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Abstract

In the last century, the role of magnetic materials has changed drastically. Of all the
electronic properties of solids, magnetism maybe became of interest to the widest range of
scientists and technologists. In addition to fundamental interests in magnetic properties
there is a large and growing technology based interest of the properties of magnetic ma-
terials. Quite small improvements in permeability, coercivity or saturation magnetisation
can be of great economic significance.

On the other hand, the magnetic properties of antiferromagnetic materials were not of
technological interest until 1956 where Meiklejohn and Bean reported: “A new type of
magnetic anisotropy has been discovered which is best described as an exchange anisotropy.
This anisotropy is the result of an interaction between an antiferromagnetic material and
a ferromagnetic material”. Meiklejohn and Beans discovery was initiated by the observa-
tion that the hysteresis loop of a sample of nominal cobalt nanoparticles was shifted along
the field axis after cooling in an applied field. It was subsequently established that the
particles had been partially oxidised to CoO which is an antiferromagnet.

A biased magnetisation direction in a ferromagnet (FM) provided by an antiferromag-
net (AFM), the so-called exchange bias (EB) effect, is nowadays essential to state-of-the-art
magnetic read-head technology, highly sensitive magnetic field sensors and MRAM (mag-
netoresistive random access memory) devices. For the above mentioned technologies, the
EB-effect plays a key role even though a complete description of the microscopic coupling
mechanism is still missing. It is widely accepted that the origin of the EB-effect can be
traced back to the existence of pinned uncompensated spins (UCS) in the antiferromag-
net (AFM) or at its interface. Such UCS have been observed by various experimental
techniques. In a simple extension of the model originally proposed by Meicklejohn and
Bean, the observed small size of the exchange bias field could be related to pinned UCS.
The compensated interfacial spins and the rotating (non-pinned) UCS were found not
to contribute to the exchange bias effect. However, the understanding of the underlay-
ing mechanism is still clouded by contradictory reports: For example, both a parallel
as well as an antiparallel orientation of the UCS relative to the magnetization direction
of the ferromagnet were reported for systems containing the same AFM and FM materials.

In this thesis, two different EB-systems were investigated by low-temperature magnetic
force microscopy (MFM) and vibrating sample magnetometry (VSM). These complemen-
tary experimental techniques allow us to image the spatial distribution, orientation and
density of the UCS at nanometer scale (MFM) and to determine their orientation and
density in various externally applied magnetic fields (VSM). Different magnetisation his-



tories in magnetometry and MFM measurements are used advantageously to demonstrate
the co-existence of pinned UCS that are parallel and antiparallel to the cooling field in
metallic (IrMn) and oxidic(CoO) EB-systems. We further conclude that the EB-effect is
a result of pinned interfacial UCS, which are antiparallel to the FM spins. The often ob-
served positive vertical shift of the magnetisation loop after field cooling is due to pinned
UCS that align parallel to the cooling field, but are of little importance for the EB-effect
itself.

Furthermore we present a MFM study of an AFM/FM bilayer which, for the first
time, reveals that the UCS-density undergoes strong variations on single grain scale. The
large variations of the UCS-density observed on single grain scale are explained within a
simple statistical approach. The transmission electron microscopy (TEM) images reveal
that our sample satisfies the conditions of the model proposed by Takano et al.: sharp
grain interfaces with only few crystalline, atomic steps. The small number of steps per
grain generates a limited distribution of terrace sizes which leads to poor statistics and as
a consequence to a strong local variation of the UCSD, as indeed measured.
Quantitatively, three different areas can be distinguished: (1) regions with UCS aligned
antiparallel to the FM. (2) regions where no UCS exist. (3) regions with UCS aligned
parallel to the FM. Note that the regions (1) dominate such that on average the UCS are
aligned antiparallel to the FM spins. It is interesting to see that in an applied field, the FM
domains always “retract” to the regions (1), containing the UCS aligned antiparallel to
the FM, avoiding the regions (3). The fact that the FM domains retract from these areas
suggests that the locations with parallel coupling of the UCS exhibit a reduced exchange
coupling strength compared to the antipalallel coupled UCS. In addition, they seem to
weaken the overall exchange bias field and are thus defined as anti-biasing regions.

Microscopically, the observed anti-biasing regions are explained by a direct coupling
between neighbouring AFM grains. TEM images show a wide range of grain boundery
tilt-angles. We thus expect in some cases a strong direct coupling between AFM grains
(small tilt angles), in others we expect decoupled or weakly coupled grains (large tilt
angles). We suggest that a strong direct coupling between neighbouring AFM grains
may lead to the observed anti-biasing regions. From this simple picture we conclude that
sophisticated grain boundary engineering leading to decoupled AFM grains, is one possible
way to increase the EB effect. For instance we propose the co-deposition of Cr and Co for
the AFM layer. The segregation of Cr along the boundaries would then lead to decoupled
grains.

This work may provide guidelines for the design of experiments which correctly de-
termine the densities of those UCS that do contribute to the EB-effect. A considerably
improved microscopic understanding of the exchange coupling in polycristalline thin films
raises the possibility of an enhancement of the EB-effect by an order of magnitude.
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Chapter 1

Introduction and Outline

It first started when ferrites were discovered thousands of years ago. Large deposits were
found in the district of Magnesia in Asia Minor, giving the mineral’s name of magnetite
(FegOy4). The magnetic compass, an old Chinese invention, was probably first made in
China during the Qin dynasty (221-206 B.C.). Chinese fortune tellers used magnetite to
construct their fortune telling boards. Eventually someone noticed that magnetite was
better at indicating real directions, leading to the first compasses which were designed on
a square slab which had markings for the cardinal points and the constellations. The first
person recorded to have used the compass as a navigational aid was Zheng He (1371-1435),
from the Yunnan province in China, who made seven ocean voyages between 1405 and
1433. In 1600 William Gilbert published De Magnete, a paper on magnetism, about the
use and properties of Magnetite. In 1819, Hans Christian Oersted reported that when
an electric current in a wire was applied to a magnetic compass needle, the magnet was
affected - and so electromagnetism was discovered.

In the last century, the role of magnetic materials has changed drastically: of all the
electronic properties of solids, magnetism has become interesting to the widest range of
scientists and technologists. In addition to fundamental interests in magnetic properties
there is a large and growing technology based interest of the properties of magnetic ma-
terials. Quite small improvements in permeability, coercivity or saturation magnetisation
can be of great economic significance.

On the other hand, the magnetic properties of antiferromagnetic materials were not
of technological interest until 1956: Meiklejohn and Bean reported [1, 2] “A new type of
magnetic anisotropy has been discovered which is best described as an exchange anisotropy.
This anisotropy is the result of an interaction between an antiferromagnetic material and a
ferromagnetic material”. Meiklejohn and Beans discovery was initiated by the observation
that the hysteresis loop of a sample of nominal cobalt nanoparticles was shifted along the
field axis after cooling in an applied field. It was subsequently established that the particles
had been partially oxidised to CoO which is an antiferromagnet [3].

In 1988, an effect called giant magnetoresistance (GMR) was discovered, independently
by Baibich et al. in Paris [4] and Binasch et al. in Jiilich [5]. The effect consists of a
dramatic change of the resistance of certain materials as a magnetic field is applied. It is
described as giant since it was a much larger effect than had ever been previously seen in
metals. It generated interest from both physicists and device engineers, as there is new
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physics to be investigated and huge technological applications in magnetic recording [6, 7]
and magnetic field sensors [8]. IBM were first to market with read/write heads based on
GMR technology although today all disk drives make use of this technology.

