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Abstract
Applications based on nano- and microscaled systems have become indispensable in many aspects
in everyday life, industry, research and medicine. In this regard, thin film technology plays a crucial
role with the physical properties of solids changing significantly when they are reduced to thin layers
with thicknesses in the nanometer range. In this regime, a solid’s microstructure as well as boundary
and surface effects start to dominate. A prominent example is the exchange bias effect, which
results due to the combination of a thin ferro- and antiferromagnet in a defined preferred direction
of the ferromagnetic magnetization owing to exchange interaction between interfacial magnetic
moments. This is generally reflected in the broadening and the horizontal shift of the ferromagnetic
hysteresis. Commonly, the phenomenon is exploited within read heads based on the giant- and
tunnel magnetoresistance effect for the implementation in magnetic storage and sensor devices.
Additionally, it further has great potential to be integrated in emerging spintronic applications and
versatile miniaturized technology platforms applicable, e.g., in a biomedical context.

In the case of polycrystalline systems, the exchange bias effect is strongly determined by the
size distribution of antiferromagnetic grains as well as their crystal structure. The thesis at hand
investigates the validity of a generalized theoretical description of the observable phenomenology
which discretizes the continuous distribution of antiferromagnetic grain sizes into thermally stable
and unstable grains in dependence on experimental temperatures and times, e.g., during measure-
ment. For this purpose, an existing model approach was mathematically reformulated and further
developed. Phenomenological relations have been derived from it, interlinking macroscopically mea-
surable quantities with averaged parameters of the microstructure.

Experimentally, prototypical exchange-biased bilayers have been fabricated via sputter deposi-
tion upon variation of different fabrication parameters. Structural and magnetic characterization
techniques have been used to specify deposition conditions resulting in homogeneous and columnar
grain growth simultaneously guaranteeing a preserved crystallinity, layer quality and distribution
of interfacial contact areas. This allowed to tailor the grain size distribution with the help of the
antiferromagnetic layer’s thickness and to systematically investigate the contributions of different
grain classes in dependence on measurement angle and time. In addition to the validation of the
generalized model approach, it was further evidenced that the antiferromagnetic order that actively
contributes to the interfacial exchange coupling extends only partially over the actual structural
volumes of the antiferromagnetic grains. Furthermore, the simultaneous presence of thermally un-
stable and stable grains was found to be a necessary condition for an asymmetric magnetization
reversal resulting from different probabilities for the nucleation of magnetic domains on one of the
hysteresis branches. Finally, the remagnetization behavior upon the application of non-saturating
magnetic field sequences has been investigated experimentally and theoretically. Thereby, a vis-
cous magnetization decrease upon increasing driving field has been observed, which was correlated
in agreement with the generalized model description to a dominating contribution of thermally
unstable antiferromagnetic grains.
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Zusammenfassung
Anwendungen auf Basis von nano- und mikroskaligen Systemen sind in vielerlei Hinsicht aus dem
Alltag, der Industrie sowie aus Forschung und Medizin nicht mehr wegzudenken. Eine entschei-
dende Rolle dabei übernimmt die Dünnschichttechnologie, welche nutzt, dass sich die physikalischen
Eigenschaften von Festkörpern signifikant ändern, wenn diese auf dünne Schichten der Dicke weniger
Nanometer reduziert werden, da die Eigenschaften der Mikrostruktur sowie Grenz- und Oberflächen-
effekte hier dominant sind. Ein prominentes Beispiel ist der Austauschverschiebungseffekt (engl. ex-
change bias), welcher durch die Kombination eines dünnen Ferro- und Antiferromagneten aufgrund
der Austauschwechselwirkung zwischen magnetischen Grenzflächenmomenten in einer definierten
Vorzugsrichtung der ferromagnetischen Magnetisierung resultiert. Dies schlägt sich in der Verbre-
iterung sowie der horizontalen Verschiebung der ferromagnetischen Hysterese nieder. Das Phänomen
wird für Leseköpfe auf Basis des Riesenmagneto- sowie des magnetischen Tunnelwiderstandeffekts
zur Anwendung in magnetischen Speichermedien und der Sensortechnologie ausgenutzt. Es hat
weiterhin Potential für aufkommende Spintronik-Anwendungen oder für die Integration in miniatur-
isierten Technologieplattformen - bspw. in einem biomedizinischen Kontext - eingesetzt zu werden.

Der Effekt wird im Falle von polykristallinen Systemen stark durch die Größenverteilung antifer-
romagnetischer Körner und deren Kristallstruktur bestimmt. Die vorliegende Arbeit untersucht da-
her die Gültigkeit einer generalisierten theoretischen Beschreibung der beobachtbaren Phänomenolo-
gie, welche die kontinuierliche Verteilung antiferromagnetischer Korngrößen diskretisiert und das
Ensemble in Abhängigkeit von Messtemperatur und -zeit in thermisch stabile und instabile Körner
unterteilt. Dafür wurde ein bereits vorhandener Modellansatz mathematisch reformuliert und weit-
erentwickelt sowie phänomenologische Relationen daraus abgeleitet, wobei makroskopische Mess-
größen mit gemittelten Parametern der Mikrostruktur verknüpft werden konnten.

Experimentell wurden prototypische austauschverschobene Zweischichtsysteme unter der Vari-
ation verschiedener Fabrikationsparameter mittels Kathodenzerstäubung (engl. sputter deposition)
hergestellt. Mithilfe von strukturellen sowie magnetischen Charakterisierungstechniken konnten
Depositionsbedingungen gefunden werden, bei welchen homogenes und kolumnares Kornwachstum
bei gleichbleibender Kristallinität, Schichtqualität und Grenzflächenverteilung vorliegt. Dies er-
möglichte, die Korngrößenverteilung mithilfe der Schichtdicke des Antiferromagneten maßzuschnei-
dern und die Beiträge der Kornklassen für unterschiedliche Messgeometrien und -zeiten systematisch
zu untersuchen. Neben der Validierung des generalisierten Modellansatzes konnte weiterhin gezeigt
werden, dass die antiferromagnetische Ordnung, welche aktiv zum Austauschverschiebungseffekt
beiträgt, sich im Allgemeinen nur über einen Teil der tatsächlichen Kornvolumina erstreckt. Zusät-
zlich stellte sich das gleichzeitige Vorhandensein von thermisch instabilen und stabilen Körnern als
Bedingung für eine asymmetrische Hysterese heraus, wobei diese von unterschiedlichen Wahrschein-
lichkeiten für die Nukleation magnetischer Domänen auf einem der Hystereseäste herrührt. Ab-
schließend wurde das Ummagnetisierungsverhalten bei Verwendung von nicht-sättigenden Magnet-
feldsequenzen experimentell und theoretisch untersucht. Dabei konnte eine träge Magnetisierung-
sumkehr entgegen der Änderung des externen Feldes beobachtet werden, welche im Einklang mit
dem generalisierten Modell mit einem dominierenden Beitrag thermisch instabiler Körner korreliert.
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1 | Introduction

Fig. 1.1: Number of published articles
per year1 between 1956 and 2021 addressing
the EB, the GMR, the TMR and magnetic
skyrmions. The unbroken relevance of the
EB in today’s research is emphasized versus
newly emerging research areas (e.g. the field
of magnetic skyrmionics [ESMRK18]).

When an antiferromagnetic and a ferromagnetic
material share a common interface, generally a
horizontal shift of the ferromagnetic hysteresis
alongside an enlarged coercivity can be observed,
which can be traced back to exchange interac-
tion between interfacial magnetic moments, elu-
cidating the phenomenon’s denotation exchange
bias (EB) [Mei62, NS99, OFOVF10, APP+16].
This magnetic interface effect has been ob-
served not only for thin bilayers [NS99, BT99,
OFOVF10] but also for systems exhibiting other
morphologies than flat thin film heterostructures
[MB56, MNS+05, BQP+13, KWH+13, PAK+16].
The remarkable and noteworthy characteristic of
exchange-biased systems is the possibility of a
stable and permanently defined remanent mag-
netization making the phenomenon highly at-
tractive for applications in various fields of re-
search and technology [NS99, Müg16]: The ef-
fect has been successfully exploited within the
last decades for the development of data stor-
age and sensor technology involving giant mag-
netoresistance (GMR) [BGSZ89, BBF+88] and tunnel magnetoresistance (TMR) [Jul75]
effects [SAM+16, CCY+20, MBD+19, BHC+05]. Today, it still holds great potential
to turn out to be one of the key foundations for cutting-edge spintronic applications
[VFM21, JCE21, YLG+20, JMWW16, BHC+05]. Additionally, the engineering of artifi-
cial magnetic domains by patterning polycrystalline exchange-bias thin film heterostructures
[EJE+05, BOS+14, GHH+16, ZRL+16, APP+16, GEU+18] highlights structured exchange-
biased systems for the integration in miniaturized technology platforms in view of, e.g.,
biomedical applications [RHE+21, EKH15, Huh21, HKBE15, Hol15].

Although the exchange bias effect has already been discovered in 1956, there is still no
overarching theoretical description covering all facets of the complex phenomenology and the
broad spectrum of systems and materials for which the effect can be observed. Alongside its
technological relevance, this hitherto ensures the effect’s place in the focus of today’s fun-

1The data has been obtained from https://scholar.google.com/ by consecutively extracting the num-
ber of articles published within a specific year that can be found for selected key words: "exchange bias" OR
"unidirectional anisotropy" (EB), "giant magnetoresistance" (GMR), "tunnel magnetoresistance" (TMR)
and "magnetic skyrmion". Please note that the found publications might be associated to more than one of
the specified key words since the magnetoresistance effects are closely related to the EB. Thus, EB∗ denotes
the explicit exclusion of the key words "tunnel", "giant" and "magnetoresistance".

1
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2 1 Introduction

damental research (Fig. 1.1). Especially the description of polycrystalline exchange-biased
systems turns out to be by no means trivial due to the typically unknown microstructure
crucially determining the macroscopic magnetic properties [OFOVF10, MHR+20, AVFK+08,
KKF+13]. Ergo, for an adequate theoretical description, the physical properties of the gran-
ular system’s entities have to be known, i.e. volume, magnetic anisotropy, crystal structure,
defect density, and interface structure of the individual crystallites. Tackling this challenge,
the computing power available today actually enables to perform large-scale micromagnetic
simulations [SV06, DACR+20, DVA+16], Monte Carlo studies [NMU01, LLP+15] and atom-
istic model calculations [JFG+20, JCE21]. However, even if these approaches might yield
accurate results reproducing experimental observations with a minimum need for approxima-
tions, the straightforward interpretation of the simulations’ results may be hampered: The
large number of degrees of freedom, and thus relatively long computation times in the case
of extensive parameter studies, prohibits a fast comparison to experimental investigations.

Over the last decades, a generalized model for the theoretical description of polycrystalline
exchange-biased bilayers has been established emphasizing the link between the macroscopic
magnetic quantities with the antiferromagnetic layer’s distribution of grain sizes. Funda-
mentally, the granular ensemble is divided into classes that rank the thermal stability of
the grains’ magnetic state in dependence on their volume and magnetic anisotropy. The
different classes are separated by boundaries determined by observation, initialization as
well as storage temperatures and times. Most essentially, it is found that on the timescale
of the typically investigated ferromagnetic layer’s magnetization reversal thermally unstable
entities are expected to contribute to the coercivity and stable ones to the horizontal shift of
the hysteresis loop, i.e. the so-called exchange bias shift [FC72, SFTI96, SM99, OFOVF10,
HG12, MGM+16]. This corresponds to the discretization of the physical properties’ contin-
uous distribution representing a prime example for the question how far a physical system
can be abstracted at the expense of an accurate quantitative description so that insights
with regard to the prevailing physical processes can still be gained [Box76, BD87]:

Remember that all models are wrong;
the practical question is how wrong do they have to be to not be useful.

— George E. P. Box (1987)

On the basis of the generalized polycrystalline model - following the fundamental idea
of dividing the granular antiferromagnet into stable and unstable entities contributing ei-
ther to the EB shift or the coercivity - several Stoner-Wohlfarth-like model approaches
[SW47, SW48] haven been proposed [GPS02, RWTBZ06, HG12, MGM+16, PLG20]. The
magnetization reversal of the - assumed to be - uniformly magnetized ferromagnetic layer is
thereby theoretically described by solely permitting the coherent rotation of its magnetization
vector treated as a macrospin. The interaction between ferro- and antiferromagnetic inter-
facial moments is considered by incorporating additional effective energetic contributions to
the free energy landscape of the ferromagnetic layer’s magnetization, enabling the description
of a major part of the experimentally observable phenomenology [HG12, Müg16, MGM+16].
Furthermore, models of Stoner-Wohlfarth-type typically allow for a straightforward
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numerical implementation and thus for the simulation of the investigated system’s magneti-
zation reversal on a timescale of seconds using a standard personal computer. This facilitates
the exploration of large sets of model parameters in a comparatively short period of time and
justifies the unbroken popularity of coherent rotation approaches, even though they prohibit
the description of magnetic domain formation and subsequent domain wall propagation.

The time-dependent extended Stoner-Wohlfarth ansatz proposed by Müglich et al.
[Müg16, MGM+16, MMG+18, MHR+20] elegantly bridges the gap between the theoretical
description of polycrystalline exchange-biased bilayers and the experimentally observable
phenomenology due to the minimum number of degrees of freedom and shall serve as the
starting point for the present thesis at hand. With the goal to verify the discretization of
the antiferromagnetic layer’s grain size distribution within the context of the generalized
polycrystalline model, the time-dependent coherent rotation approach will be reformulated
for this purpose. Therein, the model will be refined so that the dynamic change of the ther-
mally unstable grains’ interfacial magnetic moments on the hysteresis loop’s timescale can
also be described for external magnetic field sequences not necessarily cycling between satu-
rated states. The reformulation focuses on the derivation of averaged microscopic properties
from the continuous distribution of antiferromagnetic grain volumes under the assumption
of columnar grain growth and estimated class boundaries. This should facilitate to infer av-
eraged microscopic properties as well as information regarding the system’s microstructure
from experimentally determined averaged macroscopic magnetic properties.

Experimentally, by choosing two prototypical exchange-biased bilayer systems incorporat-
ing either an intrinsically weak or strong anisotropic ferromagnetic material and by further
varying the participating layers’ thicknesses as well as other deposition parameters, the influ-
ence of different contributions related to the system’s microstructure and intrinsic magnetic
characteristics on the measurable macroscopic magnetic properties will be disentangled. Es-
pecially the antiferromagnetic layer’s thickness and deposition parameters serve as set screws
to tune the distribution of grain volumes. Furthermore, upon variation of the measurement
duration, analogous to the measurement temperature, the associated shift of the grain class
boundaries resulting in an inter-class transfer of antiferromagnetic grains will be investigated.
The change of the probing field’s azimuthal angle and the subsequent close analysis of the
recorded magnetization reversal enables to unfold different remagnetization processes and to
draw conclusions regarding their preference depending on the magnetization history, i.e. the
reversal asymmetry. Finally, it will be investigated to which extent the different population
of grain classes affects the ferromagnetic layer’s remagnetization when magnetic states are
addressed by non-saturating cycling with an external magnetic field.

Throughout the present thesis, the magnetic properties experimentally characterized by
means of Kerr magnetometry will be put into the context of the generalized polycrystalline
model and additionally compared with investigations of the microstructure. Eventually, the
sum of the described studies will enable the verification of the generalized model as well as the
justified quantitative interlinking of the polycrystalline microstructure with the measurable
averaged macroscopic magnetic properties, i.e. the ferromagnetic hysteresis loop’s coercive
field and exchange bias shift.





2 | Magnetism - fundamentals

Magnetism is a phenomenon that finds its origin in the movement of mass-afflicted charged
elementary particles as well as their intrinsic angular momenta and results in a force mediated
by a magnetic field acting on these particles [Nol13, BSK05]. This chapter shall treat the
fundamentals of magnetism and phenomena arising in magnetic thin films. The magnetic
moment will be introduced in Sec. 2.1 and the essential types of interactions between different
magnetic moments will be addressed in Sec. 2.2. How the latter facilitate magnetism in solids
that are able to exhibit magnetic anisotropies and how the remagnetization of magnetic
materials can be described will be covered in Sec. 2.3, 2.4 and 2.5, respectively.

2.1 Magnetic moment

The magnetic moment �µ describes the strength and the direction of a magnetic dipole origi-
nating either from a current density �j(�r) or from an elementary intrinsic angular momentum
[Mor65, Nol13]. Since a bound electron exhibits apart from its orbital angular momentum
�l an intrinsic spin �s, not only the orbiting of the electron around the positive nucleus but
also its self-rotation is needed to be considered [BSK05, Mat06]. In a simplified picture, an
electron possessing the charge e and the mass me, orbiting on a circular path defined by
the radius r and the surface normal n̂, and hence the area �A = πr2n̂, at a frequency ωe

exhibits the orbital angular momentum �l = meωer
2n̂ and the circuit current I = eωe/2π

[Nol13, BSK05]. The resulting magnetic orbital moment is defined by [Nol13]

�µl =
I

2

∫

∂A

�r × d�r = I �A =
e

2me

�l. (2.1)

With the angular momentum being quantized in units of the reduced Planck’s constant �,
�µl can be expressed as an integer multiple of the Bohr magneton µB = |e|�/2me representing
the smallest magnetic dipole moment of an electron1 [BSK05, Mat06]. The total atomic
magnetic orbital moment �µL = �L e/2me is given by the sum of the magnetic orbital momenta
of the participating electrons with the quantum number of the total angular momentum
L ∈ N0 and �L2 = L(L + 1)�2 [Mat06, BSK05]. The magnetic spin moment �µs is directly
connected to the electronic spin �s [BSK05, Mat06] and analogously to �µL, the total atomic
magnetic spin moment is given by �µS = �Sgee/2me considering the total atomic spin �S with
�S2 = S(S + 1)�2 and the spin quantum number S ∈ N/2, as well as the g-factor ge ≈ 2 of
the electron [BSK05, Mat06]. The total atomic magnetic moment

�µJ = �µL + �µS =
e

2me

(
�L+ ge�S

)
= gJ

e

2me

�J (2.2)

1The magnetic dipole moment of a positively charged atomic nucleus can be neglected due to the inverse
mass proportionality of the magnetic orbital moment [BSK05].

5
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results from the sum of �µL and �µS with the atom’s Landé-factor gJ linked to the gyromag-
netic ratio γJ = |�µJ|/| �J | [BSK05]. How the angular momenta couple with each other to
the total angular momentum �J is determined by the strength of the spin-orbit interaction
(Sec. 2.2.1). Hund’s rules, under the consideration of the Coulomb-interaction between
the electrons and Pauli’s exclusion principle, enable to state the atomic configuration of
angular momenta with respect to the energetic ground state of the atom [BSK05].

2.2 Magnetic interactions

Magnetic materials exhibit properties that can be traced back to whether and how magnetic
moments interact with each other [Get08, Nol86]. The essential interaction types that are
relevant for the understanding of the present thesis and that will be introduced in the fol-
lowing are the spin-orbit interaction (Sec. 2.2.1), the magnetostatic dipole-dipole interaction
(Sec. 2.2.2) as well as the exchange interaction (Sec. 2.2.3).

