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Abstract

Element specific X-ray resonant magnetic scattering has been utilized to
directly probe the depth dependence and the laterally interfacial antiferro-
magnetic uncompensated spins in NiFe/IrMn exchange biased bilayers. X-ray
resonant magnetic scattering measurements performed by flipping the helic-
ity of the X-rays as well as switching the magnetic field allow to detect the
dual behavior of the antiferromagnetic uncompensated spins by separating the
frozen and rotatable fraction. At a critical thickness of the antiferromagnetic
layers, up to 90 % of pinned uncompensated antiferromagnetic spins indicates
the high quality of the magnetic interface.

Positive exchange bias has been observed in the NiFe/IrMn bilayer sys-
tem via soft X-ray resonant magnetic scattering. After field cooling of the
system through the blocking temperature of the antiferromagnet, an initial
conventional negative exchange bias is removed after training, i.e., successive
magnetization reversals, resulting in a positive exchange bias in the proximity
of the blocking temperature. This present novel manifestation of magnetic
training is discussed in terms of meta-stable magnetic disorder at the magnet-
ically frustrated interface.

An archetypal CoO/NiFe exchange biased bilayer system has been investi-
gated by using hard and soft X-ray resonant scattering techniques. Hard X-ray
resonant scattering studies of the CoO/NiFe bilayer suggest that the antifer-
romagnet domains size are slightly smaller as compared to the structural grain
size. Temperature dependent soft X-ray resonant scattering suggests that the
ratio of frozen-in to rotating uncompensated spins is found to be remarkably
well correlated with the coercive and exchange bias fields. This correlation
provides a microscopic origin of the temperature dependence characteristics of
the coercive and exchange bias fields.

Utilizing photoemission electron microscopy in combination with magnetic
circular dichroism, the microscopic magnetic interfacial coupling in Co/FeMn
bilayers has been investigated. Using a magnetic sample holder, the domain
structure in the ferromagnetic layer and the interfacial arrangement of uncom-
pensated antiferromagnetic spins has been studied. By analyzing the local
hysteresis loop of each pixel in the recorded images, lateral mapping of the ex-
change bias and coercivity of the ferromagnetic Co layer has been performed.
The local variations of exchange bias and coercive field exhibits a direct corre-
lation with the spatial arrangement of uncompensated antiferromagnetic spins
at the interface.
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Zusammenfassung

Mit Hilfe elementspezifischer resonanter magnetischer Röntgenstreuung wur-
den die in der Tiefe und lateral unkompensierten antiferromagnetischen Spins
an den Grenzflächen von austansch gekoppelten NiFe/IrMn exchange biased
Doppelschichten untersadt. Resonante magnetische Röntgenstreuungs Mes-
sungen, durchgeführt mit Umschalten der Helizität der Röntgenstrahlen sowie
auch der Richtung des magnetischen Feldes, erlauben es uns, das duale Ver-
halten der antiferromagnetischen unkompensierten spins zu detektieren, indem
wir den eingefrorenen und den rotierbaren Teil voneinander trennen. Bei einer
kritischen Dicke der antiferromagnetischen Schicht zeigen bis zu 90% der fest-
gehaltenen unkompensierten antiferromagnetischen spins die hohe Qualität der
magnetischen Grenzschicht an.

Im untersachten NiFe/IrMn system wurde ein positiver exchange bias be-
obachtet. Nachdem das system im Feld unter die blocking-Temperatur des An-
tiferromagneten gekühlt wurde, wird der arsprünglich anfänglicher negative ex-
change bias durch Training, d.h. sukzessives Umschalten der Magnetisierung,
entfernt. Das führt zu einem positiven exchange bias in der Nähe der blocking-
Temperatur. Diese neue Erscheinungsform des magnetischen Training wird
im Rahmen einen metastabilen magnetischen Unordnung an der magnetisch
frustrierten Grenzfläche während des Ummagnetisierungs-prozesses diskutiert.

Eine typische exchange biased CoO/NiFe Doppelschicht wurde mit harten
und weichen Röntgenstreumethoden untersucht. Messungen mit harte Röntgen-
streuung weisen darauf hin, dass die Größe der antiferromagnetischen Domänen
etwas geringer ist als die strukturelle Korngröße. Die temperaturabhängige we-
iche Röntgenstreuung zeigt, dass das Verhältnis der unkompensierten einge-
frorenen spins zu rotating spins erstaunlich gut mit dem Koerzitiv- und dem
exchange bias Feld korreliert. Diese Korrelation bildet en mikroskopischen
Herkunft der Temperaturabhängig mit der Koerzitiv- und exchange bias-Felder.

Mit Hilfe von Photoemissions-Elektronenmikroskopie, kombiniert mit mag-
netischem Zirkulardichroismus, wurde die mikroskopische magnetische Gren-
zflächenkopplung in Co/FeMn Doppelschichten untersucht. Mit Hilfe eines
magnetischen Probenhalters konnte die Domänenstruktur in der ferromag-
netischen Schicht und die Anordnung der unkompensierten antiferromagnetis-
chen Spins an der Grenzfläche studiert werden. Durch eine Analyse der lokalen
Hystereseschleife in jedem Pixel der aufgenommenen Bilder wurde eine laterale
Abbildung des exchange bias und der Koerzitivität der ferromagnetischen Co-
Schicht erzeugt. Die lokalen Variationen von exchange bias und Koerzitivfeld
zeigen eine direkte Korrelation mit der räumlichen Anordnung der unkompen-
sierten antiferromagnetischen Spins an der Grenzfläche.
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Chapter 1

Introduction

Spintronic devices have created enormous advances in microelectronics, lead-
ing to faster, instant-on start times and orders-of-magnitude increases in data
storage capacity. The most popular spintronics systems is the giant magnetore-
sistance (GMR) device [49]. A typical GMR device consists of two ferromag-
netic (FM) layers separated by a metallic nonmagnetic spacer layer. When
the magnetization direction of two ferromagnetic layers is aligned the resis-
tance will be smaller than that for antialigned layers. In GMR devices the
magnetization direction of a ferromagnetic reference layer is fixed by direct
exchange coupling to an adjacent antiferromagnet [56]. The investigation of
the exchange bias phenomenon has witnessed a flurry of activity in both the-
oretical and experimental realms since two decades [6]. This emerged from its
use as an integral part in magnetic sensors and magnetic reading heads.

The exchange anisotropy was discovered by Meiklejohn and Bean of General
Electric in 1956 [1]. They observed that field cooled and partially oxidized Co
particles exhibited hysteresis loops displaced along the magnetic field axis.
They attributed this phenomenon to the exchange interaction at the interface
between the ferromagnetic Co core and the antiferromagnetic CoO shell [1]. A
few years later identical results were obtained in thin film systems by Kouvel
et al. [5].

Fig.(1.1) illustrates the hysteresis loops for the three different scenarios for
ferromagnetic materials. The almost rectangular shaped magnetic hysteresis
loop with distinct magnetic remanence and coercive field is an indication of
the presence of an uniaxial anisotropy in the ferromagnetic material. The loop
shown in the middle panel depicts the properties of the ferromagnetic material
in close contact with a compensated antiferromagnetic (AFM) layer. In the
compensated antiferromagnetic interfaces, the net total magnetic moment of
the antiferromagnetic interface layer is zero, because of the vector addition of
the spin moments that belong to each of the two antiferromagnetic magnetic
neighboring sublattices, pointing in opposite directions. The system has been
cooled down below the Néel temperature of the antiferromagnetic layer in the
presence of an applied external magnetic field. Qualitatively, the magnetic
hysteresis loop is still rectangular and centred at zero field, but broader as
compared to the uncoupled ferromagnetic layer.
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Figure 1.1: Illustration of longitudinal component magnetic hysteresis loops of
the ferromagnetic materials in term of broadening and shift from zero magnetic
field depending on proximity of antiferromagnetic layer and the magnetic field
cooling.

Now, when at the interface, the antiferromagnetic layer is uncompensated,
the field cooling procedure leads to a dramatic change of the magnetic proper-
ties. In an uncompensated antiferromagnetic magnetic surface all spins point
in the same direction and the layer has a net magnetic moment. The magne-
tization hysteresis loop now shows a horizontal shift by an amount HEB (see
Fig. 1.1).

The essential physical phenomenon is the exchange interaction established
at ferromagnetic/antiferromagnetic interface. Since antiferromagnets have a
small or no net magnetization, their spin orientation is only weakly influenced
by an external magnetic field. The antiferromagnet spin order is preserved
during the magnetization reversal. Reversal of the ferromagnet’s moment will
now have an additional constraint, that corresponds to the energy necessary
to overcome the interfacial exchange coupling. This additional energy term
implies a shift in the magnetic hysteresis of the ferromagnetic film from zero
magnetic field. Thus the magnetization curve of an exchange-biased ferromag-
netic film is shifted away from zero magnetic field by an amount of exchange
bias field HEB and with an enhanced coercivity [6]. The magnetization hys-
teresis loop now shows a horizontal shift. This preferential alignment of the
magnetization along a particular direction is referred to exchange bias field.
The interfacial spin arrangements during field reversal of an exchange coupled
ferromagnetic/antiferromagnetic bilayer is shown in Fig. (1.2).

The thesis work presented here concentrates on the most widely studied
group, namely exchange bias materials in the form of thin film bilayers. There
are several reasons for this preference namely, it is convenient to carry out the
investigation of the specific properties, such as the role of interface structure,
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Figure 1.2: Schematic illustration of the interfacial spin orientation during
field reversal in a exchange coupled ferromagnetic/antiferromagnetic bilayer.

interface magnetic coupling direction, cooling field intensity dependence, and
coercivity enhancement. This thesis work deals with antiferromagnetic mate-
rials IrMn, CoO, and FeMn, which are the most attractive antiferromagnetic
materials for both device applications and fundamental research. NiFe and Co
have been used as ferromagnetic materials.

High quality exchange coupled bilayers were grown in house with mag-
netron sputtering. Soft X-ray based characterizations were performed at BESSY
II, a third generation synchrotron source, and involves different element specific
characterization techniques namely, X-ray diffraction, X-ray resonant magnetic
scattering, total electron yield, X-ray magnetic circular dichroism, and photo-
electron emission microscopy.

Due to miniaturization of modern devices, current research focus on how
to directly probe the antiferromagnetic and ferromagnetic spin structure at
the interface as well as its theoretical interpretation. This thesis presents a
combined element specific and microscopic novel approach to address the rarely
understood fundamental aspects of various direct exchange coupled bilayers,
exhibiting a very rich phenomenology at deep buried interface, formed between
adjacent ferromagnetic and antiferromagnetic materials.

This thesis is divided into three main sections. The first section deals with
the motivation and objectives of the present studies. This consists of a general
introduction of the most debated issues of exchange bias phenomenon followed
by a brief discussion about experimental techniques used in this work. The
second section deals with various experiment categories in different chapters
dealing with various aspects of exchange bias phenomenon. This section mainly
provides first glimpses of the interfacial uncompensated antiferromagnetic spins
arrangement on nanoscale. Finally, third section consists of bibliography and
list of publications.
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Chapter 2

Magnetic Exchange Anisotropy

In this chapter, a short overview of the magnetic anisotropy is given. Section
(2.2) describes technological and industrial importance of the exchange bias
phenomenon. The most debated issues of the exchange bias phenomenon are
briefly described in section (2.3). A summary of the most prominent theoretical
approaches is mentioned in section (2.4) of this chapter.

2.1 Magnetic Anisotropy

2.1.1 Origin of Magnetic Anisotropy

Almost all existing natural and artificial magnetic materials exhibit some mag-
netic anisotropy inherently,i.e., the free energy depends on the crystallographic
direction in which the magnetic field is applied. A magnetic anisotropy may
be seen as easy directions of magnetization, along which a magnetic material
will tend to magnetize, and a certain amount of energy is required to orient
its magnetic moments along other so called hard directions. The source of
magnetic anisotropy can be the symmetry of the crystal structure, which re-
sults in magneto-crystalline anisotropy, the grains, the surface morphology,
and stresses within the crystals [65, 66, 67]. The direction of magnetization
of a ferromagnetic material, therefore, results from the competition among
different energies such as the following:

• Exchange energy : minimized when spins are aligned with one another;

• Uniaxial anisotropy energy : minimized when spin are aligned along easy
axes;

• Thermal energy : acts to randomize magnetic moments;

• Zeeman energy : minimized when magnetic moments are aligned along
the applied external field;

• Magneto-static energy : minimized when the magnetization points in the
direction of the magnetic dipole moment fields created at the boundaries
of the specimen.

7



2.1. MAGNETIC ANISOTROPY

The microscopic origin of the magnetic anisotropy is the spin-orbit coupling
which couples the spin of each atom to its orbital moment. While the spin
can in principle point in every direction, the much smaller orbital moment
is tightly locked to the electronic properties of the crystal and the symmetry
of the lattice. Consequently, the magnetic energy is lowered if the orbital
moment is aligned parallel to a particular crystal axis. Due to the fact that
the spin-orbit coupling is only a small perturbation to the Hamiltonian of
the anisotropic energy, it is typically much smaller than the Zeeman energy.
Therefore, it is still possible to drag the spins away from the easy axis if the
external field is just large enough to compensate the Zeeman and anisotropy
energy. The anisotropy energy is typically given in units of J/m3 or erg/cm3,
while surface or interface anisotropy energies are given in J/m2 or erg/cm2.

The preferred orientation of the magnetization is determined by the magneto-
crystalline anisotropy energy, which is the change in the free energy of a crystal
upon rotation of the magnetization. In thin films and multilayers the magneto-
crystalline anisotropy energy is usually different from the bulk due to the sym-
metry breaking at surfaces and interfaces[64]. By varying the individual layer
thickness and choosing the appropriate element, it is possible to manipulate
the magnetic anisotropy.

Van Vleck [13] attributed the physical origin of the magneto-crystalline
anisotropy energy to the spin-orbit coupling. This interaction can be inter-
preted as the coupling between the spin of the electron and the magnetic field
created by its own orbital motion around the nucleus. The orbital motion is
coupled to the lattice via the electric potential of the ions. The spin-orbit
interaction is large in the neighborhood of the nucleus, where the potential is
spherically symmetric.

2.1.2 Role of the Interfaces

In a magnetic thin film, due to the low volume/surface ratio, magnetic mo-
ments at the surface and interfaces are often modified. The most simple cause
for this is the reduced coordination number at the surface as well as at the
interfaces, which results in a narrowing of the d band width due to symmetry
breaking [14, 16, 17]. A large enhancement in the spin magnetic moments of 3d
transition metal surfaces has been predicted by band structure models. It is
observed that also the orbital magnetic moment can be strongly enhanced by
reduced lattice symmetry [64]. The first experimental evidence was obtained
by van der Laan et al. [18], who reported an enhancement of the orbital mo-
ment for the Ni(110) system. Enhanced orbital moments were also observed
experimentally by Tischer et al. [19] for Co on Cu(100) and by Dürr et. al. [20]
for nanostructured Co/Cu surface .

Various factors have to be considered to explain the modification of the
orbital moment at the surface and interfaces which are listed below:

• d band narrowing results in an enhancement of the spin magnetic mo-
ment. Furthermore, the spin-orbit interaction increases the orbital mag-
netic moment [21];

8



CHAPTER 2. MAGNETIC EXCHANGE ANISOTROPY

• The symmetry is reduced at the surface and interface, which can remove
the crystalline field induced orbital moment [18, 20];

• Surface roughness, inter-diffusion, steps and terraces increase the elec-
tron localization, leads to a more localized atomic wave function with
increased orbital moments [18];

• Confinement of the electronic wave function leading to symmetry break-
ing and localization in thin film [18];

• Thin films can show a stress induced anisotropy due to the lattice mis-
match of the substrate [18, 67].

2.2 Industrial Importance

2.2.1 Introduction

The history of information storage goes back to pre-historic times where mankind
used red and yellow ochre, hematite, manganese oxide and charcoal to paint
information about their life on rock walls, caves and ceilings.

In 1956 IBM fabricated the first commercial hard disk with a storage size of
5 MB, which was an important development for that time. In the years between
1950 and 1980 some storage devices were build that nowadays hardly anyone
would remember, for example the bubble memory or the twistor memory. In
1971, the important first memory disk, called the floppy disk, was invented by
Alan Shugart [54]. It was considered a revolutionary device for transporting
data from one computer to another.

Between 1980 and 2000 two new techniques of digital data storing were
introduced. At the beginning of the 1980s the first optical devices, the CD
and DVD were released. In the middle of the 1990s these and several other
optical devices started to get more and more important and nowadays they are
widely used. Exactly at that time the first electronic devices were developed.
These devices, e.g., Compact Flash Cards, Memory Sticks etc., are very small
but they can store a lot of data.

In the 21st century the development of the technologies will lead us from
the now widely used optical devices to the laser based holographic memories.
In 2003 the first blue-laser based disc, the blue-ray disc, was released and the
first computer hard drives based on holographic memories are to be expected
in the year 2010 [52]. The next generation of data storage will be holographic
memories, but this is yet to come.

However, the challenge remained to detect the stored information from
these tiny magnetic bits with high enough accuracy to allow read out rates of
100 Megabytes per second. Its phenomenology and the relevance of exchange
anisotropy in read heads based on the giant magneto resistance devices.

9



2.2. INDUSTRIAL IMPORTANCE

2.2.2 Giant Magneto Resistance (GMR)

The GMR effect was discovered in the late 1980s by two pioneer scientists,
Peter Gruenberg of the Forschungszentrum Jülich GmbH and Albert Fert of
the University of Paris-Sud.
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Figure 2.1: (a) Schematic illustration of the spin valve as a stack of two FM
layers separated by a nonmagnetic spacer. (b) The magnetic hysteresis loop
of reference layer is shifted along the unidirectional anisotropy direction; how-
ever, the magnetic hysteresis loop of the free layer remains centered to zero.
(c) Schematic representation of the spin-valve effect in a trilayer film of two
identical ferromagnetic layers sandwiching a non-magnetic metal spacer layer,
with the current circulating in plane. When the two magnetic layers are mag-
netized parallel, the spin-up electrons (spin antiparallel to the magnetization)
can travel through the sandwich nearly unscattered, providing a low resistance.
In contrast, in the antiparallel case both spin-up and spin-down electrons un-
dergo collisions in either ferromagnetic layer, giving rise to a higher resistance.

It was observed that in Fe/Cr multilayers the magnetization of ferromag-
netic Fe layers can be oriented parallel or antiparallel by tuning the thickness
of the Cr interlayer [49, 50, 51]. The thickness of the interlayer is such that
even in the case of antiparallel coupling the two ferromagnetic layers can still
be aligned parallel with an external field. Gruenberg and Fert independently
found that the electric resistance of such a structure changes dramatically be-
tween the antiparallel to the parallel orientation [49, 50, 51, 53]. A very large
decrease in electrical resistance upon application of a magnetic field in cer-
tain structures composed of alternating layers of magnetic and nonmagnetic
metals (like Fe/Cr multilayers), changes of up to 50% were found in electrical
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resistance and the effect was called the giant magneto resistance effect. The
discovery of the GMR provided the opportunity for a new class of the magnetic
devises with tremendous efficiency.

Parkin et al. [41] reported the antiferromagnetic interlayer exchange cou-
pling and enhanced saturation magnetoresistance in Co/Cr and Co/Ru metal-
lic superlattice systems. In these systems both the magnitude of the interlayer
magnetic exchange coupling and the saturation magnetoresistance are found
to oscillate with the Cr or Ru spacer layer thickness with a period ranging
from 12 Å in Co/Ru to 21 Å in the Co/Cr superlattice systems.

However, in order to use GMR devices in magnetic storage, still two im-
portant obstacles had to be removed. First, in case of read head sensors, the
switching field needed to be quenched up to a few oersted. Second but more
significant, read head sensors need to be capable to distinguish between two
different directions of an external field [56].

Dieny et al. [55] show that the in-plane magnetoresistance of sandwiches of
uncoupled ferromagnetic (Ni81Fe19,Ni80Co20,Ni) layers separated by ultrathin
nonmagnetic metallic (Cu,Ag,Au) layers is strongly increased when the mag-
netization directions of the two ferromagnetic layers are aligned antiparallel.
IBM proposed a possible structure for a magnetic read head. The basic idea
behind the sensor is depicted in the Fig.(2.1), where two ferromagnetic materi-
als are separated by a nonmagnetic spacer. The materials and thicknesses are
chosen such that this structure does exhibit a GMR effect. The bottom layer is
attached to an antiferromagnet and treated such that it exhibits considerable
exchange bias.

2.3 Enigmatic Issues for Exchange Bias

At this stage it is appropriate to formulate a precise list of the microscopic
factors required for the theoretical description of exchange bias phenomenon.
This conclusive list reads as follows:

• First and foremost, to make an assumption on the interface spin struc-
ture, that provide a genuine understanding of the exchange bias phe-
nomenon;

• To derive values for the magnitude of the exchange bias and coercive
field as a function antiferromagnetic layer thickness and temperature;

• To understand the highly non-trivial relation between interface roughness
and grain size with exchange bias field;

• To explain the training effect, i.e., effect of successive magnetization on
magnitude and sign of the exchange bias field;

The abundant experimental studies during the last decades have allowed
us to make significant headway in the understanding of the exchange exchange
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bias phenomenon, but still many important issues remain debated. Follow-
ing subsections describe the progress have been made on each debated issues
separately.