In 2000, IBM and Infineon established a joint MRAM (magnetoresistive random access
memory) development program. MRAM is a method of storing data bits using magnetic
charges instead of the electrical charges used by DRAM (dynamic random access memory).
Conventional random access memory (RAM) computer chips store information as long as
electricity flows through them. Once power is turned off, the information is lost unless
it has been copied to a hard drive or floppy disk. MRAM, however, retains data after a
power supply is cut off. Replacing DRAM with MRAM could prevent data loss, enable
computers to start faster while consuming less battery power and permit the storing of
greater amounts of data [9, 10]. For the above mentioned technologies, exchange biasing
plays a key role and is widely applied. However, a complete description of the microscopic
coupling mechanism and quantitatively satisfactory models are still missing. The spin
orientation on each side of the antiferromagnet/ferromagnet interface is considered as a
key element in exchange biased systems and is one piece of information which is still
unclear. It is widely accepted that uncompensated spins (UCS) in the antiferromagnet or
at the antiferromagnet/ferromagnet interface are responsible for the exchange bias effect
[11, 12]. Several experiments have proven the existence of UCS [13, 14, 15, 16, 17, 18, 19].
However, these experiments give conflicting results on the orientation of the UCS relative
to the ferromagnetic magnetisation.

In this work, we used high resolution magnetic force microscopy (MFM) [20] and
classical magnetometry techniques to visualise and to quantify the uncompensated spins
at the ferromagnet/antiferromagnet interface which are believed to play a key role in the
exchange bias effect. The MFM is a member of the scanning force microscope (SFM) family
[21], developed for the measurement of magnetic forces between a sensor and a magnetic
sample. It uses a cantilever with a sharp tip carrying a magnetic moment as a force sensor.
The first successful measurements with an MFM were performed only three years after
the invention of the SFM [22, 23] and the first important results published were studies of
magnetic recording media [24]. The improvement in quality of the instruments as well as
the measurement methods have allowed the development of procedures to quantitatively
understand the measurement contrast. A very reliable method for the calibration of an
MFM tip was developed by van Schendel et al. [25, 26, 27] in order to determine the
sample stray field from MFM data.

Based on the quantitative analysis of magnetic force microscopy data acquired on
exchange biased ferromagnetic/antiferromagnetic sandwiches, a considerably improved
fundamental understanding of magnetic exchange coupling raises the possibility of an
enhancement of the exchange bias effect by an order of magnitude.

Outline of the Thesis

In the first chapter of this thesis, a general introduction to the exchange bias effect is
given. The experiments performed by Meiklejohn and Bean in 1956 are illustrated and the
conclusions resulting from these experiments are summarised. Besides the observation of a
horizontally shifted hysteresis loop, other typical observation such as rotational hysteresis,
training effect and pinned uncompensated spins, were made in exchange biased systems



and are introduced. Finally, some of the leading theoretical models are summarised.

In chapter 3, the theory of contrast formation in MFM, the quantitative interpretation
of MFM measurements and all experimental methods used in this thesis are introduced.
Note that all MFM data presented in this thesis were acquired with a low temperature
ultra high vacuum scanning force microscope (LTSFM).

A major concern in MFM is the stability of the magnetic tip when imaging samples
exhibiting strong stray fields. For the first time an exchange coupled ferromagnetic layer
was used to coat the MFM tips (chapter 4). This strongly increased the stability (i.e.
coercivity) of magnetisation of the tip such that stable imaging became possible.

Finally, in chapter 5, the role of uncompensated spins in exchange biased systems
is addressed by performing MFM and magnetometry experiments on two different types
of ferromagnet /antiferromagnet samples. We show that the pinned UCS responsible for
the exchange bias effect are aligned antiparallel to the ferromagnetic spins. Additionally,
pinned UCS aligned parallel to the spins of the ferromagnet do also exist, but are not
responsible for the exchange bias effect.

The MFM data obtained on ferromagnetic Co (CoPt-multilayer) coupled to antifer-

romagnetic CoO or IrMn surprisingly reveals an antiferromagnetic alignment of the net
pinned uncompensated spins of the antiferromagnet (AFM) and the adjacent spins of the
ferromagnet (FM). On the other hand, positive vertical shifts of the hysteresis loops found
for both samples arise from pinned magnetic moments aligned parallel to the cooling field
and thus to the adjacent ferromagnetic spins. Thus a contradiction becomes apparent:
our MFM data indicate an antiparallel alignment of pinned uncompensated spins of the
AFM with the spins of the ferromagnet, and our magnetometry data that reveal a parallel
alignment.
This apparent contradiction can be resolved by introducing a new model in which two
groups of pinned uncompensated spins exist in addition to the compensated antiferromag-
netically ordered spins of the AFM and to the non-pinned uncompensated spins. A first
group of pinned spins with a total magnetic moment mg, is located in the bulk of the
AFM. These spins would couple to any magnetic field applied to the AFM. The field can
be externally applied but also arise from a non-uniform magnetisation (i.e. domains) of
the FM. The second group of pinned uncompensated spins has a total magnetic moment
mine and is exchange-coupled antiferromagnetically to the FM spins. These spins must
thus be located at or near the FM/AFM interface. Clearly this second group would also
couple parallel to an external magnetic field, but the antiferromagnetic exchange coupling
to the FM will dominate and these uncompensated spin remain aligned antiparallel to the
FM spins.

Most experimental data reported to date arises from both groups of pinned uncom-
pensated spins in the AFM. In addition, in most cases, and particularly for magnetisation
loops recorded after field cooling, the magnetic moment due to the uncompensated spins
that align parallel to an external field, dominates. This has led to various misinterpreta-
tions of otherwise correct experimental data. We thus expect that our work will trigger
a re-interpretation of some of the existing experimental data, and serve as a guideline to
design experiments that correctly address a single specific group of uncompensated spins.
New and systematic experiments could finally resolve the exchange bias puzzle that has
now existed for 60 years.



Chapter 2

Introduction to the Exchange Bias
Effect

The phenomenon of exchange bias is a topic that has been investigated over the last fifty
years, beginning with its discovery by Meiklejohn and Bean in 1956. In this chapter, the
most important experimental results concerning the exchange bias are described. Then,
some theoretical models are illustrated which simulate some of the measured effects.

2.1 History and Phenomenology

In 1956, Meiklejohn and Bean reported the discovery of a horizontally shifted hysteresis
loop. Furthermore, they observed an enhancement of the coercive field H.. The amount
of the loop shift is called the exchange bias field Hgp and was interpreted as a new unidi-
rectional exchange anisotropy [2]. Compared to a uniazial anisotropy, i.e. two equivalent
easy configurations in opposite directions, a system exhibiting a unidirectional anisotropy
has only one easy direction. The material exhibiting this exchange anisotropy was a com-
pact of fine particles of cobalt with a cobaltous oxide shell. The effect only occurred if the
system was cooled below the Néel temperature, Ty, of the antiferromagnetic oxide shell in
presence of a static magnetic field. Above Ty, the presence of the antiferromagnet (AFM)
only added a paramagnetic behaviour to the hysteresis loop of the ferromagnet (FM).
The uniaxial anisotropy thus resulted from an interaction between an antiferromagnetic
material and a ferromagnetic material [1].