2.2.1 Spin-orbit interaction

How angular momenta are combined to a total atomic angular momentum �J is determined by
the spin-orbit interaction. In a semi-classical ansatz, the origin of the spin-orbit interaction is
found in the rotation of the positive nucleus around the electron with respect to the reference
frame of the latter and the interaction of the arising magnetic field with the electronic spin
[BSK05, Dem13]. The electronic spin �s and the orbital angular momentum �l couple via the
electrostatic Coulomb-potential V (r) of the atomic nucleus, with the energy

Eso ∝
�l · �s
r

dV

dr
(2.3)

describing the spin-orbit interaction [BSK05]. Especially in the case of heavy atoms, V (r)

exhibits a strong gradient in proximity of the nucleus, for what reason in this case the
electronic spin and orbital angular momenta �si and �ji couple in the first place to individual
total angular momenta �ji, that are eventually combined to the total angular momentum �J

(jj-coupling) [BSK05]:

�ji = �li + �si �J =
∑
i

�ji (2.4)

For lighter atoms, the coupling between different electrons dominates over the spin-orbit
interaction of the angular momenta of the individual electrons. Hence, as a limiting case,
the spin and orbital angular momenta are coupled independently to the total momenta �S

and �L, which are combined to the total atomic angular momentum �J (LS- or also Russel-
Saunders-coupling) [BSK05, Mor65]:

�L =
∑
i

�li �S =
∑
i

�si �J = �L+ �S (2.5)
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2.2.2 Dipole-dipole interaction

Each magnetic dipole with a magnetic moment �µ represents the origin of a magnetic field,
for what reason magnetic dipoles within a solid interact with each other magnetostatically
[Get08, Mat06]. The interaction energy Edd between two magnetic dipoles µi and µj, spatially
separated by �r, is with the magnetic permeability in vacuum µ0 given by [Get08, BSK05]

Edd =
µ0

4πr3

{
�µi · �µj −

3 (�µi · �r) (�µj · �r)
r2

}
. (2.6)

A stable remanent magnetization, e.g. at room temperature, can not originate from the
dipolar interaction of magnetic moments, since an estimation of the interaction energy Edd

for realistic parameters yields ordering temperatures in the sub-K regime [BSK05, Get08].
Hence, a collective ordering of the magnetic dipoles would already be abolished for low tem-
peratures of a few K. Nevertheless, the long-range character of the dipole-dipole interaction
has a crucial impact on, e.g., the shape anisotropy of magnetic materials and also on the
formation of magnetic domains [BSK05].

2.2.3 Exchange interaction

The exchange interaction is a quantum mechanical effect arising for particles that are indis-
tinguishable. In a system of electrons, representing fermions as a specific class of subatomic
particles, the phenomenon can be traced back to the combination of the electrostatic repul-
sion linked to the Coulomb interaction and the Pauli exclusion principle [Whi07, Mat06].
The latter requires the wave function of the total electronic system consisting of a spatial
and a spin part to be antisymmetric when the electrons are interchanged [Mat06].

Neglecting the spin-orbit interaction in the case of a non-relativistic approach, the origin
of the exchange interaction can be reasoned when two interacting electrons i and j in an
external potential V (�r) are considered [Whi07]. The one-particle hamiltonian Ĥ0, combining
the kinetic energy and the external potential, is given by

Ĥ0(�r) =
�2

2me

∇2 + V (�r) (2.7)

and the hamiltonian Ĥ of the total system follows to be the sum

Ĥ = Ĥ0(�ri) + Ĥ0(�rj) +
1

4πε0

e2

|�ri − �rj|
(2.8)

of the two electronic one-particle hamiltonians and the electrostatic interaction energy with
the electric permittivity ε0 in vacuum [Whi07]. Since the hamiltonian of the total system
does not act on the electronic spins, the total wave function can be separated to represent
the product ψ(�ri, �si, �rj, �sj) = χ(�si, �sj)ϕ(�ri, �rj) between the spin and the spatial wave function
χ and ϕ, respectively [Whi07, LL74]. However, due to Pauli’s exclusion principle the energy
of the system depends on its spin configuration even if it is not considered in Eq. (2.8) [LL74].
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Since the indistinguishability of the participating electrons demands that the wave function
of the total system is antisymmetric, solely the combination between a symmetric spatial
and a asymmetric spin wave function, or vice versa, are permitted [Whi07, LL74, BSK05].
In the case of an antisymmetric spin wave function with the total spin S = 0 (singlet-
state), an antiparallel spin configuration (�si �� �sj) is given, whereas for a symmetric spin
wave function with S = 1 (triplet-state), the system exhibits a parallel spin configuration
(�si �� �sj) [Whi07, LL74, BSK05]. Utilizing an appropriate orthonormal basis consisting of
singlet- and triplet-states for the diagonalization of Eq. (2.8) enables

Ĥ = (ES + 3ET)/4− (ES − ET)�si · �sj (2.9)

as a representation of the total system’s hamiltonian with ES and ET as the energies of the
singlet- and triplet-state [Get08, Whi07, Nol86]. The energy splitting ES − ET determines
the preferred spin configuration and can be related to the so called exchange integral [Get08]

J =
ES − ET

2
=

1

4πε0

∫∫
ϕ∗
α(�ri)ϕ

∗
β(�rj)

e2

|�ri − �rj|
ϕα(�rj)ϕβ(�ri)dri

3drj
3. (2.10)

It is further differentiated between intra- as well as inter -atomic exchange interaction,
where the former describes the interaction between electrons of unfilled atomic shells re-
sulting in a preferred maximization of the total spin of the electronic system and the latter
determines the relative spin orientation of neighboring atoms [Mat06, BSK05]. In both cases,
based on the spin-dependent term in Eq. (2.9), the effective interaction energy between two
spins �Si and �Sj is commonly described by a two-particle hamiltonian

Ĥex = −Jij �̂Si · �̂Sj (2.11)

with the exchange constant Jij linked to the exchange integral specified by Eq. (2.10), pa-
rameterizing the exchange interaction [Mat06, Get08]. For many-particle systems, as it is
the case for solids, the Schrödinger equation can not be solved without approximations,
for what reason the Heisenberg model represents a common basis of many investigations
regarding magnetism in solids [Get08]. The model condenses in the hamiltonian

ĤHeis = −
∑
ij

Jij �̂Si · �̂Sj with Jij = 0 for non-neighbouring spins (2.12)

in which the exchange interaction is only allowed for neighboring spins, assuming that due to
the short-range character of the exchange interaction the exchange constant is negligible for
non-neighboring spins [Get08, Whi07, BSK05]. The exchange constant Jij is isotropic with
respect to the connecting vector �rij and its specific value depends on the electronic structure
as well as on the spatial overlap of the participating spatial wave functions [Mat06, BSK05].
Based on the competition between potential (Coulomb-interaction) and kinetic energy,
the exchange constant can take positive or negative values for different �rij (Bethe-Slater
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curve) corresponding to a parallel or antiparallel spin configuration, respectively [Mat06].
Metals with a positive exchange constant, like e.g. Fe, Co and Ni, are ferromagnetic and a
negative exchange constant indicates antiferromagnetism (cf. Sec. 2.3) [BSK05].

2.3 Magnetism in solids

The reaction of a magnetic material to an external magnetic field or the intrinsic ability
of a solid to exhibit a magnetization without the presence of an external field is commonly
understood as the phenomenon of magnetism arising in solids. The magnetization �M of a
magnetic material is defined as the average magnetic moment per unit volume and, under
neglection of alternating electromagnetic fields, occurs in Maxwell’s equations in matter

�∇ · �B = 0 (2.13)

�∇× �B = µ0

(
�j + �∇× �M

)
(2.14)

with �B and �j representing the magnetic flux and the electric current density, respectively
[Nol13, BSK05, Coe09]. The magnetic field �H is introduced as an auxiliary quantity in

�B = µ0

(
�H + �M

)
(2.15)

finding its origin in the net current density �j = �∇ × �H with the help of Eq. (2.14) [Nol13,
Coe09]. Combining Eq. (2.14) with (2.15) results in �∇ · �H = −�∇ · �M . Hence, �H is contrary
to �B (Eq. 2.13) not free of sources and finds its source strength in the sources and sinks
that are given by positive and negative magnetic charges appearing in pairs compensating
each other [HS98, Coe09]. Any magnetic material produces a magnetic field within its own
volume and in the space around it. The effective magnetic field strength is defined as the
sum �H = �Hj + �Hs of the field �Hj arising from the electric current density and the field
�Hs connected to the magnetization distribution of the magnetic material [Coe09]. �Hs acts
within the magnetic material against the magnetization �M as the so-called demagnetization
field, while it is known as the magnetic stray field outside of the material, where it is equal
to �B/µ0 (Fig. 2.1) [Coe09, HS98]. The energy connected to the stray field is given by

Es = −µ0

2

∫

V

�M · �HsdV (2.16)

and is typically minimized due to the desire of magnetic materials to circumvent the forma-
tion of magnetic stray fields [HS98, Nol13].

In the following it will be distinguished between magnetism arising in systems consisting
of non-interacting magnetic moments (Sec. 2.3.1) and collective magnetism (Sec. 2.3.2).
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Fig. 2.1: Comparison of the magnetic flux density �B with the magnetic stray field �H = �Hs and
the magnetization �M in the case of a cuboidal magnetic solid. Adapted from [Coe09].

2.3.1 Non-interacting magnetic moments

Considering an ensemble of non-interacting magnetic moments exposed to an external mag-
netic flux density �B0, every individual magnetic moment �µ aligns itself relative to the exter-
nal field in accordance to thermal fluctuations minimizing the potential energy (Zeemann-
energy) [Nol13, BSK05]

Epot = −�µ · �B0. (2.17)

For isotropic media, typically a linear ansatz �M = χ �H is chosen to describe the dependence
of the magnetization �M on the external magnetic field �H with the magnetic susceptibility χ

[Nol13]. The magnetic permeability µ0µr = µ0(1 + χ) enables to connect the magnetic field
strength �H with the magnetic flux density

�B = µ0(1 + χ) �H = µ0µr
�H, (2.18)

with χ = 0 in the case of vacuum ( �B0 = µ0
�H) [Nol13].

Paramagnetism

In the case of a paramagnetic material, non-interacting magnetic moments tend to align
with the direction of an external magnetic field resulting in the strengthening of the latter
[Nol13]. This is determined by the minimization of the potential energy (Eq. (2.17)) of the
magnetic moments and thermal fluctuations, for which reason the paramagnetic suscepti-
bility is positive and temperature-dependent: χpara(T ) > 0 [Nol13]. Permanent magnetic
moments are usually present in materials in which the atoms exhibit incompletely filled
atomic orbitals resulting in an uncompensated angular momentum and with Eq. 2.2 in a
magnetic moment [Nol13]. The temperature dependence of the paramagnetic susceptibil-
ity is given by χpara(T ) ∝ 1/T (Curie-law) [Nol13, BSK05]. Within a metallic solid also
electrons within the conduction band exhibit a permanent magnetic moment connected to
their intrinsic spin. This leads to the so called Pauli-paramagnetism, and the correspond-
ing magnetic susceptibility shows in contrast to the Curie-law no temperature dependence
[Nol13].
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Diamagnetism

A negative and constant magnetic susceptibility χdia = const. < 0 characterizes diamag-
netism representing a phenomenon based on electromagnetic induction [Nol13]. In contrast
to paramagnetism, diamagnetic materials do not contain permanent magnetic moments,
but in the presence of an external magnetic field, oppositely oriented magnetic dipoles are
induced in accordance to Lenz’s-law [BSK05, Nol13]. In principle, all materials are diamag-
netic in an external magnetic field if the latter is not overcompensated by paramagnetism
or any type of collective magnetism [Nol13].

2.3.2 Collective magnetism

If the magnetic moments in a solid are able to interact via exchange interaction (Sec. 2.2.3),
a collective orientation of the ensemble of magnetic moments can be established at finite
temperatures below a critical temperature T ∗ even in the absence of an external magnetic
field �H [Nol13, BSK05]. The collective ordering can further occur for local but also for
itinerant permanent magnetic moments [Nol13]. The magnetic susceptibility χcoll(T,H) is
non-linearly depending on the temperature and the external magnetic field and for tempera-
tures T < T ∗ a collective order of magnetic moments can be developed, which is superseded
by paramagnetism for T > T ∗ [BSK05, Nol13].

Ferromagnetism

For temperatures below the Curie-temperature T ∗ = TC a collective long-range ordering
of magnetic moments can be observed in a ferromagnetic material for absent external mag-
netic fields with a holistic parallel orientation for T → 0 [Nol13, BSK05]. In the case of the
prominent ferromagnetic representatives Fe, Co and Ni, the origin of the collective parallel
ordering can be found in the exchange interaction between uncompensated spins of itinerant
electrons populating the continuous 3d and 4s conduction bands formed due the overlapping
of atomic energy levels in solid states [BSK05, Kus11, Nol13]. Electrons as fermionic indis-
tinguishable particles that share the same spin cannot occupy the same energetic state and
the consequently arising population of different states eventuates in an increase of kinetic en-
ergy. Antiparallel alignment of spins enables the population of states with the same energy,
what however increases the potential energy due to the Coulomb-repulsion [Coe09, Kus11].
The minimization of the system’s total energy considering the competition of both align-
ments results either in totally compensated or partially uncompensated spins, with the latter
being the case for ferromagnetic materials [BSK05, Kus11, Coe09]. Hence, ferromagnets ex-
hibit a different band structure for differing spin states connected to a relative shift of the
spin-specific densities of states n↑ and n↓ by the so-called exchange splitting ∆Eex as it is
schematically visualized in Fig. 2.2(a) (Stoner-Splitting) [BSK05, Kus11, Coe09]. Within
the Stoner-model, a higher population of a certain spin state (Fig. 2.2(a)) and thus a fer-
romagnetic order is given for a positive exchange integral and for a high density of states
accompanied by narrow energy bands close to the Fermi-level EF, representing the highest
energetic level an electron can occupy if the total system is in its ground state [BSK05].
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Fig. 2.2: (a) Schematic visualization of the relatively shifted spin-specific densities of states in
a ferromagnetic material (Stoner-splitting) [Kus11, BSK05, Coe09]. (b) Schematic depiction of
the formation of magnetic domains in a ferromagnet considering the minimization of the stray field
energy from left to right. Adapted from [HS98, Get08].

For finite temperatures 0 < T < TC, the macroscopic magnetization of a ferromagnetic
material decomposes into microscopic domains separated by domain walls, as visualized in
Fig. 2.2(b), exhibiting different magnetization directions due to the tendency of magnetic
materials to avoid the formation of stray fields and the connected minimization of stray field
energy Es (cf. Eq. (2.16)) [HS98, BSK05]. The formation of magnetic domains results in the
dependence of a magnetic material’s remagnetization on its history of magnetic treatment
reflected in the hysteresis (Sec. 2.5) of a ferromagnetic specimen [BSK05, Nol13].

Ferri- and Antiferromagnetism

In the case of a ferri- or antiferromagnetic material, the solid is heterogeneously composed
of two ferromagnetic sublattices [Nol13]. The magnetic moments of the different sublattices
exhibit a negative exchange constant, for which reason lattice-specific magnetizations show
an antiparallel alignment with a macroscopic difference ∆ �M [Nol13, BSK05]. In contrast
to ferrimagnets, this difference equates to zero for antiferromagnets, due to an equal but
antiparallel magnetization of the sublattices. Hence, no total macroscopic magnetization
can be observed for an antiferromagnetic specimen [Nol13]. In analogy to ferromagnetism,
ferri- and antiferromagnetic materials are able to form microscopic domains for temperatures
below the so-called Néel-temperature T ∗ = TN and behave paramagnetic for T > TN

[Nol13, BSK05].

Superparamagnetism

Ferro-, ferri- or antiferromagnetic particles form only one magnetic domain (single-domain)
in the case of sufficiently small volumes and further show paramagnetic behavior for tem-
peratures below T ∗, however, exhibiting a larger magnetic susceptibility in comparison to
naturally paramagnetic materials [BL59, GAB74, Bro63]. This phenomenon is called super-
paramagnetism. Connected to anisotropic contributions to the free energy of a superpara-
magnetic particle, an energy barrier ∆E = KV arises, separating two antiparallel magne-
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tization states with respect to the particle’s so-called easy axis with the particle’s volume
V and its magnetic anisotropy constant K (Sec. 2.4) [BL59, GAB74]. In the context of the
Néel relaxation theory, the time for a transition with a finite probability between the two
antiparallel magnetization states is given by

τN = τ0exp

{
KV

kBT

}
(2.19)

with Boltzmann’s constant kB and the material-specific transition frequency ν0 = 1/τ0
[GAB74, Née49]. The magnetic behavior of superparamagnetic particles consequently de-
pends on the relative size of the energy barrier ∆E in comparison to the thermal energy
contribution kBT and the period of observation. For transition times τN larger than the ob-
servation duration (kBT � KV ) a paramagnetic equilibrium is established in which case
no magnetization can be observed on average (superparamagnetism), whereas for times
smaller than the period of observation (kBT � KV ), no transition occurs and the particle is
blocked in its initial state [BL59, GAB74]. Accordingly, for a fixed period of observation τ ,
the critical temperature at which superparamagnetism arises is called blocking temperature
TB = KV/kB ln{τ/τ0} [BL59, GAB74, Bro63, OFOVF10].

2.4 Magnetic anisotropies

Real magnetic materials are not isotropic as their free energy exhibits an anisotropy regarding
the magnetization direction [BSK05, Get08]. In the absence of an external magnetic field, the
magnetization tends to align in parallel to certain directions correlated to specific crystalline
axes of the magnetic material, its geometry as well as the material’s composition and external
influences [BSK05, Get08]. These energetically most favorable directions are called easy axes.
To contrastingly orient the magnetization - in the extreme case - along the most unfavorable
so-called hard axes, work needs to be performed via the application of an external magnetic
field, which is typically named the anisotropy energy [BSK05]. Both the shape and the
magnetocrystalline anisotropy will be introduced in more detail in Sec. 2.4.1 and 2.4.2,
respectively, with a subsequent brief overview over further magnetic anisotropies in Sec. 2.4.3.

2.4.1 Shape anisotropy

The origin of the shape anisotropy is the dipole-dipole interaction (Sec. 2.2.2) affecting the
magnetization of a magnetic solid depending on its macroscopic shape for a non-spherical
geometry [BSK05, Get08]. Due to the long-range character of the dipolar interaction, a finite
magnetic sample exhibits a stray field outside of its volume and a demagnetization field in
its inside arising from uncompensated magnetic moments at the surface [Get08, BSK05]. In
this work, the only relevant geometry is a magnetic thin film with a very large lateral extent
and with the help of Eq. (2.16), the related stray field energy density is given by

εs =
µ0

2
M2cos2ϑ (2.20)
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with ϑ as the angle between magnetization �M and the surface normal n̂ perpendicular to
the plane [Get08, BSK05, HS98]. Eq. (2.20) is minimized in the case of ϑ = π/2 reflecting
a magnetization oriented in the film plane perpendicular to n̂ [Get08, BSK05].

2.4.2 Magnetocrystalline anisotropy

The magnetocrystalline anisotropy finds its origin in the spin-orbit interaction (Sec. 2.2.1)
with the result that the magnetic moments in a solid are coupled to its crystal lattice [BSK05].
The electronic orbitals are linked to the crystallographic structure. When the spins, which
are themselves coupled to each other via exchange interaction, are reoriented, e.g. due to
an external magnetic field, they further couple to their orbital angular momenta, which is
mediated by the spin-orbit interaction [Get08]. Consequently, the easy axes determined by a
magnetocrystalline anisotropy are directly connected to the crystallographic axes of the solid
[BSK05, Get08]. The eventually preferred magnetization of a solid is crucially affected by
the crystal lattice, even if the magnetocrystalline energy is generally smaller in comparison
to the exchange energy, since the latter favors a parallel alignment of neighboring spins
independent on the final collective direction [Get08].

It is common to use a phenomenological expression in the form of a power series expansion
at the direction cosines mi with i ∈ {x, y, z}, representing the normalized magnetization
components Mi/| �M | of the magnetization �M [Get08, BSK05]. Considering the polar and
the azimuthal angle ϕ and ϑ, relative to an arbitrary reference frame, the magnetization
direction �m is given by [Get08]

�m =
�M

| �M |
=




mx

my

mz


 =




cosϕ sinϑ

sinϕ sinϑ

cosϑ


 with

∑
i

mi
2 = 1. (2.21)

The anisotropy energy density is with coefficients {k0, ki, kij, kijk, kijkl, . . .} given by

εcrys ({mi}) = k0+
∑
i

kimi+
∑
ij

kijmimj+
∑
ijk

kijkmimjmk+
∑
ijkl

kijklmimjmkml+ . . . (2.22)

and reduces due to symmetry arguments to

εcrys ({mi}) = k0 +
∑
ij

kijmimj +
∑
ijkl

kijklmimjmkml + . . . (2.23)

because antiparallel magnetization directions are equally favorable (no odd expansion terms)
[Get08]. For cubic systems the symmetry axes defined by the cubic crystal lattice are also
energetically indistinguishable and the anisotropy energy density can be expressed as

εcubiccrys ({mi}) = K0 +K1

(
mx

2my
2 +mx

2mz
2 +my

2mz
2
)
+K2 mx

2my
2mz

2 + . . .