2.3.1 Size of Exchange Bias

The first and simplest Meiklejohn and Bean (MB) model based on an ideal
interface, overestimates the loop shift by orders of magnitude [1, 2]. Based on
this model the exchange bias field originates from uncompensated magnetic
moments located at the antiferromagnetic surface [6]. Recently, in a first at-
tempt which is partially contained in this thesis work, polarized neutron, hard,
and soft X-ray reflectivity techniques have been successfully used to describe
the origin of the reduced exchange bias in epitaxial CoO/NiFe bilayer [10].

2.3.2 Thickness Dependence

The exchange bias almost vanishes if the thickness of the antiferromagnetic
layer tAFM is below a critical thickness, which depends on the antiferromag-
netic material. Above this critical thickness the exchange bias field increases
until it reaches saturation. The exchange bias dependence on thickness of the
antiferromagnetic layer is difficult to describe in a general theoretical approach,
because properties like grain size, roughness, and other growth parameters in-
fluencing exchange bias are often unknown and strongly depend on the film
thickness as well as on the growth procedure [6].

In order to establish the thickness at which the exchange bias saturates, a
number of experimental investigations of the antiferromagnetic layer thickness
dependence have been carried out [142, 171, 172]. The results so far have been
interpreted in terms of parallel domain walls in the antiferromagnetic layer .
Ali et al. [29] have suggested that the dependence of exchange bias field on
tAFM and its variation with temperature in fact supports the idea of perpendic-
ular domain walls originating from the bulk antiferromagnet [142, 171, 172]. In
this thesis the issue of the dependence of exchange bias field on the antiferro-
magnetic layer thickness will be discussed in frame of the spin glass model [9],
where a modification of interfacial parameters with the antiferromagnetic layer
thickness directly has been correlated with the dependence of exchange bias
field on tAFM .

2.3.3 Temperature Dependence

It is expected that the exchange bias vanishes above the Néel temperature.
In contrast it has been observed for many different antiferromagnets that the
unidirectional anisotropy already vanishes at lower temperatures. The tem-
perature at which the unidirectional anisotropy vanishes is called the blocking
temperature. Therefore, the blocking temperature of an exchange bias system
is the temperature where the hysteresis loop acquires a negative or positive
shift from the zero field. The microscopic origin of the blocking temperature
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and its magnitude is still debated in the literature but it is well established
that the blocking temperature is always lower than the Néel temperature of the
antiferromagnetic layer. For thick antiferromagnetic layers blocking tempera-
ture ≤ Néel temperature, whereas for thin antiferromagnetic layers blocking
temperature � Néel temperature [6]. Possible causes for a reduced blocking
temperature and for the behavior of the exchange bias and coercive fields as
a function of temperature are attributed to elsewhere: finite size effects [32],
multiple phases [33], antiferromagnet grains [34], and diluted antiferromag-
net [35].

2.3.4 Field Cooling Dependence

Generally the loop shift depends only very little on the field cooling strength,
however, a first exception has been reported by Nogués et al., namely a strong
dependence of the exchange bias field for FeF2/Fe and MnF2/Fe bilayers [12].
Specific to the last two systems is the low anisotropy of the antiferromagnet
and the antiparallel coupling between the ferromagnetic and antiferromagnetic
layers. At high cooling fields, the interface layer of the antiferromagnet aligns
ferromagnetically with the external applied field and therefore ferromagneti-
cally with the ferromagnetic layer itself. As the preferred orientation between
the interface spins of the ferromagnetic and antiferromagnetic layer is the an-
tiparallel one, the exchange bias field becomes positive. The biasing process
is then determined by a competition between the Zeeman energy acting on
the surface spins of the antiferromagnet and the antiferromagnetic exchange
interaction between the ferromagnetic and antiferromagnetic layer [25, 26].

Close to the blocking temperature, positive exchange bias was also observed
for CoO/Co, FexZn1−xF2/Co, and Cu1−xMnx/Co bilayers [22, 23, 24, 42, 161].

2.3.5 Coercivity Enhancement

The coercivity of a ferromagnetic film increases in exchange coupled bilayer sys-
tems, which leads to the notion that the coercivity enhancement is correlated
to the stiffness of the antiferromagnet [3, 6, 8, 9]. It has been also suggested
that a competition between the Zeeman energy acting on the surface spins
of the antiferromagnet and the antiparallel exchange interaction between the
ferromagnetic and antiferromagnetic layer gives rise to the coercivity enhance-
ment [25, 26].

To describe the enhanced coercivity, Stiles and McMichael [70] presented
a model that predict an inhomogeneous reversal and irreversible transitions
in the antiferromagnetic grains. The model can be described in terms of a
small number of dimensionless parameters, and its behavior has been deter-
mined through simulations of magnetic reversal for a range of values of these
parameters. Inhomogeneous reversal contributes to the coercivity at all tem-
peratures. The second contribution to the coercivity arises from energy losses
in the antiferromagnet due to irreversible changes of the antiferromagnetic
order in the grains. The antiferromagnetic order only becomes unstable at
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non-zero temperature, so that this contribution to the coercivity only occurs
at non-zero temperatures.

2.3.6 Azimuthal Dependence

Plenty of theoretical and experimental efforts [6, 9, 27] have been put forward
to explain the origin and magnitude of exchange bias field. However, other
features characteristic of exchange bias systems have been studied only exper-
imentally. Important aspects are the directional properties of the exchange
bias. The angular dependence of exchange bias and coercive fields was first
explored experimentally in NiFe/CoO bilayers by Ambrose et al. [27]. The
variations obtained in exchange bias and coercive fields as a function of the
field angle (θ) were not simple sinusoidal functions as initially expected [2].
The experimental results can be empirically described with cosine series ex-
pansions [27], with odd and even terms for exchange bias and coercive fields,
respectively. For FeNi/FeMn bilayers, Gao et al. [28] reported that the an-
gular dependence of exchange bias shows hysteresis between clockwise and
counterclockwise rotations.

This thesis work also testifies to the fact that by controlling the degree of
spin disorder and the thickness of the interfacial layer, better control over the
exchange bias of the magnetic bilayer can be achieved.

2.3.7 Training Effect

In many exchange bias systems the size of the loop shift is modified by con-
tinuously cycling the magnetization [38]. It has been proposed that this effect
is related to a re-orientation of the interfacial antiferromagnetic interfacial
spins [38]. Earlier, the training effect has been discussed in terms empirical
expressions [38], which suggested a power law dependence of the coercive and
the exchange bias fields as a function of cycle index, n.

Binek [39] demonstrated that the deviations from equilibrium in the pin-
ning layer are the driving force behind the magnetic training effect. The
temperature dependence of the training effect is also studied in a Co/CoO
exchange-bias bilayer [40]. Hauet et al. [30] suggests that the training effect
for exchange coupled GdFe/TbFe bilayer is dominated by interfacial domain
wall annhilation which is more likely to take place when interfacial domain
wall energy cost is large.

This thesis proposes a novel approach to describe the magnetic training
effect in Chapter 6. It has been considered that a relaxation in interfacial
magnetic frustration allowing a re-distribution in interfacial antiferromagnetic
spins is a microscopic origin of the magnetic training effect.

2.3.8 Asymmetric Magnetization Reversal

The magnetization reversal in the exchange biased system is one of most de-
bated issues in the literature [36, 37, 42, 43, 44, 46, 47].
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First observation of the asymmetric magnetization reversal is reported by
Nikitenko et al. [36, 37] in a wedged NiFe/FeMn exchange coupled bilayer, and
the observed asymmetry in the domain motion appears due to the presence of
a mobile domain wall (exchange spring) in the antiferromagnet.

Fitzsimmons et al. [46] suggest a simple model that is capable of explain-
ing the magnetization reversal process. They suggest that the magnetization
reversal process depends upon two factors, namely the cooling field direction
relative to the antiferromagnetic anisotropy axis, and whether the applied field
was increased from negative to positive values [46, 45].

2.4 Theoretical Models of the Exchange Bias

The discovery of the exchange bias phenomenon generated vigorous activi-
ties to describe the involved microscopic physics. The major obstacle on the
path to a full understanding of the exchange bias phenomenon is the lim-
ited knowledge of the magnetic structure in the proximity of the ferromag-
netic/antiferromagnetic interface.

However, there are many systems that exhibit exchange bias and it is quite
likely that no single theory will be able to properly fit and explain the involved
microscopic physics. In fact, it might well be that each, or at least some, of
the assumptions made on the interface structure apply to different classes of
systems. The relative strength of the antiferromagnetic anisotropy (KAFM)
and ferromagnetic anisotropy (KFM) is also an important physical parameter
in determining which theory is applicable to which system. Thus, at this point
it seems adequate to make a critical evaluation of the list of requirements for
a reasonable and advanced theory of exchange bias:

• A comprehensive and microscopically detailed description of the interfa-
cial crystal and magnetic structures that yield an unidirectional anisotropy;

• The dependence of exchange bias on the external physical parameters
like temperature, cooling field strength, and others;

• The memory effect and its relation to the blocking temperature, training
effect, and the asymmetry of the hysteresis loop.

Theoretical models were developed in order to provide a common approach
to describe the observed phenomenon and to engineer a genuine spin envi-
ronment at the ferromagnetic/antiferromagnetic interface. The different theo-
retical approaches were first summarized in the review article by Nogués and
Schuller [6]. Recently, Radu and Zabel [9] focussed more strongly on the differ-
ent theoretical approaches and included description of polycrystalline samples
as well. A very brief summary of the most debated theoretical approaches in
this section is based on the different available review articles [3, 6, 8, 9] on
exchange bias.
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2.4.1 The Meiklejohn and Bean (MB) Model

Meiklejohn and Bean presented a first phenomenological description of the
exchange anisotropy [1, 2]. They considered a coherent rotation for the mag-
netization M of the ferromagnetic layer. The basic assumptions made in this
model are listed below:

• The ferromagnet layer rotates coherently;

• The both ferromagnetic and antiferromagnetic layers are in a single do-
main state;

• Ferromagnetic/antiferromagnetic interface is atomically flat;

• The antiferromagnetic layer is magnetically rigid, i.e., the antiferromag-
netic spins remain unaffected during the reversal of the ferromagnetic
spins;

• The interfaces are fully uncompensated: the interface layer has a net
magnetic moment;

• The ferromagnetic and antiferromagnetic layers are coupled by an ex-
change interaction across the common interface;

• The antiferromagnetic layer has an in-plane uniaxial anisotropy.

Based on the above facts, the interfacial spin environment of the Meiklejohn
and Bean model can be divided in two categories. In the first case, a low en-
ergy interfacial spin configuration, where interfacial antiferromagnetic spins are
aligned parallel to the ferromagnetic spins. In the second case, a high energy
interfacial spins configuration, where interfacial antiferromagnetic spins are
aligned antiparallel to the ferromagnetic spins (see Fig. 2.2a). The difference
in these two energies lead to an unidirectional anisotropy for the ferromagnetic,
or exchange bias field.

In the limit of infinite anisotropy of the antiferromagnetic layer, the Meik-
lejohn and Bean model [1, 2, 3] suggest a simple but very powerful approach,
which numerically reads

HEB = −JEB
SAFM × SFM
µ×M× tFM

(2.1)

Above formula exhibits the well-known dependencies of exchange bias field
on the ferromagnetic layer thickness tFM , on the magnetization of the ferro-
magnetic layer M, and on the interface magnetic moments SAFM and SFM .
Here, JEB represents the interfacial exchange interaction between ferromag-
netic/antiferromagnetic and µ is the magnetic moment per atom of FM. How-
ever, the origin of SAFM and SFM is totally ignored by the Meiklejohn and
Bean model. Nevertheless, the simple Meiklejohn and Bean formula already
points out the necessity of net magnetic moments at the interface, not only on
the ferromagnetic, but also on the antiferromagnetic side in order to obtain
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finite exchange bias. The magnitude of the predicted exchange bias field is,
however, several orders of magnitude larger than the experimental observa-
tions on epitaxial systems. For compensated interfaces this model suggest a
vanishing exchange bias field.

FM

AFM

Low Energy Configuration High Energy Configuration

Direct Exchange Model

(a)

(b)

Mauri  Model

FM

AFM

Magnetic Interface Mauri Exchange Spring

Figure 2.2: (a) The interfacial spin environment of the Meiklejohn and Bean
model in a low and a high energy interfacial spins configuration. The difference
in energy leads to unidirectional anisotropy or exchange bias field, (b) Geom-
etry of exchange spring in Mauri model of exchange bias that yields the for-
mation of partial domain wall parallel to the ferromagnetic/antiferromagnetic
interface.

Binek et al. [57] modified the generalized Meiklejohn and Bean approach [3]
and presented an analytic description of the exchange bias field. These modi-
fications [57] consider explicitly the dependencies on the thicknesses tFM and
tAFM ; on the orientation angle θ of the anisotropy axes with respect to the
external field and on the frozen magnetization of the antiferromagnet, MAFM .
Furthermore, it is argued that MAFM turns out to be responsible for the ob-
served peak structure in the HEB vs. tAFM dependence.

Recent experimental results of Ohldag et al. [80] make the Meiklejohn and
Bean model more relevant than previously thought. It was found that there are
in fact only a very small percentage (4%) of moments at the antiferromagnetic
interface which are pinned. The rest of the moments rotate rigidly with the
ferromagnet. Only these pinned moments contribute to the exchange bias.
However, the nature of the pinning and its microscopic origin are still unknown.
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2.4.2 Mauri Model

Mauri and coworkers proposed the idea of the formation of a parallel domain
in the bulk part of the antiferromagnet [58]. However, the Mauri model can
only deal with perfectly uncompensated (compensated) interfaces similar to
Meiklejohn and Bean approach. They proposed the presence of a domain wall
such that the exchange energy of an ideal interface is decreased, which counters
the discrepancy between the observed exchange energy and the predicted one.

The original assumptions of the Mauri model are:

• Both the ferromagnetic and antiferromagnetic layers are in a single do-
main state;

• The ferromagnetic spins rotates coherently;

• The antiferromagnetic layer develops a domain wall parallel to the inter-
face;

• The antiferromagnetic interfacial layer is uncompensated (or fully com-
pensated);

• The antiferromagnetic layer has a uniaxial anisotropy;

• The spin after field cooling is oriented parallel to the uniaxial anisotropy
of the antiferromagnetic layer.

The spin configuration within the Mauri model is shown in Fig.(2.2b). The
ferromagnetic spins rotate coherently during the magnetization reversal. The
first interfacial antiferromagnetic spins is oriented away from the ferromagnetic
spins, making an angle with the field cooling direction and with the anisotropy
axis of the antiferromagnetic layer. The next neighboring antiferromagnetic
monolayers are oriented away from the interfacial antiferromagnetic spins as to
form a domain wall parallel to the interface. The spins of the other sublattices
are being oppositely oriented, completing the antiferromagnet order.

By allowing the antiferromagnet to rotate, and by considering strong in-
terfacial coupling, the system will avoid the frustrated configuration which
gives rise to the anisotropy energy in the Meiklejohn and Bean approach by
maintaining the parallel coupling between ferromagnetic and antiferromagnetic
spins at the interface. However, the formation of the domain wall needs energy
and the system will flip back into its initial spin configuration if the external
field is switched off. The basic idea appears to be reasonable and is therefore
considered in many recent approaches to explain the exchange anisotropy.

2.4.3 Random Interface Model

Malozemoff proposed a novel mechanism for exchange anisotropy by consider-
ing a random nature of exchange interactions at the magnetic interface [59, 60].
The basic idea of the random field approach is that any imperfection due to
steps or defects at the interface will cause perturbations in the magnetic order

18



CHAPTER 2. MAGNETIC EXCHANGE ANISOTROPY

on both compensated as well as uncompensated surfaces. The defect causes
an imbalance between positive and negative coupling across the interface and,
therefore, an unidirectional anisotropy on an uncompensated interface is orig-
inated. This random field resulting from the interface roughness causes the
antiferromagnet to break up into small magnetic domains in order to achieve
energy minimization. By contrast with other theories, where the unidirectional
anisotropy is treated either microscopically or macroscopically, the Malozemoff
approach belongs to models on the mesoscopic scale for interface magnetism.

-HEB

AFM

FM

Field Cooling

Applied Field During Growth

Random Field Model

Figure 2.3: The presence of a bump due to structural roughness at the inter-
face changes the relative energy. In this model spin environment a bump is
supposed to be the origin of the unidirectional anisotropy.

Considering the interfacial energy in one domain σ1 different from the en-
ergy in the neighboring domain σ2, then the exchange field can be calcu-
lated by using the equilibrium condition between the applied field pressure
2H×M×tFM and the effective pressure from the interfacial energy ∆σ:

HEB =
∆σ

2MtFM
(2.2)

where M and tFM are the magnetization and thickness of the ferromag-
netic layer, respectively. Still, the calculated magnitude of the exchange bias
using the above expression for an ideally uncompensated interface, results in
a discrepancy of several orders of magnitude with respect to the experimental
observation [10].

2.4.4 Domain State (DS) Model

Nowak and coworkers [61, 62, 63, 77, 149] proposed a microscopic Domain
State (DS) model in which disorder is introduced via magnetic dilution not
only at the interface, but also in the bulk of the antiferromagnet. In pres-
ence of an external applied magnetic field, the DS model proposed that the
antiferromagnet layer is behaved as a diluted Ising antiferromagnet.
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In zero field the system undergoes a phase transition from a disordered,
paramagnetic state to a long-range-ordered antiferromagnetic phase at Néel
temperature. At lower temperature, the long-range interaction phase is stable
in three dimensions. When the field is increased at low temperature, the
diluted antiferromagnet develops a domain state phase. The formation of
the antiferromagnetic domains in the domain state phase originates from the
difference of the number of impurities of the two neighboring antiferromagnetic
sublattices within the finite region of the diluted Ising antiferromagnet. This
imbalance leads to a net magnetization which further couples to the applied
external field. The formation of a domain wall can be optimized if the domain
wall passes through non-magnetic defects at a minimum expense of exchange
bias field.

2.4.5 The Spin Glass (SG) Model

To overcome the theoretical difficulties in explaining the inter-connection be-
tween the exchange bias and coercivity, Radu and coworkers [9, 48, 150] con-
sidered a separate magnetic state of the interface between ferromagnetic and
antiferromagnetic layers which is magnetically disordered, behaving similar to
a spin glass system. The basic assumptions of the spin glass model are:

• The ferromagnetic/antiferromagnetic interface is a frustrated spin system
(spin-glass like);

• Frozen-in uncompensated antiferromagnetic spins are responsible for the
exchange bias;

• Low anisotropy interfacial antiferromagnetic spins contribute to the en-
hanced coercivity of the ferromagnetic layer.

Within this model, the interfacial layer is assumed to contain two types of
antiferromagnetic states. One part has a large anisotropy with the orientation
ruled by the antiferromagnetic spins and another part has a weaker anisotropy
with a small degree of freedom that allows some uncompensated antiferromag-
netic spins to rotate during the ferromagnetic magnetization reversal. The
presence of a low anisotropy antiferromagnetic region can be justified by con-
sidering the fact that the interface between the ferromagnetic and antiferro-
magnetic layers is never perfect; therefore, chemical intermixing, deviations
from stoichiometry, and structural inhomogeneities, low coordination, break-
ing symmetries etc. at the interface can be found (see Fig. 2.4). This leads to
the formation of a metastable region at the magnetic interface.

In this model it is assumed that the interface anisotropy depends on the
quality of the interface and leads to an enhanced coercivity called ”Effective
Anisotropy” (Keff ). When Keff = 0, the system behaves ideally as described
by the Meiklejohn and Bean model, i.e., the coercive field is equal to the
coercive field of the unbiased ferromagnetic layer, and the exchange bias field
is finite. In the other case, i.e., when the interface is disordered, the effective
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Bulk FM

Frozen AFM 

uncompensated spins

Bulk AFM

Rotating AFM 

uncompensated spins

Interface

Figure 2.4: Schematic view of the spin arrangement in the spin glass model. At
the interface between the ferromagnetic and the antiferromagnetic layers, the
antiferromagnetic anisotropy is assumed to be reduced leading to two types of
antiferromagnetic states after field cooling the system: frozen-in and rotatable
antiferromagnetic uncompensated spins. After reversing the magnetic field,
the rotatable spins follows the ferromagnetic spin rotation mediating directly
to the coercive field. The frozen-in spins remain largely unchanged in moderate
fields. But some of them will also deviate from the original cooling state.

anisotropy is related to the available interfacial coupling energy following Keff

= (1- f )×JEB, where JEB is the total exchange energy of an ideal system
without additional coercivity. With this assumption the absolute value of
exchange bias field is reduced by the factor f as compared to the Meiklejohn
and Bean model. Thus the factor f describes the conversion of interfacial
energy into coercivity through rotation of interfacial antiferromagnetic spins.
In this model, exchange bias and coercive field are intimately related, i.e., a
large exchange bias field results in a small coercive field and vice versa. In this
model, R = (KAFM×tAFM)/(f ×JEB) is a defining parameter of the strength
of antiferromagnetic layer with particular thickness tAFM .
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Chapter 3

Experimental Techniques

3.1 Introduction

The exchange biased bilayer consists of two materials, with completely dif-
ferent magnetic nature: the ferromagnetic and the antiferromagnetic layers.
The ferromagnetic layer can be studied comprehensively by utilizing labora-
tory equipment like SQUID and MOKE. However, this is not the case for the
antiferromagnetic layer, and the buried magnetic interface. The underlying
interface has a low volume/surface ratio, therefore, it is extremely difficult to
distinguish its contribution from the ferromagnetic layer. Still the interfacial
magnetic properties are the important issues for a microscopic understanding
of the exchange bias. Polarized neutron scattering and soft X-ray resonant
magnetic scattering techniques serve as an ultimate tool that can explore the
key magnetic properties of the buried interface.