Since its discovery, the exchange bias effect (EB-effect) has been observed in different
kinds of materials. As already mentioned, Fine particles were the first type of material
where the exchange bias effect was observed. In addition to the oxidised cobalt particles
of Meiklejohn and Bean, other ferromagnetic particles covered with their native antiferro-
magnetic oxide layer like Ni/NiO and Fe/FeO show the same effects. Many inhomogeneous
materials without clearly defined FM/AFM interface present a shifted hysteresis loop. To
this category belong, amongst others, spin glasses and polycrystalline materials with a
mixture of antiferromagnetic an ferromagnetic components. One of the most studied is
Co sputtered in low oxygen pressure, where Co rich and CoO rich areas are formed.

On the other hand, studies of coated antiferromagnetic single crystals were made: by pol-
ishing antiferromagnetic single crystals along a specific crystallographic direction, com-
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pensated or fully uncompensated antiferromagnetic interfaces with well defined surface
roughness are formed. Any ferromagnetic layer can then be deposited on top of such a
well defined surface. Despite the controlled interface, the exchange bias exhibited in these
systems is substantially smaller than the one obtained in small particles or thin films.
Exchange bias materials in thin film form are the most widely studied type of system.
Most of the technological applications are also based on thin films [28] where especially
the thickness dependence of ferromagnetic and antiferromagnetic layers have been studied
in detail. For all the systems studied, it has been observed that exchange bias is roughly
inversely proportional to the thickness of the FM layer (tppr):

H EB X L (2.1)
trm

indicating that exchange bias is an interface effect. This relation holds for rather thick FM
layers of several hundreds of nanometers. However, if the FM layer is too thin, the relation
is no longer valid. The value of this “critical thickness” is usually a few nanometers with
strong variations from one system to another. The dependence of Hgp on the thickness
of the antiferromagnetic layer (t4rpr) is more complicated: The general trend is that
for rather thick antiferromagnetic layers, e.g. over 20 nm, Hgp is independent of the
thickness of the AFM. As the thickness is reduced to only a few or below one nanometer,
Hpgp decreases abruptly and finally becomes zero, although the exact behaviour depends
on the specific system studied. From Eq. 2.1 it directly follows that the EB-effect can be
described in terms of a surface or interface anisotropy energy per unit area

AFE = MFMtFMHEB [J/mQ], [erg/cm2] (2.2)

where Mpjs and tpps are the saturation magnetisation and thickness of the ferromagnet
and Hgp is the exchange bias magnitude. To compare different systems, independent of
the ferromagnetic material and its thickness, the magnitude of the EB-effect is mostly
given in terms of such a surface or interface anisotropy energy. Note that in most pub-
lications, the units [erg/cm?] are used. The typical range of values for AE is 0.01 - 1
[erg/cm?]. The samples studied in this thesis exhibit a AFE of about 0.4 [erg/cm?] which
is a typical value for the materials used.

Since 1964, systems containing metallic antiferromagnets as IrMn have also been investi-
gated. When coupled to a FM, the magnetoresistence (change of resistence by the presence
of a magnetic field) of such a system can increase drastically. This change in resistance is
called “giant magnetoresistance” (GMR) and was first characterised by Baibich et al. in
1988 [4]. Most magnetic field sensors are nowadays based on GMR. A high Néel tempera-
ture T and good corrosion properties have further motivated the research for new metallic
AFMs. In addition, several systems with ferrimagnetic AFMs have been reported in lit-
erature. These systems are even more difficult to analyse theoretically due to the added
complexity of the different magnetic sublattices.

In the following we discuss how different structural factors, which disorder the inter-
face (such as roughness, crystallinity and grain size), affect Hgp. It would be desirable
to study structural effects on Hgp by varying one parameter (e.g. roughness) at a time
while keeping all others constant. Unfortunately, this is very difficult for most exchange
bias systems. However, in some cases one parameter changes significantly more than the
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others, which are then assumed to be constant. Note that this problem is greatly reduced
in AFM single crystals, where different degrees of roughness can be introduced without
affecting grain size or crystallinity. In addition, the spin structure at the interface may be
affected by structural effects.In section 2.1.4 it is shown how Hgpg is strongly influenced
by the spin structure at the interface.

Most investigations of the roughness dependence seem to agree that the magnitude of Hgp
decreases with increasing roughness. However, some systems appear to be less sensitive
to roughness or even behave in the opposite way. The latter, i.e. the magnitude of Hgp
increasing with increasing roughness, has been observed for AFM single crystals coated
with ferromagnetic layers.

Often in thin film bilayers, the AFM layers are textured and the degree of texture (crys-
tallinity) affects Hgp. Generally, if the AFM is textured in a single orientation, Hgp
increases with increasing texture although there are some exceptions to this trend. These
results can be related, at least in part, to the spin structure at the interface, i.e. the angle
between the FM and the AFM spins at the interface (see section 2.1.4).

The role of the grain size in exchange bias remains unclear. The results from different
studies seem to depend on the specific system and conditions, probably because as the
grain size changes other parameter are also affected substantially. While Hgp is reported
to increase with increasing grain size for some systems, for others (or the same systems)
Hpgp decreases for larger grain size. It seems that the role of the grain size is related not
only to the change in its size, but also to the degree of texture, the spin structure and the
anisotropy of the AFM.

All investigations dealing with the role of the anisotropy of the AFM seem to agree with
the theories that predict an increased Hgp for larger anisotropies. Certainly related to
this is the fact that the exchange bias vanishes above a temperature often denoted as the
blocking temperature T. In most cases T is much lower than the bulk Néel temperature
Tn of the AFM. This seems to be related to the grain size and thickness of the antiferro-
magnetic layer through finite size effects [12, 11]. This assumption is further supported by
the fact that systems based on single crystal AFM and thick AFM films with large grains
tend to have Ts ~ T . Note that for a given sample there is not one single, well defined
blocking temperature. Inevitably there is a distribution of blocking temperatures due to
different grain sizes, roughnesses and local anisotropies of the sample.

Besides the horizontal shift of the hysteresis loop, other typical observations were made

in exchange biased systems and are described in the following sections. First, the hysteresis
loop shift and the equivalent unidirectional anisotropy are described in more detail.
Another observation which was already mentioned by Meiklejohn and Bean [3] is the so-
called rotational hysteresis loss. It is exhibited by a torque curve displaced from the zero
torque axis.
In 1966, Paccard et al. [29] first observed the now well known training effect. It shows that
the exchange bias field decreases with increasing number of hysteresis loop measurements.
Finally, with the increasing sensitivity of magnetometers, a small, usually positive vertical
hysteresis loop shift could be detected in exchange biased systems. This vertical shift of
the hysteresis loop is attributed to a small amount of pinned uncompensated moments in
the antiferromagnetic layer. Today these uncompensated spins are believed to play a key
role in the exchange bias mechanism and are one of the main subjects of this thesis.
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2.1.1 Hysteresis Loop Shift and Unidirectional Anisotropy

Since their discovery by Meiklejohn and Bean, horizontally shifted hysteresis loops were
observed in a large number of different FM/AFM systems. The transition from a shifted
to a centred loop appears close to the Néel temperature of the AFM, confirming that
it is the presence of the antiferromagnetic material which causes the EB-effect. In most
systems, the horizontal shift is opposite to the cooling field direction and is therefore called
negative exchange bias. Generally, the exchange bias field does not depend markedly on
the amplitude of the cooling field. However, studies of FeFy/Fe and MnFj [30] bilayers
revealed a rather unusual behaviour. For large cooling fields the loops, instead of shifting
towards negative fields (when cooled in a positive field), shifted to positive fields, i.e. in
the same direction as the cooling field. This effect is then called positive exchange bias.
Different theoretical models have been proposed to explain this effect [30, 31] which are all
based on the existence of an antiferromagnetic coupling at the interface between the FM
and the AFM layers. Note that for conventional negative exchange bias a ferromagnetic
interfacial coupling has usually been assumed.