= K0 +
(
K1 +K2 cos

2ϑ
)
sin4ϑ cos2ϕ sin2ϕ+K1 cos

2ϑ sin2ϑ+ . . . (2.24)
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with the magnetocrystalline anisotropy constants {K0, K1, K2, . . .} as functions of the coef-
ficients {k0, kij, kijkl, . . .} [Get08, BSK05]. Terms of higher order are typically relevant only
for low temperatures [HS98]. Comparing experimentally determined anisotropy constants
for magnetic thin films it becomes apparent, that in the case of magnetic thin films, the
magnetocrystalline anisotropy is typically dominated by the shape anisotropy due to the
large lateral extent of the film in comparison to its thickness [Get08]. Hence, with Eq. (2.20)
and ϑ = π/2 and K = K1/4, Eq. (2.24) can be simplified to

εcubiccrys (ϕ) = K0 +K1 cos
2 sin2ϕ = K0 +K sin22ϕ. (2.25)

2.4.3 Further anisotropies

Further magnetic anisotropies, which are typically of uniaxial type, can be induced for
example by fabricating or heating (annealing procedure) a magnetic sample in an external
magnetic field [Get08, HS98]. Tension in a magnetic solid or externally exerted stress can
result in a magnetoelastic anisotropy directly linked to the magnetocrystalline anisotropy
[Get08, BSK05]. The inverse effect, in which case a magnetization leads to a spontaneous
deformation, is called magnetostriction [Get08].

In contrast to three-dimensional solids, low-dimensional systems like magnetic thin films
and heterogeneous multilayers exhibit magnetic anisotropies due to the asymmetric envi-
ronment (symmetry breaking) of the interfacial magnetic moments or the ones located at
the surface [Get08]. Consequently, symmetry arguments as applied in Sec. 2.4.2 for the
derivation of Eq. (2.25) are not valid for low-dimensional systems and the anisotropy energy
needs to be divided into separate parts describing the volume and the surface contribution
to the anisotropy [Get08]. A special kind of anisotropy is the exchange bias representing
a unidirectional anisotropy occurring when an anti- and a ferromagnetic thin film share a
common interface. This anisotropy is the main focus of the present thesis, for which reason
a dedicated chapter (Ch. 3) will introduce this phenomenon in more detail.

2.5 Remagnetization

The remagnetization behavior of a magnetic sample is typically investigated via recording
the magnetization M( �H) = �M · �H/| �H| as the projection of the magnetization vector �M onto
the direction of the external magnetic field �H, corresponding to the so-called major magne-
tization loop [Nol13]. In the case of a ferromagnetic material the macroscopic magnetization
typically decomposes into microscopic domains (Sec. 2.3.2) resulting in a non-trivial depen-
dence of the remagnetization behavior on the magnetic history of the sample, represented by
the ferromagnetic hysteresis (Fig. 2.3) [BSK05, Nol13]. In the case of an initially demagne-
tized specimen, the material is firstly saturated, w.l.o.g., along the positive field direction by
increasing H following the virgin curve until positive saturation M(H � 0) = MS. For de-
creasing and eventually vanishing field (H → 0), a ferromagnetic specimen exhibits a residual
remanent magnetization M(0) = MR which can be compensated by applying the coercivity
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Fig. 2.3: Schematic depiction of a ferromagnetic hysteresis and a virgin curve starting from a
demagnetized state for temperatures 0 < T < TC, with the magnetization M(H) plotted against
the external magnetic field H as the projection of the magnetization vector onto the direction of the
probing field. (i) Magnetic domains in a demagnetized ferromagnetic sample resulting from stray
field energy minimization (flux closure). (ii) Reversible domain wall motion for increasing H segues
into (iii) irreversible domain wall motion including Barkhausen-jumps resulting in the elimination
of all but the one domain with the most favorable net magnetization. (iv) The remaining domain
aligns parallel to the applied external magnetic field by coherent rotation. (v) For decreasing H
from positive saturation, domains with opposing magnetization nucleate and (vi) the respective
domain walls propagate through the sample until it is negatively saturated for further decreasing
H. Exemplarily, a minor loop and a first-order reversal curve (FORC) are shown. Adapted from
[Coe09, Bi14].

HC = (Hasc −Hdesc)/2, generally defined as the halved difference between the zero-crossings
Hasc and Hdesc of the ascending and the descending branch, respectively [Nol13].

Regarding remagnetization processes of magnetic domains, it is in principle differentiated
between magnetization rotation, nucleation of magnetic domains and domain wall movement
[BSK05, Coe09]. If an external magnetic field is applied exerting a torque on the magneti-
zation resulting in a continuous change of the magnetization direction, the magnetic sample
remagnetizes via rotation2. In the case of nucleation, domains with opposing magnetization
are formed at or close to nucleation centers [BSK05]. Nucleated domains are enlarged via the
movement of their domain walls. The introduced remagnetization processes are schemat-
ically visualized in Fig. 2.3 at specific points of a typical ferromagnetic hysteresis. The
demagnetized sample at the beginning of the virgin curve, i.e. at H = 0, shows a domain
pattern exhibiting a flux closure arising due to stray field energy minimization (Fig. 2.3(i)).
For increasing H, reversible domain wall motion (Fig. 2.3(ii)), with the domain walls bow-
ing out from their pinning centers, goes over into irreversible domain wall motion involving
Barkhausen-jumps at defects in the magnetic sample (Fig. 2.3(iii)) resulting in the elimi-

2Magnetization rotation is called coherent, if the sample’s (or also the domain’s) magnetic moments rotate
coherently as a uniformly aligned vector field, i.e. a ’macro spin’. Apart from that, one solely speaks of
rotation or also incoherent magnetization rotation.
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nation of all but the most favorable oriented domain upon further increasing H [Coe09]. The
magnetization of the residual domain rotates coherently until the sample is saturated with
respect to the probing field direction (Fig. 2.3(iv)). For decreasing H, starting from positive
saturation, oppositely magnetized domains nucleate (Fig. 2.3(v)) and grow via domain wall
propagation (Fig. 2.3(vi)) until the sample is negatively saturated [Coe09].

If the reverse of the magnetization can be induced at an intermediate point during the
course of a major loop before saturation upon reversing external driving field, a closed minor
loop can be measured [Bi14, Ivá97]. Two types, namely a typical closed minor loop within
the major loop and a first-order reversal curve (FORC), are exemplarily shown in Fig. 2.3.
FORCs are typically obtained, w.l.o.g., by starting out from positive saturation, decreasing
the external field - following the descending branch of the major loop - down to a specific
reversal field from which the field is then increased again with the FORC representing the
magnetization reversal curve measurable in between the reversal field and positive saturation.

In the following, two essential model approaches for the description of the non-trivial
dependence of the magnetization of a ferromagnetic sample on its magnetic history shall
be introduced, starting with the Stoner-Wohlfarth model in Sec. 2.5.1, representing a
coherent rotation approach. In Sec. 2.5.2, the classical Preisach-model will be established
as a phenomenological approach representing the foundation for the mathematical formalism
in order to investigate minor loops and FORCs. How a set of FORCs can be interpreted and
interlinked with the Preisach-model will be explained in Sec. 2.5.3.

2.5.1 Stoner-Wohlfarth model

The Stoner-Wohlfarth model represents the simplest analytical model for the descrip-
tion of a ferromagnetic hysteresis and assumes the coherent rotation of an ellipsoidal single
domain particle exhibiting a uniaxial anisotropy with the anisotropy constant KF and sat-
uration magnetization MS exposed to an external magnetic field �H [Coe09, SW47, SW48].
With the azimuthal angles ϕ, βF, γF of the external field, the magnetization �MF and the
uniaxial anisotropy (Fig. 2.4(a)), the energy density is given by

ε(βF) = −µ0HMS cos (βF − ϕ) +KF sin
2 (βF − γF) (2.26)

representing the sum of the potential energy (Eq. (2.17)) of the particles magnetization
inside of the external magnetic field and the anisotropy energy density (Eq. (2.25)) of shape
and/or magnetocrystalline origin [Coe09, SW48]. The remagnetization behavior evolves via
minimizing Eq. (2.26) with respect to βF under variation of H (Fig. 2.4). In the case of
saturation only one global energy minimum is present at βF for ϕ = γF = 0 due to the
domination of the potential energy term resulting in the parallel orientation of �MF with
respect to the external magnetic field �H ( �MF �� �H). Starting out from positive saturation
by decreasing H, the influence of the anisotropy term increases and an additional local energy
minimum arises at βF = π ( �MF �� �H). For further decreasing H < 0, the energy minima
exchange their roles and the magnetization reverses, which is reflected by the transition
βF = 0 → π at Hdesc on the descending branch coming from positive saturation and βF =
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Fig. 2.4: (a) Angles and corresponding vectors in the Stoner-Wohlfarth model with respect
to an arbitrary reference frame alongside (b) calculated magnetization curves for various angles ϕ
between the external magnetic field �H and the easy axis (γF = 0◦) for a ferromagnetic uniformly
magnetized particle exhibiting a uniaxial anisotropy with the anisotropy constant KF. (c) The free
energy density ε(βF) is depicted for different field steps starting from positive saturation in the case
of ϕ = 0◦ visualizing the perfect delay convention and the switching of the magnetization at Hdesc.

π → 0 at Hasc on the ascending branch coming from negative saturation. The free energy
given by Eq. (2.26) can be minimized analytically eventuating in the determination of the
switching fields Hdesc and Hasc [Coe09, SW48]. However, a numerical approach to minimize
Eq. (2.26) is enabled under consideration of the so-called perfect delay convention visualized
in Fig. 2.4(c) [Müg16]. This convention demands, that a transition between two minima of
the energy landscape upon variation of H is only allowed if the equilibrium state for βF can
be reached without overcoming an energy barrier [NK91, Ber98].

2.5.2 Preisach model

In comparison to the Stoner-Wohlfarth ansatz [SW47, SW48] or other modeling ap-
proaches like the Jiles-Atherton model [JA86], where the modeled remagnetization is
connected to real physical properties [Ivá97], the Preisach model represents a more gen-
eral and purely mathematical approach [Coe09, Ivá97, Bi14]. The traditional Preisach
model assumes the decomposition of the ferromagnetic major hysteresis loop into elemen-
tary rectangular loops with different switching fields named hysterons exhibiting simplest
hysteresis behavior. Hence, within the Preisach model, the system is assumed to be an
ensemble of different entities having different magnetic properties. For instance, Hysterons
can be treated as loops of a distribution of single-domain Stoner-Wohlfarth particles
exhibiting different anisotropies [Coe09, Ivá97]. Considering rectangular hysterons, the lat-
ter, however, represents a strong restriction assuming that all Stoner-Wohlfarth-like
single-domain particles exhibit anisotropy axes aligned in parallel to the external driving
field, which would in reality most likely not be the case. Rather more realistic would be a
distribution of anisotropy axes leading to a distribution of hysterons with rounded shoulders
[RHZP14]. Nevertheless, in the simplest case, each hysteron, characterized by switching
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Fig. 2.5: (a) Depiction of two exemplary Hysterons with switching fields Hα1 , Hβ1 and Hα2 , Hβ2 .
These switching fields are further indicated within the (b) limiting triangle T in the Preisach-plane
defined by the positive and negative saturating fields ±Hmax of the system. (c) Schematic of the
Preisach model representing a block diagram describing how the Preisach-operator acts on the
field input H(t) producing the output M(t) as the overall magnetization of the system.

fields Hα and Hβ as displayed in Fig. 2.5(a), can be mathematically described via

m̂Hα,Hβ
H(t) =




+1 H(t) ≥ Hβ

m̂Hα,Hβ
H(t− dt) Hα < H(t) < Hβ

−1 H(t) ≤ Hα

(2.27)

describing the operator m̂Hα,Hβ
that acts on the time-dependent input field H(t) [Ivá97,

May86]. Note that for input fields Hα < H(t) < Hβ, the hysteron is recursively defined
by the operator acting on the input field at t − dt with dt being the infinitesimal time
step. Consequently, the dependence of the hysteron on its on remagnetization history is
ensured, since it holds that m̂Hα,Hβ

H(t − dt) = +1 or −1 when for the last time step t′

at which H(t′) /∈ {H(t) |Hα < H(t) < Hβ} it applied that H(t′) ≥ Hβ or H(t′) ≤ Hα, re-
spectively. Each pair of switching fields (Hαi

, Hβi
) can be found in the limiting triangle in

the Preisach-plane shown in Fig. 2.5(b), limited by the positively or negatively saturating
fields ±Hmax. The essence of the Preisach model is the superposition of hysterons weighted
by a distribution function µ(Hα, Hβ), resulting in the major hysteresis loop described by

M(t) = P̂H(t) =

∫∫

Hβ≥Hα

µ(Hα, Hβ) m̂Hα,Hβ
H(t) dHαdHβ (2.28)

representing the output of the Preisach-operator P̂ acting on the input field H(t) as the
continuous case of the discrete analogue depicted in Fig. 2.5(c) [Ivá97, May86, Bi14]. The
integration of the weighted hysterons is restricted by the limiting triangle

T = {(Hα, Hβ) ∈ R2 |µ(Hα, Hβ) �= 0} = supp(µ) (2.29)
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which is the support of the weighting probability density function µ(Hα, Hβ) [May86]. Ad-
ditionally, with the help of the coordinate transformation

Hi =
Hβ +Hα

2
Hc =

Hβ −Hα

2
(2.30)

the distribution of switching fields can be transformed into a distribution µ(Hi, Hc) of inter-
action fields Hi and coercivities Hc describing the shift and the broadness of an individual
hysteron resulting in a 45◦ anti-clockwise rotation of the distribution function [Ivá97, May86].

2.5.3 First-order reversal curves (FORCs)

Measuring so-called first-order reversal curves (FORCs) represents an approach accompanied
by an elaborated mathematical formalism to determine the weighting distribution function
µ(Hα, Hβ) of switching fields introduced within the Preisach model (Sec. 2.5.2), also known
as the identification problem [May86]. The standard measuring protocol of an individual
FORC, visualized in Fig. 2.6, is to primarily saturate the magnetic specimen by applying a
sufficiently large, w.l.o.g., positive external field Hmax and to decrease the field down to a
reversal field Hα̃, where the field gradient changes its sign [May86, PRV99]. At this point
the sample exhibits the magnetization M(Hα̃). From Hα̃ the field is monotonically increased
back to saturation and the FORC M(Hα̃, Hβ̃) depends on the external driving field Hβ̃ with
Hα̃ ≤ Hβ̃ ≤ Hmax [PRV99]. A set of minor loops with varying reversal fields provides a
complete set of FORCs as a magnetization matrix representing a subset of all accessible
states enclosed by the major hysteresis loop [PRV99, HF08]. The variation of the external
driving field, starting out from successively increasing reversal fields, already indicates the
systematic sampling of individual switching fields as different magnetic states in the limiting
triangle T are addressed.

Considering the population of hysterons within T depending on the input H(t), i.e.
whether they are positively or negatively magnetized, it can be deduced how the distri-
bution µ(Hα, Hβ) can be determined by a set of FORCs M(Hα, Hβ). At first, when the
specimen is positively saturated (Fig. 2.6(i)), all hysterons are positively magnetized and
populate the positive set S+ [May86]. As the field is decreased down to the reversal field
Hα̃, resulting in the output M(Hα̃), all hysterons with switching fields Hα ≥ Hα̃ switch to
negative magnetization and consequently populate the negative set S− = S−(Hα̃) as shown
in Fig. 2.6(ii), while hysterons with Hα < Hα̃ still populate S+ = S+(Hα̃). Since hysterons
do only populate either the positive or the negative set, the output magnetization at the
reversal field Hα̃ can, with the help of Eqs. (2.27) and (2.28), be simplified to [May86]

M(Hα̃) =

∫∫

S+(Hα̃)

µ(Hα, Hβ) dHαdHβ −
∫∫

S−(Hα̃)

µ(Hα, Hβ) dHαdHβ. (2.31)

With the increase from Hα̃ to Hβ̃, generating the output M(Hα̃, Hβ̃), the positive set S+

gains the subset T(Hα̃, Hβ̃) as shown in Fig. 2.6(iii): S+(Hα̃, Hβ̃) = S+(Hα̃) + T(Hα̃, Hβ̃).
Analogously, it follows for the negative set S− that S−(Hα̃, Hβ̃) = S−(Hα̃) − T(Hα̃, Hβ̃).
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Fig. 2.6: Visualization of the measurement protocol for the measurement of an individual FORC
starting from (i) positive saturation at Hmax and (ii) decreasing the external field down to a selected
reversal field Hα̃. (iii) The FORC M(Hα̃, Hβ̃) is then measured at the external driving field Hβ̃
with Hα̃ ≤ Hβ̃ ≤ Hmax. (i)-(iii) Additionally, the population of positive and negative subsets S+
and S− of the limiting triangle is depicted in dependence of the external field necessary for the
mathematical derivation of the FORC distribution. Adapted from [May86].

The output increment ∆M of the individual FORC at external driving field Hβ̃ can with
Eq. (2.31) be determined to be [May86]

∆M = M(Hα̃, Hβ̃)−M(Hα̃)

=

∫∫

S+(Hα̃,Hβ̃)

µ(Hα, Hβ) dHαdHβ −
∫∫

S−(Hα̃,Hβ̃)

µ(Hα, Hβ) dHαdHβ −M(Hα̃)

=

∫∫

S+(Hα̃)+
T(Hα̃,Hβ̃)

µ(Hα, Hβ) dHαdHβ −
∫∫

S−(Hα̃)−
T(Hα̃,Hβ̃)

µ(Hα, Hβ) dHαdHβ −M(Hα̃)

= 2

∫∫

T(Hα̃,Hβ̃)

µ(Hα, Hβ) dHαdHβ = 2

Hβ̃∫

Hα̃

Hβ∫

Hα̃

µ(Hα, Hβ) dHαdHβ

= −2

Hβ̃∫

Hα̃

Hα̃∫

Hβ

µ(Hα, Hβ) dHαdHβ. (2.32)

By differentiating Eq. (2.32) twice, first with respect to Hβ̃ and second with respect to Hα̃,
it can be obtained that [May86]

∂2 M(Hα̃, Hβ̃)

∂Hα̃∂Hβ̃

= −2µ(Hα̃, Hβ̃). (2.33)

Redefining the coordinates via (Hα̃, Hβ̃) �→ (Hα, Hβ) and rearranging Eq. (2.33) results in
the general expression for the FORC distribution as the weighting probability density of
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Fig. 2.7: Set of simulated FORCs (Single domain particles with interactions considering the
basic Preisach model; see Ref. [PRV99]) with the corresponding distribution of switching fields
µ(Hα, Hβ) and distribution of interaction and coercive fields µ(Hi, Hc), as well as integrated distri-
butions µ(Hi) and µ(Hc). A subset of 25 magnetic states of the magnetization matrix M(Hα, Hβ) is
exemplarily depicted, linked to the highlighted 5× 5 segment. The central point (marked red) rep-
resents the position at which the FORC distribution is evaluated for which the neighboring points
in the limiting triangle are considered for the fit with Eq. (2.35). At the side of the set of FORCs,
a schematic depiction shows how a change in slope between consecutive FORCs influences the sign
of the FORC distribution.

hysterons with different switching fields

µ(Hα, Hβ) = −∂2M(Hα, Hβ)

2 ∂Hα∂Hβ

with Hα ≤ Hβ (2.34)

which can with the help of Eq. (2.30) be transformed into a distribution µ(Hi, Hc) of inter-
action and coercive fields Hi and Hc [May86, Ivá97, PRV99].