On one side, vanishing antiferromagnetic magnetization for thin antiferro-
magnetic films (that ideally have no macroscopic magnetization), poses diffi-
culties in studying such system with equipment like SQUID and MOKE. On
the other side, due to the reduced available volume for scattering, neutron
scattering is rather difficult. Furthermore, in all recent theoretical models the
coupling between antiferromagnet and ferromagnet is mediated by a resid-
ual magnetization in the antiferromagnet at the interface to the ferromagnet.
Although few attempts have been made to experimentally quantify these resid-
ual moments [83, 84, 169]. The origin and experimental quantification of these
residual moments is not well understood yet. Since, thin films offer only a
very low scattering cross section, this technique is typically only applicable to
bulk samples. A way to avoid this problem is to use multilayered structures as
adopted by Borchers et al. [169], Ijiri et al. [83], and van der Zaag et al. [84].

Takano et al. [75] first observed uncompensated spins in bulk CoO by
measuring the remanent magnetization. They observed that the amount of
uncompensated spins increases with decreasing grain size, suggesting that un-
compensated moments in polycrystalline samples are mainly located at grain
boundaries. After depositing a ferromagnet on the CoO they could further-
more observed that the exchange bias field increases with decreasing grain size
of the antiferromagnetic substrate. This work presents experimental evidence
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that exchange bias is connected to an uncompensated spin structure in the
antiferromagnet.

A quantitative approach to characterizing the antiferromagnetic layers is
polarized neutrons scattering [15]. Besides the antiferromagnetic magnetic
structure, polarized neutron scattering is also able to probe the formation of
magnetic domains at the interface [42]. Moreover, its sensitivity to antiferro-
magnet domain size (1 nm-1µm) and its orientation [10] make it an indispens-
able tool for the magnetism. However, lack of the chemical sensitivity in such
techniques posed a limitation for the element specific studies.

For lateral characterization of thin films, scanning tunnelling microscopy,
which is extremely surface sensitive and measures spin dependency of the tun-
neling current by using magnetic tips can be used to image the spin order-
ing [85].

To characterize the spin structure at the ferromagnetic/antiferromagnetic
interface a technique needs to be capable of addressing three different issues
associated with antiferromagnets as listed below:

• In order to understand the role of the ferromagnetic and antiferromag-
netic layer separately, it is essential that an experimental technique is
able to choose chemical sensitivity between ferromagnetic and antiferro-
magnetic materials;

• Since the spatial agglomeration of uncompensated antiferromagnetic spins
is on the nanoscale, the spatial resolution of the imaging technique must
be of the order of a few nanometers;

• Experimental techniques should be able to provide magnetic depth pro-
filing individually for the ferromagnetic and antiferromagnetic materials.

X-ray magnetic circular dichroism (XMCD) is a powerful tool for detecting
uncompensated antiferromagnetic spins, which makes it possible to determine
the magnetization process of antiferromagnetic spins during the reversal of
ferromagnetic moments [80, 81]. In an attempt to observe the correlation
between strength of exchange bias field and frozen interfacial antiferromagnetic
uncompensated spins two groups [80, 81] were locked in a race, resulting in
contradictory observations. The vertical offset in element specific magnetic
hysteresis (ESMH)1 of antiferromagnetic on identical exchange biased bilayers
emerges as a basis of their contradictory results. On one side, Ohldag et al. [80]
claimed after experimenting in total electron yield (TEY) mode, which is more
surface sensitive rather than interface sensitive:

”...we have observed pinned uncompensated spins at the interface of
several exchange bias sandwiches that are used in room temperature
device structures. In all cases, we find that only 4% of the interface
layer contains pinned spins. We believe that the tiny fraction of

1Ohldag and coworkers have measured the element-specific magnetic hysteresis loops by
rotating the sample in two opposite orientation with respect to the external applied magnetic
field.
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uncompensated pinned spins is the very reason that has impeded the
unravelling of the exchange bias puzzle for nearly 50 years...” [80].

On the other side, Tsunoda et al. [81] claimed after their own experiment
on similar samples in transmission mode, which is more bulk sensitive rather
than interface that:

”...soft x-ray magnetic circular dichroism was measured in trans-
mission mode for Mn73Ir27 (10 nm)/Co70Fe30 (2 nm) bilayers with
different chemical orderings of the MnIr layer. No vertical offset of
the Mn ESMH loops was observed for either the disordered or the
ordered bilayer...” [81].

In order to truly assign the correlation between strength of exchange bias
field and frozen interfacial antiferromagnetic uncompensated spins using more
interface sensitive techniques demand further work to address this discrepancy.

Soft X-ray resonant scattering (XRMS) is one of the techniques capable of
yielding this ultimate desired information. Although few primary studies uti-
lizing X-ray resonant scattering as probing tool [86, 87, 88] on polycrystalline
as well as epitaxial system have been done, clarity about the location of the
uncompensated moments and coupling nature is still elusive. Bruck et al. [88]
observed a complex magnetic interfacial layer, consisting of a 2 monolayer
thick induced ferromagnetic region, and pinned uncompensated Mn moments
that reach far deeper (13 Å), both located in the antiferromagnet. Blackburn
et al. [87] identified a thin (0.5 nm) layer containing uncompensated Co mag-
netization at the interface with the NiFe. They concluded that 10 % of the
magnetization in this interfacial layer is pinned antiparallel to the cooling field
and antiferromagnetically coupled to the ferromagnetic layer. Recently, Doi
et al. [89] found uncompensated Mn spins located at the MnIr/CoFe interface
and in the MnIr bulk region which couples antiferromagnetically and ferromag-
netically to the Co spin, respectively. Pinned Mn spin which does not rotate
with the Co spin was observed at the MnIr/CoFe interface.

This thesis work utilized element specific combined X-ray resonant scat-
tering and photoemission electron microscope techniques in order to directly
probe the laterally and depth resolved antiferromagnetic uncompensated spins
in exchange biased bilayers, as a unique tool for addressing the element spe-
cific magnetism of thin films and buried interfaces. The technique is based on
tunable X-ray sources, where the energy of the X-rays can be tuned over the
absorption resonance edges of ferromagnetic and antiferromagnetic materials.

This chapter deals with the details of the used experimental techniques and
its methodology in this thesis work. This includes a brief introduction of the
magnetron sputtering, MOKE, synchrotron radiation based techniques like:
X-ray absorption, X-ray magnetic circular dichroism, X-ray resonant magnetic
scattering, and photoelectron emission microscopy.
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3.2. THIN FILM DEPOSITION TECHNIQUES

3.2 Thin Film Deposition Techniques

It is no understatement to say that thin-film growth techniques in the past
three decades have brought tremendous change in condensed matter physics.
Well established thin-film technologies are used to grow the integrated circuits
in our computers and other memory devices. Thin-film deposition is a tech-
nique for depositing a homogenous film of a material onto a substrate or onto
previously deposited layers. Most of the deposition techniques allow the layer
thickness to be controlled within the range of few nanometers while some (like
molecular beam epitaxy) allow single layers of atoms to be deposited at a time.

Rotation Stage

Magnetic Field

Ar+ Accelerated to Target Ejected Surface Atom

Magnetron Sputtering Cathode

Target

Substrate

Sputter Atom

Magnet Assembly

Figure 3.1: Illustration of a magnetron sputtering procedure. The sputtered
ions escape from the target and impact on the substrates. At higher gas
pressures ejected ions collide with the gas atoms that act as a moderator
and move diffusively, reaching towards the substrates and condensing after
undergoing a random diffusion.

Deposition techniques fall into two main categories, depending on whether
the process is primarily chemical or physical. In case of chemical deposition, a
fluid precursor undergoes a chemical change at a solid surface, leaving a solid
layer,whereas physical deposition uses mechanical or thermodynamic means
to produce a thin film of a solid. The material to be deposited is placed in
an energetic environment, so that particles of the material can escape from its
surface. Facing this source is a cooler surface which draws energy from these
particles as they arrive, allowing them to form a solid layer [111, 112].

Magnetron sputter deposition is a physical vapor deposition technique to
deposit thin films by ejecting material from a target. Sputtering relies on a
plasma (usually a noble gas, such as argon) to knock out material from the
target (see Fig. 3.1). The target can be kept at a relatively low temperature,
since the process is not one of evaporation, making this one of the most flexi-
ble deposition technique. It is especially useful for compounds or inter-metallic
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alloys, where different components would tend to evaporate at different rates.
The manufacturing of all formats of the computer disks is based on sputter-
ing technique. It is a fast technique and also provides a good film thickness
control [92, 93].

The sputtering sources are usually magnetrons that utilize strong electric
and magnetic fields to trap electrons close to the surface of the target. The
electrons follow a helical path around the magnetic field lines undergoing more
ionizing collisions with the inert sputter gas. The extra argon ions created as a
result of these collisions lead to a higher deposition rate. The sputtered atoms
are neutrally charged and so are unaffected by the magnetic trap. Charge
build-up on insulating targets can be avoided with the use of RF sputtering
where the sign of the anode-cathode bias is varied at a high rate. RF sputtering
is very useful to produce highly insulating oxide films [10, 94]. In this work
samples have been grown using a commercial BESTEC sputtering chamber
consisting of six magnetron sputter sources operating in the 4 DC and 2 RF
mode, with substrate heating up to 1000 K.

3.3 The Longitudinal Magneto-Optical Kerr

Effect

When linearly polarized light reflects from a magnetic film, its polarization
becomes elliptic (Kerr ellipticity) and the principal axis is rotated (Kerr rota-
tion). The amount of rotation and ellipticity is proportional to a component
of the magnetization of the magnetic film. In the longitudinal magneto-optical
Kerr effect, the magnetization vector M is parallel to both the reflection sur-
face and the plane of incidence (see Fig. 3.2).

e k
E p

E s

M

E s
θk

S a m p l e

D e t e c t r o rL a s e r  D i o d e

P o l a r i z e r A n a l y s e r

P h o t o - E l a s t i c  M o d u l a t o r

Figure 3.2: Illustration of a MOKE setup in the longitudinal geometry. A
diode laser (power = 5 mW and radiation wavelength = 635.0 nm) is used as
a light source. The laser, polarizer, analyzer, photo-elastic modulator, sample,
focusing lenses and detector are mounted on the rotation stages.
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3.4. POLARIZED SOFT X-RAYS

The longitudinal magneto-optical Kerr effect describes the rotation of the
polarization plane (θk) and the change in the ellipticity (εk) experienced by an
incoming linearly polarized wave after reflection on a sample with magnetiza-
tion M parallel to the plane of reflection and to the surface of the sample [97].

3.4 Polarized Soft X-Rays

3.4.1 Need for the Polarized Soft X-Rays

Recently, soft X-ray based experimental techniques for probing the magnetic
thin films and other composite materials have emerged as ultimate and com-
prehensive tools, which yielded a flurry of interest and attention due to their
unique capabilities, like element specificity, brightness, temporal and spatial
resolution etc. [96, 101, 106, 107, 108]. Other optical techniques allow mag-
netic thin film investigations by the Faraday effect or the magneto-optical Kerr
effect. In such conventional techniques the detection is achieved by monitoring
the change in the polarization of incident light either in transmission or in re-
flection. Since, most available lasers have energies in the range of a few eV, the
Faraday and Kerr effects involve transitions from filled to unfilled electronic
valence states. The other major disadvantages of the laser based techniques is
the achievable spatial resolution. Determined by the light wavelength, which
is incompatible for lateral mapping of the uncompensated antiferromagnetic
spins in the exchange biased bilayer whose domains dimension is of few nm [78].

Other method likes SQUID, Atomic Force Microscopy [95], and Spin Po-
larized Tunneling Microscopy [85] are also very powerful tools to study the
magnetic properties and atomic level morphology of magnetic thin film. How-
ever, such easily available lab techniques lack the valuable element specific
information.

Both XMCD and XRMS are extensively used to study magnetic properties
due to the well established fact that such technique offer excellent magnetic and
chemical sensitivity. Modern developed polarized soft X-ray based microscopy
techniques are able to yield ultimate resolution up to order of 20 nm, which is
direly required in this work.

Soft X-rays penetrate material up to the few nm, hence they can be very
useful to directly probe the buried magnetic interfaces. The other advantage
is that X-ray absorption is associated with transitions from the core level to
the valence band level. Since the binding energy of the core level varies from
element to element, X-rays provide elemental specificity. Thus by tuning the
energy to the absorption edges, one can choose to study a particular layer
of interest in the sample. Due to this special capability, one can specifically
select one of the magnetic materials of interest in the magnetic bilayer and
study the magnetization behavior individually, which is not the case with other
conventional techniques.
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3.4.2 Generating of Linearly and Circularly Polarized
X-rays

At synchrotron radiation sources, linearly and circularly polarized X-rays with
photon energies up to the KeV regime are readily generated by using bending
magnet and insertion devices. During operation relativistic electrons are kept
on a closed orbit using deflector dipole magnets and focussing quadarpole
magnets (see Fig 3.3a). A dipole magnet is the source of a continuous spectrum
varying from the hard X-rays to the infrared region [76]. Helical undulators
produce highly brilliant polarized X-rays where the degree of polarization can
be controlled by mechanically shifting the orientation of the permanent magnet
array, allowing for a switching rate in the 0.1 Hz regime. A particular energy is
selected by utilizing a grating monochromator. Finally, the X-rays are focussed
on the sample position by horizontal and vertical optical mirrors.

Figure 3.3: Illustration of the (a) ring and (b) undulator. An undulator consists
of several array dipole magnets with mutually opposite orientation along the
path of the accelerated electrons. The energy and the polarization of the
outgoing X-ray beam can be controlled by tuning the relative positions of the
upper and lower panels of the dipole magnet array called gap (up-down) and
shift (left-right), respectively.
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3.5. X-RAY ABSORPTION SPECTROSCOPY

Generally, X-rays can be generated at different positions within the stor-
age ring. At each side of the bending magnet, the electrons are accelerated
transversely within a certain interaction volume and emit X-rays. Due to their
relativistic energy the intensity is only emitted in a fixed solid angle. Parallel
to the orbit plane only transverse acceleration perpendicular to the original
propagation direction is observed and the emitted radiation is therefore polar-
ized horizontally [76]. At the same time the electrons experience a longitudinal
deceleration, parallel to their original propagation direction. The resulting ra-
diation is transformed by the Lorentz transformation into a ±90 deg phase
shifted vertical polarized electromagnetic wave (see Fig. 3.3a).

The undulator, a periodic magnetic structure where the electrons are sub-
sequently deflected in opposite directions but altogether preserve their origi-
nal propagation direction, is implemented in the straight sections of the syn-
chrotron (see Fig. 3.3b). Intensities emitted by each of the magnet pairs are
added up linearly, therefore, the total output intensity is increased by a factor
of N2 (N = number of the bending magnet pairs) compared to a single bending
magnet. Now the distance between the poles in X-direction is set adequately
in such a way that wave fronts with a particular frequency emitted from ad-
jacent magnet pairs will add up in phase. This allows a relatively narrowed
band width radiation in the fundamental frequency f and at higher harmon-
ics [129]. The frequency f is inversely proportional to the time period T of the
electrons needed to travel between two magnet pairs. Therefore, the energy
of the X-rays emitted from an undulator depends on the distance between the
magnets in X and Y (distance in Y-direction between the poles so called gap)
direction and the magnetic field strength. Typical permanent magnets are
fixed in the X-direction, the X-ray energy is selected by modifying the gap. A
larger distance between the magnet poles leads to a higher output energy and
a lower wavelength.

In most cases, generated X-rays beams from a conventional undulator are
horizontally polarized. Additional polarization components perpendicular to
the original horizontal polarization can be produced if the distance in Y-
direction also allows the relative translation of the magnet poles along the
X-axis. Linearly polarized light of every orientation as well as left and right
circular, or generally speaking elliptically polarized light with a variable degree
of polarization, can be obtained from an elliptical undulator.

3.5 X-ray Absorption Spectroscopy (XAS)

The photoelectric absorption of X-ray photons of an energy hν by electrons
in an atomic level with an electron binding energy EB is characterized by the
emission of photoelectrons with kinetic energy hν-EB-φ, where φ is the work
function of the material [104, 105]. During de-excitation, the ionized atoms
emit Auger electrons with known kinetic energies with a probability 0≤p≤l.
Therefore, an irradiation of a solid specimen by monochromatic X-rays causes
free electrons with well defined kinetic energies to be released from the atoms.
The photoelectric absorption occurs at various depths of the specimen (see
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Fig. 3.4). Some of the corresponding photo and Auger electrons reach the
surface after elastic and inelastic collisions [104].
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Figure 3.4: (a) Soft X-rays are absorbed by exciting a core level electron into
an empty final state, (b) The re-combination of core hole leads to the emission
of an Auger electron. The Auger and the photo-electron are either emitted into
the vacuum or lose their energy during inelastic scattering, (c) The contribution
of buried layers to the total electron yield signal decays exponentially, and (d)
Escape probability of Au electrons from different depths [104].

Here, it is noteworthy that the energy of the electrons at their origin is
described by discrete values, but after their escape from the surface a contin-
uous energy distribution with a superposition of the original line spectrum of
the kinetic electron energies results. This continuum is caused by the inelastic
collisions and the subsequent loss of the kinetic energy. A systematic variation
of the photon energy from below to above an absorption edge of the elements
in the solid gives rise to an increase in total electron yield signal [104, 105].

Therefore, the considerations dealing with the escape probability of elec-
trons are the following:

• The depth from which the electrons have to migrate to the specimen
surface;

• The original kinetic energy of the electrons.

The photo and Auger electrons may now either be emitted into the vacuum
or due to their limited mean free path lose their energy by other means (like
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inelastic scattering). In this condition a huge number of low energy secondary
electrons is generated. Due to their larger mean free path, the secondary
electrons will eventually be emitted into the vacuum [104, 105]. By grounding
the sample via a current amplifier the electron current which is necessary to
compensate for the emitted charge can be measured (see Fig. 3.5a).

The depth profile of the total electron yield method exhibits the exponential
decay characteristic. The buried layers contribute to a small extent to the
total electron yield, compared to the top surface layers. The electron yield
arising from the buried layer is suppressed by the top layer, however, by proper
selection of top layer thickness the relative contribution to the total signal
arising from the buried layer can be detected. This means that if the chemical
properties (like oxidation states) of the buried layer are different from the top
layers its contribution can be identified. In conclusion, the total electron yield
detection offers ultimate surface and interface specificity. It is well suited to
investigate thin films and multilayers with a restricted total thickness (usually
≤ 10 nm) [104].

3.6 X-ray Magnetic Circular Dichroism

3.6.1 Phenomenology of X-ray Magnetic Circular Dichro-
ism

Since its experimental discovery by Schütz et al. [101], magnetic circular dichro-
ism is now widely used as an element-specific characterization tool for magnetic
films and multilayers. Prior to that, magnetic linear dichroism (XMLD) has
been observed in the rare earth materials by Thole and coworkers in 1985 [117].
The interest in circular dichroism at the L resonances of transition metals wit-
nessed a flurry of interest with the novel sum rules [117, 123]. The sum rules
directly correlate the XMCD intensity with the orbital (Thole et al. [117])
and spin magnetic moment (Carra et al. [123]). Chen et al. [96] realized the
first quantitative experimental confirmation of the X-ray magnetic circular
dichroism sum rules for iron and cobalt. A general overview of the correlation
between magnetism, spin-orbit coupling and the anisotropy energy for a wide
range of photon energies can be found in the article by Ebert et al. [102, 118].
More comprehensive reviews exploring the applications of soft X-ray dichroism
and sum rules can be found elsewhere [99, 113, 119, 120, 121]. The following
section is selectively taken from these references.

The underlying principle of magnetic dichroism is explained by considering
L2,3 absorption edges of 3d transition metals, i.e., the onset of transitions of 2p
core electrons to 3d empty states above the Fermi level. The important point
here is that because of the spin-orbit interaction the 2p states are energetically
split into the clearly separated 2P3/2,1/2 levels. Absorption of X-rays by the
excitation of electronic transitions from the 2p states is determined by the
occupied density of states of the 2p core electrons, and the 3d unoccupied
density of states available for these transitions above the Fermi energy EF .
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It can be seen that the absorption signal related to transitions into local-
ized empty 3d states shows up as two peaks at the energetic positions of the
2P3/2,1/2 states, whereas the unoccupied s,p,d states give rise to a step-like
background (see Fig. 3.5b). If 2p→3d transitions are excited by circularly
polarized radiation, these transitions exhibit a spin polarization because of se-
lection rules [100]. In other words, for a certain light helicity more electrons
of one spin direction with respect to the direction of the incoming light are
excited into the unoccupied 3d states than of the other spin direction.
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Figure 3.5: (a) The schematic illustration of the sample current collection and
possible 2p→3d transition for transition metals (left panel), (b) the XAS of Ni
for opposite helicities (c) the XMCD, and (d) the integrated XMCD intensity
of the Ni81Fe19(7.5 nm)/Ir20Mn80 (3.5 nm) sample.

