planar TEM 
image of a 500A NiO sample, deposited on a Si substrate. The mode of the 
distribution is 50 A. 
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Appendix D 

In order to calculate the fit curves used in paragraph 6.3.2.2 and appendix E, 
MapleV, release 3.0 for Microsoft Windows has been used. The listing ofthe program 
is given below. 

#genereren van hnorm(t) voor verschillende nu, alpha ent 
#c: \dennis\maple\sequen2 
#alpha is gegeven in A-2 

readlib( write): 
open(simlwalp ): 
sigma:=0.57: dmod:=50: 
d:=dmod*exp(x): 

#Begin met loop voor nu 
for nu from 0.035 by 0.01 to 0.035 do 
#Printen van parameterwaarden 

writeto(simlwalp ): 
I print(' nu=' ,nu,' sigma= ,s1gma, dmod=' ,dmod); I print(' alp ha 

vermenigvuldigen met 1e-5'); 
!print(); 

printf('%-5c', 'te'): 
#Printen alpha waarden (/100.000) 

fora from 1-80e-5 by 5e-5 to 1-10e-5 do 
ab: =(l-a )11 e-5: 
printf( 'a%-8. Of ,ab): 

od: !print(): 

#Zet waarde van t=O op scherm 
writeto(terrninal): lprint('t=O' ); appendto(simlwalp ): 

#Print waarden voor diverse alpha voor t=O 
printf('%-5ï,O): 
for a from 1-80e-5 by 5e-5 to 1-1 Oe-5 do 

printf('%-9.4f ,1): 
od: !print(): 

#Print waarden voor verschillende alp ha t=5 .. 160 
t:=2.5: 
for k from 1 by 1 to 6 do 

t:=t*2: 
writeto(terminal): lprint('t=' ,t): appendto(simlwalp ): 
printf('%-5.0f ,t): 
flag:=l: 
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od: 

for alp from 1-80e-5 by 5e-5 to 1-10e-5 do 
alpha:=1-alp: 
if flag= 1 then 

exponent:=-x/\2/(2 *sigma/\2)+2 *x-2 *nu *t*exp( -alp ha *d/\2): 
onder:=fsolve( exponent=-9,x,-5 . .2.4 ): 
boven: =fsolve( exponent=-9 ,x,2. 4 .. 5): 
h:=evalf(2 *(int( exp( exponent),x=onder .. boven)/2. 736305)-1 ,5): 

el se 
h:=O: 

fi: 
if h<-0. 9 then 

flag:=O: 
fi: 
printf(' %-8.4f ',h): 

od: !print(): 

#Printen waarden voor diverse alp ha t> 160 
t:=100: 
for k from 1 by 1 to 10 do 

t:=t+200: 

od: 

writeto( terminal): !print(' t=' , t): appendto( simlwalp): 
printf('%-5.0f ,t): 
flag:=l: 
for alp from 1-80e-5 by 5e-5 to 1-10e-5 do 

alpha:=1-alp: 
if flag= 1 then 

exponent:=-x/\2/(2*sigma/\2)+2*x-2*nu*t*exp(-alpha*d/\2): 
onder:=fsolve( exponent=-9,x,-5 .. 2.4): 
boven:=fsolve( exponent=-9,x,2.4 .. 5): 
h:=evalf(2 *(int( exp( exponent),x=onder .. boven)/2. 736305)-1 ,5): 

el se 
h:=O: 

fi: 
if h<-0. 9 then 

flag:=O: 
fi: 
printf('%-8.4f' ,h): 

od: !print(): 