For the actual determination of the FORC distribution µ(Hα, Hβ) at any point (Hα, Hβ)

respecting Eq. (2.34), a least-squares fit to the magnetization matrix M(Hα, Hβ), obtained
from measuring a set of consecutive FORCs as depicted in Fig. 2.7, is performed over a
subset of points neighboring (Hα, Hβ) utilizing the second-order polynomial

Mfit(Hα, Hβ) = c0 +
2∑

i=1

αiHα
i +

2∑
i=1

βiHβ
i − 2µHα,Hβ

HαHβ (2.35)

with the fit parameters c0 and αi, βi for i ∈ {1, 2} [PRV99, HF08]. Theoretically, µHα,Hβ

represents the desired value µ(Hα, Hβ) of the FORC distribution at (Hα, Hβ) as it represents
the halved mixed second derivative of Eq. (2.35) as defined in Eq. (2.34) [PRV99]. The
number of points Nfit taken into account for the fit can be determined by the smoothing
factor SF such that Nfit = (2 SF + 1)2 as it is exemplarily shown in Fig. 2.7 for SF = 2 and
Nfit = 25 points spanning a 5× 5 square grid in the Preisach-plane within the limiting
triangle [HF08, PRV99]. A further generalization is to drop the restriction to a squared fit
space and allow an arbitrarily shaped fit space containing Nfit fit points determined by SF

as the nearest neighbors of (Hα, Hβ), which turns out to be a major advantage when dealing
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with an irregular grid of measurement points [HF08]. The least squares inside the fit region
are weighted with respect to their distance to the point (Hα, Hβ) using the weights

wj =


1−

[
|�h− �hj|

maxj|�h− �hj|

]3



3

(2.36)

with j ∈ {1, . . . , Nfit} [HF08, Cle79]. �h represents the point (Hα, Hβ) at which the FORC
distribution shall be evaluated and �hj defines the sampling points of the fit [HF08]. Hence,
sampling points closer to (Hα, Hβ) have higher weights considering Eq. (2.36) and conse-
quently a greater impact on the fit.

The FORC distribution of switching fields µ(Hα, Hβ) is commonly transformed with the
help of Eq. (2.30) into a distribution µ(Hi, Hc) of interaction fields Hi and coercivities Hc,
not to be confused with the coercivity HC of the ferromagnetic major loop and a horizontal
exchange bias shift HEB, which will be introduced later (Ch. 3). Integrating µ(Hi, Hc) with
respect to Hi and Hc yields the integrated distributions

µ(Hi) =

∞∫

0

µ(Hi, Hc) dHc and µ(Hc) =

∞∫

−∞

µ(Hi, Hc) dHi (2.37)

which are in comparison to µ(Hi, Hc) presented in Fig. 2.7 [PRV99, GIS+19, APC10].
The family of FORCs displayed in Fig. 2.7, on which basis the respective distributions

µ(Hα, Hβ), µ(Hi, Hc), µ(Hi) and µ(Hc) are determined, is simulated based on an ansatz for
single domain particles with interactions considering the basic Preisach model described in
Ref. [PRV99]. The model approach will be introduced briefly in the following: It is assumed,
that an ensemble of particles with rectangular hysteresis loops exhibits a distribution of
switching fields f(Hc) with Hc > 0 and

∫∞
0

f(Hc) dHc = 1 and a distribution of interaction
fields g(Hi) with

∫∞
−∞ g(Hi) dHi = 1, which is symmetric about Hi = 0 [PRV99]. For the

sake of simplicity, since no actual physical model of interacting particles will be investigated
here, Hi shall represent a local constant interaction field which is aligned with the applied
external field and does randomly vary between different particles. If an individual FORC is
measured starting from positive saturation, subsequently decreasing the external field down
to Hα, particles for which Hα+Hi < −Hc switch to negative magnetization and at Hβ, after
increasing the field from Hα, all particles remain negatively switched for which Hβ+Hi < Hc

[PRV99]. Hence, particles are negatively magnetized if Hi satisfies

Hi < hmin = min{−(Hc +Hα), (Hc −Hβ)}. (2.38)

The magnetization M(Hα, Hβ) representing an individual FORC is consequently given by

M(Hα, Hβ) = 1− 2

∞∫

0

hmin∫

−∞

f(Hc)g(Hi) dHi dHc. (2.39)
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representing the subtraction of the superposed magnetization of all switched particles from
positive saturation, which is 1 if all particles stayed positively magnetized or were switched
back and is -1 if all particles switched and could not switched back by applying Hβ [PRV99].
Evaluating the mixed second derivative of Eq. (2.39) in accordance to Eq. (2.34) analytically
and performing the mapping defined by Eq. (2.30), one obtains that µ(Hi, Hc) ∝ f(Hc)g(Hi).
By using a normal distribution of switching fields and a lognormal distribution of interaction
fields, the set of FORCs presented in Fig. 2.7 can be simulated and the corresponding distri-
bution can be determined, eventually representing the multiplication of the two integrated
distributions µ(Hi) = g(Hi) and µ(Hc) = f(Hc).

In the view of physically interpreting extracted distributions µ(Hα, Hβ) or µ(Hi, Hc), a
naive interpretation is that each peak in the FORC distribution correlates to entities within
the system exhibiting the respective interaction and coercive field, based on the classical
Preisach model assuming that the major loop arises from a superposition of weighted hys-
terons [GIS+19, May86]. This straightforward interpretation is hampered since most real
physical systems, especially ones exhibiting interaction effects, do not fulfill the so-called
Mayergoyz-criteria, which are the wiping-out and the congruency condition3 representing
requirements directly arising from the classical Preisach model [Ivá97, GIS+19, May86].
Hence, it is important to treat a FORC distribution as it is defined by Eq. (2.34) as a well-
defined mathematical transformation, not directly connected to any physical assumptions.
Due to that, the extraction of FORC distributions as a stand-alone technique is often com-
pared to taking a magnetic fingerprint and that benchmarking with models adapted to the
investigated system is inevitable for a reasonable physical interpretation [GIS+19, New05].

Finally, the sign of the FORC distribution, should be strictly positive within the classical
Preisach model with µ(Hα, Hβ) representing a positive statistical probability density func-
tion. However, considering Eq. (2.34) from a purely mathematical perspective, isolated from
the basic Preisach-approach, there are no reasons prohibiting negative values as they do
actually arise for real physical systems [PRV99, GIS+19, New05, HF08, ASK+20, LBO16].
Eq. (2.34) directly allows for a geometric explanation focusing on the first derivative of
M(Hα, Hβ) with respect to the external driving field Hβ representing the change of the
slope of consecutive FORCs upon increasing Hα given by

µ(Hα, Hβ) = − ∂

2 ∂Hα

tanϑ(Hα, Hβ) (2.40)

with ϑ(Hα, Hβ) being the angle between the abscissa and the tangent of the individual FORC
at Hβ for Hα [May86]. As it is schematically depicted in Fig. 2.7, no change or a decrease in
slope between two consecutive FORCs results in µ(Hα, Hβ) ≥ 0, whereas an increase in slope
eventuates in a negative sign for the FORC distribution [May86, TLF+18a]. Based on this,
the FORC distribution can also be interpreted as a measure for the change of the magnetic
susceptibility χ(Hα, Hβ) = ∂M(Hα, Hβ)/∂Hβ [TLF+18a, TLF+18b]. Hence, a positive sign
of the FORC distribution corresponds to a decrease and a negative sign to an increase of
the magnetic susceptibility χ.

3Minor loops need to be congruent and have to close after one field cycle.
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The phenomenon in the focus of this thesis is the exchange bias (EB) effect, which was first
reported in 1956 by W. H. Meiklejohn and C. P. Bean who investigated the remagne-
tization of ferromagnetic Co particles with an antiferromagnetic CoO shell and noticed a
horizontal shift of the ferromagnetic hysteresis accompanied by an enhancement of its co-
ercivity [MB56, MB57, Mei62]. The effect generally occurs when an antiferromagnet (AF)
and a ferromagnet (F) share an interface and has hitherto been observed not only in thin
film hetero- [Mei62, NS99, BT99, OFOVF10] and nanostructures [MNS+05], but also in
other morphologies [MNS+05, BQP+13, KWH+13, PAK+16] and systems composed of more
complex materials [PAK+16]. The EB is one key foundation of the development of data
storage as well as magnetic field sensor technology representing a versatile effect exploitable
for the fabrication of spin-valve based devices [SAM+16, CCY+20, MBD+19] involving giant
magnetoresistance (GMR) and tunnel magnetoresistance (TMR) effects [BHC+05], in which
the EB is typically used to pin a ferromagnetic reference layer [NS99]. Furthermore, domain
engineering and patterning of polycrystalline EB thin films [EJE+05, BOS+14, GHH+16,
GEU+18, ZRL+16, APP+16] emphasizes structured EB systems as excellent candidates for
the integration in so-called lab-on-a-chip devices and biosensing applications [EKH15] en-
abling the actuation of magnetic particles in liquid media [HKBE15, Hol15], even in the case
of anisotropically or biologically functionalized particles [Huh21, RHE+21].

In general, the origin of the EB is traced back to the exchange interaction (Sec. 2.2.3)
between interfacial magnetic moments at the common interface shared by the AF and the
F, resulting in an effective unidirectional magnetic anisotropy (UDA) [Mei62, NS99, BT99].
However, the formulation of an all-embracing theoretical description covering the wide spec-
trum of features arising in different systems exhibiting an EB is still hampered due to the
large variety of materials and the difficulty to directly investigate the AF/F-interface, the AF,
as well as the physical mechanisms occurring in the latter [OFOVF10, NS99, BT99, RZ07].
Nevertheless, in the case of polycrystalline bilayer systems, a generalized model manifested
itself over the last decades successfully addressing the majority of observable characteris-
tics [OFOVF10, HG12, MGM+16]. In the following, the phenomenology of the EB will
be described in Sec. 3.1 and subsequently, the most important model approaches for the
description of the EB will be introduced in Sec. 3.2 ending in the description of a time-
dependent Stoner-Wohlfarth ansatz proposed by Müglich et al. for the description of
polycrystalline EB systems representing the essential foundation of the thesis at hand.

3.1 Phenomenology

Macroscopically, the EB manifests itself in a horizontal shift of the F hysteresis, being
typically point-symmetric with respect to the coordinate system’s origin, by the so-called
exchange bias shift HEB and an enhancement of the coercivity H

(0)
C of the stand-alone F as
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Fig. 3.1: (a) Schematic depiction of the shifted and broadened F hysteresis of an AF/F-bilayer
system with the normalized magnetization as a function of the external magnetic field parallel to the
easy axis, i.e. the EB direction, in comparison to the hysteresis of a stand-alone F after initialization
of the effect via field cooling according to Meiklejohn and Bean [Mei62, NS99]. (b-d) Depiction
of the typical dependencies of the exchange bias shift HEB and the coercivity HC on the F and the
AF layer’s thicknesses tF and tAF as well as the measurement angle ϕ. Relations were determined
with the help of the extended time-dependent Stoner-Wohlfarth approach described in Sec. 4.1.

it is depicted in Fig. 3.1(a). The EB shift and the coercivity are commonly specified by

HEB =
Hasc +Hdesc

2
and HC =

Hasc −Hdesc

2
(3.1)

with Hasc and Hdesc representing the zero-crossings of the ascending and the descending
branch, respectively [Mei62, NS99, BT99]. From the perspective of the F, HEB can be
understood as the field input that needs to be applied in order to overcome an effective field
exerting an additional torque onto the F magnetization during reversal [Mei62, BT99]. In the
case of an adequately shifted hysteresis this results in a stable remanent state independent
of the magnetization history.

For the initialization of the effect, the AF/F-bilayer can be deposited in the presence of
an external magnetic field saturating the F preferably with the AF layer deposited on top
so that the AF interfacial magnetic moments align in parallel to the saturated F predefin-
ing the direction of the UDA [HG12, NS99, BT99]. Independent of the layers’ order, an
annealing procedure (field cooling) is commonly performed after the fabrication to set the
EB [Mei62, NS99, BT99]. Following the inset in Fig. 3.1(a), an EB system with TN < TC

is heated up to a temperature TFC with TN < TFC < TC so that only the AF behaves
paramagnetic. Cooling the system inside of an external magnetic field down to a tempera-
ture below TN allows for the alignment of the AF layer’s interfacial magnetic moments via
exchange interaction to be parallel to the saturated F layer’s magnetization and the intro-
duction of the UDA [NS99]. Especially in the case of polycrystalline systems, the exchange
bias shift HEB shows a dependence on the field cooling duration and temperature essentially
connected to the distribution of AF grain volumes and blocking temperatures TB ≤ TN (cf.
Sec. 2.3.2) [OFOVF10, FOOC04, FC72]. Furthermore, apart from the deposition inside of
an external magnetic field or an annealing procedure, the EB can also be initialized dif-
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ferently as long as an energy input is used being adequate for realigning the AF magnetic
structure inside of an external magnetic field circumventing the creation of defects at the
AF/F-interface possibly reducing the EB. Further examples are the initialization by ion bom-
bardment [EJE+05, JFP+02, MMJ+01], by thermally assisted scanning probe-lithography
[APP+16] or via laser-based annealing [ZRL+16, BOS+14, KCJ+04].

After the fabrication of EB systems and as well after the initialization by an annealing
procedure or ion bombardment in an external magnetic field, it can be observed, that HEB

increases over time following a logarithmic time law HEB(t) ∝ ln(t) while HC stays con-
stant [PR02, SWEE11]. The effect of a belated increase of HEB is in general enhanced for
larger storage temperatures representing a thermally activated aftereffect, i.e. a thermally
assisted self-alignment of AF interfacial magnetic moments interacting with the remanent
magnetization of the F [PR02]. The aftereffect tends to be weaker for systems that are field
cooled in comparison to systems that are observed over time after fabrication without any
post-deposition treatment.

Measuring magnetization reversal curves of EB systems reveals a strong dependence
of the macroscopic characteristics HEB and HC on the measurement temperature and the
duration of observation. In general it can be observed, that HEB tendentially decreases with
respect to its absolute value for increasing measurement temperature and vanishes at the
maximum blocking temperature Tmax

B of the system, whereas the coercivity HC exhibits an
overall decreasing trend and commonly shows an additional maximum at or close to Tmax

B

[HFZ+01, FC72, AMAJ+03, AMH03, NS99]. In the case of polycrystalline systems, this is
directly connected to the grain size distribution of the granular AF and also accompanied
by a dependence of HEB and HC on the observation duration [FC72, OFOVF10, Müg16].

When measuring several hysteresis curves consecutively it can be observed, that HEB

and to a smaller extent HC decrease upon increasing number of measurement cycles, which
is named thermal training if the reduction of HEB is stronger for larger measurement tem-
peratures [Bin04, BHP05] and it is assumed that this occurs due to irreversible changes in
the AF [HBM+06, Bin04]. The athermal training effect is temperature-independent and
appears as a strong reduction of HEB and HC between the first and the second hysteresis
cycle [HG11] arising again after the system is once more subjected to, e.g., an annealing
procedure [OFOVF10].

Varying the thicknesses tF and tAF of the participating F and AF layer, yields a very rich
phenomenology with respect to the alteration of HEB and HC. Since the EB is an interface
effect, it is typically observed, that HEB as well as HC follow and antiproportional dependence
on tF displayed in Fig. 3.1(b), in relation to the coercivity H

(0)
C of the stand-alone F layer

[Mei62, NS99, BT99]. Likewise, the typically observed dependence of HEB and HC on tAF

is presented in Fig. 3.1(c). A significant shift of the hysteresis arises from a certain critical
thickness tcritAF after which the absolute value |HEB| increases with tAF and saturates for larger
tAF [NS99, AMH03, BT99, MKSH87]. HC does increase in the vicinity of tcritAF and commonly
exhibits a maximum before the HEB-plateau is reached for larger tAF [AMH03, MKSH87].
Both relations depend crucially on the overall microstructure of the investigated system and
the measurement conditions [AMH03, AMAJ+03, RZ07].
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Changing ϕ, representing the measurement angle enclosed by the external probing field
�H and the direction of the magnetic field applied during the initialization procedure, i.e. the
EB direction, reveals the azimuthal dependence of the macroscopic characteristics HEB(ϕ)

and HC(ϕ). The angular dependence of a typical EB system with a UDA at ϕ = 0◦ is shown
in Fig. 3.1(d) with HEB(ϕ) following overall a negative cosine function exhibiting a more
complex fine structure close to the easy axis at which HC exhibits sharp maxima with large
gradients [ASC97, MGM+16, RWTBZ06]. Particularly for polycrystalline EB systems, HC is
not vanishing for angles close to the the hard axis oriented perpendicular to the UDA, which
is linked to entities of the granular AF layer that are thermally unstable on the timescale of
the hysteresis [GPS02, HG12, MGM+16, RWTBZ06, MHR+20, OFOVF10]. Furthermore, if
the directions of the prevailing anisotropies, e.g. the UDA and an intrinsic uniaxial magnetic
anisotropy of the F, are not identical like it is usually the case in real systems, the azimuthal
dependence of the EB shift and the coercivity loses symmetry and exhibits a fine structure
gaining complexity around the easy axis [RWTBZ06, MGM+16].

Additionally, even if a major part of the studies presented in literature focuses on the in-
vestigation of HEB and HC, determined by the zero-crossings of the hysteresis branches,
a detailed consideration of the exact course of the hysteresis typically reveals a signifi-
cant asymmetry in the remagnetization behavior of the two separate hysteresis branches
[MSMB03, IBL07, JCS+09, PLG20, CSH+05]. The asymmetry arises if the remagnetiza-
tion is at least partly governed by the nucleation of magnetic domains and the subsequent
propagation of domain walls [MSMB03] and it is commonly suggested that the reversal asym-
metry is connected to irreversible changes during the remagnetization and consequently also
related to training effects [RES+02, MSMB03, CVFO14, FCK12]. Several studies could re-
veal, that the asymmetric reversal is an intrinsic property of EB systems [CSH+05, PLG20]
and that the angular dependence of the asymmetry is determined by the competition between
anisotropies induced by the AF and the intrinsic anisotropy of the F layer [CSH+05, JCS+09].
This also correlates to the occurrence of a noncollinear anisotropy due to frustration of the
exchange coupling at the AF/F-interface dominating for F materials with vanishing intrin-
sic anisotropy [JCS+09], which generally goes alongside the association of the asymmetric
reversal with higher-order anisotropies in the F [MNR+02, LL07].

The simplified description of the phenomenology initially proposed by Meiklejohn and
Bean (Fig. 3.1(a)) allows up to the present day for an intuitive qualitative understanding of
the phenomenon, but prohibits a quantitative theoretical description [NS99]. As pointed out,
the effect shows a dependence on the thickness of the F and the AF layer, which is generally
shared by the broad spectrum of EB systems. But furthermore, the EB is crucially affected
by microstructural properties such as the interlayer roughness and intermixing at the AF/F-
interface as well as on the surface roughness of the substrate layer [NS99, RZ07, Sch03], the
crystal texture of the AF [NS99, MHR+20, AVFK+08, KKF+13], the intrinsic magnetic and
structural properties of the used components of the AF/F-bilayer system [NS99, BT99] and
in which way they are combined [PAK+16, NS99] and, finally, in the case of polycrystalline
systems on the grain size distribution of the AF [NS99, OFOVF10]. In addition to the impact
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of the conditions during initialization and measurement, the abundance of not necessarily
independent influences, significantly hampers a consisted overarching theoretical modeling
of the EB for the large spectrum of systems and the quantitative link between the named
properties and the macroscopically observable magnetic characteristics.

3.2 Model approaches

Even if the large phenomenological spectrum of the EB for the variety of systems cannot
be covered by a single comprehensive model description, a collection of models was devel-
oped since the discovery in 1956, which are able to describe a large fraction of the effect’s
phenomenology [OFOVF10, RZ07, HG12, LLP+15, MGM+16]. The following section aims
to give an overview of the most relevant model approaches to describe the EB starting
out from the initial intuitive description by Meiklejohn and Bean subsequently leading
to more complex and contemporary models in the context of a generalized description of
polycrystalline EB systems, which represents the focus of the present thesis.