In a ferromagnet, the density of unoccupied states is different for elec-
trons of spin parallel or antiparallel to the magnetization direction, leading
to a spin magnetic moment defined by the difference in occupation. If mag-
netization and light incidence are aligned with each other to some degree,
there are consequently more transitions possible for one direction of photon
helicity than for the other. This leads to a difference in absorption for op-
posite light helicities. In a dichroism spectrum, calculated as the difference
between absorption spectra for opposite helicities, a non-zero difference will
show up at the energy positions of the peaks related to transitions from the
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2P3/2 and 2P1/2 levels into the empty 3d-like states. Since the spin polarization
of 2P3/2→3d transitions has sign opposite to that of the spin polarization of
2P1/2→3d transitions [102, 126], the dichroism at the L3 and L2 edges will
have opposite signs, i.e., the difference curve will show peaks with opposite
sign at the energy positions of the L3,2 edges.

2p→3d transitions excited by circularly polarized radiation are not only
spin polarized, but also show an orbital dependence. This is a direct conse-
quence of the absorption of a circularly polarized photon with angular momen-
tum 4m=±1 [102, 126]. Both the 2P3/2→3d and 2P1/2→3d transitions show
the same sign and same magnitude of orbital polarization.

Right circularly polarized photons excite mainly spin-up core electrons at
the L3 edge and spin-down electrons at the L2 edge. For left circularly polarized
light the situation is vice-versa. For a given photon polarization the sum of
2P3/2 and 2P1/2 contributions shows no spin-polarization, i.e., p±1,↓(L3 + L2)
= p±1,↑(L3 + L2) = 50%. Therefore, the spin-polarization of the core electron
arises through the spin-orbit splitting of 2P3/2 and 2P1/2 levels.

There are twice as many transitions contributing to the L3 resonance com-
pared to the L2 resonance. This holds true as long as the spin-orbit coupling
in the d -states is small enough so that population of 2D5/2 and 2D3/2 is equally
possible. Generally the intensity of the L3 resonance is twice that of the L2

resonance. In presence of spin-orbit coupling in the ground state, the ratio of
the L3 and L2 intensities is correlated with the spin-orbit coupling energy [122].

Fig. (3.5) shows the XAS and XMCD spectra of the Ni81Fe19(7.5 nm)/Ir20Mn80

(3.5 nm) sample. XAS and XMCD spectra of Ni have been measured at the
PM3 beamline of BESSY(II). The XAS spectra have been obtained by mea-
suring the TEY at the Ni L3,2 edges with left and right circularly polarized
X-rays. During the measurement, the applied external magnetic field direction
was kept in the plane of the sample surface. The XMCD data was obtained
by measuring the difference of TEY with alternating opposite helicities.

3.6.2 The XMCD Sum Rules

The orbital (µl) and spin (µs) magnetic moments are unique microscopic pa-
rameters for the fundamental understanding of the magnetic properties of the
materials. Experimentally one can consider XMCD as a modulation of the
L3,2 absorption intensity depending on the angle between magnetization and
the helicity of the incoming X-rays [102, 126]. The XMCD intensity will be
directly proportional to the degree of the circular polarization and total mag-
netic moment (µl+µs) of the material. Keeping the direction of an external
magnetic field fixed, XMCD allows to determine the atomic spin and orbital
moment per electron by using sum rules [123, 124]. According to the X-ray
XMCD sum rule, the orbital and spin moments can be determined from the
XAS and XMCD spectra by the following equations [96]:

ml = −
4
∫
L3+L2

(I+ − I−)dω

3
∫
L3+L2

(I+ + I−)dω
(10− n3d), (3.1)
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ms = −
6
∫
L3

(I+ − I−)dω − 4
∫
L3+L2

(I+ − I−)dω∫
L3+L2

(I+ + I−)dω
(10− n3d)

×
(

1 +
7〈Tz〉
2〈Sz〉

)−1 (3.2)

where ml and ms are the orbital and spin magnetic moments in units of
µB/atoms, respectively, and I+-I− represent the XMCD and n3d is the 3d elec-
tron occupation number of Ni metal atom. L3 and L2 denote the integration
range, 〈 Tz〉 is the expectation value of the magnetic dipole operator, and 〈
Sz〉 is equal to the half of ms in atomic units.

The saturation behavior in the Fig (3.5d) near the end of the integrated
spectra clearly illustrated that there is almost negligible XMCD signal above
the L2 resonance edge. The integral for the whole range, L3 + L2, can be
determined from the integrated spectrum, i.e., the q value. By choosing a
cutoff at the onset of the L2 white line, one can determine the integral for the
L3 edge, i.e., the p value. It is noteworthy, here, that since p is much larger
than q, a slight uncertainty in p will not change significantly the ml to ms

ratios. First-principle band structure calculations give 〈 Tz〉/〈 Ts〉 as almost
negligible for transition metals (like Ni, Fe, and Co). By ignoring the 〈 Tz〉/〈
Ts〉 terms in the spins sum rule, the ml to ms ratios can then be evaluated by
the expression 2q/(9p-6q) which is ∼ 0.111 ( 0.095 for bulk Ni [141]) in this
case.

3.7 Photoemission Electron Microscopy

3.7.1 Methodology of PEEM

Resolved element specific investigation of the buried magnetic interfaces are
performed using a synchrotron radiation-induced photoemission electron mi-
croscope (PEEM). PEEM images the spatial distribution of the electron gen-
erated laterally across the illuminated surface and interface. In this work the
PEEM has been utilized to probe the lateral distribution of the uncompensated
antiferromagnetic moments. A standard PEEM that uses the slow secondary
electrons for imaging is used to locate interfacial antiferromagnetic uncom-
pensated spins on the 35 nm scale for the first time. More details about the
magnetic imaging methods are presented comprehensively by Stöhr et al. [109],
Kuch et al. [103], and Hillebrecht et al. [110].

A decade after the pioneering work of Tonner and Harp [114], PEEM is now
a well-established technique to study magnetic thin films. Up to now, most
work utilized the resulting secondary electrons created in the photo-ionization
process, for example the imaging of the domain structure of ferromagnetic and
antiferromagnetic materials with XMCD and XMLD contrast, respectively [78,
79, 107, 115].
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Magnetic imaging using XMCD-PEEM for ferromagnetic materials and
XMLD-PEEM for antiferromagnetic materials are some of the unique appli-
cations. The magnetic signal, the XMCD asymmetry defined as A =(I+ -
I−)/(I+ + I−) is proportional to M · σ where M is the sample magnetization,
σ the photon helicity and I+, I− the photoemission intensities for opposite
helicities of the circular polarization.

Magnetic contrast in XMLD-PEEM arises from the dependence of the ab-
sorption coefficient and thereby the intensity of electron emission on the rel-
ative orientation of the linearly polarized X-rays, which can be varied from
linearly horizonal to linearly vertical. Photoelectrons also carry magnetic
information that depends on M, σ, and the photoelectron emission direc-
tion [109, 114]. Compared to other magnetic imaging methods with slow elec-
trons such as scanning electron microscopy with polarization analysis, it has
the advantage of the chemical sensitivity.

Figure 3.6: (a) The schematic illustration of the spin resolved photoemission
electron microscope setup permanently installed at UE 49 beamline at HZB
(BESSY II) consisting of a magnetic yoke that allows applying fields up to
30 mT during the imaging, (b) and (c) the lateral view of XMCD magnetic
contrast measured at Co L3 and Fe L3 absorption for an exchange coupled
Co/Fe50Mn50 sample at room temperature in a 20 µm field of view.

Modern PEEM consist of an objective, an intermediate, and a projective
lens [107, 115]. The objective lens, together with a contrast aperture in the
diffraction plane determines the resolution and transmission of the system.
Magnetic objectives are superior in resolution and transmission to the electro-
static objectives that are frequently used in the study of magnetic samples.

36



CHAPTER 3. EXPERIMENTAL TECHNIQUES

The intermediate lens allows switching between imaging of the real and re-
ciprocal space. The projective lens provides the final magnification on the
micro channel plate fluorescent screen detector. The operation voltages of the
microscope is set to be 20 KV in this case.

The basic methodology of the PEEM can be explained by the following.
The illumination of the sample surface with monochromatic X-rays yields emis-
sion of electrons. A lateral variation of the absorption coefficient results in fur-
ther lateral changes in the total electron yield. The excited electrons are accel-
erated towards the microscope. An electrostatic objective lens and a projective
lens will magnify and image the electron yield with a channel plate detector.
The image emitted from the detector can then be easily recorded [103].

In an optical microscope chromatic aberrations can be corrected by convex
lenses, but convex lenses cannot be formed with cylinder symmetrical electro-
static lenses; for this reason it is complicated to compensate for these kind
of aberrations in an electron microscope. The easiest way to ”correct” for
these abberations in a PEEM is to place an aperture in the back focal plane.
One major drawback of this method is that it limits the transmission of the
microscope to about 1% in order to reach the desired 20-50 nm lateral reso-
lution. A recent approach [116] includes the use of electrostatic mirrors that
do have negative aberrations and can be configured such that they cancel out
the positive abberations caused by the cathode and the objective lens. Such a
microscope will allow to achieve a lateral resolution of 20-50 nm.

3.7.2 BESSY’S PEEM Microscope

The BESSY’S PEEM setup is based on a commercial Elmitec PEEM providing
a lateral resolution of about 35 nm using X-ray excitation. The incidence angle
of the incoming X-ray beam was fixed at 16 degrees. To obtain element specific
domain images in PEEM, the X-ray magnetic circular dichroism contrasts at
the edges of ferromagnetic and antiferromagnetic materials have been recorded.

This end station offers a most powerful technique for the study of the mor-
phology and magnetic structure of multilayers and nano particles. Present
magnetic imaging mechanisms allow the determination of the lateral dimen-
sions of the regions with a given crystal structure, the thickness distribution of
thin overlayers with monolayer vertical resolution, the imaging of mono atomic
surface steps and other morphological features.

The BESSY’S PEEM setup also provides the unique opportunity to apply
a external magnetic field with a specially designed magnetic sample holder [90]
during the magnetic imaging without diminishing the resolution of the detec-
tion. The direction of the magnetization of a sample or in different ferro-
magnetic domains of a sample can be unambiguously identified by PEEM. In
the following it is illustrated how X-ray magnetic circular dichroism is used
in a PEEM to image the lateral distribution of the net magnetic moment in
exchange coupled bilayers. The variation of the electron yield across the ferro-
magnetic and interfacial antiferromagnetic magnetic contrast after illumination
with circularly polarized light are shown in the Fig.(3.6).
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The final XMCD image on the right panel of Fig.(3.6) is derived by divi-
sion of the individual images and it represents a map of the XMCD intensity
that is the L3/L2 ratio and thus the direction of the magnetic moment. The
basic symmetry of a domain pattern can be already deduced from the XMCD
image itself, especially if the experimental setup allows rotating of sample so
that several images in different geometries can be acquired. However, a precise
determination of the direction of the magnetization in each domain from the
XMCD intensity involves an appropriate background subtraction and normal-
ization that is experimentally very tedious to do. For this purpose the spectra
calculated from image stacks acquired in each of the ferromagnetic domains
are used. The absolute XMCD intensity within each domain can be extracted
and the angle of the magnetic moment can be determined by comparing the
experimentally derived values with standard values [78, 79, 107, 115].

3.8 X-ray Resonant Magnetic Scattering

The XRMS has been developed to the point where it is now a state-of-art
technique for the investigation of the magnetism of magnetic multilayers [127,
128, 130, 138, 139], often complemented by neutron scattering. In this section
salient examples of the XRMS experiments on ferromagnets are described.
Finally, future prospects and possibilities of the this technique have been ex-
tended to distinguish the dual characteristics of interfacial uncompensated
antiferromagnetic moments in exchange coupled bilayers.

Thin Film

Substrate

Surface Roughness

Magnetic RoughnessThickness

H+

H-

Incoming X-rays Reflected X-rays

Figure 3.7: The schematic illustration of the geometry for a measurement of
the XRMS spectra by flipping photon helicities as well as tuning the orientation
of the magnetic field.
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Figure 3.8: The XRMS spectra of Si (100)/Cu (50 Å)/ Ni81Fe19 (75 Å)/
Ir20Mn80 at Ni L3 resonance edge. The XRMS have been performed by flip-
ping photon helicities as well as switching of magnetic field to probe the lateral
distribution of frozen and rotating spins.

The specular XRMS is directly correlated with an electronic transition from
a core level to empty states above the Fermi level. For specular XRMS the
atomic scattering factor can be expressed in short as the sum of three different
contributions [98, 125, 127]:

fres = fc − ifm1 + fm2 (3.3)

The first term f c always contributes to the cross section and accounts for
the non-magnetic charge scattering. The other two terms are purely magnetic
contributions, i.e., they depend on the magnetization vector M and therefore
are at the origin of the different magneto-optical effects. The first one denoted
by f m1 is linear in the magnetization and accounts for the XMCD, Kerr and
Faraday effects. The second one f m2 is quadratic in the magnetization and
accounts for the X-ray magnetic linear dichroism and the Voigt effect [for
details see Hannon et al. Phys. Rev. Lett. 61, 1245 (1988) and Dürr et al.
Science 284, 2166 (1999)].

Although X-ray scattering by matter predominantly occurs due to scatter-
ing off the electronic charge, another type of scattering, namely off electron
spins occurs but is very weak. It is called X-ray magnetic scattering and also
plays an important role. One can use this X-ray magnetic scattering phe-
nomenon to study the magnetic state of materials by exploiting the element
specificity and the polarized character of synchrotron radiation. The XRMS
phenomenon accounts for the size of the magnetic moments and their relative
arrangement with the polarization of the incident X-ray beam [127].

XRMS provides the ultimate information on the spin state of the magnetic
materials [127]. X-ray resonant magnetic scattering is also an effective experi-
mental method of element specific magnetic depth profiling in case of magnetic
multilayers. The scattered intensity can be measured via two different tech-
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niques: (a) keeping the incident angle constant and varying the energy; (b)
keeping the energy constant and varying the incident angle (θ-2θ scan).
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Figure 3.9: Magnetic asymmetry for Ni measured at the Ni L3 resonance edge
in constant (a) negative magnetic field, (b) positive magnetic field for a repre-
sentative exchange coupled NiFe(75 Å)/ IrMn (35 Å) bilayer. However (c) and
(d) illustrate the rotating R and frozen F uncompensated antiferromagnetic
spins, respectively.

In order to model the XRMS spectra, there are various theoretical for-
malisms available, namely Parratt’s formalism [136, 137], generalized matrix
method [134, 135], and Zak’s formalism [132, 133]. The quantitative analysis
of the specular reflectivity measurements is usually performed by numerical
simulations. The sample properties can be obtained by a best fit to the ex-
perimental data. In this way thickness and interfacial roughness of the buried
layers can be determined.

Zak’s formalism posed no restrictions regarding the geometry, i.e. the
magnetization direction, angle of incidence and polarization; the formalism is
most suitable for the simulation of all soft X-ray experiments as long as they
fulfill the specular condition [132, 133]. The formalism deals with magneto-
optical effects up to the first order, therefore second-order effects like X-ray
magnetic linear dichroism cannot be described.

In the meantime Lee et al. have given a theoretical formulation of X-
ray resonant magnetic specular scattering [138] and diffuse scattering [139]
from rough surfaces and interfaces within the distorted-wave Born approxima-
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tion [140].
In this work XRMS spectra were obtained by recording the intensity ratio

of the scattered photons to the incoming photons, mostly using the ALICE
diffractometer (AG Prof. H. Zabel, Ruhr-Universität Bochum) which offers a
wide range of the specular condition (up to 2θ = 120 deg). More details about
the instrumentation of ALICE can be found elsewhere [131]. A part of the
XRMS measurements presented in this thesis were performed at the HZB 7
Tesla magnetic field chamber permanently installed at the BESSY II beamline
UE 46, where a helical undulator provide a constant high degree of circular
polarization (95%) with very intense photon flux. XRMS measurements were
performed by flipping photon helicities as well as switching of magnetic field
(see Fig. 3.8), allowing to probe the reversible and irreversible characteristics
of the antiferromagnetic uncompensated spins.

The resulting asymmetries AH+ and AH− for positive (H+) and negative
(H−) magnetic field orientation, respectively, where A = (I+ - I−)/(I+ + I−)
and I+, I− are denoting the intensities for circular left and right polarized
X-rays), can provide quantitative information about the spin characteristics
of materials (see Fig. 3.9). During reversal of the magnetic moment, the ro-
tating fraction of spins can be qualitatively assigned by evaluating R = (AH+

- AH−)/2, however, F = (AH+ + AH−)/2 attributed to the pinned or frozen
counterpart. It is shown that all spins in Ni were following the magnetization
reversal, while frozen spins are almost absent. Utilizing this novel approach,
the reversible and irreversible (dual) behaviors of the antiferromagnetic un-
compensated spins as a function of the temperature and antiferromagnetic
layer thickness have been investigated in more detail in the next chapters.
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Chapter 4

Exchange Bias: Thickness and
Angular Dependence

4.1 Introduction

The role of the thickness of the ferromagnetic layer (tFM) in exchange coupled
bilayers has been studied in great detail previously [1, 6, 58, 144, 145, 146].
It is well documented that for all systems the exchange bias field is inversely
proportional to tFM [1, 6, 58, 144, 145]. As long as tFM is smaller than the
ferromagnetic domain wall size, this relationship holds. If the ferromagnetic
layer is too thin, this relationship is not valid anymore, due to the discontinuity
of the film [6, 144, 145].

The dependence of the exchange bias field on the antiferromagnetic layer
thickness tAFM is much more difficult, which is directly related to various mi-
croscopic parameters like the bulk and interfacial antiferromagnetic spin con-
figurations, and the anisotropy of antiferromagnetic materials. The exchange
bias field is generally more or less independent of tAFM for thick antiferromag-
netic films. As the antiferromagnetic layer becomes thinner, HEB decreases
drastically. The exchange bias is not observed if the thickness of the antifer-
romagnetic layer is below a critical thickness which itself directly depends on
the antiferromagnetic material [3, 6, 8, 9]. Above this thickness the exchange
bias field increases until it reaches a saturation value. This dependence is com-
plicated to describe in general, because of the fact that properties like crys-
tallographic grain size and Néel temperature, are often unknown and strongly
depend on the film thickness and growth procedure [1, 6, 29, 58].

Ambrose et al. [143] studied the dependence of the exchange coupling in
NiFe/CoO bilayers as a function of CoO layer thickness. For large CoO thick-
nesses (tAFM ≥ 100 Å), where Néel temperature remains constant, the ex-
change bias field varies as 1/tAFM , whereas for small CoO thicknesses (tAFM
≤100 Å), domination of finite-size scaling of Néel temperature and blocking
temperature has been observed. It is also predicted that when the tAFM de-
creases to a certain value, the exchange bias field drops abruptly to zero.

The motivation of the experiments presented in this chapter is to gain a
basic understanding of the macroscopic magnetic properties of the exchange
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coupled bilayer. This chapter deals with the evolution of exchange bias and
coercivity as a function of the antiferromagnetic layer thickness and azimuthal
angle. The experiments have been performed by measuring the longitudinal
component of the magnetic hysteresis loops using MOKE. The experimental
results are discussed in the frame of the Mauri [58] and spin glass [9] models
of the exchange bias. For simplicity this chapter has been organized in three
different sections. The first section deals with the optimization of IrMn/NiFe
exchange bias bilayers which is one of the most attractive exchange bias bilayer
systems for industrial point of view [44, 151, 152]. The second section describes
the antiferromagnetic layer thickness dependent study whereas, the third part
contains the changes of the exchange bias and the coercive field as a function
of the azimuthal angle.

4.2 Optimization of IrMn/NiFe Exchange Bias

Bilayers

In order to the understand the influence of the substrate morphology on the
magnetic properties of Ni81Fe19(75 Å)/ Ir20Mn80 (35 Å) exchange bias bilayers,
samples have been grown on Si(100), Si(111), Al2O3(112̄0), MgO(100), and
MgO(110) substrates.
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Figure 4.1: The magnetic hysteresis loops during soft and hard axis magneti-
zation for an exchange coupled Ir20Mn80/Ni81Fe19 bilayer grown on (a) Si(100)
and (b) MgO (100) substrates measured at room temperature with MOKE.
Inset circles are highlighting the zero-crossing of the magnetic hysteresis.

The samples have been grown by DC-magnetron sputtering. Ultra clean
Ar gas has been used as a sputtering medium, while the pressure during the
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growth process was maintained at 1.5×10−3 mbar. The ultimate base pressure
of the sputtering chamber was 8.0×10−9 mbar. Before growth, all substrates
were rinsed in ethanol and cleaned in an ultrasonic bath for 30 minutes. A
series of specimens Cu (50 Å)/Ni81Fe19(75 Å)/ Ir20Mn80 (35 Å)/Cu (25 Å)
were grown on all five different substrates. During growth, the substrates
were intentionally kept at room temperature in order to avoid any additional
thermal inter-diffusion at the ferromagnetic/antiferromagnetic interface.
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Figure 4.2: The magnetic hysteresis loops during soft and hard axis magne-
tization reversal for an exchange coupled Ir20Mn80/Ni81Fe19 bilayer grown on
Si(100) in presence of (a) 1 KOe and (b) 2 KOe external applied magnetic
field strength. Inset circles are highlighting the zero-crossing of the magnetic
hysteresis.

The uniaxial magnetic anisotropy was induced in the ferromagnetic layer
by using an in-situ external magnetic field of 2 KOe oriented parallel to film
surface. This saturated ferromagnetic state provides the means to induce in-
plane unidirectional anisotropy into the antiferromagnetic layer during growth.
This provides the orientation of the uniaxial and unidirectional anisotropy set
during the growth, defined as γ angle [9]. As seed (50 Å) and capping (25
Å) layers, Cu was used. The excellent match between the lattice parameters
of Cu and Ni81Fe19 promotes a low interfacial roughness which is required for
high quality exchange bias bilayers. The samples have been investigated at
room temperature using the magneto optical Kerr effect in the longitudinal
geometry. The magnetic hysteresis loops at this orientation provide the values
for coercive and exchange bias fields for each samples.