Independent of the direction of the horizontal shift of the hysteresis loop, it is always
accompanied by an increase of the coercivity Ho below the blocking temperature T which
is linked to the anisotropy of the AFM layer. However, the coercivity is also affected by
the thicknesses and microstructures of the FM and AFM layers. This increase of H¢
is intuitively simple to understand. For an AFM with small anisotropy, when the FM
rotates, it drags the AFM spins irreversibly, hence increasing the FM coercivity. For a
large AFM anisotropy, the FM decouples because it cannot drag AFM spins, consequently
the coercivity is reduced. A consequence of the influence of the anisotropy is a peak of
coercivity that often appears close to Tz and is due to the decrease of the AFM anisotropy
close to Tp. The width of the peak is related to sample homogeneity which reflects the
distribution of AFM anisotropies. An analogous peak effect is found in the AFM thickness
dependence of He [12]. The explanation is similar to the previous one: the effective AFM
anisotropy is reduced with thickness. For thin enough AFM films, the EB-effect as well
as the increase of Ho disappear.

Figure 2.1 (a), shows an FM/AFM system at a temperature T that is below the
Curie temperature (T¢) of the ferromagnet and above the blocking temperature Tz of
the antiferromagnet (Tp < T < T¢). The hysteresis loop of the FM/AFM system at
this temperature is equal to the hysteresis curve of the pure ferromagnet plus a small
paramagnetic part from the AFM and is shown in (b). The hysteresis loop is perfectly
centred around the origin. The FM/AFM system is then cooled well below Tz in pres-
ence of a magnetic field H (or in a state where the FM has a remanent magnetisation),
which is usually aligned parallel to an easy axis of the FM (d). The hysteresis loop of
the FM/AFM system in this state is shifted along the field axis, generally in the direction
opposite (negative) to the applied cooling field (e). Additionally, the hysteresis loop shows
a strong increase of the coercivity He.

Meiklejohn and Bean realised that the horizontally shifted hysteresis loop and a unidirec-
tional anisotropy are only different manifestations of the same effect. In other words, the
setting of a bias direction while cooling transforms a uniaxial anisotropy, i.e. two equiv-
alent easy configurations in opposite directions (i.e. cobalt), into an anisotropy which
has only one easy direction and is often denoted as unidirectional anisotropy. Figure 2.1
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Figure 2.1: Comparison of the magnetic properties of an FM/AFM system at a temper-
ature T with Tp < T < T¢ (a), and the same system after field-cooling below the AFMs
Neel temperature (d) (with 7' < Tp < T¢). The system (a) shows a normal 'ferromag-
netic’ hysteresis loop (b) and an uniaxial anisotropy, indicated by a sin(26)-behavior of
the torque measurements (d). System (d), after field cooling below Tz, shows a horizon-
tally shifted loop with increased coercivity (e), and an unidirectional anisotropy with a
sin #-behaviour of the torque measurements.

(c) shows a typical torque magnetometry curve of a ferromagnetic material with uniaxial
anisotropy whereas a torque curve of an exchange biased FM/AFM system is shown in (f).
The uniaxial anisotropy of a ferromagnet gives rise to a sin(26)-behaviour of the torque
signal (c), whereas the sin(f)-behaviour of the FM/AFM system is a clear sign for a uni-
directional anisotropy (f). The energy functions of both systems are represented by the
dotted lines in (c) and (f). It is apparent that in (c) two energy minima occur at § = 0°
and 6 = 180° and in (f) only one at § = 0°.

2.1.2 Rotational Hysteresis

A further characteristic of exchange biased systems is a torque curve displaced from the
zero torque axis due to a rotational hysteresis loss. This rotational hysteresis exists even
at high magnetic fields which clearly differs from the behaviour of pure ferromagnets.
In contrast to normal ferromagnetic materials in which this quantity approaches zero as
the field becomes infinite or saturation becomes complete, the rotational hysteresis of an
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Figure 2.2: Rotational hysteresis of an FM/AFM system: (a) Torque curves taken for
rotations of increasing and decreasing angles of §. The curve (1) in Fig. (b) shows a
'true’ torque curve that can be calculated by averaging both directions of rotation. The
“rotational hysteresis” (curve (2) in Fig. (b)) is the difference of the torque curves shown
in (a). (c) shows the rotational hysteresis as a function of cooling field H,y, taken below
(curve (1)) and above the Néel temperature of the AFM (curve (2))
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FM/AFM system approaches a finite value with increasing cooling field. It might be
interesting to note that the rotational hysteresis is related to the increase of coercivity
in exchange biased systems. It is even very probable that the increase of coercivity and
rotational hysteresis are different manifestations of the same effect, i.e. the losses produced
during the rotation of the FM layer by the AFM spin drag. This is supported by the
observation of a peak in rotational hysteresis close to the the blocking temperature Tz as
it can be observed for coercivity as well. Rotational hysteresis in high magnetic fields is
a distinct feature of exchange biased systems and was first identified by Meiklejohn and
Bean [2, 3].

The upper and lower curve in Fig. 2.2 (a), correspond to rotations of increasing and

decreasing angles of 6, respectively. In order to get the ’true’ torque curve, the average of
both directions of rotation is plotted in (b). In addition, the difference in torque values,
representing the rotational hysteresis, is also shown in (b). The rotational hysteresis as
a function of applied field is shown in (c), for an FM/AFM system above and below the
Néel temperature of the AFM. This singular behaviour can be qualitatively understood
as a discontinuous reorientation of the spins in the AFM layer, which occurs because of
its interaction with the magnetisation of the cobalt.
Fujiwara et al. [32] investigated the rotational hysteresis loss and the training effect for an
IrMn/NiFe sample. They proposed a new model which is based on the incorporation of a
direct exchange coupling between the AFM-grains (extended Fulcomer and Charp model,
see section 2.2.3). This leads to the conclusion that the rotational hysteresis loss and the
training effect have the same origin.

2.1.3 Training Effect

It is well known that in many exchange biased systems, the bias field Hgp depends on
the number of consecutive hysteresis loop measurements performed. This property called
training effect was first discovered in 1966 by Paccard et al.[29] shortly after the discovery
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of the exchange bias shift by Meiklejohn and Bean. For instance, if several consecutive
hysteresis loops are measured, the shift Hgp of consecutive loops will decrease. It can
thus be characterised by the change of the switching fields, Hg,— and Hgyq, with the
number of hysteresis cycles. Hgy— (Hgypy) define the field at which the sample magneti-
sation switches from positive to negative (negative to positive) values (see Fig. 2.3). This
empirical variation of the switching fields with the number of consecutive hysteresis loop
measurements can be subdivided into three different types. In the first type of exchange
biased systems, henceforth called Type I, the hysteresis loop shrinks from both sides,
which means Hg,,— increases (|Hgy,—| decreases) and Hgy, 4 decreases. This behaviour of
the switching fields corresponds to the one observed by Paccar. If both switching fields,
Hg,— and Hgy,y increase, the training effect is denoted as Type II. It is not very surpris-
ing that an intermediate case between Type I and Type II systems was also found and is
denoted as Type 0 training effect. In Type 0 systems Hg,— increases, as in Type I and
II, and Hgy4 stays constant. This behaviour could mainly be observed in systems with
metallic AFMs, such as FeMn and IrMn. The behaviour of Type I, IT and 0 training effect
in FM/AFM systems is illustrated in Fig. 2.3 (a) to (c) respectively. For each Type, the
first (red), the second (orange) and fifth (yellow) of the consecutively measured hysteresis
loops are shown. Experimentally, it is often found that Hpp - Hgpeo < 1/4/n where n
indicates the order consecutive loops measured. It is important to stress that the train-
ing effect is more important in polycrystalline AFMs and is very small or non-existent in
systems based on single crystals.