3.2.1 Meiklejohn-Bean model

In order to explain the experimental observations, Meiklejohn and Bean (1956) assumed
an ideally smooth AF/F-interface with uniformly aligned uncompensated AF interfacial mo-
ments and a resulting rigid macroscopic magnetic interface moment �MAF that couples via
exchange interaction (JAF/F > 0) to the magnetization �MF of the F layer as it is schemati-
cally depicted in Fig. 3.1(a). In accordance to the Heisenberg-model (Sec. 2.2.3) and the
observed phenomenology, Meiklejohn and Bean proposed the energy area density

EEB/A = −
NAF∑
i

JAF/F,i
�µF,i · �µAF,i

|�µF,i| |�µAF,i|
= −

NAF∑
i

JAF/F,i cos(βF − βAF)

= −NAFJAF/F cos(βF − βAF) = −JEB cos(βF − βAF) (3.2)

with the AF/F-bilayer’s contact interface A, representing a unidirectional anisotropy. All
coupling-site-specific contributions to the exchange coupling are superposed, considering the
neighboring normalized interfacial magnetic moments �µF,i/|�µF,i| and �µAF,i/|�µAF,i| of the F
and AF layer, respectively, whereas βF and βAF are the azimuthal angles of the macroscopic
magnetization vectors �MF and �MAF. The coupling constant JEB = NAF JAF/F,i is the energy
area density scaling the strength of the unidirectional magnetic anisotropy (UDA), which
is determined by the number NAF of all AF magnetic moments that are in direct contact
with the F layer, representing the coupling sites to which the microscopic exchange coupling
constants JAF/F,i = JAF/F ∀i are assigned [MB56, Mei62, RZ07]. Extending the classical
Stoner-Wohlfarth ansatz (Eq. (2.26)) with Eq. (3.2) leads to the free energy area density

E(βF)/A =− µ0HMStF cos (βF − ϕ) +KFtF sin
2 (βF − γF)

− JEB cos(βF − βAF) (3.3)
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Fig. 3.2: Vectors and corresponding azimuthal angles with respect to an arbitrary reference frame
are presented for the (a) Meiklejohn-Bean model, (b) the realistic Meiklejohn-Bean model
and the Spin glass model. (d) Schematic that visualizes the essential features of the Spin glass
model by Radu et al.. Adapted from [Müg16, Hol15, RZ07].

with the vectors and azimuthal angles defined in Fig. 3.2(a). Minimizing Eq. (3.3) with
respect to βF for ϕ = γF = βAF allows for the determination of analytical expressions

HEB = − JEB

µ0MStF
and HC =

2KF

µ0MS

(3.4)

demonstrating the antiproportional dependence HEB ∝ JEB/tF (Fig. 3.1(a)), which, however,
overestimates the EB shift by several orders of magnitude in comparison to experimentally
determined values [RZ07, NS99, BT99, GKED02]. Furthermore, the commonly observed
enhancement of the coercive field and antiproportional dependence on tF is not covered by
Eq. (3.4), since the derived expression for HC equals the one derivable from the classical
Stoner-Wohlfarth approach (Sec. 2.5.1) [RZ07].

The model was further developed (1957) by removing the restriction of a rigid AF in-
terfacial moment, hence introducing its azimuthal angle βAF as a new degree of freedom.
Considering a uniaxial anisotropy of the AF layer with the thickness tAF, determined by
the anisotropy constant KAF and azimuthal angle γAF (Fig. 3.2(b)), the free energy of the
AF/F-bilayer is given by [MB57, Mei62]:

E(βF, βAF)/A =− µ0HMStF cos (βF − ϕ) +KF sin
2 tF (βF − γF)

− JEB cos(βF − βAF) +KAFtAF sin
2 (βAF − γAF) . (3.5)

Enabling the deflection of the uncompensated interface moment �MAF away from the EB
direction via coherent rotation allows for - at least qualitatively - the connection between the
macroscopic magnetic characteristics arising in the F layer’s hysteresis with properties of the
AF layer. Different regimes of the realistic Meiklejohn-Bean approach can be discussed,
by introducing the parameter fMB = KAF tAF/JEB, which represents the ratio between the
AF layer’s anisotropy energy area density KAF tAF, related to the rigidness of the AF, and
the exchange energy area density JEB scaling the coupling strength at the AF/F-bilayer’s
interface [RZ07]:
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fMB ≥ 1 When the AF layer’s anisotropy dominates over the interfacial exchange
energy, the EB shift decreases for fMB → 1 being minimal for fMB = 1

accompanied by a reversible rotation of the AF interfacial moment. For an
infinitely large anisotropy energy (fMB → ∞), the realistic Meiklejohn-
Bean model approaches the initially proposed ansatz assuming a perfectly
rigid AF interfacial moment, reproducing Eq. (3.4) [RZ07].

1/2 ≤ fMB < 1 In this case, �MAF follows the F magnetization irreversibly, causing an in-
crease of the coercive field at the expense of the EB shift. Vanishing HEB

for fMB < 1 correlates to the critical AF layer thickness tcritAF = JEB/KAF,
below which no shift of the F hysteresis can be found as the interface energy
is transformed into coercivity. Additionally, a hysteresis-like behavior of
the AF layer’s interfacial moment’s rotation can be observed, determined
by the direction of the external driving field [RZ07].

fMB < 1/2 For interfacial exchange energies more than twice as large as the anisotropy
energy, �MAF rotates again reversibly with �MF exhibiting no hysteresis-like
behavior, in contrast to the case where its holds that 1/2 ≤ fMB < 1, and
the coercivity can be approximated by HC ≈ 2KAFtAF/µ0MStF [RZ07].

3.2.2 Model approaches based on the formation of domain walls

In order to explain the low experimentally determined values vor HEB and JEB in comparison
to theoretical predictions, several models were proposed supposing the formation of domain
walls in the AF that store a part of the exchange energy. In the case of a low-anisotropic AF,
Néel (1967) introduced the concept of a planar domain wall in the AF layer forming dur-
ing magnetization reversal of the F storing a significant fraction of the interfacial exchange
energy and thus lowering the effective coupling between the AF and the F layer, conse-
quently also reducing the observable EB shift [Née67, RZ07]. Analogous to the domain wall
model by Néel and founding on the realistic Meiklejohn-Bean approach, Mauri et al.
(1987) renounced the uniformity of �MAF along the AF layer’s thickness by enabling the AF
layer’s moments to develop a domain wall parallel to the AF/F-interface [MSBK87, RZ07].
Furthermore noteworthy are the approaches proposed by Stiles and McMichael (1999)
considering the formation of planar partial domain walls in individual AF grains in the case
of a granular AF layer [SM99] as well as the approach by Kim and Stamps (2000) treating
the development of partial domain walls in the AF for compensated, uncompensated as well
as partly compensated AF/F-interfaces [KSMC00, Sta00b, Sta00a]. Overall, the concept
of planar and possibly partial domain walls accounts in general for the magnetic reconfig-
uration of the AF layer during the remagnetization of the F [Hai17, RZ07]. It is further
needed to be mentioned, that the formation of planar domain walls in the AF, and hence
the validity of named model approaches, is fundamentally restricted by the fact, that the
AF thickness needs to be large enough so that the AF layer is able to contain the domain
wall [Kiw01, RZ07]. Additionally, AF domains do not form in the case of a comparatively
large AF anisotropy KAF, since otherwise rather the F decomposes into domains [Kiw01].
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3.2.3 Random field model

As an example for a mesoscopic approach developed at about the same time as the model
by Mauri et al., Malozemoff (1987) drops the concept of a perfectly uncompensated
AF/F-interface by assuming lateral random variations of the exchange field across the inter-
face due to interlayer roughness and stoichiometric changes [Mal87b, Mal87a, Mal88, RZ07].
As a consequence, AF domains with antiparallel interfacial moments are formed exhibiting
domain walls perpendicular to the interface [Mal87a, Mal88]. The effective EB field deter-
mined by the superposition of the individual AF interfacial moments is consequently reduced
in contrast to the case of a perfectly uncompensated AF/F-interface. Out of this reason,
the approach allows to make realistic predictions for HEB and HC in comparison to experi-
mentally determined values [Mal87a, RZ07]. Moreover, depending on the specific interface
configuration, the random field model is able to explain in principal arbitrary values for JEB
over several orders of magnitude [Müg16].

3.2.4 Domain state model

The domain state model proposed by Nowak, Misra and Usadel (2001) represents a mi-
croscopic model approach considering non-magnetic impurities within the total volume of
the AF layer [NMU01, NMU02, MGK+00]. These impurities encourage the formation of frus-
trated domains in the AF exhibiting a residual magnetic net moment, which is magnetically
decoupled from the surrounding and supposed to be susceptible to an external magnetic field
[NMU01, NMU02]. This so-called domain state is specified as a magnetic phase, which can
be populated at low temperatures and/or large magnetic fields [NMU01, Müg16]. Further,
the domain state remains as a metastable state after cooling the system below its blocking
temperature inside of an external magnetic field, thereafter contributing permanently to the
EB [NMU01]. The possible depopulation of the domain state over time or after consecutively
measured hysteresis cycles allows for a decent explanation of the training effect [NMU02]. In
comparison to, e.g., the random field model by Mauri et al., one essential consequence of the
domain state model is, that the EB is not a sole interface effect but might crucially depend on
properties of the AF layer’s volume like magnetic dilution [NMU02]. This makes this model
approach especially suitable for systems with non-magnetic impurities [Hol15, NMU02].

3.2.5 Spin glass model

In order to disentangle the contributions of the AF layer to the macroscopic EB shift and co-
ercive field, Radu et al. (2006) suggested a magnetically frustrated and spin-glass-like state
at the AF/F-interface [RWTBZ06, RZ07]. As it is schematically visualized in Fig. 3.1(d), the
AF anisotropy KAF is assumed to be continuously reduced from the pure AF to the pure F
layer along the direction perpendicular to the AF/F-interface due to possible stoichiometric
changes and interlayer roughness [RZ07]. In the transition region, the AF is divided into
two different categories of magnetic moments of different stability. AF moments close to
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the pure AF layer are specified as frozen moments due to their large magnetic anisotropy1

and thus contribute to the EB shift HEB [RZ07]. In the proximity of the F layer, KAF is
supposed to be strongly reduced and the respective AF moments are rotatable, consequently
contributing to the coercivity HC [RZ07].

The separation of the contributions is realized by extending the realistic Meiklejohn-
Bean approach defined by Eq. (3.5) with an additional anisotropy term modeling the spin-
glass-like state at the interface [RZ07]. The parameter 0 ≤ fSG ≤ 1 is introduced to
redistribute the exchange coupling constant JEB partially onto the frozen AF moments with
the effective exchange coupling constant JSG = fSGJEB and the rotatable moments with
the effective uniaxial anisotropy KSG = (1 − fSG)JEB [RZ07]. fSG = 1 describes an ideal
and fSG = 0 a fully disordered interface [RZ07]. The additional energy terms are added to
Eq. (3.5) and the free energy area density is given by [RWTBZ06, RZ07]:

E(βF, βAF)/A =− µ0HMStF cos (βF − ϕ) +KFtF sin
2 (βF − γF)

− JSG cos(βF − βAF) +KAFtAF sin
2 (βAF − γAF)

+KSG sin2 (βF − γSG) (3.6)

γSG is the azimuthal angle of the rotatable AF moments (Fig. 3.1(c)) at the interface, which
might differ from the direction of the F layer’s intrinsic uniaxial anisotropy [RZ07]. The
major advancements of the spin glass model are the well reproduction of the angular de-
pendencies HEB(ϕ) and HC(ϕ), the possible correlation of measurement conditions as well
as properties of the AF with the parameters fSG and γSG and further, the explanation of
the training effect linked to irreversible changes in the AF affecting fSG [RZ07]. However,
even if fSG and γSG can be extracted by comparing model calculations with experimental
data, a more detailed interpretation of the introduced parameters is not possible [Müg16].
Nevertheless, the versatility and advantages of an extended Stoner-Wohlfarth approach
for the description of EB systems is emphasized.

3.2.6 Generalized polycrystalline model(s)

In contrast to monocrystalline systems, polycrystalline AF/F-bilayer systems exhibit a larger
potential for applications, mainly due to the significantly simpler and as well scalable meth-
ods regarding the fabrication of EB systems [RZ07, OFOVF10]. On the other hand, finding
a theoretical description is more demanding for polycrystalline EB systems. In addition
to the in earlier models already widely discussed influences of the interlayer roughness and
stoichiometric gradients at the interface, the distribution of the AF grains’ sizes and the
possibly differing grain-specific crystal textures have to be taken into account. Over the last
decades of research, the common agreement emerged, that despite the importance of the
impact of the interlayer roughness and the crystallinity of the granular AF layer, the distri-
bution of AF grain sizes is essentially determining the macroscopic magnetic characteristics
of polycrystalline AF/F-bilayers [MGM+16, OFOVF10].

1Magnetic rigidness, cf. realistic Meiklejohn and Bean model in Sec. 3.2.1.



34 3 Exchange bias (EB) - overview

Fig. 3.3: (a) Schematic of a granular AF in contact with a uniformly magnetized F alongside
indicated grain-specific quantities. (b) Vectors and corresponding azimuthal angles with respect
to an arbitrary reference frame regarding the F layer and an individual AF grain exhibiting an
uncompensated interfacial magnetic moment �MAF,i. (c) The free energy EAF,i of an individual AF
grain as a function of βF−βAF,i is displayed for two different angles βF = 0 and π/4 of the F layer’s
magnetization with γAF,i = 0. Furthermore, the energy landscape is depicted for different values of
the parameter fFC between 0 and 2. Adapted from [FC72, Müg16, Huc18, EJE+05].

The foundation for majorly all polycrystalline models is the approach formulated by
Fulcomer and Charap (1972) treating the polycrystalline AF as a granular ensemble of
non-interacting AF grains in contact with a uniformly magnetized F layer as it is schemati-
cally visualized in Fig. 3.3(a) [FC72]. The free energy of each individual AF grain (AFi) can
be described with the help of a Stoner-Wohlfarth-like approach

EAF,i(βAF,i) = −JEB,iAAF,i cos(βF − βAF,i) +KAF,iVAF,i sin
2(βAF,i − γAF,i) (3.7)

with JEB,i representing the local grain-specific interfacial exchange coupling constant and
AAF,i being the grain-specific contact area shared with the F. VAF,i is the volume of the AF
grain, which is assumed to exhibit a uniaxial anisotropy KAF with the azimuthal angle γAF,i

(Fig. 3.3(a-b)) [FC72, EJE+05]. For the total free energy of the polycrystalline AF/F-bilayer
it is needed to consider the classical Stoner-Wohlfarth approach defined by Eq. (2.26)
and add all individual contributions (Eq. (3.7)) from the granular AF [FC72, Huc18].

In accordance to the realistic Meiklejohn-Bean approach (Sec. 3.2.1), the parameter

fFC =
KAF,iVAF,i

JEB,iAAF,i

(3.8)

can be introduced in order to distinguish between rotatable and rigid uncompensated inter-
facial AF moments defined by the ratio between the anisotropy and the interfacial exchange
energy [Huc18]. Considering the free energy of a single AF grain (Eq. (3.7)) as a func-
tion of the angle difference βF − βAF,i enclosed by the F layer’s magnetization �MF and
the grain-specific uncompensated interfacial moment �MAF,i for βF = 0 (Fig. 3.3(c)), an en-
ergy landscape with two levels arises for fFC > 1/2, dividing the AF grain’s free energy
into a global and a local minimum. The global minimum is representative for the paral-
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lel ( �MF �� �MAF,i ⇔ βF − βAF,i = 0) whereas the local minimum relates to the antiparallel
alignment ( �MF �� �MAF,i ⇔ βF − βAF,i = π) of the vectors �MF and �MAF,i. Both minima are
separated by an energy barrier given by

∆EAF,i = KAF,iVAF,i − JEB,iAAF,i

(
1− JEB,iAAF,i

4KAF,iVAF,i

)
(3.9)

which can be in first order approximated by ∆EAF,i ≈ KAF,iVAF,i for fFC � 1 exhibiting
a linear dependence of the energy barrier on VAF,i for grain-independent KAF,i = KAF ∀i
[OFOVF10, EJE+05]. For fFC = 1/2 it applies that ∆EAF,i = 0 and followingly for 0 ≤ fFC <

1/2, only the global minimum at βF − βAF,i = 0 remains. Considering larger angles βF > 0

(Fig. 3.3(c)), two regimes are revealed that are descriptive for distinctively different AF grain
behavior in the case of a remagnetizing F. For large values of fFC (Eq. (3.8)), the positions
of the global and the local minimum shift to larger angle differences βF − βAF,i in accordance
to βF > 0 (Fig. 3.3(c)) as a consequence of the AF grain’s rigidness. Contrarily, for fFC →
0, �MAF,i follows the F layer’s magnetization via coherent rotation due to the dominating
interfacial exchange coupling for which reason βF − βAF,i ≈ 0 even if βF > 0. Hence, with
the help of fFC two types of AF grains can be distinguished: Fixed and magnetically rigid
AF grains exhibit in the case of large fFC an anisotropy energy KAF,iVAF,i that dominates
over the interfacial exchange energy. For small fFC, JEB,iAAF,i exceeds the anisotropy energy
and the grain-specific uncompensated interfacial moments of rotatable AF grains are able to
adapt to direction of the F layer’s magnetization.

Starting out from an individual AF grain in contact with a F layer, the macroscopic mag-
netic characteristics depend on how all AF grains of the total granular ensemble are populat-
ing the grain-specific global and local minima in dependence on fabrication and initialization
conditions as well as on observation duration and temperature [OFOVF10, FC72, EJE+05].
Polycrystalline thin films typically exhibit a distribution of grain sizes [OFOVF10, VFT+05]
for which reason it is apparent by considering Eq. (3.9), that a granular AF layer in con-
tact with a F exhibits a distribution of energy barriers and consequently a distribution of
relaxation times, that are - in context of Néel’s relaxation theory - defined by

τAF,i = τ0 exp

{
∆EAF,i

kBT

}
(3.10)

representing the grain-specific timescale within which an individual AF grain is relaxing from
the local into the global minimum [Née49, FC72, MGM+16]. ν0 = 1/τ0 corresponds to the
material-specific transition or attempt frequency which can take values in an interval span-
ning several orders of magnitude between 109/s and 1012/s [FC72, VFACO10]. Referencing to
the description of superparamagnetism in Sec. 2.3.2, a grain-specific blocking temperature TB,i

can be defined below which the individual AF grain does not change its magnetic state during
the time of observation. For given measurement and storage temperatures as well as times in
comparison to the grain-specific relaxation times, the AF grain size distribution connected to
the distribution of energy barriers is commonly classified with respect to the grains’ thermal
stability as it is visualized in Fig. 3.4(a) [SIMN94, SFTI96, GPS02, EJE+05, OFOVF10]:
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Thermally unstable grains

I AF grains with an energy barrier that is significantly smaller than the thermal energy
input of the surrounding (kBT ) are specified as superparamagnetic. They exhibit a
random population of the energetic minima and consequently have no impact on the
magnetic state of the F [SFTI96, OFOVF10, MGM+16].

II With larger relaxation times in the order of the observation duration, e.g. the du-
ration of a magnetization reversal measurement, so-called rotatable AF grains can
dynamically adapt on the timescale of the hysteresis in accordance to the F layer’s
magnetization direction, which corresponds to the relaxation into the global minimum
[SFTI96, OFOVF10, MGM+16]. Continuously following with a temporal offset, those
grains - in a simple picture - exert an additional torque on the F layer’s magnetization,
thus contributing to the coercivity [Müg16, MGM+16].