Fig. (4.1) shows the magnetization behavior of representative Ni81Fe19(75
Å)/ Ir20Mn80(35 Å) exchange coupled bilayers grown on Si(100) and MgO(100)
substrates. During soft axis magnetization reversal, the hysteresis loops be-
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have as expected, i.e. shifted away from zero field along the field axis for
both exchange coupled samples. During hard axis magnetization reversal, the
magnetic hysteresis loops exhibit very peculiar behaviors. Bilayers grown on
a Si (100) substrate show that the magnetic hysteresis loop during hard axis
reversal passes through zero magnetic field (see fig. 4.1a). However, bilayers
grown on MgO (100) substrates show that the magnetic hysteresis loop during
hard axis reversal was different, i.e., displaying an offset opposite to the bias
field direction (see Fig. 4.1b) [1, 6]. Bilayers grown on Si(111), MgO(110), and
Al2O3(112̄0) substrates show qualitatively identical behavior as bilayer grown
on the MgO (100) substrate (data not shown).

In order to understand this behavior, azimuthal measurements of the mag-
netic hysteresis loops have performed (see section 4.4 of this Chapter). The
measurements suggest a non-zero angle (i. e. γ 6= 0) between uniaxial and uni-
directional anisotropy direction for a bilayer grown on MgO(100) substrate [9].
Bilayers grown on Si(111), MgO(110), and Al2O3(112̄0) substrates show qual-
itatively identical characteristic as bilayer grown on the MgO (100) substrate
but the magnitude γ angles was different for each bilayers1. This provides di-
rect evidence that the substrate morphology plays a crucial role in determining
the angle between uniaxial and unidirectional anisotropy direction.

To investigate the influence of applied magnetic fields, two identical Ni81Fe19
(75 Å)/Ir20Mn80(35 Å) exchange coupled bilayers have been grown simultane-
ously on Si(100) in the presence of 1 KOe and 2 KOe external applied magnetic
fields (see Fig. 4.2). Both samples exhibit almost identical magnetization be-
havior during both hard and soft axis reversal. This measurement provides a
strong support that structural morphology of the substrate plays a key role
in determining the magnetic behavior of the exchange couple bilayers. The
Si(100)/Cu (50 Å)/Ni81Fe19 (75 Å)/ Ir20Mn80 (35 Å)/Cu (25 Å), sample with
almost ideal interface quality, has been selected for further study in Chapter
5 and Chapter 6 of this thesis.

4.3 Thickness Dependence of Exchange Bias

The measurements have been performed at room temperature using MOKE in
the longitudinal geometry. Fig.(4.3) shows the magnetic hysteresis loops for
exchange coupled Ni81Fe19/ Ir20Mn80 bilayers as a function of the tAFM . The
magnetic hysteresis loops at this orientation provide the values for coercive
and exchange bias fields for each samples. The experimental results show a
strong variation in coercive and exchange bias fields as a function of the tAFM .

Fig.(4.4) illustrates the phase diagram of exchange bias and the coercive
fields as a function of antiferromagnetic layer thicknesses for NiFe/IrMn bilayer
at room temperature. The non monotonic behavior of both exchange bias and
coercive fields as a function of the tAFM can be divided in three different regions
(see shaded Fig. 4.4).

1The magnitudes of γ angles for bilayers grown on MgO (100), Si(111), MgO(110), and
Al2O3(112̄0) substrates were 15, 17, 22,and 19 degrees, respectively.
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Figure 4.3: Magnetic hysteresis loops for an exchange coupled Ni81Fe19/
Ir20Mn80 bilayers for the (a) tAFM = 1.0 nm, (b) tAFM = 2.0 nm, (c) tAFM =
3.5 nm, (d) tAFM = 5 nm respectively.

Region (1), where exchange bias field is almost zero and coercive field is
approximately identical to the individual ferromagnetic layer. Néel temper-
ature and blocking temperature of the antiferromagnetic layer are below the
room temperature. This prevents any kind of stabilization of the unidirec-
tional anisotropy in the antiferromagnetic layer [143]. Exchange bias field is
constant (almost zero) and in its developing stage.

In region (2), long range antiferromagnetic order sets in. The non mono-
tonic behavior for exchange bias field above critical thickness of antiferromag-
netic layer (tcAFM), is accompanied by an increasing coercive field, which is
accounted by the f -factor [9]. The antiferromagnetic offset angle (α) acquires
a finite value ≤ 45 deg, where α is the value of the rotation angle of the anti-
ferromagnetic spins at the maxima of coercive field [9]. It follows the reversible
part of the interface magnetization of the antiferromagnetic layer because it is
influenced by the uniaxial anisotropy of the antiferromagnetic, via its interface
magnetization. This effect depends on the degree of interfacial disorder.

In the region (3), the exchange bias is almost constant. In this region the
decline in exchange bias and coercive fields are started by the fact that with
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Figure 4.4: The HEB, and Hc for an exchange coupled Ni81Fe19/ Ir20Mn80

bilayer as a function of antiferromagnetic layer thickness (tAFM) measured at
the room temperature with the MOKE.

increasing antiferromagnetic thickness it becomes more and more difficult for
the bulk antiferromagnetic to contribute to the coercive field through the offset
angle [9].

It is proposed [3, 58] that rotational hysteresis loss accounts for the non-
monotonic behavior of coercive field as a function of tAFM . It is predicted
that the coercive field is governed by two factors: the intrinsic coercivity of
the antiferromagnetic layer and the irreversible magnetization changes in the
antiferromagnetic layer. Mauri et al. [58] predict a critical thickness (tcAFM)
for irreversible switching of antiferromagnetic spins by considering the energy
F per unit surface of the ferromagnetic/antiferromagnetic interface as follows:

F = −HextMtFM cos θFM + tFMKFM sin2 θFM

+ tAFMKAFM sin2 θAFM − JEB cos(θFM − θAFM)
(4.1)

where θFM , θAFM are the angles of the magnetization of ferromagnetic and
antiferromagnetic layers with respect to the applied external magnetic field.
The tFM and tAFM are the thicknesses of the ferromagnetic and antiferromag-
netic layers, respectively. KFM and KAFM are the anisotropy constants of the
ferromagnetic and antiferromagnetic layers. JEB is the exchange interaction
energy at the ferromagnetic/antiferromagnetic interface. The four terms in
Eq.(4.1) account for the field energy, the magnetic anisotropy energy in the
ferromagnetic and antiferromagnetic layers, and the coupling energy, respec-
tively. Depending on the relative values of JEB and tAFMKAFM in Eq.(4.1)
two different limiting cases exist [58]:

• If tAFMKAFM � JEB, the energy of the system will be minimized by
keeping (θFM -θAFM) small
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• If tAFMKAFM � JEB, the energy of the system will be minimized by
keeping θAFM small independently of θFM

In the first case, during the reversal of the magnetization of the ferromag-
netic layer in the presence of an external magnetic field, antiferromagnetic
spins follows the same reversal behavior. In this case the magnetic hysteresis
loops will no longer be shifted [58]. Due to low antiferromagnetic anisotropy,
a situation can occur where the entire antiferromagnetic spins can be reversed
during the ferromagnetic reversal [3, 58].

In the second scenario, the condition for the irreversible switching of the
antiferromagnetic spins reads as tAFM=tcAFM=JEB/KAFM . Expressing JEB in
terms of an effective exchange bias field HEB taken for tAFM≥ tcAFM , one can
write KAFM=HEB×M×tAFM/tcAFM [58]. For finite values of KAFM , the above
equality relation yields a sharp onset of the exchange bias field at tAFM =
tcAFM with a modified value of coercive field of ferromagnetic layer.

The existence of an irreversible magnetization stored in the interfacial an-
tiferromagnetic layer acts as an additional effective field on the ferromagnetic
layer, resulting in exchange bias; the reversible part of the antiferromagnetic
magnetization is responsible for the enhanced coercive field of the ferromag-
netic layer. For tAFM> tcAFM , the rapid increase of exchange bias field starting
from very thin films can be explained by the fact that there is a tcAFM for which
the interfacial energy is stabilized and fully contributes to exchange bias field.
Below tcAFM the magnetization in the antiferromagnetic layer is reversible, giv-
ing rise to additional coercive field without any exchange bias field. In this
scenario interfacial energy is not well stabilized and they are effectively con-
tributing to the enhancement of the coercive field.

Calculations based on rotational hysteresis losses predict a sharp peak-like
characteristic at tcAFM and a rapid decrease for lower thickness. While the onset
of exchange bias field at tcAFM is proposed by both the Meiklejohn and Bean [3]
and Mauri models [58], non-monotonic behavior of the exchange bias field as
a function of tAFM cannot be accounted. Therefore, the spin glass model
considered an alternative approach to account the non-monotonic behavior of
the exchange bias field as a function of tAFM [9]. An interfacial conversion
factor f as a function of the antiferromagnetic layer thickness was propose to
be responsible for the non-monotonic characteristic [9]. The conversion factor
f, a parameter which can decide the distribution of interfacial energy, further
depends on the magnetic and structural roughness of the interface.

4.4 Azimuthal Dependence of Exchange Bias

The angular dependence of exchange bias and coercive fields was first explored
experimentally in NiFe/CoO bilayers [27]. The variations obtained in exchange
bias and coercive fields as a function of the field angle (θ) were not simple sinu-
soidal functions as initially expected [1]. It was proposed that the experimental
results can be empirically described with cosine series expansions, with odd
and even terms for exchange bias and coercive fields, respectively, due to the

51



4.4. AZIMUTHAL DEPENDENCE OF EXCHANGE BIAS

unidirectional and uniaxial nature of the corresponding energies [1].
Ambrose et al. [27] studied NiFe/CoO bilayers and suggested that the uni-

directional and uniaxial characteristics of exchange bias and coercive fields de-
rived are independent from the spin structures and microscopic interactions,
with an anisotropy free energy which follows a cosine expansion. The form of
this energy was derived from symmetry considerations, satisfying the condi-
tions HEB(θ)= HEB(θ + 2π) and HEB(θ)= HEB(-θ), which yields an expression
of the form HEB(θ)=

∑
ancosθn and is valid irrespective of the model used to

describe the exchange coupling. The coefficients that appear in the expansion
depend on the spin structures of the magnetic layers. The cosine terms are
related to the microscopic interaction between the magnetic moments of the
sublattices.
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Figure 4.5: The azimuthal dependence of the Hc and HEB for a representative
exchange coupled Ni81Fe19/ Ir20Mn80 bilayer measured at room temperature.

Fig. 4.5 shows the experimental results of the azimuthal dependence of ex-
change bias and coercive fields for an exchange biased Si(100)/Cu (50 Å)/Ni81Fe19
(75 Å)/ Ir20Mn80 (35 Å)/Cu (25 Å) system. Ten experimental results are dis-
cussed within the frame of the spin glass model, which has already been tested
for the polycrystalline Co50Fe50/Ir19Mn81 bilayer [48].

In the specific scenario of the collinear alignment of the unidirectional
anisotropy (σint), external field, ferromagnetic (KFM), and antiferromagnetic
(KAFM) anisotropy constants, the expression for the magnetic free energy per
unit area, F, can be written as descibed in Eq.(4.1) [3, 58]. At the interface,
depending on the direction of the ferromagnetic magnetization θFM and the
net magnetization at the antiferromagnetic interface θAFM , the expression for
the the free energy density includes a rotation of the antiferromagnetic axis
caused by the coupling to the ferromagnet. In general, the antiferromagnetic

52



CHAPTER 4. THICKNESS AND ANGULAR DEPENDENCE

bulk anisotropy energy KAFM×tAFM is much larger than the ferromagnetic
bulk anisotropy KFM×tFM and by minimizing the expression with respect to
θFM and θAFM one can finds that [9]

HEB(θ) = −KAFM tAFM
MFM tFM

sin(2θ) (4.2)

The experimental characteristics of exchange bias and coercive fields sug-
gest the unidirectional behavior of exchange bias field as a function of θ. The
coercive field has a peak-like sharp characteristic close to the orientation of
the antiferromagnetic uniaxial anisotropy, at θ = 0 and θ = π (see Fig 4.5).
It is noteworthy that the peak-like sharp characteristic of the exchange bias
and coercive fields are close to the orientation of the antiferromagnetic uni-
axial anisotropy, suggesting a coherent rotation as a reversible mechanism of
ferromagnetic spins. Recently, Camarero et al. [148] reported a very similar
azimuthal dependence of the exchange bias and coercive fields.

4.5 Conclusion

The above magnetic characterization of exchange biased NiFe/IrMn bilayers
suggests the almost ideal quality of the magnetic frustrated interface, which
have been studied more details in Chapter 5. The experimental study sug-
gests a non monotonic behavior for both exchange bias and coercive fields as a
function of the antiferromagnetic layer thickness. These results are discussed
within the framework of the spin glass model of the exchange bias. The ex-
perimental study of the magnetic hysteresis loops suggests a variation of the
antiferromagnetic anisotropy and of the other interfacial exchange coupling
parameters across the critical thickness of the antiferromagnetic layer. The
azimuthal study of exchange bias and coercive fields as a function of θ shows
peak-like sharp characteristic close to the orientation of the antiferromagnetic
anisotropy.
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Chapter 5

Dual Behavior of the
Uncompensated Mn Spins in
the Exchange Coupled
NiFe/IrMn Bilayers

5.1 Introduction

The Meiklejohn and Bean model suggests that an uncompensated magnetic
interface leads to exchange bias without any enhancement in the coercive
field [1, 2, 3]. In case of a compensated magnetic interface, this model does
not yield any exchange bias. However, experimentally reduced exchange bias
and enhanced coercive fields are always observed [3, 6, 7, 8, 9]. Moreover,
exchange bias for compensated interfaces has also been experimentally re-
ported [3, 6, 8, 7, 9, 151, 152].

To account for these experimental findings, namely reduced exchange bias
and enhanced coercive field, several theoretical models have been proposed [1,
2, 9, 59, 60, 61, 62, 68, 69, 73, 74, 58, 149]. The SG model of exchange
bias suggests that besides the ideal uncompensated antiferromagnetic spins
(as considered in the Meiklejohn and Bean model), the frozen-in uncompen-
sated antiferromagnetic spins may occur due to the reduced antiferromagnetic
interfacial anisotropy, caused by interfacial disorder [9].

The antiferromagnetic frozen-in uncompensated spins were proposed to ex-
tend deeper into the antiferromagnetic layer [86, 87, 88]. It has been observed
that the frozen-in uncompensated antiferromagnetic spins may also explain the
occurrence of the exchange bias in systems with perfect compensated antiferro-
magnetic interfaces like IrMn/NiFe bilayers [151, 152]. Driel et al. [151] found
that the exchange bias and coercive fields for IrMn/NiFe bilayers, strongly
depend on the thicknesses of the IrMn and NiFe layers. They reported that
the exchange bias field at room temperature has a maxima at 4 nm and then
decreases for higher IrMn layer thickness.

This peculiar behavior of exchange bias and coercive fields directly corre-
lated with the interfacial antiferromagnetic uncompensated spins, and can be
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studied best using X-ray resonant magnetic scattering [86, 87, 88]. In order to
probe the magnetization reversal mechanism of the antiferromagnetic uncom-
pensated spins, element specific X-ray resonant magnetic scattering has been
exploited. X-ray resonant magnetic scattering is more interface sensitive and
capable to provide the information about magnetic frustration and domain
structure compared to the XMCD [127, 138, 139, 128]. Photon-in photon-
out X-ray resonant magnetic scattering is also less sensitive to artifacts in the
presence of an external magnetic field applied to specimens (as in case of the
XMCD with total yield detection) and therefore more favorable for studying
weak magnetic signals from uncompensated antiferromagnetic spins.

Soft X-rays in a scattering geometry have already been used as a standard
probing tool for measuring the depth dependence of the magnetization across
the interface between a ferromagnet and an antiferromagnet [86, 87, 88]. It has
been reported that the partial antiferromagnetic uncompensated magnetiza-
tion near the interface responds to an applied field, while few uncompensated
spins of the bulk antiferromagnet are frozen-in, thus providing a means to es-
tablish exchange bias [86]. A complex magnetic interfacial configuration has
also been observed in MnPd/Fe exchange coupled bilayers [88]. It has been
debated that the majority of uncompensated antiferromagnetic spins reverse
their orientation nature and following the external field during magnetiza-
tion reversal; however, a fraction exhibits irreversible characteristic i.e., they
remain pinned to the antiferromagnetic layer orientation. It has also been
argued that this irreversible fraction of the uncompensated antiferromagnetic
spins prefer to order antiparallel to the cooling field direction. This indicate
that the frozen spins are coupled antiparallel to the adjacent ferromagnetic
layer [86, 87, 88].

In this chapter, utilizing X-ray resonant magnetic scattering as a probing
tool, distribution of the antiferromagnetic uncompensated spins in Ni81Fe19/
Ir20Mn80 exchange biased bilayers have been investigated. X-ray resonant mag-
netic scattering measurements were performed at constant energy as a function
of incident angle (i.e., θ-2θ scan mode) by flipping the helicity of X-rays as
well as by reversing the orientation of the applied external magnetic field. This
approach allow us to detect the reversible and irreversible (dual) behavior of
the Mn uncompensated spins by separating the frozen-in and rotatable com-
ponents. The measurements were carried out for different thicknesses of the
antiferromagnetic layers, while keeping the thickness of the ferromagnetic layer
constant.

5.2 Experimental Details

X-ray resonant magnetic scattering spectra of the Ni and Mn (see Fig. 5.1)
for Ni81Fe19/Ir20Mn80 polycrystalline bilayers were obtained by recording the
intensity ratio of the reflected photons to the incoming photons. Beam lines
UE 46 and UE 56 (BESSY II) have been used for the measurements. Un-
dulators provide a constant high degree of circular polarization (95%) with a
very intense photon flux in the Mn and Ni resonance photon energy range.
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CHAPTER 5. DUAL BEHAVIOR OF THE UNCOMPENSATED SPINS

X-ray resonant magnetic scattering measurements have been performed by
flipping photon helicities as well as switching the magnetic field orientation to
probe the dual characteristic of the antiferromagnetic uncompensated spins.
The resulting asymmetries for constant positive (H+) and negative (H−) mag-
netic field orientation defined as AH+ and AH−, respectively where A =(σ+-
σ−)/(σ++ σ−) and σ+, σ− are denoting the intensities for circular left and
right polarized X-rays. These asymmetries can provide qualitative and quanti-
tative information about the interfacial uncompensated spins. During reversal
of ferromagnetic moments, the rotating fraction of antiferromagnetic uncom-
pensated spins can be qualitatively assigned by evaluating R=(AH+-AH−)/2,
whereas F=(AH++AH−)/2 corresponds to the frozen counterpart [86, 87, 88].
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Figure 5.1: The XRMS spectra of (a) Ni and (b) Mn for a Ni81Fe19/Ir20Mn80 bi-
layer measured at the Ni L3(852.18 eV) and Mn L3(639.6 eV) resonance edges,
respectively. The measurements were performed at the room temperature.

In order to observed the direct correlation between the dual behavior of
the antiferromagnetic uncompensated spins with strength of the exchange
bias field, resonant scattering has also been utilized as a tool to measure
element-specific magnetic hysteresis loops of the exchange coupled bilayers.
The element-specific magnetic hysteresis loops for Mn were extracted by eval-
uating the asymmetry of hysteresis measured with left and right circular polar-
ized X-rays. Since the sample magnetization contributes the opposite sign to
the asymmetry at the L3 edge, by taking the asymmetry (σ+- σ−)/(σ++ σ−)
and plotting it as a function of the applied external magnetic field strength,
one can measure the element-specific magnetic hysteresis loops (see Fig. 5.2).
To achieve ultimate accuracy during element-specific magnetic hysteresis loop
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Figure 5.2: (a) Sketch of element-specific magnetic hysteresis loops with cir-
cularly left (σ+), and right (σ+) polarized X-rays (b) The element-specific
magnetic hysteresis loops have been measured at the Mn and Ni L3 resonance
edges. The element-specific magnetic hysteresis loops represents the asymme-
try (σ+- σ−)/(σ++ σ−) as a function of the applied external magnetic field
strength. R and F correspond to the rotating and frozen uncompensated spins,
respectively.

measurements, the detector was kept at the location of maximum in magnetic
contrast of the corresponding XRMS asymmetry. The values of 2θ angles
were 30.0, 34.4, and 21.2 degrees for three exchange coupled Ni81Fe19 (7.5
nm)/Ir20Mn80 (tAFM) bilayers with tAFM = 3.5 nm, 2.5 nm, and 1.0 nm1,
respectively. In order to eliminate any experimental artifacts in the vertical
offset of element-specific magnetic hysteresis loops, prior to element-specific
magnetic hysteresis loops measurement, X-ray intensities were calibrated for
both helicities at the Mn and Ni L3 resonance edges.