A model based on AFM grain-grain interaction in polycrystalline samples [33, 32] which
involves the three types of training will be introduced in section 2.2.3 The same model
also predicts the rotational hysteresis loss as described in section 2.1.2.

8 v B e B
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Type | | Type Il | Type O | 5th loop

Figure 2.3: Type I, II and 0 training effect for the first (red), second (orange) and the fifth
(yellow) hysteresis loop measurement

2.1.4 Uncompensated Spins and Vertical Hysteresis Loop Shift

Due to the interfacial nature of exchange bias it may be expected that Hgp strongly de-
pends on the spin configuration at the AFM/FM interface. To study this effect exchange
bias systems have been investigated using different AFM orientations. Two main issues
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concerning the orientation have been addressed: compensated versus uncompensated AFM
surfaces and in-plane versus out-of-plane AFM spins. However, the main problem in this
kind of studies is the difficulty to determine the exact spin configuration at the interface.
It is customary to assume that the bulk spin configuration is preserved although it is
possible that at the interface the AFM atoms relax or reconstruct.

In a compensated AFM interface the net spin averaged over a microscopic length scale is
zero. Therefore, this kind of surface will have zero net magnetization. In contrast, if the
spin arrangement is such that the surface magnetization is non-zero, the surface is uncom-
pensated. Intuitively, one may expect that for compensated surfaces, the spins pinning the
FM layer cancel giving rise to a net zero Hgp. Note that a compensated surface remains
compensated in the presence of unit cell random roughness, however, more complicated
roughness could result in uncompensated surfaces. It was found that all compensated
surfaces investigated experimentally do exhibit exchange bias! Some of the investigated
systems exhibit very large loop shifts, often even larger than the uncompensated orienta-
tion of the same AFM material.

Usually, the theories assume that the AFM spins at the interface lay on the interface plane,
i.e. parallel to the adjacent FM spins. However, certain orientations of some AFM materi-
als have spins pointing out of the interface plane, i.e. perpendicular to the FM spins, if the
bulk spin structure is preserved. As an example, the exchange field for different FeFs ori-
entations exhibit a clear trend: when the AFM spins are in the plane (FeF2(110)), Hgp is
maximum, but when the spins are completely out of the interface plane (FeF3(001)), Hgp
is zero [30]. A similar trend was observed for different orientations of FeMn. An intuitive
explanation for this effect comes from the FM/AFM spin-spin interaction strength which
depends on the angle a between both spins. If a=0°, Hgp will be maximum whereas for
a=90° Hgp will tend to zero.

In order to understand exchange bias in terms of spin structure, there is compelling need
to determine the distribution of uncompensated magnetization at the FM/AFM interface,
in the AFM bulk and the response of uncompensated magnetization to applied magnetic
fields. The determination of the orientation and the local density of the uncompensated
magnetization of the AFM layer is one of the main objectives in this thesis.

The existence of pinned uncompensated spins in AFM layers has first been experimen-
tally proven by Takano et al. [13]. They reported the measurement of thermoremanent
moments (TRM) in CoO/MgO-multilayers. The CoO/MgO mutilayers were zero field
cooled then field cooled in 1 T to 10 K. Field cooling resulted in a stable magnetization, a
TRM whereas zero field cooling resulted in no TRM. From the fact that the magnitude of
the TRM scaled closely with the number of CoO layers and had no dependence on the net
CoO thickness in the sample, it was concluded that the uncompensated moments must be
an interfacial and not a bulk effect. The uncompensated moments corresponded to about
1% of the spins in a monolayer of CoO. The TRM was positive, i.e. the uncompensated
moments were aligned parallel to the cooling field. In addition it was shown that the
TRM of the CoO/MgO multilayer samples had the same temperature dependence as the
exchange field of NigjFejg9/CoO bilayers after field cooling. Thereof they concluded that
the interfacial uncompensated spins (measured via TRM) were responsible for the unidi-
rectional anisotropy. Finally they developed model based on a calculation of the density
of these interfacial uncompensated spins which predicted the correct magnitude of the
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exchange field.

The existence of pinned uncompensated spins in FM/AFM layers has first been shown
by Nogues et al. [30]. They determined the uncompensated moments in FeFs/F and
MnFy /F bilayers from the shift along the magnetization axis (vertical shift) of the hys-
teresis loop. The magnetization shift strongly depended on the cooling field and the
microstructure of the AFM layer. For small cooling fields, the shift was in some cases
opposite to the applied cooling field, indicating an antiferromagnetic coupling at the in-
terface. The samples exhibiting negative vertical shifts of the hysteresis loops all showed
large changes in Hgp as a function of the applied cooling field: for high enough cooling
field these samples even change to positive exchange bias fields. Samples exhibiting pos-
itive magnetization shifts, i.e. ferromagnetic coupling, show almost no change in Hgp
with cooling field and the exchange bias field remained always negative. However, the
origin of the induced moment could not directly be assigned to either interface or volume
magnetisation.

A systematic study of the change in AFM magnetisation with the number of intro-
duced volume defects in the AFM layer was presented by Keller et al. [34]. They precisely
determined the vertical hysteresis loop shift of a FM/AFM samples for both, unintention-
ally diluted and oxygen-diluted AFM layers. It was shown that at large cooling fields,
the vertical shift is positive and overall increasing with dilution of the AFM layer. This
increase can directly be linked to the creation of additional volume defects in the AFM
layer. For cooling fields below 1 T they observed a strong reduction of the vertical shift
for all samples. It is noteworthy that at very low cooling fields the vertical shift of diluted
samples always remained finite and positive whereas it changed sign and became negative
for unintentionally diluted samples. It was suggested that at low cooling fields the AFM
magnetisation primarily originates from the AFM spins close to the interface which then
would be antiferromagnetically coupled to the FM spins.

In 2001 Ohldag et al. [15] first proved the existence of a chemically produced interfacial

layer in contrast to the previous assumption of abrupt FM/AFM interfaces. This inter-
face layer naturally gives rise to uncompensated spins. They investigated a NiO(100)/Co
sample using x-ray absorption spetromicroscopy. It was shown that uncompensated in-
terfacial spins arose from an ultrathin CoNiQO,, layer that was formed upon Co deposition
through reduction of the NiO surface. The weak interfacial signal could thus be isolated
from the bulk as it exhibits a unique chemical structure. The uncompensated spins at the
interface were aligned parallel to the AFM spins in NiO(100) and thus collinear to the
ferromagnetic spins in Co.
In 2003 Ohldag et al. [16] used high sensitivity x-ray magnetic circular dicroism (XMCD)
spectroscopy in total electron yield (TEY) detection to identify uncompensated Ni or
Mn spins in the three polycrystalline exchange biased systems NiO/Co, IrMn/Co and
PtMn/CoFe. The TEY method offers sensitivity to the interfacial regions because of the
limited 1/e probing depth as explained in detail in [15]. They measured element specific
hysteresis loops of Ni and Mn and showed that about 4% of a monolayer of spins is tightly
pinned and parallely aligned to the AFM. The size of the pinned interfacial magnetization
was found to be quantitatively correlated to the macroscopic magnetic exchange bias field,
using a modified simple model, originally suggested by Meiklejohn and Bean.