Thermally stable grains

III If AF grains possess relaxation times that are larger than the duration of observation,
they are magnetically rigid with respect to the measurement timescale and do not ex-
perience a relaxation process [Müg16, MGM+16, OFOVF10, EJE+05, SFTI96]. Grains
of class III contribute to the macroscopic EB shift because they can be aligned delib-
erately by applying a saturating magnetic field and choosing an adequate energy input
to overcome the energy barriers [OFOVF10, EJE+05, MGM+16]. However, over time
during storage with no external influence except for the environmental temperature,
a thermal aftereffect or rather the annealing of the granular AF within the remanent
magnetization of the F layer is possible. The resulting increase of HEB is linked to an
increase of the number of grains populating class III as they are able to realign and
relax into the global minimum on larger timescales [PR02, SWEE11].

IV AF Grains of class IV have larger energy barriers and relaxation times than grains of
class III and cannot be set by any kind of initialization process. The related uncom-
pensated interfacial moments are assumed to be randomly distributed not contributing
the EB shift [OFOVF10, MGM+16, EJE+05].

Referring to the terms introduced within the spin glass model (Sec. 3.2.5), grains of class II
are specified as rotatable contributing to the coercive field and grains of class III are named
frozen, pinning, fixed or magnetically rigid contributing to the EB shift [Müg16, MGM+16].
It needs to be emphasized, that the classification of AF grains strongly depends on the
measurement as well as on fabrication and initialization conditions with respect to time and
temperature and that furthermore, the grain class boundaries should not be understood
as accurately defined bounds but as continuous transition regions [OFOVF10, MGM+16].
OGrady et al. (2010) summarize in Ref. [OFOVF10] a collection of experiments performed
in the context of the York-protocol representing a standardized and especially reproducible
measurement protocol for the investigation of polycrystalline EB systems. This protocol is
a well defined sequence of field cooling steps with respect to the process temperature and
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Fig. 3.4: (a) Distribution (VAF) of AF grain volumes VAF following a lognormal distribution and
the classification of the ensemble of AF grains with respect to their thermal stability accompanied
by schematics visualizing the class-specific behavior of grains in contact with a remagnetizing F
[OFOVF10]. (b) Vectors and azimuthal angles relevant for the time-dependent extended Stoner-
Wohlfarth approach proposed by Müglich et al. with respect to an arbitrary reference frame
[MGM+16]. (c) Illustration of the dynamically changing rotatable magnetic anisotropy (RMA)
during the magnetization reversal of the F layer at time steps t and t−∆t visualizing the continuous
relaxation of �MRMA into a state parallel to �MF. Adapted from [OFOVF10, Müg16, MGM+16].

duration [OFOVF10, VFACO10], firstly setting a certain fraction of the AF ensemble in an
external magnetic field with the setting temperature Tset. Afterwards, the system is cooled
inside of the external magnetic field down to a temperature Tnact where no thermal activation
is triggered during a hysteresis, which is sought and established by trial and error [OFOVF10].
Reversing the external field and heating the system up to the so-called activation tempera-
ture Tact and subsequently cooling the system down to Tnact, inside of the reversed external
magnetic field, results in the realignment of entities within the granular AF layer with block-
ing temperatures smaller than Tact. The described setting protocol is followed by a hysteresis
measurement at Tnact. By investigating HEB(Tact), the York-protocol allows for the extrac-
tion of the median blocking temperature representing the temperature at which the granular
AF ensemble consists of equal fractions of AF grains exhibiting opposing uncompensated in-
terfacial magnetic net moments2 [OFOVF10, VFACO10]. The York-protocol and the intro-
duction of the median blocking temperature allowed for the determination of the anisotropy
constant [VFFOO07] and attempt frequency [VFACO10] of the investigated AF. Further-
more, interlinking the macroscopic magnetic characteristics, i.e. HEB and HC, with the AF
grain size distribution could be evidenced [VFFOO08, OFOVF10] by examining the linear
scalability of the AF grains’ energy barriers with their respective grain volumes and revealing
a constant AF anisotropy from a certain AF grain size [OFOVF10, VFACO10, VFFOO08].
With an approach similar to the York-protocol, Baltz et al. (2010) presented a method
to determine the distribution of blocking temperatures [BRZ+10, SIMN94] revealing a bi-
modal distribution consisting of one peak depending on the distribution of AF grain sizes
and one low-temperature and grain-size-independent peak linked to spin-glass-like regions
[BRZ+10, LLP+15] or spin clusters [OFOVF10] at the AF/F-interface.

2The conventional determination of the blocking temperature, i.e. searching for the measurement tem-
perature at which HEB vanishes, yields the maximum blocking temperature [OFOVF10].
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3.2.7 Polycrystalline models of Stoner-Wohlfarth-type

Comparing theory and experimental observations with the perspective to understand poly-
crystalline AF/F-bilayers in more detail, the contributions of different and possibly not
independent prevailing magnetic anisotropies need to be disentangled [MGM+16, CSH+05].
For this purpose, angular-resolved measurements HEB(ϕ) and HC(ϕ) are commonly com-
pared to model calculations based on Stoner-Wohlfarth-like approaches in order to
distinguish between the different anisotropy contributions [ASC97, HGP+03, YPMY05,
CSH+05, RWTBZ06, RZ07, JCS+09, YCF+11, HG12, MGM+16]. Even if model approaches
of Stoner-Wohlfarth-type restrict the remagnetization of the F layer to the rotation of
its uniform magnetization vector, these coherent rotation approaches often yield an accu-
rate description of the observable phenomenology [CSH+05, HG12, Müg16, MGM+16] and
allow in general for a relatively fast comparison of simulations with experimental results due
to the straightforward numerical implementation and typically small amount of degrees of
freedom. Emphasized by the investigations performed by OGrady et al. [OFOVF10], the
essence of modeling the magnetic anisotropies prevailing in polycrystalline EB systems is the
disentanglement of the contributions of magnetically rotatable and fixed entities of the gran-
ular AF ensemble, which are correlated to HC and to HEB, respectively [Müg16, MGM+16].
This holds especially true if the model is compared to experiments performed with speci-
mens susceptible to thermal activation processes at the temperature and on the timescale
of the observation [OFOVF10, Müg16, MGM+16]. Considering the before mentioned types
of magnetic behavior of AF grains in contact with a remagnetizing F layer, the intuitively
introduced unidirectional magnetic anisotropy (UDA) linked to the fixed AF grains of class
III is accompanied by a dynamic rotatable magnetic anisotropy (RMA) [SM99, GPS02]. The
RMA crucially depends on the history of the F layer’s remagnetization and accounts for the
thermally activated reorientation of the grain-averaged uncompensated magnetic interface
moments related to rotatable AF grains of class II.

In models that do not consider the granular structure of the AF layer, the direction of
the RMA usually equals either the direction of the external magnetic field �H defined by
ϕ [GPS02], the momentary direction of the F layer’s magnetization �MF determined by βF

[SM99] or the direction of the AF layer’s surface anisotropy [RWTBZ06]. The RMA is typi-
cally introduced as an additional uniaxial anisotropy oriented along the named axes, despite
the fact that the origin of the RMA is of unidirectional nature [MGM+16]. Modeling the
RMA as a magnetic anisotropy aligned with a specific axis of the system can only enable a
realistic approximation if �MF is aligned with this axis during the F layer’s remagnetization,
which is not the case for directions of the external probing field significantly misaligned with
respect to this axis [MGM+16, HG12]. Especially when magnetization reversal curves are
measured along the magnetic hard axis of AF/F-bilayers, typically being perpendicular to the
easy axis in the case of uniaxial or unidirectional anisotropies, the F layer’s remagnetization
is dominated by magnetization rotation. The RMA should followingly be misaligned with
the specific anisotropy axes of the system for a major part of the hysteresis loop eventuating
in the non-zero hard-axis coercivity, which is typically observed for polycrystalline EB bilay-
ers [GPS02, HG12, MGM+16]. Model approaches that actually calculate the magnetic state
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of AF grains can reproduce the magnetic hard-axis behavior of polycrystalline EB systems
but are bound to a large number of degrees of freedom and are consequently hampered in
versatility due to large computation times [MGM+16]. Examples are large-scale micromag-
netic [SV06] and atomistic [JCE21, JFG+20] simulations performed by Saha and Victora
(2006) and Jenkins et al. (2021) as well as a comprehensive Stoner-Wohlfarth-like ap-
proach proposed in Ref. [HG12] by Harres and Geshev (2012). Within the latter model
approach, several types of AF grains are considered that exhibit differing anisotropy and in-
terfacial exchange energies, reflecting the competition between the coupling strength to the
F layer’s magnetization and the intrinsic magnetic rigidness of the respective AF grain type
[HG12]. The model proposed by Harres and Geshev represents a paradigm for model-
ing polycrystalline AF/F-bilayers on the basis of an extended Stoner-Wohlfarth ansatz
within the context of the generalized polycrystalline model summarized by OGrady et al.
in Ref. [OFOVF10]. It reconnects to the fundamental approach by Fulcomer and Charap
[FC72], which is represented by the polycrystalline AF/F-bilayer’s total free energy

E(βF, {βAF,i}) =− µ0HMSVF cos (βF − ϕ) +KFVF sin
2 (βF − γF) (3.11)

+
∑
i

[
KAF,iVAF,i sin

2(βAF,i − γAF,i)− JEB,iAAF,i cos(βF − βAF,i)
]

as the combination of the classical Stoner-Wohlfarth ansatz3 (Eq. (2.26)) and the sum
of all individual contributions specified by Eq. (3.7), that are composed of the grain-type-
specific anisotropy and interfacial exchange energies [FC72, HG12]. Individual Zeemann-
terms of the AF grains are supposed to be negligible [HG12, FC72, RZ07] and terms consid-
ering the interaction between AF grains, either mediated via exchange or dipolar coupling,
are omitted [HG12]. The subscript i distinguishes between different types of AF grains linked
to the distribution of magnetic and structural properties [HG12]. Minimizing the total free
energy (Eq. 3.11) with respect to βF and {βAF,i} for a given set of model parameters allows
for the simulation of the remagnetization behavior of the F layer (cf. Sec. 2.5.1). The key
strength of the model can be found in the physical interpretation of the input parameters
simultaneously trying to reduce the number of degrees of freedom to a minimum amount by
taking into account only a small number of different AF grain types (e.g. thermally stable,
partially stable and unstable) that differ with respect to their anisotropy and interfacial
exchange energy [HG12]. Referring to the ratio between the latter two (Eq. (3.8)) it can be
evidenced by the proposed model approach, that a high-anisotropic AF grain can actually
contribute to HC and not to HEB in the case of an adequately strong coupling to the F layer’s
magnetization, in contrast to the intuitively accepted fact that rotatable grains of class II
should per definition exhibit a lower anisotropy than pinning grains of class III [HG12].
Vice versa, a low-anisotropic grain can contribute to HEB as long as the coupling at the
AF/F-interface is adequately weak [HG12], demonstrating the importance of the competi-
tion between the grain-type-specific anisotropy and interfacial exchange energy, additionally
considering the grain-specific aspect-ratio, which is reflected by fFC = KAF,iVAF,i/JEB,iAAF,i.

3The classical Stoner-Wohlfarth ansatz consists of the F layer’s potential energy (Zeeman-term) and
intrinsic anisotropic contributions following the common treatment assuming a uniaxial magnetic anisotropy.
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In Ref. [MGM+16], Müglich et al. (2016) proposed with the help of a time-dependent
extended Stoner-Wohlfarth ansatz a versatile macroscopic model approach that repro-
duces a broad spectrum of the experimentally observable phenomenology of polycrystalline
AF/F-bilayers. By considering a macroscopic dynamic RMA linked to the distribution of the
AF grains’ relaxation times, it is not required to calculate the actual magnetic states of the
individual AF grains [MGM+16, MMG+18, MHR+20]. Likewise to preceding approaches,
it is assumed that the F layer is uniformly magnetized, restricted to the coherent rotation
of �MF, and that the intrinsic energetic contributions are its potential (Zeemann-term) and
uniaxial anisotropy energy4 (cf. Eq. (2.26) and Eq. (3.11)) [Müg16, MGM+16]. In order
to macroscopically introduce the anisotropic contributions of the granular AF, the interac-
tion between the uniformly magnetized F layer and the thermally unstable grains of class
II and the thermally stable grains of class III is modeled by introducing additional sepa-
rate independent energy terms to the classical Stoner-Wohlfarth ansatz (Eq. (2.26)).
Those represent macroscopic anisotropies covering the average impact of all AF grains of
the respective grain class [Müg16, MGM+16]. It is assumed that the F layer’s magnetization
�MF interacts with the effective class-specifically superposed uncompensated interfacial net
magnetization vectors

�MRMA =
∑
i

�M II
AF,i and �MUDA =

∑
i

�M III
AF,i (3.12)

with the azimuthal angles γRMA and γUDA (Fig. 3.4(b)). �M II
AF,i and �M III

AF,i are the individ-
ual class-specific and grain-averaged uncompensated interfacial net magnetizations [Müg16,
MGM+16]. The energy term related to the fixed UDA is scaled by the effective interfa-
cial exchange energy area density JUDA and the direction is specified by γUDA. In con-
trast to preceding models, the dynamic RMA it not implemented to be of uniaxial-type
[GPS02, RWTBZ06, RZ07] but is introduced as a time-dependent dynamically updating
unidirectional anisotropy, effectively reflecting the contribution of the superposed rotatable
interfacial uncompensated magnetic moments of AF grains of class II [Müg16, MGM+16].
Likewise to the UDA, the RMA is scaled by an effective energy area density JRMA with
a time-dependent anisotropy direction determined by the time-dependent azimuthal angle
γRMA(t) [Müg16]. The effective macroscopic contributions of the AF grain classes II and
III are included in the free energy area density of the F layer in accordance to the angle
and vector definitions displayed in Fig. 3.4(b) eventuating in the time-dependent extended
Stoner-Wohlfarth ansatz proposed by Müglich et al. [Müg16, MGM+16]:

E(βF(t))/A =− µ0HMStF cos (βF(t)− ϕ) +KF sin
2 tF (βF(t)− γF)

− JRMA cos(βF(t)− γRMA(t))− JUDA cos(βF(t)− γUDA). (3.13)

4In the case of a more complex intrinsic anisotropy, e.g. of biaxial-type (see Sec. 2.4.2), the model
can be extended by considering the necessary energetic angular-dependent contribution [KHP+12, Müg16].
However, if the system is deposited inside of an external magnetic field, it can be assumed that the induced
uniaxial anisotropy dominates over the intrinsic - not necessarily uniaxial - magnetocrystalline anisotropy
[KHP+12, Müg16, MGM+16, GPS02, HG12]
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The dynamic character of the RMA is modeled via the time-dependent azimuthal angle

γRMA(t) = βF(t− τRMA) (3.14)

considering the averaged relaxation time τRMA of all rotatable AF grains of class II [Müg16,
Müg16]. The connection of γRMA(t) to a time-wise shifted version of the azimuthal angle βF

of the F layer’s magnetization �MF at t− τRMA allows for the time-dependent modeling of the
dynamic RMA without the necessity of calculating the actual magnetic state of the rotatable
AF grains5 [MGM+16]. τRMA represents the timescale on which the effective superposed
uncompensated interfacial net magnetization �MRMA is able to realign with �MF due to relax-
ation processes of thermally unstable AF grains of class II. This is schematically illustrated
in Fig. 3.4(c) at time steps t and t−∆t visualizing the dragging of �MRMA by �MF respecting
�MRMA(t, τRMA) �� �MF(t− τRMA). For average relaxation times τRMA smaller than the incre-
ment ∆t within which the magnetic state of the F changes significantly (τRMA < ∆t), the
RMA does not contribute to the coercive field, since the RMA would be aligned in parallel
to �MF ∀t. For larger average relaxation times (τRMA > ∆t), the temporal offset is modeled
via Eq. (3.14), whereas for τRMA � ∆t or rather τRMA > tHys, the direction of the RMA
does coincide with the direction of the external magnetic field defined by ϕ [Müg16]. Con-
sequently, the temporal boundaries specified by τRMA < ∆t and τRMA > tHys represent the
following two extreme cases: The RMA being oriented either along the direction of the F
layer’s magnetization vector �MF or the external driving field �H [MGM+16, SM99, GPS02].

The parameters JRMA, τRMA, JUDA and γUDA represent, next to the intrinsic properties
of the F layer KF, γF, tF and MS, the model’s degrees of freedom and describe the effective
averaged impact of the relevant AF grain classes on the macroscopically observable magnetic
characteristics of polycrystalline AF/F-bilayers. For this very reason, it needs to be pointed
out that these parameters do not quantitatively reflect the microscopic polycrystalline struc-
ture because of the discretized classification of the granular AF ensemble into grains that
contribute either to the dynamic RMA, the fixed UDA or none of both. Nevertheless, it is
possible to draw qualitative conclusions regarding the relative contributions of the relevant
AF grain classes when model calculations are compared to angular-resolved measurements of
the EB shift and the coercivity aiming at the eventual quantitative determination of model
parameters [MGM+16, MMG+18, MHR+20].

5Please note, that with Eq. (3.14), the macroscopic dynamic RMA solely depends on the magnetic history
of the F layer.
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The time-dependent Stoner-Wohlfarth ansatz proposed by Müglich et al. (Sec. 3.2.7)
has proven to be a versatile approach for the quantitative determination of material parame-
ters of polycrystalline EB bilayers, when model calculations are compared to angular-resolved
measurements of HC and HEB [Müg16, MGM+16, MMG+18, MHR+20]. The effective cou-
pling constants scaling the contributions of rotatable and fixed AF grains, do crucially depend
on the measurement and initialization conditions as well as on the AF grain size distribution
[Müg16, MGM+16, OFOVF10]. In the view of a more thorough physical interpretation of
the extractable model parameters, a quantitative link between the effective coupling con-
stants and a set of parameters determining the AF grain size distribution as well as the grain
class boundaries in dependence on measurement, storage and initialization temperatures and
timescales is highly desirable.

To improve the model approach proposed by Müglich et al. with respect to the quan-
titative determination and more intuitive physical interpretation of the model’s parameters,
the time-dependent Stoner-Wohlfarth ansatz given by Eq. (3.13) shall be reformulated
in Sec. 4.1. Therein, the contributions to the effective energy area densities JRMA and JUDA

will be disentangled under preservation of the competition between the rotational magnetic
anisotropy (RMA) and the unidirectional magnetic anisotropy (UDA). Furthermore, the
time dependence of the RMA is adapted to enable a continuous update of the RMA for field
sequences probing magnetization reversal curves not necessarily cycling between saturated
states, i.e. minor loops and first-order reversal curves (FORCs) (cf. Sec. 2.5.3). Assuming
columnar grain growth, the distribution of AF grain volumes is linked to the distribution of
AF grain radii in Sec. 4.2 allowing for a connection of the refined time-dependent Stoner-
Wohlfarth approach and its model parameters with the AF grain size distribution as well
as the grain class boundaries. Thereupon, the phenomenological relations arising from the
intuitive ansatz proposed by Meiklejohn and Bean (Sec. 3.2.1) describing the EB shift
and the coercivity (Eq. (3.4)) are extended by incorporating the results obtained in Sec. 4.1
and 4.2 to quantitatively interlink the dependence of the macroscopic magnetic character-
istics on tF and tAF with the microscopic properties of polycrystalline EB bilayers. For
the sake of benchmarking, the proposed relations will be compared in Sec. 4.3 with model
calculations performed using the refined time-dependent Stoner-Wohlfarth ansatz pre-
sented in Sec. 4.1, which is furthermore utilized in Sec. 4.4 to exemplarily simulate HEB and
HC as functions of the measurement and initialization temperature. Finally, in Sec. 4.5 it
will be described how a quantitative determination of model parameters is possible if model
calculations are compared to angular-resolved measurements of HC and HEB and how the
uncertainties of extracted parameters can be estimated.