5.3 Results and Discussion

Fig. (5.3) shows the asymmetry of rotating and frozen spins for Ni and Mn,
respectively. It is observed that most of the Ni spins are showing rotating
behavior as expected (see Fig. 5.3a), however only a minor fraction of the Mn
uncompensated spins exhibit such characteristic (see Fig. 5.3b). Furthermore,
it is also observed that hardly any Ni spins are showing frozen characteristic,
as evidenced by constant signal for the frozen Ni spins (see Fig. 5.3c). On the

1The element-specific magnetic hysteresis loops for bilayer with tAFM = 1.0 has been
measured at BESSY(II) PM3 beamline where degree of polarization for circularaly polarized
light was approximately 80%.
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CHAPTER 5. DUAL BEHAVIOR OF THE UNCOMPENSATED SPINS

other side, almost all Mn uncompensated spins exhibit frozen behavior2 (see
Fig. 5.3d).
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Figure 5.3: Quantification of Mn uncompensated spins in an exchange coupled
Ni81Fe19(7.5 nm)/Ir20Mn80(3.5nm) polycrystalline bilayer. The panel (a) and
(b) shows the rotating R spins for the Ni and Mn, whereas panel (c) and (d)
illustrate the frozen F spins for the Ni and Mn, respectively. Measurements
were performed at the Ni L3(852.18 eV) and Mn L3(639.6 eV) resonance edges,
respectively.

The appearance of magnetic asymmetry signals at the Mn L3 edges mea-
sured at 639.6 eV photon energy was clearly noticed (see Fig. 5.3). This is
direct evidence for the presence of uncompensated Mn spins, induced due to ex-
change coupling at the magnetically frustrated ferromagnetic/antiferromagnetic
interface. Indeed, magnetic disorder due to frustration serves as an essen-
tial ingredient in raising the exchange anisotropy. Therefore, to elucidate
the mechanism of exchange anisotropy in the presence of interfacial magnetic
disorder, the present experimental result take into account the asymmetry
of the uncompensated antiferromagnetic spin structure. While a few rotat-
able uncompensated antiferromagnetic moments at the disordered ferromag-
netic/antiferromagnetic interface follow the ferromagnetic moments reversal as

2The Y scales shown in Fig. 5.3b and Fig. 5.3d are differ by an order of magnitude. On
identical Y scale Mn reversible spins shows a constant signal compared to the frozen Mn
spins.
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it is observed, the compensated antiferromagnetic spins from the bulk antifer-
romagnetic layer will not display this behavior.
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Figure 5.4: The element-specific magnetic hysteresis loops of the exchange
coupled Ni81Fe19/Ir20Mn80 polycrystalline bilayer measured at Ni (852.18 eV),
and Mn (639.6 eV) L3 resonance edges for different antiferromagnetic layer
thicknesses (a) tAFM = 1.0 nm, (b) tAFM = 2.5 nm, and (c) tAFM = 3.5 nm,
respectively. Inset in panel (c) is the zoom-in part highlighting the minor
opening present in the element-specific magnetic hysteresis loop of Mn.

X-ray resonant magnetic scattering provides the depth dependence mag-
netization across the interface between a ferromagnet and an antiferromagnet
and also allow us to predict the mutual orientation of antiferromagnetic un-
compensated spins. The experimental results suggest antiparallel coupling
between reversible and irreversible component of uncompensated antiferro-
magnetic spins, during field cool growth procedure (see Fig. 5.3b and Fig.
5.3d). Difference in characteristic features for F and R signals suggest that
reversible and irreversible components of the interfacial antiferromagnetic un-
compensated spins correspond to the different depth distributions into the
antiferromagnetic layer.

Fig. (5.4) illustrates the element-specific magnetic hysteresis loops of Ni
(red circle, solid line) and Mn (blue circle, solid line) for an exchange coupled
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NiFe/IrMn bilayer as a function of tAFM . The Mn element-specific magnetic
hysteresis loops exhibit a horizontal and vertical offset corresponding to the
antiferromagnetic uncompensated spins. The exchange bias strength and size
of the coercive fields of Ni and Mn element-specific magnetic hysteresis loops
are identical, respectively. However, the vertical offset of the magnetization
curve is only observed for the Mn uncompensated spins.

This clearly demonstrates (see Fig. 5.4) that the vertical shift and the
shape of the Mn element-specific magnetic hysteresis can be controlled by
the tuning the tAFM . For an exchange coupled NiFe/IrMn bilayer with tAFM
= 1.0 nm, the observed ratio between rotating and frozen uncompensated
spins is less than unity. Under the following scenario, a major fraction of the
antiferromagnetic uncompensated spins exhibits reversible characteristic and
directly mediate in enhancement of the coercive field, while a minority fraction
of the uncompensated antiferromagnetic spins contributes to the negligible
vertical offset in the presence of antiparallel coupling between R and F.

Fig. (5.4b) shows that development of exchange bias coincides with an
amount of antiferromagnetic frozen uncompensated spins. A bilayer with tAFM
= 2.5 nm layer, the presence of a dominant F over to R, causes a vertical offset.
On the other hand, the minority fraction R does effectively contributes to the
coercivity of the ferromagnetic layers.

For a particular bilayer with tAFM = 3.5 nm, the nearly absent rotating
uncompensated spins is confirmed by line shape and vertically shifted Mn
element-specific magnetic hysteresis loop (see Fig. 5.4c). This provides a
direct proof that for this bilayer with tAFM = 3.5 nm, majority of the uncom-
pensated Mn spins are frozen-in and sensing the strong anisotropy of the bulk
antiferromagnetic, therefore, providing a base for a stable and robust magnetic
interface.

This is direct experimental evidence for the mutual correlation between
the frozen and rotatable fractions of antiferromagnetic uncompensated spins,
which can be directly controlled by tailoring the tAFM . Qualitatively identi-
cal signals for Ni, corresponding to the rotatable and frozen fractions confirm
the ideal in-plane magnetization reversal for the all bilayers. Different val-
ues of the ratio R/F, which itself depends on the tAFM), the interfacial Mn
uncompensated spins contribute differently to the reversible and irreversible
characteristics. It is observed that for a representative bilayer with tAFM =
3.5 nm, the value of R/F is almost negligible (approximately zero for ideal in-
terface). For such high quality samples the most of uncompensated Mn spins
have frozen-in characteristic.

For tN 6 tAFM 6 tC , where tN is the antiferromagnetic ordering thickness,
these findings can be understood from the peculiar behavior of the antiferro-
magnetic. It was observed earlier [77] that during a field reversal, the interface
magnetization of the antiferromagnetic layer displays a hysteresis following the
reversal of the ferromagnetic spins due to the interface coupling. The whole
curve is still shifted vertically due to the fact that after field cooling the an-
tiferromagnetic layer has a partly frozen surplus magnetization. This shift of
the entire hysteresis loop of the antiferromagnet proves the existence of frozen
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uncompensated spins in the antiferromagnetic layer. While the irreversible
magnetization of the antiferromagnetic spins acts as an additional effective
field on the ferromagnetic spins, resulting in exchange bias, the reversible part
of the antiferromagnetic spins magnetization is responsible for the enhanced
coercive field of the ferromagnetic layer. For tAFM> tC , the rapid increase of
exchange bias field starting from very thin films can be explained by the fact
that there is a tC , where the interfacial energy is stabilized and fully contributes
to the exchange bias field.

Below tC the magnetization in the antiferromagnetic layer is reversible,
giving rise to additional coercive field without or with very low bias. In this
scenario the interfacial energy is not well stabilized and uncompensated spins
effectively contributing in the enhancement of the coercive field. Slightly above
tC , the antiferromagnetic layer becomes stiffer leading to finite exchange bias
and a decrease in coercivity.

Furthermore, the magnetic depth profiling3 of XRMS data for a representa-
tive IrMn (3.5 nm)/NiFe (7.5 nm) exchange couple bilayer with tAFM = 3.5 nm
has been performed. Simulations as well as experimental results suggest that
nearly 90% (i.e., F/(R+F)= 0.9) interfacial uncompensated antiferromagnetic
spins are frozen [153]. Simulations also support the antiparallel coupling be-
tween rotating and frozen uncompensated antiferromagnetic spins, observed
as here experimentally for first time (see Fig. 5.3b and Fig. 5.3d). Magnetic
depth profiling suggests that both frozen and rotating uncompensated spins
are extended 1.5 nm deep into bulk antiferromagnetic close to the magnetic
interface [153].

5.4 Conclusion

In conclusion, the X-ray resonant magnetic scattering has been exploited as
a direct probing tool for the frustrated ferromagnetic/antiferromagnetic inter-
face in order to detect the presence of depth and laterally uncompensated Mn
spins. A systematic vertical offset of the Mn element-specific magnetic hys-
teresis loops was observed for the all exchange coupled bilayers. The vertical
offset in Mn element-specific magnetic hysteresis loops directly correlated with
the ratio R/F of uncompensated antiferromagnetic spins. The shape of Mn
element-specific magnetic hysteresis loops totally depends on reversible uncom-
pensated antiferromagnetic spins. This novel approach provides a tool for the
direct observation of the dual behavior of interfacial uncompensated spins. At
a critical thickness of the antiferromagnetic layers, up to almost 90 % of frozen
uncompensated antiferromagnetic spins are reported, indicating a high quality
of the interface. This study demonstrates that there is an excellent correla-
tion between the exchange bias field and the amount of frozen uncompensated
antiferromagnetic spins as a function of antiferromagnetic layer thicknesses, of-
fering a microscopic understanding of the origin of dependence of the exchange
bias field on antiferromagnetic layer thicknesses.

3Modeling of the magnetic interface is beyond of the present thesis work.
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Chapter 6

Training-Induced Positive
Exchange Bias in Exchange
Coupled IrMn/NiFe Bilayer

6.1 Introduction

The training effect refers to the dramatic change of the magnetic hysteresis
loop of the ferromagnetic layer during consecutive sweeping of the external
magnetic field applied to an exchange bias system. The coercive and exchange
bias fields exhibit a monotonic dependence [38] as a function of index n, where
n is the nth measured hysteresis loop. The absolute values of HC and HEB

fields decrease from an initial value at n = 1 towards a saturation value at n =
∞. Often, the shape of the magnetic hysteresis loop also changes as a function
of n. This effect is stronger when antiferromagnetic domains rearrange as a
result of consecutive field sweeps [9, 61, 77].

The present chapter deals with establishing a training induced reversal
of the exchange bias direction. The SG model for exchange bias is being
exploited to analyze the experimental results via adopting the novel concept
of a formation of a meta-stable magnetic interface during the field cooling
procedure. It is argued that the magnetic training effect is directly related to
the spin re-arrangement in the meta-stable interfacial spin disorder state.

The chapter has been organized in four sections. The first two sections
describe the magnetic training behavior of the exchange biased bilayer. In
last two sections the reversal behavior of exchange bias direction have been
explored.

6.2 Empirical Expressions for the Training Ef-

fect

To explain the origin of the magnetic training effect, several phenomenological
models have been proposed to reproduce the experimental observations. How-
ever, the microscopic phenomena involved are still being debated. It is widely
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recognized that the re-arrangement of the interfacial domain state and mod-
ified spin structure at frustrated interfaces during the field cooling procedure
is the main origin of magnetic training effect [9, 61, 77].

Néel predicted that the training effect results from a tilting of the super-
ficial magnetization of the antiferromagnetic domains [4]. Paccard et al. [38]
proposed the first empirical expression for training effect, suggesting a power
law dependence of the coercive and exchange bias fields as a function of cycle
index, n [38]:

Hn
EB = H∞EB +

k√
n

(6.1)

where k is an experimental constant. Up to now hardly any experimental
observation met with a power law decay of the coercive and exchange bias
fields. This empirical expression suggests that changes in interfacial antiferro-
magnetic spin structures having non-equilibrium magnetic characteristics as a
microscopic origin of the magnetic training effect [38, 154].

Manto Carlo simulations within the DS model [61, 77] show that the hys-
teresis curve is not closed after a complete loop and this yields a partial loss of
the superficial magnetization of the antiferromagnetic domains, which further
leads to the magnetic training effect. Further it was proposed that, during
the very first reversal at HC1, interfacial magnetic domains are formed and
are present even at magnetic saturation [61, 77]. Such interfacial domains
provide nucleation centres for the subsequent magnetization reversals. These
interfacial magnetic domains at the interface are directly correlated with the
antiferromagnetic domain state. Hence, the irreversible changes of the antifer-
romagnetic domain state are considered the microscopic origin of the magnetic
training effect [61, 77].

In the frame of a two-dimensional coherent-rotation approach, Hoffmann [157]
proposed that training might be explained in terms of an initial non-collinear
arrangement of the antiferromagnetic spins after field cooling, which relaxes
to a collinear arrangement during the first reversal. Hoffmann [157] argues
that only biaxial antiferromagnetic symmetry can lead to a training effect,
a view which was challenged by further theoretical considerations by Finazzi
et al. [159]. Recently by considering the realistic values for the magneto-
crystalline anisotropy of the system, Biagioni et al. [158] found that no training
is reproduced within an extended three-dimensional model, suggesting that
symmetry-driven irreversibilities might not be as relevant as previously be-
lieved for the training effect [158, 159].

Hochstrat et al. [155] found experiential evidence for the proportionality
between the exchange bias and the total saturation moment of the ferromag-
netic/antiferromagnetic magnetic frustrated interface. This evidence was re-
lated to the predictions of the phenomenological Meiklejohn and Bean model,
where a linear dependence of the exchange bias on the antiferromagnetic in-
terface magnetization is expected.

Binek [156] proposed that the phenomenological origin of the training effect
is a deviation of the antiferromagnetic interfacial magnetization from its equi-
librium value. Binek adopted a non-equilibrium thermodynamics approach
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and proposed a recursive relation that reads:

Hn+1
EB −H

n
EB = −γ(H∞EB −H∞EB)3 (6.2)

there γ is again an experimental constant. The approach of Binek appears to
provide the phenomenological origin of power-law decay of the HEB field with
increasing loop index n≥1.

The presence of interfacial spin frustration can enhance the interface area
notably while keeping the total spin number preserved [9, 29]. At the ferromag-
netic/antiferromagnetic interface the antiferromagnetic anisotropy is assumed
to be modified, leading to essentially two different types of antiferromagnetic
uncompensated spins after field cooling or field growth procedures: namely,
frozen and rotatable antiferromagnetic uncompensated spins being rigidly ex-
change coupled to the ferromagnetic and antiferromagnetic layers. With each
cycle, the spin disorder is modified slightly, thereby decreasing HEB [9].

Due to preservation of the interfacial magnetic instabilities, with each cycle
a spin rearrangement takes place and this modifies the coercive and exchange
bias fields [9]. This suggest that both antiferromagnetic components, frozen
and rotating, are affected by the ferromagnetic magnetization reversals [9,
44]. Moreover, coexisting ferromagnetically and antiferromagnetically coupled
components will contribute distinctively, through different relaxations rates.
In this scenario the following expression has been proposed [9] to simulate the
experimental data to distinguish the relaxation of HEB as a function of the
field cycle n:

Hn
EB = H∞EB + Afexp(−n/Pf ) + Aiexp(−n/Pi) (6.3)

Here, Hn
EB is the exchange bias of the nth hysteresis loop, Af and Pf are

parameters related to the change of the frozen spins, Ai and Pi are evolving
parameters of the interfacial magnetic frustration of the bilayer. The A pa-
rameters have the dimension of the magnetic field (Oersted) while the P’s are
dimensionless parameters and resemble a relaxation time, where the contin-
uous variable is replaced by a discrete variable, namely the hysteresis index,
n. This approach is different from all previous cases where re-arrangement of
interfacial antiferromagnetic domains is considered to be major contributing
factor in the magnetic training effect.

6.3 Training Effect in the Frame of the SG

Model

Fig.(6.1a) shows the magnetic training effect observed in the Ni81Fe19(7.5
nm)/Ir20Mn80(3.5 nm) sample at 10 K after field cooling from T=475 K through
the blocking temperature, TB=450 K. Magnetic hysteresis loops for the ferro-
magnetic layer were measured at BESSY II using the ALICE diffractometer
installed at the PM3 bending magnet beamline by tuning the X-ray energy to
the Ni L3 absorption edge and monitoring the specularly reflected X-ray inten-
sity as a function of the magnetic field applied parallel to the sample surface
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and in the scattering plane. Maximum magnetic sensitivity, i.e. asymmetry
A = (IH+ - IH−)/(IH+ + IH−) (where IH± are reflected intensities for opposite
magnetic field directions), was achieved by utilizing 80% circularly polarized
X-rays in specular condition at an incident angle equal to θ=9.9 deg.
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Figure 6.1: (a) Magnetization curves measured at 10 K after field cooling the
system from 470 K through the blocking temperature. The 1st (blue), 2nd

(red) and 14th(green) hysteresis loops are shown. Panel (b), and (c) illustrate
the HEB, and HC as a function of the loop index, n.

The experimental findings in Fig.(6.1a) suggest that the first hysteresis
loop exhibits a sharp reversal at Hc1 and a more rounded reversal at Hc2.
By measuring a second hysteresis loop a decrease of the exchange bias field,
HEB= 1/2(Hc1 - Hc2) is observed, which is characteristic for a magnetic training
effect. Surprisingly, the second hysteresis loop exhibits the same steep/rounded
characteristic features at Hc1/Hc2 as the first one. Even after the 14th hysteresis
a sharper reversal at Hc1 as compared to Hc2 is preserved.

Fig.(6.1b) and Fig.(6.1b) illustrate the exchange bias and coercive fields as
a function of the loop index, n. A less significant decrease of exchange bias
field takes place between the first and the second hysteresis cycles, suggesting
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that no antiferromagnetic domain re-arrangements occur [44]. A monotonous
evolution of exchange bias and coercive fields as a function of n appears due
to the interfacial spin rearrangement only at the magnetically disordered fer-
romagnetic/antiferromagnetic interface.

The thermal stability of the magnetic interface can be seen via plotting the
exchange bias and coercive fields as a function of hysteresis loop index n. It is
observed that the exchange bias and coercive fields as a function of n can be
described by the following empirical law as expressed in Eq. (6.1) [38]. The
parameters obtained from a fit to the HEB data in Fig (6.1b) are: H∞EB = 272
± 4 Oe and k= 297 ± 7 Oe. The parameters obtained from a fit to the HC

data in Fig (6.1c) are: H∞C = 394 ± 1 Oe and k= 173 ± 3 Oe.

This is the first experimental observation of a 1/
√
n dependence of exchange

bias field, as initially predicted almost 60 years before by Paccard et al. [38].
This observations suggest that changes in interfacial antiferromagnetic spin
structures with non-equilibrium thermal and magnetic characteristics as a key
microscopic origin of the magnetic training effect. In this scenario the bulk
antiferromagnetic spins remains unchanged during the magnetic training [9,
38].

The empirical expression based on the SG model seems to be the most suit-
able for experimental data (see Fig 6.1b and Fig 6.1c) and can also reproduce
all experiential characteristics of the magnetic training effect. The parameters
obtained from a fit to the HEB data in Fig (6.1b) are: H∞EB = 335±5 Oe, Af

= 641±527 Oe, Pf = 0.44± 0.18, Ai = 199±13 Oe, Pi = 5±0.6.

The above empirical expression is also used to simulate the experimental
data in order to distinguish the nature of the relaxation of the coercive field,
HC , as a function of the field cycle n. The parameters obtained from a fit to
the HC data in Fig (6.1c) are: H∞C = 440±2 Oe, Af = 117±20 Oe, Pf = 3.7±
0.7, Ai = 208±125 Oe, Pi = .58±0.3.

This suggests that under well controlled conditions close to the critical
thickness of the antiferromagnetic layer, interfacial spin re-distribution is the
main contributing factor to the magnetic training effect. The frozen component
appears to relax about 10 times slower as compared to the rotating component.
Indeed, within the SG approach, one can expect a sharp contribution due to the
reversible uncompensated spins at the interface and a much weaker decrease
from the frozen uncompensated spins [9]. This observation is different from
previous cases where re-arrangement of interfacial antiferromagnetic domains
was considered to be the major contributing factor in the magnetic training
effect [61, 77].

In order to explain the asymmetry of the magnetization curve in Fig. (6.1a)
it is assumed that the antiferromagnetic layer behaves practically as predicted
by the MB model. Only when the antiferromagnetic layer thickness is slightly
larger than a critical value, the antiferromagnetic spins rotate reversible away
from their stable angular orientations set by a field cooling procedure. Dur-
ing the magnetization reversal, the antiferromagnetic spin direction acquires
a maximum value of 45 deg at the critical thickness [9]. When this angular
deviation is significant, an asymmetric magnetization reversal occurs [9]. It
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is important to note here that this unique characteristic of magnetic training
observed only for the specific condition of being close to the critical antiferro-
magnetic layer thickness regime. The critical antiferromagnetic thickness for
IrMn/NiFe exchange bias bilayer was measured and it is about 2.0 nm (see
Chapter 4).

Additional evidence of above argument can be described as follow. Rever-
sal after field cooling, the transition from a single antiferromagnetic domain to
a multi-domain state leads to a transition from a pronounced asymmetric hys-
teresis to an essentially symmetric one [43, 160]. The shape of the hysteresis at
the second reversal was more rounded, and in contrast to this observation, the
consecutive hysteresis loops remain essentially rounded at both hysteresis loop
branches. Such a transition to a symmetric hysteresis behavior is characteris-
tic for changes in the bulk antiferromagnetic domain structure [43, 160]. Since
here this is not the case, therefore, the observed behavior in this IrMn/NiFe
exchange biased system confirms the idea of the robustness of the antiferro-
magnetic bulk spin structure, lacking a drastic modification of the bulk spin
configurations which would originally yield a pronounced change of loop asym-
metry.