If the magnetisation of the AFM is irreversible under field reversal, the uncompensated
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spins are pinned and can be identified as a small vertical shift m,s of the hysteresis loop
of an FM/AFM-system. Figure 2.4 gives an overview over possible configurations of
the antiferromagnetic layer in FM/AFM systems and show their effect on the vertical
hysteresis loop shift. The AFM layer in 2.4 (a) has an even number of alternating spin
planes and is therefore fully compensated. Independent of the coupling at the interface,
such a system exhibits no vertical shift even though a negative horizontal shift is present.
The antiferromagnetic layers in 2.4 (b) and (c¢) contain an odd number of alternating spin
planes such that one layer remains uncompensated. For a ferromagnetic (parallel) coupling
at the interface a positive vertical shift will be observed (b). For an antiferromagnetic
(antiparallel) interfacial coupling the hysteresis loop shift is opposite to the cooling field
direction (and the magnetisation direction of the FM). However, perfect antiferromagnetic
layers as assumed in (a), (b) and (¢) do not exist in nature. In reality, uncompensated
spins created by defects also exist in the bulk of the AFM layer as indicated in 2.4 (d).
These spins will most probably aligne with the cooling field and therefore be responsible
for a positive vertical hysteresis loop shift. Depending on the number and orientation
of uncompensated bulk or interfacial spins, a positive or a negative vertical shift can be
observed.
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Figure 2.4: Vertical shift of different FM/AFM bilayers after cooling below T in a field
applied parallel to the FM magnetisation: A fully compensated AFM layer will not gener-
ate any vertical loop shift (a). For uncompensated AFM layers ((b) and (c)) the vertical
loop shift is positive (b) for a ferromagnetic and negative (c) for an antiferromagnetic
interfacial coupling. In reality, uncompensated spins also exist in the bulk of the AFM
(d). The vertical shift then strongly depends on the number and orientation of bulk and
interfacial spins.

To resume, extensive research in the last decade has led to the notion that the ex-
change bias effect must originate from uncompensated interfacial spins that are anchored
in the AFM and do not follow the external field. The existence of pinned uncompensated
moments was shown using various experimental techniques. Most frequently highly sen-
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sitive hysteresis loop measurements are performed in order to detect small vertical shifts.
Furthermore XMCD techniques, soft x-ray resonant magnetic scattering [17], polarized
neutrons [35] and MFM [19] was used to detect the UCS in EB-systems.

It is noteworthy that strong variations of UCS densities were found even for similar EB-
systems. However, it is more surprising is that the orientation of the UCS relative to the
FM is not found to be consistent even for similar EB-systems. For the majority of samples
and techniques used, a parallel alignment between the pinned uncompensated spins of the
AFM and the ferromagnetic spins was found. On the other hand, a small number of
studies reported an antiparallel alignment of the UCS with the FM magnetisation. Thus
the detection of the pinned uncompensated spins, the determination of their orientation,
size and origin, as well as their quantitative link to the size of the exchange bias field
remains forefront research problems.

2.2 Theoretical Models

Since the discovery of the EB-effect, great efforts have been made to explain the numerous
experimental observation presented in section 2.1. Nevertheless, none of the proposed
models is able to simulate all experimental facts. Thus, the EB-effect is still not fully
understood. Most of them agree on the fact that pinned uncompensated moments in the
AFM must be responsible for the exchange coupling to the FM and aim to successfully
simulate the observed horizontal shift of the hysteresis loop. Some authors also elaborated
models to explain less general observation such as the training effect. An incomplete
overview of models that apply to polycrystalline thin film samples will be given in this
section, starting with the originally proposed model by Meiklejohn and Bean.

2.2.1 Rigid Antiferromagnet Model: Meiklejohn and Bean

An intuitive but idealised picture of the exchange bias mechanism suggested by Meiklejohn
and Bean [3] is shown in Fig. 2.5. For the temperature T, with T < T < T¢, the spins
of the FM line up with an applied magnetic field and the antiferromagnetic spins remain
random (a). When cooling to T' < T in the presence of a field the AFM spins align ferro-
magnetically to those of the FM (assuming ferromagnetic coupling) due to the interaction
at the interface (b). When the field is reversed (c), the ferromagnetic spins start to rotate.
However, for sufficiently large AFM anisotropy, the AFM spins remain unchanged and the
interfacial interaction between the antiferromagnetic and ferromagnetic spins tries to keep
the FM spins aligned to the AFM spins. Microscopically seen, the antiferromagnetic spins
at the interface exert a torque on the ferromagnetic spins. Therefore the ferromagnetic
spins have only one single stable configuration, i.e. the anisotropy becomes unidirectional.
Thus, the field needed to reverse the FM layer will be larger because an additional micro-
scopic torque has to be overcome. However, the FM spins will start to rotate at a smaller
field when returning to their original orientation due to the microscopic torque which is
'pulling’ them back. The spin states (b)-(d) are indicated on the corresponding place of
the hysteresis loop of the system (right side of Fig. 2.5) [12].

In this intuitive model, the energy per unit area on an exchange bias system, assuming
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Figure 2.5: Schematic diagram of the spin configuration and the corresponding places
on the hysteresis loop for an FM/AFM bilayer in the rigid antiferromagnet model: spin
configuration for Ty < T' < T¢ in an applied magnetic field (a), state after field cooling
below T, assuming a ferromagnetic coupling of AFM and FM spins at the interface (b),
the reversed field starts to rotate the FM but not the AFM spins (c¢), the FM magnetisation
has been completely reversed (d). The states corresponding to (b) - (c¢) are shown in the
hysteresis loop of the FM/AFM bilayer on the right.

coherent rotation of the magnetization can be written [3] as

E = —HMgpptppcos( — ,B) + Kpyptem sinz(ﬁ)
+K apnrtaparsin® (@) — Jpag/ap cos(B — a) (2.3)

where H is the applied field, Mp); the saturation magnetisation, ¢gys the thickness of the
FM layer, t 4rps the thickness of the AFM layer. Ky and K opjs are the anisotropy con-
stants of FM and AFM layers respectively. Jpy/apn is the interface exchange anisotropy
energy per unit area and 3, o and 6 are the angles between the magnetisation and the
FM anisotropy axis, the AFM sublattice magnetisation (Mapas) and the AFM anisotropy
axis, and the applied field and the FM anisotropy axis (see Fig. 2.6). Note that the AFM
and FM anisotropy axes are usually assumed to be in the same direction, i.e. collinear.
The first term in the energy equation accounts for the effect of the applied field on the FM
layer, the second term is the effect of the FM anisotropy, the third term takes into account
the AFM anisotropy and the last term takes into consideration the interface coupling.
However, the above equation assume parallel FM and AFM anisotropy axes, ferromag-
netic coupling at the interface as well as the absence of AFM and/or FM domains|[12].
Meiklejohn and Bean suggested that the horizontal hysteresis loop shift is due to a large
anisotropy in the AFM and a weaker exchange energy coupling the FM and the AFM.
Therefore the FM anisotropy is assumed to be negligible [3] (the condition Kpytry <
Kapmtaras is often fulfilled experimentally), thus Eq. 2.3 simplifies to