43
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4.1 Time-dependent Stoner-Wohlfarth approach

With the aim of quantitatively interlinking the macroscopic magnetic characteristics of
AF/F-bilayers with the AF grain size distribution and the grain class separating boundaries,
the disentanglement of the magnetic and structural contributions to the effective coupling
constants JRMA and JUDA is inevitable, simultaneously maintaining the competition between
the RMA and the UDA arising from the interaction between the F layer’s magnetization and
rotatable and fixed AF grains, respectively. Furthermore, it is intended to preserve the advan-
tage of the time-dependent Stoner-Wohlfarth approach defined by Eq. (3.13), covering
the time-dependence and dynamic update of the RMA without the actual need for calculat-
ing the magnetic states of the contributing AF entities. This is done, e.g., in Ref. [HG12]
based on Eq. (3.11) demanding not only the minimization of the AF/F-bilayer’s free energy
with respect to the magnetic state of the F but also with respect to the grain-type-specific
magnetic states of all considered entities in the granular AF layer. However, to appropriately
justify the reformulation of Eq. (3.13) under the assumption of columnar grain growth of
the AF crystallites1, Eq. (3.11) represents the starting point by omitting the dependence of
the AF/F-bilayer’s free energy on the azimuthal angles of the AF entities resulting in

E(βF(t)) =− µ0HMSVF cos (βF(t)− ϕ) +KFVF sin
2 (βF(t)− γF)

−
∑
i

JEB,iAAF,i cos(βF(t)− γAF,i(t, τAF,i))

=EF(βF(t)) + EAF/F(βF(t), {γAF,i(t, τAF,i)}) (4.1)

with the index i considering all grains of the granular ensemble, and the total interface area
A =

∑
i AAF,i. Picking up the idea proposed by Müglich et al. in Ref. [MGM+16], to rep-

resent the contribution of thermally unstable grains to the RMA as a time-dependent UDA,
all AF grains are incorporated to possess an individual relaxation time τAF,i (cf. Sec. 3.2.6)
[FC72]. This results in EAF/F(βF(t), {γAF,i(t, τAF,i)}) representing the sum of all grain-specific
RMAs with the time-dependent azimuthal angles γAF,i(t, τAF,i). With τAF,i = τAF,j for AF
grains with AAF,i = AAF,j (i �= j), which is a direct consequence of columnar grain growth and
a granular ensemble composed of cylinders of equal height, further assuming JEB,i = JEB ∀i,
EAF/F can be rewritten as

EAF/F(βF(t), {γAF,i(t, τAF,i)}) = −
∑
i

JEB,iAAF,i cos(βF(t)− γAF,i(t, τAF,i))

= −JEB
∑
n

NnAn cos(βF(t)− γAF,n(t, τAF,n)). (4.2)

The index n denotes subsets of AF grains with relaxation times τAF,n and grain-type specific
contact interfaces An that are shared with the F layer. Followingly, Nn represents the number
of AF grains with equal τAF,n. Based on the division of the polycrystalline AF ensemble into

1Columnar grain growth describes that the grains of the polycrystalline layer exhibit cylindrical shape
with different individual radii but shared heights which equal the layer’s thickness.
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classes of different thermal stability (Sec. 3.2.6), superparamagnetic AF grains of class I
are thought to be aligned parallel to the F layer’s magnetization on timescales which are
smaller than the temporal resolution of observation. Consequently, the azimuthal angles
of their individual RMAs will be equal to βF(t) ∀t. For all n for which this holds true,
only a constant energetic contribution arises in Eq. (4.2) with no impact on the F layer’s
remagnetization. Grains of class IV are assumed to be randomly oriented with respect to
their interfacial grain-averaged net moment. Hence, their energetic contributions cancel each
other out, leaving the contributions of AF grains of classes II and III. Fixed grains of class
III are stable on the timescale of observation, for which reason their RMAs are rigid, ideally
sharing the azimuthal angle γUDA, summing up to the effective UDA introduced in Eq. (3.13).
The relaxation times of class II grains are expected to be distributed over several orders of
magnitude [MGM+16], which is simplified by assuming the coexistence of an effective number
of rotatable AF grains sharing τRMA, actually representing the average relaxation time of AF
grains populating class II [Müg16, MGM+16]. Based on Eq. (4.2) and with a focus on the free
energy area density only the contributions of class II and III grains (subscripts nII and nIII)
shall be considered in the following: By taking the grain-class-specifically summed contact
areas AII =

∑
nII

NnIIAnII and AIII =
∑

nIII
NnIIIAnIII into account, it can be deduced that

EAF/F(βF(t))

A
= −JEB

A

∑
n

NnAn cos(βF(t)− γAF,n(t, τAF,n))

= −JEB
A

[
cos(βF(t)− γAF(t, τRMA))

∑
nII

NnIIAnII

+cos(βF(t)− γUDA)
∑
nIII

NnIIIAnIII

]

= −JEB
A

[AII cos(βF(t)− γRMA(t, τRMA)) + AIII cos(βF(t)− γUDA)]

= −JEB
Ã

A

[
AII

Ã
cos(βF(t)− γRMA(t, τRMA))

+
AIII

Ã
cos(βF(t)− γUDA)

]
. (4.3)

The reduced area Ã = AII + AIII represents the area occupied by all AF grains populating
either class II or III. Assuming that the polycrystalline AF layer is composed of columnar
grains, the factor p = Ã/A determines the percentage of AF grains contributing to the EB ef-
fect at all (class II and III), reducing the microscopic exchange coupling constant to the effec-
tive interfacial exchange energy area density Jeff = JEB p. The factors pII = AII/(AII + AIII)

and pIII = AIII/(AII + AIII) do represent the proportions of AF grains associated with class II
and III, respectively, in relation to the subset of AF grains defined by p. Hence, pII + pIII = 1.
Eq. (4.3) basically represents the same anisotropy energy terms added in the time-dependent
extended Stoner-Wohlfarth ansatz proposed by Müglich et al. (Eq. (3.13)) address-
ing the interaction at the AF/F-interface under the additional assumption of columnar grain
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growth and can likewise be incorporated within the classical Stoner-Wohlfarth ansatz:

E(βF(t))/A =− µ0HMStF cos (βF(t)− ϕ) +KF sin
2 tF (βF(t)− γF)

− JEB p [ pII cos(βF(t)− γRMA(t, τRMA)) + pIII cos(βF(t)− γUDA)] . (4.4)

In order to cover the time-dependence of the effective RMA, Müglich et al. proposed for
the RMA’s time-dependent azimuthal angle a time-wise shifted version of the azimuthal angle
of the F layer’s magnetization: γRMA(t, τRMA) = βF(t− τRMA). Simulating magnetization
reversal curves by cycling between saturated states, i.e. major hysteresis loops, this tentative
approach allows for a continuous and monotonic update of the dynamic RMA, because γRMA

is defined to be lagging behind the rotating F layer’s magnetization by a specific time step
τRMA. In the view of simulating minor loops or FORCs - not necessarily cycling between
saturated states - this might not be adequate. When the external probing field is reversed
at a field step at which the F layer remagnetizes, it can occur that �MF does not rotate
away from �MRMA, dragging it continuously to saturation, but does rotate towards �MRMA,
while the RMA still adapts to an earlier version of �MF. This can result in the F layer’s
magnetization to oscillate between the magnetic state reached at the reversal field Hr and
the initial saturated state, separated by a number of field steps determined by τRMA as it
is depicted in Fig. 4.1 for an exemplary simulated FORC. This can be circumvented by
an adapted calculation rule for γRMA not only depending on the magnetic history of the F
layer but also on the history of the RMA, preserving the versatility of the time-dependent
extended Stoner-Wohlfarth ansatz proposed by Müglich et al. in Ref. [MGM+16]. To
realize this, it is suggested to model the continuous relaxation of the effective RMA into a
magnetic state parallel to �MF via an exponential decay of the RMA’s azimuthal angle on
the timescale of the average relaxation time τRMA [FC72]:

γRMA(t, τRMA) = βF (t−∆t)
{
1− e−∆t/τRMA

}
+ γRMA (t−∆t, τRMA) e

−∆t/τRMA . (4.5)

For each step during the hysteresis of the F, for which βF(t) is determined via minimiza-
tion of Eq. (4.4), γRMA(t, τRMA) is derived from the history of the F layer’s magnetization
and the RMA at t − ∆t, with ∆t representing the temporal resolution. Likewise to βF,
γRMA = ϕ at initial saturation. Modeling the time-dependence of the effective RMA via an
exponential decay of its azimuthal angle is compared in Fig. 4.1 to the constant time shift
in γRMA = βF(t− τRMA) proposed by Müglich et al.. It can be demonstrated that it is
advantageous to calculate the dynamic RMA with the help of Eq. (4.5) when it is desired
to simulate minor loops or FORCs not necessarily cycling the external driving field between
saturated magnetic states, since a continuous magnetization reversal curve is obtained.

For the numerical implementation, starting out from βF(t0) = γRMA(t0) = ϕ at the
saturating field strength H(t0) = H0, the free energy area density defined by Eq. (4.4) is
sequentially minimized considering a set of equidistant field steps {H0, H1, . . . , i, . . . , HN}.
The sequence of field steps can be assigned to a sequence of time steps representing the
temporal grid of the simulation with the increment ∆t = tHys/N linked to the hysteresis
duration tHys and the total number of field steps N . The average relaxation time τRMA can
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Fig. 4.1: Modeling the time-dependent azimuthal angle of the effective RMA via an exponential
decay (Eq. (4.5)) is compared to the approach considering a constant time shift (Eq. (3.14)). When
using the constant time shift for the calculation of γRMA(t), the exemplarily simulated FORC shows
an oscillatory behavior where the periodicity on the field axis is given by nRMA∆H. Here, ∆H is
the simulation’s field increment and nRMA the number of field steps corresponding to the average
relaxation time. The set of model parameters used for the simulation via sequential minimization
of Eq. (4.4) is given by MF = 1.527 kA/m, tF = 10 nm, KF = 1.2 kJ/m3, JEB p = 2.1 · 10−4 J/m2,
pIII = 0.95, τRMA = 4 · 10−3 tHys, γF = γUDA = 0◦ and ϕ = 2◦.

be converted to a number of field steps nRMA = NτRMA/tHys after which the effective RMA
can align with �MF. This discretized sequence of field steps demands for a case analysis
in order to calculate γRMA(ti, τRMA) for each time step ti at which βF(ti) is desired to be
determined. For nRMA ≥ i − 1 it holds that γRMA(ti) = γRMA(ti−1) = . . . = ϕ, because
at this step, independent on the magnetic state of the F layer, the effective RMA cannot
realign as the timescale of relaxation determined by τRMA is still larger than the duration of
observation. Contrarily, for nRMA < 1 it follows that γRMA(ti) = βF(ti−1). For the in-between
case (1 ≤ nRMA < i− 1), γRMA(ti, τRMA) can be calculated with the help of Eq. (4.5):

γRMA(ti, τRMA) = βF(ti−1)
{
1− e−1/nRMA

}
+ γRMA (ti−1, τRMA) e

−1/nRMA . (4.6)

Finally, to consider a possible experimental offset regarding the angular-dependent EB
shift HEB(ϕ) due to the measurement procedure [Müg16, MGM+16], specifically not related
to training effects, an additional magnetic anisotropy term Jadd = −Jadd cos(βF(t)− ϕ) can
be added to the time-dependent Stoner-Wohlfarth ansatz defined by Eq. (4.4) as it is
described in Ref. [MGM+16]. This incorporates the interaction, determined by the additional
effective coupling constant Jadd, of the uniformly magnetized F with AF grains that are
aligned with the external magnetic probing field. Typically, if the angular dependence of
the EB shift and the coercivity is investigated by measuring hysteresis curves for different
field angles ϕ, the angle is consecutively varied. Hence, AF grains which are classified close
to the grain class boundary between classes II and III, exhibiting relaxation times larger or
similar to tHys, do not contribute on the timescale of the measurement to HC, but to HEB

on the timescale of the angular-resolved measurement.
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4.2 Grain size distribution and class boundaries

The grain size distribution of sputtered polycrystalline thin films is typically found to be
lognormal [VFT+05, VFFOO08, OFOVF10, MHR+20] and is defined by

�(V, µV , σV ) =
1

V σV

√
2π

exp

{
−(ln {V } − µV )

2

2σV
2

}
(4.7)

with the parameters µV ∈ R and σV > 0, determining the strictly positive expectation value
〈V 〉 and standard deviation SDV [VFT+05, BC99]:

〈V 〉 =
∫

R+
0

V �(V, µV , σV ) dV = exp

{
µV +

σV
2

2

}

SDV
2 =

∫

R+
0

(V − 〈V 〉)2 �(V, µV , σV ) dV = 〈V 〉2 exp
{
σV

2 − 1
}
.

(4.8)

Even if the connection between the AF grain size distribution and the macroscopic magnetic
properties of polycrystalline AF/F-bilayers, i.e. the EB shift and the coercive field, has been
successfully evidenced in literature [VFFOO08, OFOVF10, MHR+20], a direct quantitative
link between the parameters defining the actual course of the distribution and the grain class
separating boundaries with the macroscopic magnetic characteristics has - to the present
knowledge of the author - not yet been presented. In the following, the theoretical basis for
this endeavor shall be developed under the assumption of columnar growth of the granular
AF layer’s grains.

A polycrystalline AF layer composed of cylindrical grains demands for the preservation
of the distribution of contact interfaces between AF grains and the F layer upon varia-
tion of the AF layer’s thickness, which is connected to the distribution of AF grain radii
�̃(rAF, µrAF

, σrAF
) (Fig. 4.2(a)) with which the distribution of AF grain sizes can be derived

by a change of variables : If the probability density function of the random variable rAF is
given as �̃(rAF), the cumulative distribution function is given by

P (rAF) =

rAF∫

0

�̃(rAF
′) drAF

′, (4.9)

representing the probability for the presence of grains within the granular AF layer having
radii smaller or equal rAF. The volume VAF = πrAF

2 tAF of a cylindrical grain is strictly
monotonically increasing upon increasing tAF and the corresponding inverse function is given
by rAF(VAF) =

√
VAF/πtAF. Hence, the first-order derivative of Eq. (4.9) with respect to VAF

equals the distribution of AF grain sizes:

∂

∂VAF

P (rAF(VAF)) = �̃(rAF)
∂

∂VAF

rAF(VAF) = �(VAF). (4.10)



4 Reformulation of the polycrystalline model and its application 49

Fig. 4.2: (a) Schematic visualization of columnar growth of cylindrical AF grains preserving the
distribution of AF grain radii ̃(rAF) upon increasing AF layer thickness tAF. For a fixed distribution
of contact interfaces tAF linearly scales the grain volume which results in the transfer of cylindrical
grains between adjacent grain classes. (b) Visualization of the changing AF grain size distribution
(VAF) upon increasing tAF with respect to fixed grain class boundaries VI/II, VII/III and VIII/IV.

Consequently, the AF grain size distribution can be expressed in dependence on the param-
eters µrAF

and σrAF
in addition to the AF layer thickness tAF:

�(VAF, µrAF
, σrAF

, tAF) =
�̃
(√

VAF

πtAF
, µrAF

, σrAF

)

2
√
πVAFtAF

. (4.11)

Since the grain-specific volume of a columnar grain scales linearly with tAF, the variation
of the thickness results in the transfer of AF grains between adjacent grain classes. With
Eq. (4.11), in the case of a preserved distribution of AF grain radii, the variation of tAF

shifts the grain size distribution’s expectation value to larger AF grain volumes and allows
for a tailoring of the grain size distribution with respect to the fixed grain class separating
boundaries VI/II, VII/III and VIII/IV as it is visualized in Fig. 4.2(b)2. The inter-class trans-
fer of AF grains can further be understood within the context of the polycrystalline model
(cf. Sec. 3.2.6): For fixed tAF-independent grain-specific interfacial exchange coupling con-
stant JEB, base area AAF and anisotropy constant KAF, the ratio between the anisotropy
energy and the interfacial exchange energy equals KAFVAF/JEBAAF = (KAF/JEB) tAF and
is interlinked with the AF layer’s thickness relating to the individual AF grain’s height de-
termining its thermal stability (cf. Eq. (3.8)). This ratio reflects the competition between
the interfacial coupling of the uncompensated grain-averaged AF moments to the F layer’s
magnetization and the grains’ magnetic rigidness as it is discussed similarly in Ref. [HG12].

With Eq. (4.11), representing an analytical expression for the dependence of the AF grain
size distribution on tAF for a fixed distribution of AF grain radii, the next step is to specify
the grain class boundaries, which are not sharply defined as it is depicted in Fig. 4.2(b).
However, with the help of Eq. (3.10) the class boundaries can be estimated via [VFFOO07]

VAF(T, τ) =
kBT

KAF(T )
ln

{
τ

τ0

}
(4.12)

2The grain size distribution is presented as the product of (VAF) and tAF plotted against VAF
1/3. This

eases the comparison of distributions corresponding to different tAF with respect to the fixed grain class
boundaries, because the suppression of (VAF) for larger tAF accompanied by a broadening of the distribution
is circumvented by the chosen type of presentation.
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representing the upper volume-specific boundary for AF grains to be able to align with the F
layer’s magnetization during its remagnetization for a given temperature T and time τ . The
estimation holds true as long the AF grains’ energy barriers can be expressed in first-order by
∆EAF ≈ KAFVAF. Presupposing that the observation is performed by means of measuring
magnetization reversal curves and that the EB is initialized, w.l.o.g., by a post-deposition an-
nealing procedure, the class boundaries can be specified under consideration of the respective
temperatures and timescales: The boundary VII/III between classes II and III is determined
by the hysteresis duration τ = tHys and the measurement temperature T = THys

3. VIII/IV is
defined by the initialization duration τ = τini and temperature T = Tini, corresponding to
the temperature and plateau-time of, e.g., a field-cooling procedure. Likewise to VII/III, the
boundary between classes I and II is determined by the measurement temperature but by
a time τ = τI/II connected to the timescale up to which superparamagnetic grains of class
I have no impact on the macroscopic magnetic properties. The AF/F-bilayer system in
the focus of the thesis at hand is composed of Ir17Mn83 (IrMn) as the AF and Co70Fe30
(CoFe) as the F layer. For a comparable system and with the help of the York-protocol,
the value of the AF grains’ anisotropy constant and attempt frequency could be deter-
mined to be KAF(TRT) = (5.5± 0.5) 105 J/m3 [VFFOO07] and τ0 = 1/(2.1± 0.4) 10−12 s−1

[VFACO10]. Assuming KAF(T ) = KAF(0)(1− T/TN) [VFACO10] with TN ≈ 650 K for IrMn
[OFOVF10, VFACO10, VFFOO07] and implementing the experimentally determined values
KAF(TRT) and τ0, the grain class boundaries can be estimated, if time and temperature
during observation and initialization are known.