6.4 Positive Exchange Bias in IrMn/NiFe Bi-

layers

Usually, the exchange bias direction is opposite to the ferromagnetic magne-
tization direction set during field cooling. However, the reverse situation (see
Fig. 6.2), namely a shift of the hysteresis loop to positive direction with re-
spect to the field cooling directions can occur too. Positive exchange bias was
first observed in FeF2 /Fe bilayers and was associated with antiferromagnetic
interfacial coupling [12].

A possible mechanism of the positive exchange bias is a competition be-
tween the ferromagnetic-antiferromagnetic exchange interaction and the cou-
pling of the antiferromagnetic interfacial spins to the external cooling field. If
cooling field couples to the antiferromagnetic interfacial spins as the antipar-
allel during field cooling through Néel temperature, and the ferromagnetic-
antiferromagnetic interaction is ferromagnetic, then the usual negative ex-
change bias is obtained because the system is in a low interface magnetic energy
configuration [12]. However, exchange bias is positive if the ferromagnetic-
antiferromagnetic interface magnetic interaction is antiferromagnetic and cool-
ing field is large enough to align the antiferromagnetic surface magnetization
along cooling field direction, thus overcoming the antiferromagnetic interac-
tion. This is because after field cooling, the system is in a state of high inter-
face magnetic energy, assuming that the antiferromagnetic magnetic surface
remains fixed when the magnetic field is reversed [12].

Another category of positive exchange bias has been observed for instance
in Cu1−xMnx/Co and CoO/Co bilayers, where the evolution of positive ex-
change bias is only realized in the proximity of the blocking temperature,
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Figure 6.2: Schematic illustration of the (a) negative exchange bias, and (b)
positive exchange bias, respectively.

[24, 42, 161, 162], after field cooling. Further, lowering of the sample temper-
ature leads to a disappearance of the positive exchange bias and the appear-
ance of negative exchange bias. The microscopic mechanism of the positive
exchange bias close to blocking temperature is discussed on the basis of coex-
istence of ferromagnetic and antiferromagnetic interface coupling [42], inter-
facial RKKY coupling for the Cu1−xMnx/Co bilayer [24], and unidirectional
coercivity enhancements [161, 162]. In general, the phenomena of positive
exchange bias close to blocking temperature is only observed for magnetic bi-
layers with smooth interfaces. The microscopic origin, the impact of cooling
field strength, and competing coupling mechanisms at the interface are still
being debated [24, 42, 161, 162].

6.5 Training Induced-Positive Exchange Bias

Here, a novel manifestation of a training induced positive exchange bias in
IrMn based exchange biased bilayer has been realized for the first time. It
has been observed that positive exchange bias in the Ni81Fe19/Ir20Mn80 bilayer
is induced only after 30 training cycles near blocking temperature as shown
in Fig. (6.3a). This is completely different from all previous reports where
positive exchange bias is already observed for the very first hysteresis loop after
field cooling. Moreover, a new type of asymmetric magnetization reversal as
illustrated in Fig. (6.3c) can be inferred by analyzing the shape of the hysteresis
loop. These novel experimental results are discussed following in the framework
of frustration at the magnetically disordered ferromagnetic/antiferromagnetic
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Figure 6.3: (a) Exchange bias before (red filled circle) and after (blue filled
circle) magnetic training for representative temperatures in proximity of the
blocking temperature (450 K), (b) The magnetic hysteresis loop of FM at
T = 435 K measured before and after training, (c) Asymmetry of magnetic
hysteresis at T = 435 K, before and after training for corresponding magnetic
hysteresis.

interface.

In order to explain the occurrence of positive exchange bias close to blocking
temperature, a simple approach [12, 42] has been considered, where an uncom-
pensated spin component exhibiting a fundamentally antiparallel coupling to
the ferromagnet is required. During the field cooling procedure a minority
of the uncompensated interfacial antiferromagnetic spins will prefer to align
antiparallel to the direction of the ferromagnetic layer defined by the cooling
field. This scenario would result in a typical negative exchange bias [12]. Af-
ter sweeping consecutively the applied external magnetic field, this minority
component of interfacial antiferromagnetic uncompensated spins will rotate
irreversibly due to consecutive magnetization reversals of the ferromagnetic
spins acting on a frustrated spin state [60]. This frustrated spin state is a
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consequence of symmetry breaking at the ferromagnetic/antiferromagnetic in-
terfaces [147, 163]. As a result, a weak positive shift of the hysteresis loop will
occur at all temperatures after training. When cooling from above blocking
temperature, this component will dominate right below the blocking tempera-
ture since it is anchored more strongly to the bulk side of the antiferromagnetic
layer. Only at lower temperatures the majority component of interfacial anti-
ferromagnetic uncompensated spins, by providing negative exchange bias, will
lead to a stable and robust exchange bias.

The rotation of this minority component is clearly seen in Fig. (6.3c). The
magnetic hysteresis loop before training at T=435 K is asymmetric, namely
the first reversal is steeper as compared to the second one. After training, this
asymmetry reverses, namely the second reversal becomes steeper. This is a
direct evidence of that a minority unidirectional anisotropy responsible for the
positive exchange bias has rotated during field cycling. This peculiar behavior
of the minority unidirectional anisotropy responsible for the appearance of
positive exchange bias close to blocking temperature as shown in Fig. (6.3c).

6.6 Conclusion

At the critical region for exchange bias, during the magnetization reversal,
a novel asymmetry of the magnetic hysteresis loop has been observed. The
training effect leads to an irreversible modification of a frustrated interfacial
spin state of the exchange coupled bilayer. At the critical temperature, the
so called blocking temperature, a positive exchange bias is induced via the
magnetic training effect. A rotation of a minority of antiparallel coupled spins
is clearly revealed through the asymmetric nature of the hysteresis loops. This
new manifestation of the positive exchange bias, supporting a mixture of an-
tiferromagnetic and ferromagnetic coupling mechanisms at the interface, was
phenomenologically predicted in the spin glass model of the exchange bias [9].
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Chapter 7

Microscopic Origin of the
Temperature Dependence of the
Exchange Bias Field

7.1 Introduction

Investigations of the exchange bias are often made at room temperature, moti-
vated by technological concerns. Although some experimental data exist where
the work was carried out at low temperatures [29, 142, 143, 171, 172].

When a ferromagnetic/antiferromagnetic bilayer is field-cooled from above
the antiferromagnetic layer Néel temperature to lower temperatures, the re-
sulting exchange coupling causes a unidirectional anisotropy. Previous ex-
periments have shown that the ferromagnetic/antiferromagnetic interface and
antiferromagnet ordering play important roles in the exchange coupling, and
that the values of both exchange bias and coercive fields depend on the con-
stituent materials and their thicknesses [6, 7, 8, 9]. It has been well established
that the exchange bias field decreases with temperature and vanishes at the
blocking temperature, which is below (e.g. NiO and FeMn) or close to (e.g.
CoO) Néel temperature of the antiferromagnetic layer [6, 173].

Sang et al. [171] reported exchange coupling in Fe50Mn50/Ni81Fe19 bilayers
where, for tAFM ≥ 3 nm, exchange bias field varies with (1/tAFM)0.3 at both
80 and 300 K. Lund et al. [142] studied the temperature dependence of the
exchange bias for FeF2 /Fe of various antiferromagnetic film thicknesses. By
studying the influence of the antiferromagnetic layer thickness on the temper-
ature dependence of the exchange bias they investigated the influence of tAFM
on the blocking temperature.

Ambrose et al. [143] investigated the temperature dependence of the ex-
change coupling in NiFe/CoO bilayers of some representative samples with
varying CoO layer thickness. They observed an intrinsic plateau in the ex-
change field at low temperatures, while very strong temperature dependence
occurred at a high temperature. The same study suggests that the coercive
field shows a quasilinear temperature dependence, decreasing to the intrinsic
coercive field of permalloy at approximately 291 K.
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This chapter deals with the investigation of temperature dependent interfa-
cial magnetic coupling between a metallic ferromagnetic NiFe and an adjacent
oxide antiferromagnet CoO in epitaxial single crystalline bilayers. This system
offers a unique advantage in studying the temperature dependent characteris-
tics of exchange bias, where the antiferromagnet exhibits magnetic domains.

Both hard and soft X-ray resonant magnetic scattering has been utilized to
study the magnetic interface and the evolution of the bulk antiferromagnetic
domain state of the epitaxial Ni81Fe19(111)/CoO(111) exchange biased bilayer.
The combination of both scattering tools provides unique detailed insights into
the as yet elusive understanding of the mechanism for temperature dependence
of the exchange bias field. A direct correlation between the exchange bias field
and the frozen-in spins to reversible spins ratio is found, providing a compre-
hensive understanding of the microscopic origin of the temperature dependence
characteristics of the exchange bias field.

7.2 Sample Growth and Structural Character-

ization

The samples have been grown by DC-magnetron sputtering. Ultra clean Ar
gas has been used as a sputtering medium at a partial pressure of 1.5x10−3

mbar during the growth. The ultimate base pressure of the sputter chamber
was 2x10−8 mbar [10]. DC-magnetron sputtering offers the advantage of higher
deposition rates, and therefore a thicker CoO layer can be grown under stable
conditions. Five substrate crystals have been utilized to optimize the structural
quality of the CoO films: MgO(100), MgO(110), MgO(111), Al2O3(0001), and
Al2O3(112̄0). Before growth, all substrates were rinsed in ethanol and cleaned
in an ultrasonic bath for 30 minutes. After annealing to 1000 K for 15 minutes,
the temperature was decreased to 800 K and then left there for 30 minutes
in order to avoid any thermal gradient on substrate surface. Afterwards, a
2000 Å thick CoO layer was grown at 800 K. The temperature was further
decreased to room temperature for the deposition of the Ni81Fe19 (120 Å)
film. To prevent oxidation, a Au (50 Å) capping layer was grown on top of
the bilayer. The reduced deposition temperature for the NiFe and Au layers
was chosen in order to reduce thermal induced inter-diffusion at the interface.
Although the MgO(111), Al2O3(0001), and Al2O3(112̄0) substrates provide the
(111) oriented uncompensated surface for CoO, the highest structural quality
was only achieved by using an Al2O3(112̄0) crystal.

The structural quality of the samples was studied by using X-ray scattering
at the MAGS [164] and KMC2 [165] X-ray beamlines at BESSY II using λ =
1.5405 Å radiation.

Fig. (7.1) shows the longitudinal X-ray diffraction along the [111] crystal-
lographic axes. The longitudinal Bragg scan of the sample suggests that the
CoO lattice peak at Q = 2.549 Å−1 occurs at the standard tabulated value,
suggesting a stoichiometric growth [166]. The NiFe lattice peak at Q = 3.07
Å−1 exhibits Laue oscillations (see Fig. 7.1) which are indicative of a high
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Figure 7.1: Longitudinal X-ray diffraction along the [111] crystallographic axes.
All layers exhibit a Bragg peak. The NiFe and Au layers show Laue oscillations
suggesting a smooth CoO/NiFe interface.

quality and smooth NiFe/CoO interface. Even the Au capping layer lattice
peak at Q = 2.67 Å−1 exhibits two Laue oscillations, one at Q = 2.77 Å−1 and
another one at Q = 2.57 Å−1 below the CoO lattice peak [10](see Fig. 7.1).

In order to investigate the crystalline symmetry and epitaxial relations
between the layers, azimuthal scans (φ scan) around the [100] crystallographic
orientation have been measured.

Fig. (7.2) shows the crystallographic distribution of [100] plane. Mea-
surements reveal a six fold symmetry. This suggests that the CoO layers
exhibit at least two crystallographic domains rotated 60 deg with respect to
each other [167]. The crystalline symmetry extracted from these data can be
expressed as : CoO [1 1̄ 0] ‖ NiFe[1 1̄ 0] ‖ Au[1 1̄ 0] (see Fig. 7.2). This
corresponds to the Nishiyama-Wassermann epitaxial growth [166, 168].

7.3 Correlation Between Structural Coherence

Length and Magnetic Domains

The antiferromagnetic domain formation in the epitaxial CoO layer was stud-
ied using X-ray magnetic scattering at the Co K-edge. Measurements were
performed at the MAGS 7 T multipole wiggler beamline, at the synchrotron
source BESSY II [164]. The sample was cooled from above the Néel temper-
ature (about 300K) to 10 K in the presence of a 800 Oe external magnetic
field applied parallel to the sample surface. The peak shape of the structural
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Figure 7.2: Illustration of crystallographic distribution of [100] plane measured
azimuthally around [100] by using asymmetric X-ray diffraction. The epitaxial
relation between the CoO, NiFe, and Au layer is CoO [1 1̄ 0] ‖ NiFe[1 1̄ 0] ‖
Au[1 1̄ 0]. All diffraction patterns were measured at E = 8048 eV (λ = 1.5405
Å).

(111) and the half order (1/2 1/2 1/2) Bragg peaks were measured in both
the longitudinal (θ/2θ) and the transverse (θ rocking scan) geometry. The Au
(111) crystal was considered as a reference to distinguish the structural and
magnetic contributions.

Fig. (7.3) shows the X-ray resonant magnetic scattering at the Co K edge
for (111) and (1/2 1/2 1/2) Bragg peaks in both longitudinal and transverse
geometries. The structural (111) peak provide information about in-plane and
out-of-plane charge correlation, respectively. The magnetic longitudinal and
transversal half order peak are wider as compared to structural peaks, suggest-
ing the formation of antiferromagnetic domains. The width of the magnetic
transverse scan provides the in-plane magnetic coherence length for the anti-
ferromagnetic domains

Comparing the structural to the magnetic longitudinal peaks (Fig. 7.3a,c),
an increase of the full width at half maximum (FWHM ) from 0.011 Å−1 to
0.013 Å−1 is observed. The FWHM of the magnetic peak (1/2 1/2 1/2) is
wider compared to the structural FWHM (111) peaks. This is a clear signa-
ture of the evolution of antiferromagnetic domains. Scattering at the magnetic
inhomogeneities provided by the domain walls will increase the average corre-
lation length, providing an enhanced FWHM of the longitudinal (1/2 1/2 1/2)
magnetic peak with respect to its (111) structural counterpart.
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Figure 7.3: X-ray resonant magnetic scattering at the Co K edge: (a) longitu-
dinal and (b) transverse (111) Bragg peaks; (c) longitudinal and (d) transverse
(1/2 1/2 1/2) Bragg peaks. The points are experimental data and solid lines
are corresponding Lorentzian fit to the experimental data.

The in-plane average size of antiferromagnetic domains can be estimated
by transverse scans. The transverse scan shown in Fig. (7.3d) probes the
in-plane average size of antiferromagnetic domains, often referred to as the
magnetic correlation length, and which can be evaluated by the expression
(LAFM = 2π

FWHM
) [169, 170]. The Lorentzian shape of the transverse scan (see

Fig. 7.3d) is a clear signature of a broad distribution of domain sizes having
a mean value of LAFM ≈ 30 nm and clearly suggests that measurements were
not limited by instrumental resolution. The magnetic half order (1/2 1/2 1/2)
transverse signal is also quite different from the structural (111) transverse
scan (see Fig. 7.3b,d ). A sharp coherent contribution is clearly visible on
top of a much wider diffuse peak as shown in Fig. 7.3b. The presence of the
sharp peak confirms a highly epitaxial quality of the sample, but vacancies
and stacking faults contribute to the broad diffuse charge scattering which
becomes more prominent as the film grows thicker (see Fig. 7.3b). Here, it is
noteworthy that the correlation lengths of structural and magnetic peaks are
very close in size. This suggests that the antiferromagnetic domain size is only
slightly different compared to the structural grain size.
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7.4 Temperature Dependent Characteristic of

Uncompensated Antiferromagnet Spins

This section presents first element specific evidence that the dependence of
exchange bias on the temperature relies on a variation of the ratio between
frozen-in and rotatable uncompensated antiferromagnetic spins as a function
of temperature. The method is based on measuring the antiferromagnetic in-
terface magnetization which arises from magnetic frustration originating from
the presence of defects at the ferromagnetic/antiferromagnetic interface as a
function of temperature. X-ray resonant magnetic scattering has been utilized
to measure the uncompensated antiferromagnetic magnetization.
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Figure 7.4: Co element specific magnetic hysteresis of the interfacial uncom-
pensated antiferromagnetic moments for three different representative temper-
atures (a) T = 320 K, (b) T = 250 K, and (c) T = 150 K, respectively. The
measurements were performed by tuning the X-ray energy at the Co L3 (779.0
eV) absorption edge.

Soft X-ray resonant magnetic scattering measurements were performed at
the UE 46 HZB High Magnetic Field Chamber, and ALICE diffractometer
operated at BESSY II. By tuning the energy at the Co L3 (779.0 eV) absorp-
tion edge, reflectivity curves have been measured which allow us to select the
scattering conditions for maximum magnetic contrast. In this case maximum
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magnetic contrast was obtained at θ = 11.5 deg. In such scattering conditions
with maximum magnetic contrast, element specific magnetic hysteresis loops
as a function of temperature have been measured which further provide the ex-
perimental value of the exchange bias and coercive fields. Flipping the circular
helicity of X-rays as well as the magnetic field allows us to separate rotatable
and frozen- in antiferromagnetic uncompensated spins which are depth and
laterally uncompensated (for details see Chapter 5).
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Figure 7.5: Temperature dependence of the (a) coercive field HC , (b) exchange
bias field HEB, (c) and frozen-in (F) and rotatable (R) antiferromagnetic un-
compensated spins respectively obtained from the element specific magnetic
hysteresis loops.

Measuring the reflected intensity for circularly right (σ+) and left (σ−)
polarized X-rays while sweeping the external field, one obtains a hysteresis
loop provided by the asymmetry ratio as a function of an external field: A(H)
≡ A = (σ+ - σ−)/(σ+ + σ−). This asymmetry ratio resolves vertical shifts
of the hysteresis loops, with respect to the magnetization axis as shown Fig.
(7.4). Now, the frozen-in and rotatable antiferromagnetic uncompensated com-
ponents are extracted from the positive (A+

sat) and negative (A−sat) magnetic
saturation values of asymmetry as: AF = (A+

sat + A−sat)/2 and AR = (A+
sat

- A−sat)/2, respectively. These two experimental parameters are illustrated in
Fig. (7.5) as a function of temperature. The sum of rotatable and frozen-in
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spins is seemingly constant and extends through Néel temperature. The exper-
imental finding clearly demonstrate that the rotatable asymmetry component
is much larger than the frozen asymmetry. At the blocking temperature, how-
ever, nearly 4.0 % of these antiferromagnetic uncompensated spins become
frozen with a sharp characteristic onset (see Fig. 7.5c).

The correlations between frozen-in spins and the values of the exchange
bias and coercive fields are shown in Fig. (7.5). The exchange bias shows a
sharp onset at blocking temperature (280 K) and increases linearly towards low
temperatures. The blocking temperature is correlated with the temperature
where the antiferromagnetic domains achieve stability against the exchange
interaction with the ferromagnetic layer. This origin of the blocking tempera-
ture can be inferred from the Meiklejohn and Bean model. There, the blocking
temperature is always lower than Néel temperature, and is essentially governed
by the magnitude of the antiferromagnetic anisotropy energy and interfacial
exchange energy [29]. However, the coercive field shows completely different
characteristics. At lower temperatures a linear increase of the frozen-in asym-
metry is clearly observed. The coercive field increases linearly as a function
of temperature, confirming a strong interfacial coupling. It is important to
note that the pinned layer coercivity at high temperatures matches that of
the free layer very closely, indicating comparable intrinsic magnetic proper-
ties. With this in mind, it can be seen that the trends observed in the biased
NiFe layers are therefore not due to the magnetization or anisotropy constant
of NiFe itself varying significantly with temperature. Hence the changes must
be occurring as a result of what is occurring in due to thermal stability of the
antiferromagnetic domains.

The above measurements can provide the microscopic origin of the tem-
perature dependence of the exchange bias and coercive fields. Strong variation
of the ratio between frozen-in and rotatable uncompensated antiferromagnetic
spins as a function of temperature is the origin of the temperature dependence
of the exchange bias and coercive fields.

7.5 Conclusion

In conclusion, an archetypal exchange biased CoO/NiFe bilayer system has
been investigated by using hard and soft X-ray resonant scattering techniques.
It is observed that the magnetic antiferromagnetic domain size is slightly
smaller compared to the structural grain size. Uncompensated frozen-in spins
are found to be remarkably well correlated with the coercive and exchange bias
field. The variation of frozen to rotating spins as a function of temperature
can explain the long debated issue of microscopic origin of the temperature
dependence characteristics of the exchange bias and coercive fields.
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Chapter 8

Nanoscale Imaging of Magnetic
Interfacial Frustration in
Exchange Coupled Co/FeMn
Bilayer

8.1 Introduction

The exchange coupling is mainly governed by structural and chemical aspects
of the magnetic interfaces formed during the growth of the exchange coupled
bilayers. On the micrometer scale, large antiferromagnetic domain configu-
rations have been observed before [78, 79, 147]. It has been argued that the
magnetic coupling is determined by the amount of uncompensated spins at the
interface [78, 79, 147]. However, other investigations claim that the interface
magnetocrystalline anisotropy or the interface crystalline orientations are the
most important parameters controlling the magnetic coupling [163, 174].

At this point, a more detailed description of the magnetic spin structures
on the nanometer length scale is required that allow us to have a closer look
at the magnetic interface of exchange coupled bilayer in order to explore the
origin of the exchange coupling mechanism. This is now possible through high-
resolution photo-emission electron microscopy experiments where the influence
of the magnetic coupling can be studied directly at the magnetic interface [78,
79, 90, 163].