E = —HMrpytparcos(0 — ) + Kapmtarm sin2(ﬂ)
—Jrnm/arm cos(B — a). (2.4)
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The loop shift is found by minimising the energy with respect to o and 3, [3],[36]
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Another important result from this minimisation is that the condition Kippmtarym >
Jrn/aru is required for the observation of exchange bias anisotropy. If Kapntarn >
Jra/arar then the system is minimised by keeping o small independently of 5. However,
if Jear/arn > Karutaru it is energetically more favourable to keep (8 — ) small, i.e.
AFM and FM spins rotate together. In other words, if the above condition is not satisfied,
the AFM spins follow the motion of the FM layer, thus no loop shift would be observed,
only an increase in coercivity. The exchange bias magnitude predicted by these calcula-
tions depends on the assumed value for Jpprapar- If Jrpaaras s taken to be similar
to the FM exchange, Hgp is predicted to be several orders of magnitude larger than the
experimental result [37].
Clearly, this simple idealised model does not realistically represent the FM/AFM inter-
facial environment. Other studies attempt to account for different important parameters
in EB-systems which are not considered in the basic formula of Meiklejohn and Bean.
These include the formation of domains in the AFM and/or the FM layer, field effects on
the AFM layer, grain size and roughness, non-collinearity of the AFM-FM spins, random
anisotropy in the AFM layer, uncompensated surface spins and many others. Especially
the interfacial roughness is often considered to account for the reduction of interfacial cou-
pling strength. Polycrystalline films are composed of subunits or grains which possess a
distribution of orientations which may reduce exchange bias effect. Yet, FM films coupled
to polycrystalline AFM films often have higher exchange fields than FM films coupled to
single crystalline AFMs [11].

2.2.2 Uncompensated Interfacial AFM Spins Model: Takano et al.

Takano et al. [13, 38, 11] first reported the measurements of thermoremanent moments
(TRM) in CoO/MgO multilayers. Field-cooling the multilayers from T > Ty resulted
in a stable magnetization, a TRM. The magnitude of the measured TRM scaled closely
with the number of CoO layers and had no dependence on the net CoO thickness in the
multilayers. Thereof it was concluded that the uncompensated moments are located at
the interfaces. The measured uncompensated moments represened about 1 % of the spins
in CoO monolayer. This low density is consistent with the low exchange fields observed
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compared to the values predicted by the ideal interface model. (see Eq. 2.4). Furthermore
the temperature dependence of the TRM was similar to the temperature dependence of
the sublattice magnetisation for bulk CoO as determined by neutron diffraction [39], from
which a strong coupling of the interfacial spins to the core spins of CoO was suggested. For
comparison, permalloy/CoO bilayers were field cooled whereas the exchange bias field was
measured. It was observed that the previously measured TRM of the CoO/MgO samples
exhibited the same temperature dependence as the exchange field of the permalloy/CoO
samples after field cooling. From this correlation the existence of a direct relationship
between the interfacial density of uncompensated spins and the strength of the exchange
bias field was suggested. Furthermore, they determined a linear relationship between
the strength of the exchange field and the inverse of the CoO crystallite diameter, i.e.
Hpp o< L™, where L is the grain diameter. This suggests a structural origin for the
density of uncompensated spins.

Based on these experimental facts, a model was elaborated which related Hgp with
the interfacial density of uncompensated spins and predicted the inverse relationship be-
tween Hpp and the grain diameter. Further, the model presented the structural origins
of the uncompensated spins in polycrystalline AFM films: The density of interfacial un-
compensated spins was calculated as a function of grain size, orientation, and interfacial
roughness of polycrystalline AFM films. Each CoO crystallite was assumed to be a single
AFM domain. Fig. 2.7 (a) shows the interfacial cross section of an AFM crystal. It
indicates that the orientation of the AFM determines the periodicity with which the [111]
ferromagnetic spin planes intercept the interface. Fig. 2.7 (b) is a plan view of the same
AFM crystal. The crystalline orientation is reflected in the periodic alternating pattern
of four rows. An elliptical sampling region simulating a grain with a major axis length L
has been superimposed onto the spin map. The number of uncompensated spins < AN >
for a model crystallite was computed by simply adding the total number of spins in each
direction contained within the boundaries of the model grain. The fundamental origin
of uncompensated AFM moment is thus scale. Although the large spin map may repre-
sent compensated spin regions, one observes small densities of uncompensated spins when
sampling small areas. Furthermore, interfacial roughness was incorporated onto the spin
maps by superimposing elliptical “islands” of monoatomic thickness on the spin map (Fig.
2.7 (b) bottom image). The effect of adding one atomic layer is to reverse the direction of
the spin at each site covered by the island. For the simulation, a series of large spin maps,
several times larger than the model grain sizes was created. Statistical averages were
obtained from sampling 10% model crystallites by varying the position, orientation of the
major axis, and aspect ration of the crystallites. Two primary results of these calculations
were: (1) a perfectly regular interface without any roughness features results in < AN >
o L%5, (2) the addition of roughness results in < AN > oc L%~104 Gince the exchange
field is proportional to < AN > /L?, the rough case gives Hgp o< L™! in agreement with
the experimental results. Using realistic and experimental values, the observed exchange
field for a 10 nm CoO biasing film was consistent with interfacial roughness of only a few
extra atomic steps across the face of each crystallite. Fig. 2.7 (c¢) shows the different
alignment of zero-field cooled and field cooled uncompensated spin moment of uniaxial
AFM grains. The uncompensated AFM moments are randomly aligned in the zero field
cooled case, whereas in the field cooled case, the uncompensated moments are aligned
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Figure 2.7: Schematic of the “Takano-model”: Panel (a) shows a schematic of the interface
cross section of an AFM grain. The film normal is 7, p’ is the normal to the parallel
[111] spin planes of the AFM and € is the AFM spin axis. (b) shows a topographical
representation of the interfacial plane as shown in (a) with a sampling region representing
a model crystallite. At the bottom image of (b), elliptical “islands” of monoatomic layer
thickness were superimposed on the spin map to simulate roughness. Note that adding
one atomic layer reverses the direction of the underlying spin. The alignment of the
net uncompensated moments in the zero-field cooled (ZFC) and field-cooled (FC) case is
illustrated in (c).

along the uniaxial direction with a component in the cooling field direction.

To summarize, the model elaborated by Takano et al. correctly predicts the inverse de-
pendence of the UCS on grain size and the correct magnitude of Hgp. Additionally
it indicates that the origins of the uncompensated AFM interfacial moment are (i) the
dimensions of the AFM grains and (ii) the presence of interfacial roughness features.