#Waarden voor diverse alp ha voor t>21 00 
t:=2100: 
for k from 1 by 1 to 8 do 

t:=t+500: 
writeto(terminal): lprint('t=' ,t): appendto(simlwalp ): 
printf('%-5.0f ,t): 
flag:=l: 
for alp from 1-80e-5 by 5e-5 to 1-10e-5 do 
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alpha:=l-alp: 
if flag= 1 then 

exponent: =-x/\2/(2 *sigma/\2)+2 *x-2 *nu *t*exp( -alp ha *d/\2): 
onder:=fsolve( exponent=-9,x,-5 .. 2.4): 
boven:=fsolve(exponent=-9,x,2.4 .. 5): 
h:=evalf(2 *(int( exp( exponent),x=onder. .boven)/2. 736305)-1 ,5): 

el se 
h:=O: 

fi: 
if h<-0. 9 then 

flag:=O: 
fi: 
printf('%-8.4f' ,h): 

od: lprint(): 
od: 

od; 
close(); 
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Appendix E 

In this appendix the effects of the shape of the asumed grain size distri bution and the 
fit parameters on the calculated relaxation curves are pointed out. The grain size 
distribution is assumed to be log normal ( equation A9 ). The calculated relaxation 
curves are based on equation A 11. This equation expresses the normalised exchange 
biasing field as a function of time in a relaxation experiment with the external magnetic 
field applied antiparallel to the biasing direction: 

H:;=(t) =-I +C. I ex{ 2x -
2
: , - 2v, texp{-aL'm•• exp{2x)} }x (El) 

The parameters cr and Lmod arise from the grain size distribution and represent the 
standard deviation ( a measure for the width of the distribution) and the mode ( i.e. the 
most frequent grain size) respectively. The fit parameter a ( multiplied by L2

) is a 
measure for the activatien energy of a grain with respect to the thermal energy as 
defined in equation A6. The fit parameter v0 represents the total trial number per unit 
time to overcome the energy harrier. Firstly, the effects of the parameters arising from 
the grain size distribution in the calculated relaxation curves are pointed out. Secondly, 
the effects ofthe fit parameters a and vo are discussed. 

The parameter Lmod is linked to fit parameter a by the product aLmod 2 and is 
therefore no free variabie in the fit curves. According to the experimentally obtained 
grain size distribution, cr equals 0.57 (Appendix C ). Fit curves have been calculated 
using various cr. If a cr is chosen which is larger than 0.57 ( braader grain size 
distribution ), the fit of the theoretica! relaxation curves to the experimental curves 
deteriorates. If, on the other hand, a cr is chosen which is smaller than 0.57 ( narrower 
grain size distribution) the fit improves. In figure El , fit curves ( cr = 0.2, v0 = 50 min-
1) have been plotted tagether with experimentally obtained relaxation curves. 
Compared to the fit curves of figure 6. 7 ( cr = 0. 5 7 ) these fit curves are in a better 
agreement with the experimental results, especially for t < 1 00 min. So, the assumption 
of a narrower grain size distribution results in better fit curves. The magnitudes of a 
( about a factor 10 ) and v0 ( factor 1500 ) increase as cr decreases. These large changes 
of a and v0 upon a change of cr, indicate a poor accuracy of the magnitudes of the fit 
parameters. Care has to be taken by interpreting the magnitudes of the fit parameters. 

Next, the accuracy of the fit parameters a and v0 are studied, assuming a grain size 
distribution with Lmod = 50 A and cr = 0.57. Relaxation curves have been calculated for 
various magnitudes of v0. Fits which correspond best to the experimentally obtained 
relaxation curves, are obtained with 0.01 < v0 <0.07 min-1 (best fit: v0 = 0.035 min-1 

) . 

This implies an accuracy of a factor 2 for v0. The corresponding magnitudes of a vary 
within 25% ( e.g. at 402 K: 30x 1 o-5 A-2 < a < sox 1 o-5 A-2 best fit: 40x 1 o-5 A-2 

) . 

Compared with the inaccuracy in the fit functions that arises from the assumed grain 
size distribution, the accuracy in a and v0 at a constant grain size distribution is 
negligible. 
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Figure EI a: Theoretica! fits through the experimental data of figure 6. 7, according 
to equation El. The used parameters of the assumed log normal grains size 
distribution are Lmod = 50 A and CY = 0.2. The fit parameter v0 equals 50 min-1
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Figure EI b: Exploded view offigure El a, from t = 0 tot = 600 min. 
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