The microscopic investigations of an exchange coupled Co/FeMn bilayer
has been carried out by photo-electron emission microscopy in combination
with synchrotron radiation. By combining element specific magnetic imag-
ing in the presence of an external magnetic field, a local view of the in-
terfacial uncompensated spins have been accessed. The direct imaging of
the magnetic frustration at the ferromagnetic/antiferromagnetic interface pro-
vides information about the element specific spin arrangement at the ferro-
magnetic/antiferromagnetic interface. This investigation suggests a lateral ag-
glomeration of the frozen uncompensated antiferromagnetic spins at the ”hot
spots” as shown in Fig (8.2). It will be discussed and first time experimentally
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demonstrated that this spatial variation of the frozen uncompensated antifer-
romagnetic spins, directly correlated with the local magnitude of the exchange
bias and coercive fields.

This work uses the newly developed capability of magnetic imaging in an
external magnetic field to obtain the spatially resolved correlation between
exchange bias with frozen uncompensated antiferromagnetic spins [90]. These
results provide the first glimpse of the importance of sub-µm sized hot spots
for establishing macroscopic exchange bias.

8.2 Experiments

The Si(100)/Cu(50 nm)/Fe50Mn50(30 nm)/Co (9 nm) bilayer used in this in-
vestigation was grown ex-situ by magnetron sputter deposition. In order to
probe the ferromagnetic /antiferromagnetic interface directly, we used the fi-
nite probing depth of total electron yield detection (see Chapter 3). The
thickness of the top Co layer was chosen so that only the interface and not a
significant part of the bulk FeMn layer was probed. This was achieved by re-
moving part of the top Co layer in-situ by sequences of Ar+ sputtering until a
small Fe and Mn signal in total electron yield appear in the limit of detection.

To image the ferromagnetic ordering in the Co layer and at the Co/FeMn
interface, the magnetic and chemical sensitivity of XMCD at the Co and Fe
L3 absorption edges has been exploited. As described in the Chapter 3, the
technique combines spatial resolution in the range of 20 nm with chemical
sensitivity, so that each constituent within the probing depth can be imaged
separately. By flipping the helicity of the incident X-rays, the spatial dis-
tribution of magnetic moments of each element of the multilayer can be im-
aged [78, 79, 147]. Using a sample holder with integrated magnetic field allows
us to measure the magnetic hysteresis loops with nm spatial resolutions. Dur-
ing the imaging, magnetic fields of up to strength of 25 mT were applied via a
miniaturized magnetic yoke [91]. Focusing on a particular spot of the sample,
the imaging of magnetic domains in the Co layer and at the interface as a
function of the azimuthal angle has also been studied.

8.3 Spatial Distribution of AFM Uncompen-

sated Spins

Besides the XMCD signal from the ferromagnetic Co layer, the magnetic con-
trasts of uncompensated Fe spins also have been probed (see Fig. 8.1). The Fe
XMCD contrasts are significantly smaller compared to Co contrasts because
they represent uncompensated antiferromagnetic Fe spins [78, 147]. Evaluat-
ing the Co and Fe XMCD signals, it is observed that about 25% Fe spins at
the interface are uncompensated, contributing to the Fe XMCD signal [90].
These uncompensated spins are localized near the interface region since the
contributions of deeper FeMn layers are more strongly attenuated by the total
electron yield detection of the XMCD [104, 105].
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CHAPTER 8. IMAGING OF MAGNETIC INTERFACE

The schematic quantification of the frozen and rotating components of the
antiferromagnet Fe spins have been performed and illustrated in Fig. (8.2 a,b).
This was achieved by flipping photon helicities as well as tuning the orientation
of the magnetic field during the measurement of XMCD contrast from uncom-
pensated Fe spins. Results suggest that agglomeration of frozen spins occur
in the proximity of ferromagnetic domain walls. These hot spots consisting of
a large number of frozen spins shows rich phenomenology of exchange biasing
at ferromagnetic/antiferromagnetic interface.
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Figure 8.1: XMCD contrasts for (a) ferromagnetic Co layer and (b) uncom-
pensated Fe spins for antiferromagnet FeMn layer, measured at the Co and Fe
2p3/2 absorption edges, respectively.

To obtain a lateral mapping of the exchange bias a stack of images during
a magnetic field sweep were recorded that further provided access to the lo-
cal hysteresis representing an area of 50 x 50 nm2 [90] coresponds to the hot
spots. Prior to extraction of the magnetic hysteresis loops, all the images have
been normalized. The normalization was done via an image having identical
field of view, obtained during exit slit of beamline was closed. This procedure
allow us to eliminate any possible artifacts related to the background intensi-
ties of the spin channel detector. To make sure for proper spatial alignment
of each images, all normalized images have been further analyzed with drift
corrections.

The hysteresis loops are displayed in Fig. (8.2c,d). From the zero crossings,
HC1 and HC2 of the hysteresis loops one can obtain the exchange bias and coer-
cive fields [6]. The Fe hysteresis loops are displayed in Fig. (8.2c) for the same
two positions as the Co loops as shown in Fig. (8.2d). The zero crossings
of the Co and Fe hysteresis loops in Fig. (8.2c,d) are different. This indi-
cates that magnetization behavior of the Co layer shows different behavior for
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these two points. This provides a strong evidence that Co spins are exchange
coupled with interfacial antiferromagnetic Fe spins. The different magnetiza-
tion reversal behavior of Co spins at two spots suggest a lateral variation of
uncompensated antiferromagnetic Fe spins. This indicates that most of the un-
compensated Fe magnetic moments are result due to frustrated characteristic
of the magnetic interface [9] and exhibit a laterally random distribution.
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Figure 8.2: Illustration of the spatial variation of the Fe (a) frozen and (b) ro-
tating uncompensated spin distribution. Hot spots having agglomerations of
frozen uncompensated spins are marked with circles. In order to make a com-
parison with a hot spot a general field of interest (black circle) is selected. The
magnetic hysteresis loops of the (c) Fe and (d) Co layers have been obtained
from the hot spots and shown in the corresponding colors.

Furthermore, the experimental results also provide evidence that part of
the uncompensated Fe spins are not reverse their orientation during the mag-
netization reversal of the ferromagnetic layer. This results in a vertical shift
of the Fe hysteresis loops as clearly shown in Fig. (8.2c). These magnetic
moments are pinned to the antiferromagnetic layer and are thought to control
the strength of the exchange bias field [10, 80]. It is observed that the locally
different switching behavior of Co spins further yields a strong lateral variation
of the exchange bias field. Hot spot shows strong exchange bias compare to
the rest parts of images (see Fig. 8.2c,d).
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Figure 8.3: Examples of magnetic domain formation in applied magnetic fields
with strength of (a) 0.0 mT, (b) -3.6 mT, and (c) -5.6 mT as displayed by the
XMCD contrast at the Co 2p3/2 absorption edge which measures the projection
of the magnetic moments with respect to the incidence X-ray direction.

Fig.(8.3) shows XMCD images of the ferromagnetic Co layer recorded with
different strengths of the external magnetic field. Different regions of the
Co layer show a magnetization reversal at different applied magnetic fields.
Starting at zero field with a nearly homogeneous magnetized layer observed,
which shows a switching at B = -3.6 mT (see Fig. 8.2, 8.3). Further increase
of the strength of the external magnetic field leads to domain formation in the
center of the images (see Fig. 8.3c). Starting at zero field, it is observed that
with increasing field, the spins in this region switched coherently while in the
center many domains are formed [90].

While the total number of the uncompensated antiferromagnetic moments
at the ferromagnetic/antiferromagnetic interface and depend on the interface
width and its roughness, the presence of exchange bias is assigned to the ex-
istence of frozen-in uncompensated moments which are pinned to the anti-
ferromagnet [10, 80]. By applying a magnetic field one can distinguish be-
tween these two kinds of uncompensated antiferromagnetic spins [10, 88, 153].
Adding the XMCD signal of uncompensated antiferromagnetic spins for two
opposite directions of the saturation field, contributions of rotatable uncom-
pensated spins cancel out. Only frozen uncompensated antiferromagnetic spins
that do not follow the external field or the orientation of the ferromagnetic layer
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contribute to the signal, and exhibit an irreversible characteristic.

In the areas showing the highest exchange bias, presence of a large fraction
of the frozen uncompensated antiferromagnetic spins are observed [90]. At the
hot spot, a strong accumulation of frozen uncompensated antiferromagnetic
spins is observed. These areas cause a local variation of the exchange bias
field. At hot spot the signal of the frozen antiferromagnetic spins is strong
enough to be observed by a vertical shift of the hysteresis loop similar as
reported before [10, 80, 81, 153]. Comparing the Fe hysteresis of a region with
a large number of frozen Fe spins to a neighboring region with less frozen Fe
spins, a clear vertical shift of the Fe hysteresis loop is observed (see Fig. 8.3c).

8.4 Non-collinear Arrangement of the Antifer-

romagnetic Uncompensated Spins

The spin arrangement at the interface in layered magnetic materials is often
crucial for the understanding of exchange coupling and has profound conse-
quences during magnetization reversal of the ferromagnetic spins. Particularly
important is the unidirectional coupling between the spins in an antiferromag-
netic layer and those in an adjacent ferromagnetic layer [1, 2, 9, 59, 60, 61, 62,
68, 69, 73, 74, 149].

The often rather small size of the exchange bias has been explained by
recent experiments, which show that, unlike for a perfectly flat interface, only
a small fraction of uncompensated antiferromagnetic spins contribute in real
ferromagnetic /antiferromagnetic systems [10]. However, a simple compre-
hensive understanding of the magnetization reversal of exchange-coupled fer-
romagnetic/antiferromagnetic bilayers still remains an unresolved issue. For
instance, its associated asymmetric reversal behavior remains one of the poorly
understood characteristic features of exchange-biased systems [9]. The differ-
ent behaviors observed have led to an increasing number of ad hoc magnetic
anisotropies being proposed without sufficient microscopic justification.

Present investigation deals with azimuthal dependence of XMCD imaging
for the Co and uncompensated Fe antiferromagnetic spins. The angular de-
pendence of XMCD imaging contains a unique fingerprint of the interfacial
spins arrangement of an exchange-bias systems.

This experiment aims at providing access to the spin glass layer for an
exchange-coupled ferromagnetic/antiferromagnetic bilayer. Furthermore, this
experiment also provides the possibility to study the mutual orientation of Co
and Fe spins at the interface. The Co and Fe XMCD images are acquired
for different representative azimuth angles. Azimuthal rotation of the sample
holder attached with a magnetic yoke achieved via rotatable manipulator. The
protocol allow us to rotate the sample along with magnetic yoke up to 170
degree with respect to incoming X-rays (see top panel of Fig. 8.4).

Fig (8.4) shows the typical XMCD images of the ferromagnetic Co and Fe
layers recorded with different azimuth angles. Experimental results suggest a
non-collinear arrangement of the uncompensated interfacial Fe spin with re-
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Figure 8.4: Panel (a) illustrates the schematic view of azimuthal rotation of
the sample holder attached with rotatable manipulator. Panel (b), (c), (d), (e)
and (f) illustrate the magnetic contrast images of Co layer were recorded at the
L3 resonance edge for 0, 45, 90, 135, and 170 degrees, respectively. However
(g), (h), (i), (j), and (k) illustrate magnetic contrast images of interfacial Fe
layer were recorded at the L3 resonance edge for 0, 45, 90, 135, and 170 degrees,
respectively.

spect to the Co spins. Experimental results suggest a strong biasing between
the Co and uncompensated Fe antiferromagnetic spins and it maintained dur-
ing azimuthal measurements of XMCD images of Co and Fe layers.

Normalized XMCD for Co and interfacial Fe layers are shown in Fig. (8.5)
as a function of azimuthal angles for a representative point1. Experimental
results suggest a non-collinear arrangement of the uncompensated interfacial
Fe spin with respect to the Co spins. It is observed that the non-collinear
interfacial spin arrangement of the Fe uncompensated spins leads to a dif-
ferent magnetization reversal of the Co layer. Experimental results provide
an important understanding of the magnetic anisotropies in exchange-bias
ferromagnetic /antiferromagnetic systems. Experimental results suggest that
anisotropies resulting due to symmetry-breaking at interface leave a distinct
fingerprint in the interfacial spin arrangement.

The frustration seems to be mainly a feature of interfacial Fe and Co spins
since only weak non-collinear spins are detected in the ferromagnetic Co layer
at remanence. Frustration may be due to the presence of higher order mag-

1Spatial analysis of this work in progress.
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Figure 8.5: Normalized XMCD for Co (solid black circles) and Fe (solid cyan
rectangles) as a function of azimuthal angle with respect to the incoming cir-
cular polarized X-rays. Magnetic contrast images of Co and interfacial Fe layer
were recorded at L3 resonance edges for different representative angles. Solid
lines represent the sinusoidal fit to the experimental data that allows us to
determine the non-collinear arrangement of the uncompensated interfacial Fe
spin with respect to the Co spins.

netic anisotropy and broken symmetry at the ferromagnetic/antiferromagnetic
interface and can be enhanced by thickness variations of the interface layer
via chemical intermixing [9, 147]. The lateral extent of the interfacial non-
collinear spin structures is also influenced by exchange interactions within the
interface and ferromagnetic layers. Magnetization reversals leads to the non-
deterministic pinning of the uncompensated spins during successive switching
cycles leads to a variation of the coercive fields HC1 and HC2 in Co and Fe
hysteresis loops.

In summary, the frustration of the exchange coupling between a ferromag-
net and an antiferromagnet gives rise a non-collinear arrangements of Fe spins.
This non-collinear spins arrangements leads a new non-collinear anisotropy
which becomes important for ferromagnets with vanishing intrinsic anisotropy.
The non-collinear nature of the anisotropy is unambiguously deduced from the
azimuthal dependence of XMCD imaging. Results show that the anisotropy
balance and the interfacial magnetic frustration play the main role in the
asymmetric reversal phenomenon in ferromagnetic/antiferromagnetic systems
as shown in Fig. (8.2c,d).
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8.5 Conclusion

Using PEEM in combination with an applied magnetic field, first nanoscale
view of the exchange bias in a Co/FeMn bilayer has been accessed. Combining
element specific magnetic imaging in the presence of an external magnetic field,
the investigation of local variations of the frozen spins has been investigated.
It was observed that spatial distribution of the frozen uncompensated anti-
ferromagnetic spins at the ferromagnetic/antiferromagnetic interface directly
correlated with local exchange bias field. Analysis of element specific XMCD
contrasts at different azimuthal angles suggest a non-collinear arrangements
of the ferromagnetic and antiferromagnetic spins. This non-collinear arrange-
ments of interfacial spins yield additional anisotropies, which influence the
magnetization reversal of the adjacent ferromagnetic spins.
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Chapter 9

Summary

The exchange bias effect manifests itself in a shift of the magnetic hysteresis
loop along the field axis in the negative or the positive direction with respect
to the applied field. The details of the exchange bias effect depend crucially
on the interfacial spins arrangements at the ferromagnetic/antiferromagnetic
interface. However, some characteristic behaviors are still under debate: (1)
the size of the exchange field is up to several orders of magnitude lower than
expected for many epitaxial systems [1, 2, 9, 10]; (2) exchange bias and coer-
cive fields increase as the system is cooled in an applied magnetic field below
the blocking temperature of the antiferromagnetic layer [1, 3, 9]; (3) the mag-
netization reversal can be different for the ascending and descending part of
the hysteresis loop [36, 37, 42, 43, 44, 46, 47]; (4) exchange bias and coer-
cive fields can vary when hysteresis loops are measured consecutively, a phe-
nomenon called training effect [38, 39]. A considerable number of experimental
investigations have been carried out for describing possible mechanisms of the
exchange bias effect [1, 2, 9, 59, 60, 61, 62].

So far, the understanding of the exchange bias phenomenon at ferromag-
netic /antiferromagnetic interfaces had been restricted due to the lack of infor-
mation about the nature of uncompensated antiferromagnetic spins and their
distribution. The results presented in this thesis highlight fundamental as-
pects and provide a microscopic understanding of various issues related to the
ferromagnetic /antiferromagnetic interfacial exchange bias phenomenon. This
significant new insight into exchange bias has been made possible by the com-
bined use of polarization dependent soft X-ray resonant magnetic scattering,
X-ray circular dichroism, X-ray photo-emission microscopy as experimental
tools to investigate the depth and laterally resolved interfacial spins structure
of bilayer systems.

Based on the growth of NiFe/IrMn bilayers with nearly perfect interfaces,
the study of the magnetization reversal suggests a text book characteristics
across the critical thickness of the antiferromagnetic layer. Investigations sug-
gest that:

• Exchange bias and coercive fields exhibit a non monotonic behavior as a
function of antiferromagnetic layer thickness;

• A strong variation of the antiferromagnetic anisotropy and of the other
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interfacial exchange coupling parameters across the critical thickness
of the antiferromagnet layer. The variation of the antiferromagnetic
anisotropy depends very much on the antiferromagnetic layer thickness.

The X-ray resonant magnetic scattering technique has been exploited as
a direct probing tool for the frustrated NiFe/IrMn interface in order to de-
tect the presence of uncompensated antiferromagnetic spins. The systematic
vertical offset of the Mn element specific hysteresis loops was recorded for the
representative bilayers which confirms the presence of pinned or frozen uncom-
pensated antiferromagnetic spins. However, the shape of the hysteresis loops
totally depends on reversible or unpinned uncompensated antiferromagnetic
spins. This novel approach provides a tool for the direct observation of the
dual behavior of interfacial uncompensated spins [153]. Results suggest that:

• Presence of reversible and irreversible components of the uncompensated
antiferromagnetic spins;

• For NiFe(7.5 nm)/IrMn (3.5 nm) bilayer, observation up to nearly 90
% of frozen uncompensated antiferromagnetic spins suggests an ideal
quality of the frustrated magnetic interface;

• The ratio of frozen to rotating uncompensated antiferromagnetic spins
strongly depends on the thickness of antiferromagnetic layer;

• Antiparallel coupling between reversible and irreversible components of
uncompensated antiferromagnetic spins.

At the blocking temperature, during the magnetization reversal, a novel
asymmetry of the magnetic hysteresis loop has been observed for NiFe/IrMn
bilayers. The training effect leads to an irreversible modification of a frustrated
interfacial spin arrangements [44]. Experimental results suggest that:

• A new category of training effect observed that purely originated from the
re-arrangement of spin configurations at meta-stable magnetic interface;

• At the blocking temperature, training effect leads to a new type of posi-
tive exchange bias;

• A rotation of a minority antiparallel coupled spin component is observed
through the asymmetric nature of the hysteresis loops.

Combined soft and hard X-ray resonant scattering techniques were ex-
ploited to explore the microscopic origin of the disagreement between theoret-
ical predictions and the experimental magnitude of exchange bias field for an
archetypal epitaxial NiFe/CoO bilayer [10]. The studies suggest that:

• Anisotropic in-plane orientation of antiferromagnetic domains which have
almost the same dimension as the grain size has been observed;
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• Variation of the ratio between frozen and rotating spin as a function of
temperature provides a microscopic origin of temperature dependence
characteristics of exchange bias and coercive fields.

Although the broken interfacial symmetry is one source of uncompensated
spins at the antiferromagnetic interface, it alone dramatically over-estimates
the size of exchange bias. Most theoretical models have to include magnetic
disorder, domain formation or frustration at the interface. To this end, the di-
rect correlation of exchange bias and coercive fields to the interfacial magnetic
configurations are needed. This problem has been addressed by using element-
specific magnetometry with 20 nm spatial resolution during the ferromagnetic
magnetization reversal [90]. Studies suggest that:

• Sub-micron sized hot spots having agglomeration of frozen uncompen-
sated antiferromagnetic (Fe) spins dominate the exchange bias of an ad-
jacent ferromagnetic (Co) layer;

• Imaging of the frustrated interfacial magnetic layer demonstrates a mu-
tual non-collinear arrangement of uncompensated antiferromagnetic (Fe)
spins to an adjacent ferromagnetic (Co) layer;

• Non-collinear arrangement of uncompensated antiferromagnetic (Fe) spins
leads to an additional anisotropy that directly influence the magnetiza-
tion reversal of adjacent ferromagnetic (Co) layer.

This significant new insights into exchange bias phenomenon has been made
possible by a closer look of the nearly ideal exchange coupled Magnetic In-
terfaces via Polarized X-rays.
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S. Anders, J. Lüning, E. E. Fullerton, M. F. Toney, M. R. Scheinfein, and
H. A. Padmore, Nature 405, 767 (2000).
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[170] H. Béa, M. Bibes, F. Ott, B. Dupe, X. -H. Zhu, S. Petit, S. Fusil, C.
Deranlot, K. Bouzehouane, and A. Barthelemy, Phys. Rev. Lett. 100,
017204 (2008).

[171] H. Sang, Y. W. Du, and C.-L. Chien, J. Appl. Phys. 85, 4931 (1999).

[172] S. M. Zhou, Kai Liu, and C. L. Chien, J. Appl. Phys. 87, 6659 (2000).

[173] R. Abrudan, J. Miguel, M. Bernien, C. Tieg, M. Piantek, J. Kirschner,
and W. Kuch, Phys. Rev. B 77, 014411 (2008).

[174] M. Pilard, O. Ersen, S. Cherifi, B. Carvello, L. Robian, B. Muller, F.
Scheurer, L. Ranno, and C. Boeglin, Phys. Rev. B 76, 214436 (2007).

114