2.2.3 Training Effect Model: Zhang et al.

The two models presented in the previous sections aim to successfully simulate the horizon-
tal shift of the hysteresis loop, i.e. the measured exchange field. However, these models are
unable to simulate other experimentally observed phenomena like for example the training
effect. Especially metallic, polycristalline FM/AFM systems which are technically impor-
tant for spins valves exhibit a substantial training effect. Zhang et al. [40, 32, 33] found
that the training effect can be successfully modeled by introducing positive and negative
interactions between the AFM grains constituting the AFM layer of FM/AFM systems.
Experimentlly, three different types of training effect can be observed in EB-systems
and are described in section 2.1.3. Zhang et al. observed that in sputtered NiFe/IrMn(t4par))
bilayers the type of training changed from Type I to Type II with increasing thickness of
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the AFM layer. In Type I training, the hysteresis loop shrinks from both sides with the
number of cycles, while in Type II training it shifts toward the positive pinned direction
accompanied by loop shrinkage (see Fig. 2.3). The thickness of the AFM layer was varied
from 0 to 30 nm. Hysteresis loop measurements were performed using a VSM where the
field was cycled continuously (20 times) starting from the positive saturation. An exchange
bias field Hgp started to appear when t4pp; was about 3 nm, then it increased drasti-
cally with increasing t4rps and finally started to decrease above a thickness of about 10
nm. The training effect started to appear with the appearance of Hgpg, then it increased
drastically to a peak and finally decreased quickly to almost zero at an AFM thickness of
about 10 nm. It is important to note that with increasing t4rys, the type of the training
effect changed from Type I to Type II. The transition occurred when the training effect
passes its peak at an AFM thickness of about 4 nm.

Zhang et al. were able to explain the above results by an extended Fulcomer and Charap’s
model [41] in which direct positive and negative exchange coupling between the AFM
grains was incorporated. According to Néel’s suggestion, they introduced the direct ex-
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Figure 2.8: Positive and negative coupling between the AFM-grains: The sublattices of
the neighbouring grains of the same spin orientation are aligned in the same plane. Then a
positive coupling exists between the neighbouring grains with a parallel surface net moment
orientation (Grain 1 and Grain 2) and a negative coupling between the neighbouring grains
with an antiparallel surface net moment orientation.

change coupling Japyr— arp between the AFM grains. As an example, a negative coupling
may exist between two AFM grains whose sublattices match each other but the net surface
moment of each grain is pointing antiparallel to each other. This situation is illustrated
in Fig. 2.8 between Grain 1 and Grain 2. Likewise, the case of positive coupling is defined
by a parallel alignment of the net surface moment of neighboring grains and is illustrated
in Fig. 2.8 between Grain 1 and Grain 3. The strength of the coupling between the AFM
grains must have a wide range of distributions. For the simulation the following assump-
tions were adopted: (1) The magnetisation of the FM layer behaves coherently and the
anisotropy is negligible. (2) The AFM layer is composed of densely aligned cubic grains of
the same size. (3) The absolute values of Jappr—app of positive and negative couplings
between AFM grains have the same Gaussian distribution with peaks at a positive and a
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negative value respectively and with the same mean value. A justification for the latter
assumptions is that after sputtering the surface net spins are randomly orientated before
the FM layer is deposited. (4) The coupling strength between FM and AFM, Jpar— arns,
is inversely proportional the diameter of the AFM grain. (5) The anisotropy of the AFM
grains is uniaxial and their easy axes distribute in the plane symmetrically with respect
to the pinned direction in some range of angle. (6) The distribution of the values of r,
with 7 = Jpp—arm /2K arpmtary where K pp is the anisotropy constant of the AFM
grain and t opps is the thickness of the AFM layer, is Gaussian. The AFM-AFM coupling
strength was restricted within a range of several times as large as the FM-AFM coupling
strength.

The simulation of the training effect can be summarized as follows: For relatively weak cou-
pling of the AFM grains (|J1E% _arnsl/JFrm—arm = 0.4) a Type I training effect was ob-
tained. By increasing the coupling strength of the AFM grains to |J 6%} _ ararl/JFM—AFM
= 0.04, a Type II behaviour of the training effect was simulated. As it is very likely that
the coupling between AFM grain increases with the AFM film thickness, the simulations
seem to agree with the experimentally found transition from a Type I to a Type II training
effect by increasing the thickness of the AFM layer.

To resume, Zhang et al. were able to show that an independent AFM-grain model is not
sufficient to describe the magnetic behaviour of EB-systems. The direct exchange cou-
pling between the AFM-grain seems to be crucial for at least one of the often observed
phenomena, the training effect.



Chapter 3

Instrumentation and Methods

All instrumental techniques and mathematical methods used to analyse MFM data are
described in this chapter. The magnetic force microscopy images were acquired with a
home built low temperature scanning force microscope illustrated in [42, 20]. Hystere-
sis loop measurements were performed with a Quantum Design PPMS at the EMPA in
Diibendorf (Swiss Federal Lab for Materials Testing and Research). Transmission electron
microscopy (TEM) images were taken at the EPF (Swiss Federal Institute of Technology)
in Lausanne with a Philips CM 300 high resolution TEM.

3.1 Magnetic Force Microscopy: MFM

Magnetic force microscopy is commonly understood as a scanning force microscopy tech-
nique that is devoted to the measurement of tip-sample forces mediated by a magnetic
field. In fact, every scanning force microscope (SFM) can be used as a magnetic force
microscope, if a tip with a magnetic moment is used. In this mode the SFM becomes sen-
sitive to the magnetic field emanating from the surface of a sample. The first experiments
to measure the forces between a ferromagnetic sample and a tip that carries a permanent
magnetic moment were performed shortly after the invention of the SEM [23]. Most of this
preliminary work was devoted to imaging written structures in magnetic recording mate-
rials. Since then, magnetic-field-mediated forces have been measured on a wide variety of
samples and experiments were successfully performed under many different environmental
conditions such as in ambient air, vacuum, ultra high vacuum (UHV), low temperatures
and strong magnetic fields.

Although any SFM can be used as a magnetic force microscope, the measurement of mag-
netic forces remains challenging. While the tip-sample force is usually in the nN range in
typical scanning force microscopy experiments dedicated to measuring the topography of
a sample in both contact and non-contact modes of operation (see section 3.2), magnetic
forces are typically two the three orders of magnitude smaller. Thus, in MFM experi-
ments, the tip is scanned close to the surface of the sample, but the tip-sample distance
must remain sufficiently large to avoid a strong non-magnetic tip-sample interaction due
to topography-dependent forces. However, in this thesis a method originally developed by
Foss et al. [43] was used to separate the magnetic and topographic contributions to an
MFM image (see section 5.3.1).
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The SFM used in this thesis operates under UHV, at low temperatures and in magnetic
fields up to 7 T. Cantilevers and samples can be prepared in UHV in the connected
preparation chamber and then be transferred to the microscope. The UHV-system with
cryostat, the SFM, the interferometer system will be described in 3.1.1. The measurement
modes and the mathematical interpretation of the obtained MFM images are illustrated
in 3.2 and 3.3.2, respectively.

3.1.1 The Low Temperature Scanning Force Microscope: LTSFM

The LTSFM-instrument is designed for multimode SFM operation in UHV, at low tem-
peratures and in high magnetic field using fiber-optic interferometry as a sensor for the
cantilever deflection. The UHV-system consists of two main UHV-chambers which can
be separated by a valve: The preparation chamber is used for sample/cantilever prepara-
tion and standard surface science analysis whereas the microscope chamber is used mainly
for sample/cantilever exchange. The latter is attached to the cryostat and contains the
microscope and a UHV-manipulator for sample/cantilever exchange. A schematic side-
view of the whole UHV-system is shown in Fig. 3.1 (a). The microscope position can
be changed from the measurement position in the cryostat to the manipulation position
in the microscope chamber using a bellows-system. Prior to the measurement, samples
and cantilevers can be prepared in the preparation-chamber which contains a co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>