The knowledge of the AF grain size distribution and the grain class boundaries enables
in theory to calculate the contribution of certain grain classes, representing the integrals
of the distribution between the respective bounds. Following the refinement of the time-
dependent Stoner-Wohlfarth approach (cf. Sec. 4.1) under the assumption of columnar
grain growth, the portion of grains contributing either to HC or to HEB, i.e. all grains of
class II and III in relation to the number all grains of the granular ensemble, is defined by

p =

VIII/IV∫

VI/II

�(VAF, µrAF
, σrAF

, tAF) dVAF =
AII + AIII

A
. (4.13)

The normalized contributions of class II and III grains with respect to p are followingly given
as the weighted integrals between the respective bounds:

pII =

VII/III∫

VI/II

�(VAF, µrAF
, σrAF

, tAF)

p
dVAF =

AII

A
(4.14)

pIII =

VIII/IV∫

VII/III

�(VAF, µrAF
, σrAF

, tAF)

p
dVAF =

AIII

A
= 1− pII. (4.15)

3T = THys equals room temperature TRT, if not further specified
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Furthermore, the average relaxation time τRMA of all rotatable AF grains of class II, de-
termining the timescale of the macroscopic RMA (cf. Eq. (4.5)), is under consideration of
Eqs. (3.10) and (4.12) given by

τRMA =

VII/III∫
VI/II

τ (VAF, T ) �(VAF, µrAF
, σrAF

, tAF) dVAF

VII/III∫
VI/II

�(VAF, µrAF
, σrAF

, tAF) dVAF

. (4.16)

Considering the parameters characterizing the distribution of AF grain radii, respecting
the assumption of columnar grain growth, p and pIII = 1− pII can be expressed as functions
of µrAF

, σrAF
and tAF, further depending on the grain class separating boundaries VI/II, VII/III

and VIII/IV, by introducing the auxiliary function

χ(VAF, µrAF
, σrAF

, tAF) = erf




ln
√

VAF

πtAF
− µrAF√

2σrAF
2



 (4.17)

with erf {. . .} representing Gauss’s error function. The cumulative distribution function of
the AF grain size distribution can be derived to be

P (VAF, µrAF
, σrAF

, tAF) =

VAF∫

0

�(VAF
′
, µrAF

, σrAF
, tAF) dVAF

′

=
1 + χ(VAF, µrAF

, σrAF
, tAF)

2
(4.18)

representing the portion of AF grains with volumes ≤ VAF [AB57, CS88, BC99]. The pa-
rameters p and pIII = 1 − pII, representing essential factors scaling the contributions of the
relevant grain classes (cf. Eq. (4.4)) are given by

p(µrAF
, σrAF

, tAF, VI/II, VIII/IV)

= P (VIII/IV, µrAF
, σrAF

, tAF)− P (VI/II, µrAF
, σrAF

, tAF)

=
χ(VIII/IV, µrAF

, σrAF
, tAF)− χ(VI/II, µrAF

, σrAF
, tAF)

2
(4.19)

pIII(µrAF
, σrAF

, tAF, VII/III, VIII/IV)

=
P (VIII/IV, µrAF

, σrAF
, tAF)− P (VII/III, µrAF

, σrAF
, tAF)

p(µrAF
, σrAF

, tAF, VI/II, VIII/IV)

=
χ(VIII/IV, µrAF

, σrAF
, tAF)− χ(VII/III, µrAF

, σrAF
, tAF)

2 p(µrAF
, σrAF

, tAF, VI/II, VIII/IV)
(4.20)

depending on the grain radius distribution characterizing parameters µrAF
, σrAF

as well as
on tAF and the class separating boundaries VI/II, VII/III and VIII/IV.
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4.3 Extension of phenomenological relations

Eqs. (4.19) and (4.20) represent expressions for the parameters p, pII and pIII, that scale the
contribution of the RMA and UDA in the time-dependent extended Stoner-Wohlfarth
approach defined by Eq. (4.4), solely depending on the properties of the AF grain size dis-
tribution and the class separating boundaries determined by the temperature and timescales
of observation and initialization. Combining these with the intuitive and phenomenological
relations for the EB shift and the coercivity (Eq. (3.4)) proposed by Meiklejohn and Bean
enables to formulate estimating relations describing the AF and F layer thickness dependen-
cies HEB(tF, tAF) and HC(tF, tAF) for ϕ = 0◦ (easy axis). The antiproportional dependence
of HEB and HC on tF (interface effect) is combined with the dependence of p, pII and pIII
on tAF, arising from shifting of the AF grain size distribution with respect to the fixed AF
grain class boundaries under the assumption of columnar grain growth and non-changing
conditions during measurement and initialization.

Neglecting the exact course of the AF/F-bilayer’s hysteresis, the situation is simplified
by considering HEB and HC as effective fields, that are in superposition needed to be com-
pensated by the external driving field H, eventually causing the remagnetization of the F
layer switching between two magnetically saturated states as it is schematically depicted in
Fig. 4.3(a). Additionally displayed are the hysteresis loop of the standalone F layer exhibit-
ing the intrinsic coercivity H

(0)
C and the hysteresis of the F layer that is presumably only

in contact with pinning AF grains of class III, characterized by the EB shift HEB and the
coercivity H

(0)
C . Hence it is assumed, that the rotatable grains of class II contributing to the

time-dependent RMA are responsible for an additional effective field H
(rot)
C that is added to

H
(0)
C when the F layer is in contact with the total granular ensemble of the polycrystalline

AF layer. After the F layer remagnetizes, the effective interfacial field giving rise to H
(rot)
C is

supposed to be antiparallel aligned with the anisotropy direction of the UDA. The dynamic
RMA adapts to the changing �MF, which results in the symmetric broadening of the hystere-
sis with respect to HEB (Fig. 4.3(a)). The situation is further schematically visualized in
Fig. 4.3(b) for different field steps (i-viii) following the hysteresis of the fully coupled F layer
in Fig. 4.3(a). It is indicated that the supposed compensation of the effective fields linked to
the F layer’s intrinsic anisotropy and to the RMA by the external driving field H eventuates
in reversing their directions in dependence on the magnetic history of the bilayer.

By comparing the Stoner-Wohlfarth ansatz initially proposed by Meiklejohn and
Bean (cf. Eq. (3.3)), giving rise to the tF-dependent expressions for HEB and HC (Eq. (3.4)),
with the time-dependent extended approach defined by Eq. (4.4), it is apparent that the EB
shift is scaled by the product between the effective interfacial exchange constant Jeff(tF, tAF)

and the normalized proportion pIII(tAF) = 1 − pII(tAF) of fixed AF grains4. The effective
coupling constant is with the help of Eq. (4.4) and in accordance to Sec. 4.1 given by

Jeff(tF, tAF) = JEB(tF) p(tAF), (4.21)
4Only for the sake of readability, the dependence of Jeff , p and pIII on µrAF

, σrAF
and the class boundaries

VI/II, VII/III and VIII/IV is omitted emphasizing these properties to be a set of fixed parameters for a specific
specimen and constant measurement and initialization conditions.
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Fig. 4.3: (a) Schematic depiction of the hysteresis of the standalone F layer (grey dashed line),
the hysteresis of the F layer only coupled to pinning grains of class III (blue dashed-dotted line) and
the one of the F layer interacting with all grains of class II and class III (black line), contributing
to HC and HEB, respectively. Macroscopic characteristics of the magnetization reversal curves are
indicated, with the F layer’s intrinsic coercivity H

(0)
C , the coercivity HC and the EB shift HEB

of the fully coupled F layer. The coercive field is expected to arise from the contribution of the
rotatable AF grains (H(rot)

C = HC −H
(0)
C ). (b) The magnetization reversal of the fully coupled layer

is illustrated at selected field steps (i-viii): The magnetic states of the uniformly magnetized F
layer as well as of the rotatable and fixed AF grains of class II and III are independently visualized.
Whether the external driving field H compensates one of the effective coercive fields, the EB shift
or superpositions of the latter is indicated by an opened or closed shackle lock.

assuming that the microscopic coupling constant JEB(tF) is constant for all AF grains and
that the reduction of the coupling at the AF/F-interface due to, e.g. interface roughness,
stoichiometric gradients and compensated interfacial moments, is already considered. These
interface related properties are supposed to be averaged on the lateral length scales of the
AF grains [OFOVF10, RZ07]. Please note, that with JEB(tF, tAF)

!
= JEB(tF), it is further

assumed, that the interfacial exchange coupling is only determined by the AF grains’ contact
interfaces and not their individual volumes. Based on Eq. (3.4), if follows for the absolute
value of the EB shift:

|HEB (tF, tAF)| =
Jeff(tF, tAF)

µ0MStF
pIII(tAF). (4.22)

The coercivity HC(tF, tAF) of the fully coupled F layer is supposed to be given by the su-
perposition H

(rot)
C + H

(0)
C of the additional contribution H

(rot)
C related to the rotatable AF

grains and the F layer’s intrinsic coercivity H
(0)
C = 2KF/µ0MS (cf. Eq. (3.4)). Since the

effective field arising due to the rotatable grains of class II is linked to the dynamic RMA,
representing a time-dependent magnetic anisotropy of unidirectional -type (UDA), H(rot)

C is
modeled likewise to |HEB (tF, tAF)| in Eq. (4.22) and the coercive field can be stated as

HC (tF, tAF) =H
(rot)
C (tF, tAF) +H

(0)
C =

Jeff(tF, tAF)

µ0MStF
pII(tAF) +

2KF

µ0MS

, (4.23)

considering the scaling of the effective coupling constant via pII(tAF) = 1− pIII(tAF).
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Tab. 4.1: Input parameters for calculated AF grain size distributions as well as simulated
|HSW

EB (tF, tAF)| and HSW
C (tF, tAF) displayed in Fig. 4.5. Parameters obtained from fitting Eq. (4.22)

and (4.23) to the simulated dependencies are given, reproducing input parameters of simulations
based on Eq. (4.4). The input values represent parameters extracted from thickness dependent
measurements presented in Sec. 9.1.1. The saturation magnetization is set to MS = 1.527 kA/m.

Parameter Input tF-fit tAF-fit (|HEB|) tAF-fit (HC)

JEB (10−5 J/m2) 23.29 23.35± 14.53 23.17± 1.65

JRMA (10−5 J/m2) 6.70 5.97± 0.06
JUDA (10−5 J/m2) 16.59 16.80± 0.04

KF (kJ/m3) 1.21 0.34± 0.07 1.21± 0.32

µrAF
(nm) 1.10 1.10± 0.89 1.10± 0.58

σrAF
(nm) 0.16 0.16± 0.01 0.16± 0.03

〈rAF〉 (nm) 3.03 3.05± 2.71 3.05± 1.78
SDrAF

(nm) 0.48 0.49± 0.21 0.48± 0.52

VI/II (nm3) 60 60± 14 60± 70
VII/III (nm3) 236 237± 422 235± 274
VIII/IV (nm3) 2153 2142± 381 2142± 160

With the expressions for p(tAF) and pIII(tAF) given by Eqs. (4.19) and (4.20) and the ex-
tended phenomenological relations for |HEB (tF, tAF) | and HC (tF, tAF) specified in Eqs. (4.22)
and (4.23) it is now possible, under the assumption of columnar grain growth, to quan-
titatively interlink the set of parameters xxx =

{
JEB, µrAF

, σrAF
, VI/II, VII/III, VIII/IV

}
with the

thickness-dependent macroscopic magnetic characteristics of AF/F-bilayers. The consistency
of the relations within the context of the polycrystalline model and the time-dependent ex-
tended Stoner-Wohlfarth approach defined by Eq. (4.4) shall be tested in the following.
For this, tF- and tAF-dependent relations of the EB shift and the coercive field are simulated
with the help of the time-dependent Stoner-Wohlfarth ansatz starting out from a set
of input parameters xxx given in Tab. 4.1, extracted from thickness dependent measurements
that will be presented in Sec. 9.1.1. To determine the factors

JRMA(tF, tAF) = JEB(tF) p(tAF) pII(tAF) (4.24)

JUDA(tF, tAF) = JEB(tF) p(tAF) pIII(tAF) (4.25)

scaling the contribution to the RMA and UDA in Eq. (4.4), the parameters p, pII and pIII
are calculated with the help of Eqs. (4.13), (4.14) and (4.15), and τRMA is calculated via
Eq (4.16), based on the AF grain size distribution characterized by µrAF

, σrAF
and tAF as

well as the class boundaries VI/II, VII/III and VIII/IV. Calculated AF grain size distributions
for different tAF between 1 and 50 nm are presented in Fig. 4.5(a) showing the tunability
of the distribution upon variation of tAF with respect to the class boundaries and the con-
sequently tuned contributions of the relevant AF grain classes. For MS = 1.527 kA/m and
γF = γUDA = 0◦, simulated |HSW

EB (tF)| and HSW
C (tF) for tAF = 10 nm and determined p(tAF),
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Fig. 4.4: Sketch of the performed procedure to benchmark the extended phenomenological
relations specified by Eq. (4.22) and (4.23) describing the EB shift and the coercivity of poly-
crystalline AF/F-bilayers with the time-dependent extended Stoner-Wohlfarth approach de-
fined by Eq. (4.4). Starting out from µrAF and σrAF , the distribution of AF grain volumes
(VAF, µrAF , σrAF , tAF) is calculated for different tAF. Further incorporating the microscopic cou-
pling constant JEB and the grain class boundaries VI/II, VII/III and VIII/IV, the effective interfacial
energy area densities JRMA and JUDA and the average relaxation time τRMA can be determined
via integration of the AF gain size distribution considering the respective bounds. Followingly,
|HSW

EB (tF, tAF) | and HSW
C (tF, tAF) can be simulated for different tF by sequentially minimizing the

time-dependent extended Stoner-Wohlfarth ansatz (Eq. (4.4)) and extracting the EB shift and
the coercivity via Eq. (3.1). Eventually, the extended phenomenological relations are compared to
the simulations by means of a least-squares fit to check for the reproduction of the input parameters.

pIII(tAF) = 1− pII(tAF) as well as simulated |HSW
EB (tAF)| and HSW

C (tAF) for tF = 10 nm are
presented in Fig. 4.5(b), (c) and (d). For the reproduction of model parameters, correspond-
ing least-squares fits utilizing Eqs. (4.19) and (4.20) for p(tAF) and pIII(tAF) = 1− pII(tAF)

and Eq. (4.22) and (4.23) for |HSW
EB (tF, tAF) | and HSW

C (tF, tAF) are displayed. The fits are
performed via the curve_fit routine from the Python-based open-source software environ-
ment Scipy [Vir20] and the optimum parameters are given in Tab. 4.1. An overview of the
described procedure is further given in Fig. 4.4 as a flowchart.

Simulated |HSW
EB (tF) | and HSW

C (tF) are presented for tAF = 10 nm in Fig. 4.5(b), obtained
with the help of the time-dependent Stoner-Wohlfarth ansatz defined by Eq. (4.4).
The simulated EB shift and the coercive field as function of the F layer’s thickness fol-
low the antiproportional dependence on tF typically observed in literature (cf. Sec. 3.1)
[Mei62, NS99, BT99]. This is not surprising, because the potential energy area density
of the F layer’s magnetization, exposed to the external field, is linearly depending on tF
(cf. Eqs. (3.3) and (4.4)) emphasizing the EB as an interface effect losing its impact on
the remagnetization for increasing tF. The extended phenomenological relations defined by
Eqs. (4.22) and (4.23) fit well to the simulated |HSW

EB (tF) | and HSW
C (tF), and the class spe-

cific coupling constants JRMA and JUDA are reproduced with a deviation of � 10% from
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Fig. 4.5: (a) AF grain size distributions are calculated with the help of Eq. (4.11) for different
tAF between 1 and 50 nm, using input parameters from Tab. 4.1. (b) |HSW

EB (tF)| and HSW
C (tF) are

simulated for tAF = 10 nm utilizing the time-dependent Stoner-Wohlfarth ansatz defined by
Eq. (4.4). (c,d) Likewise, p(tAF), pIII(tAF) = 1− pII(tAF), |HSW

EB (tAF)| and HSW
C (tAF) are simulated

for tF = 10 nm. Corresponding fits to |HSW
EB (tF/AF)| and HSW

C (tF/AF), based on Eq. (4.22) and
(4.23), are displayed in (b) and (d). Fits to p(tAF) and pIII(tAF) = 1− pII(tAF), based on Eq. (4.19)
and (4.20), are presented in (c). The optimum fit parameters are given in Tab. 4.1.

the input values (see Tab. 4.1). However, the uniaxial anisotropy constant shows with
KF = (0.34 ± 0.07) kJ/m3 a significant deviation from the input value 1.21 kJ/m3, reveal-
ing that the coercivity-describing relation does not properly cover the F layer’s intrinsic
anisotropy for the chosen set of parameters. Since KF scales the offset of HC linearly in
Eq. (4.23), it is expected that more data points are needed at large tF to adequately rep-
resent the constant intrinsic coercivity H

(0)
C . From the perspective of the fit-function, the

latter is significantly dominated by the fast antiproportional decay of the coercive field for
small thicknesses tF.

In Fig. 4.5(d) the simulated |HSW
EB (tAF)| and HSW

C (tAF) are presented for tF = 10 nm,
qualitatively covering the phenomenology typically observed in literature (cf. Sec. 3.1)
[NS99, AMAJ+03, AMH03, BT99]. By comparing |HSW

EB (tAF)| and HSW
C (tAF) with p(tAF)

and pIII(tAF) = 1 − pII(tAF) in Fig. 4.5(c), the course of the EB shift and the coercivity as
functions of tAF can directly be interlinked with the tuned contributions of the grain classes
II and III upon the shift of the grain size distribution (Fig. 4.5(a)). For low tAF, the ma-
jor part of the AF layer’s granular ensemble populates class I, hence p and pIII vanish for
tAF → 0 and pII approaches 1. As for increasing tAF the distribution starts to overlap with
class II in between VI/II and VII/III, p and HSW

C increase and exhibit a maximum at the AF
layer’s thickness from which p saturates and a decrease of pII is observable. Depending on the
actual position of VII/III separating classes II and III, pIII does increase as pII decreases upon
increasing tAF, as the tail of the distribution is shifted beyond VII/III. Consequently, with pIII
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dominating pII for larger thicknesses, |HSW
EB | increases reaching a plateau value while HSW

C is
reduced down to the F layer’s intrinsic coercive field H

(0)
C . The corresponding fits displayed

in Figs. 4.5(c, d) as functions of the AF layer’s thickness that are based on Eqs. (4.19) and
(4.20) as well as on the extended phenomenological relations defined by Eqs. (4.22) and
(4.23) are in agreement with the simulated |HSW

EB (tAF)| and HSW
C (tAF) and the input param-

eters are in all cases reproduced within the margin of uncertainties (Tab. 4.1). It is however
needed to be mentioned, that even if the fits of the extended phenomenological relations do
nearly perfectly reproduce the input parameters of the simulations, the extracted uncertain-
ties are comparably large. This is due to the complexity of Eqs.(4.19) and (4.20) involving
the interplay of at least two Gaussian error functions.

The agreement of the simulated dependencies |HSW
EB (tF, tAF) | and HSW

C (tF, tAF) with the
extended phenomenological relations defined by Eqs. (4.22) and (4.23) (Fig. 4.5(b, d)) serves
as a benchmark of the time-dependent extended Stoner-Wohlfarth approach defined
by Eq. (4.4) and the extension of the phenomenological relations under the assumption of
columnar grain growth upon increasing tAF. This emphasizes the validity of the quantitative
connection between the macroscopic magnetic characteristics and microscopic parameters
within the context of the generalized polycrystalline model. Using Eq. (4.22) and (4.23) as
fit equations in comparison to experimentally determined decencies of the EB shift and the
coercivity on tF and tAF represents a tool to extract averaged parameters determining the
AF layer’s microstructure by solely measuring the macroscopic F layer’s hysteresis.

4.4 Shifting the grain class boundaries

In Sec. 4.3 it could be demonstrated for polycrystalline AF/F-bilayers, that the dependence
of the EB shift and the coercivity on the participating layer’s thicknesses can be simulated
with the help of the time-dependent Stoner-Wohlfarth approach defined by Eq. (4.4)
formulated in Sec. 4.1, qualitatively reproducing the phenomenology reported in literature.
In accordance to the reformulation of the polycrystalline model in Sec. 4.1 and 4.2, the
thickness-dependent calculation of the AF grain size distribution with respect to fixed class
boundaries enables the simulation of |HEB(tF, tAF)| and HC(tF, tAF) where the grain classes’
contribution to the macroscopic RMA and UDA are modified via tAF.

Conversely, other parameters like measurement or initialization temperatures and time-
scales affect the EB shift and the coercive field when keeping a fixed distribution of AF
grain sizes. This is due to a temperature- and time-dependent variation of the grain class
separating boundaries VI/II, VII/III and VIII/IV, which will be explored in the course of this
section. Based on Sec. 4.2 and Eq. (4.12), changing the initialization temperature should
result in a shift of the grain class boundary VIII/IV between classes III and IV, enlarging the
interval containing AF grains of class III if Tini is increased. Changing the measurement
temperature, eventuates in the shift of VI/II and VII/III, having a simultaneous impact on
the population of classes II and III. Since the timescale τI/II, characterizing VI/II, cannot be
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defined as precisely as for the other class boundaries, only the dependence on the measure-
ment temperature is considered. Please note, that the temperature dependence of the class
boundaries, that can be estimated with the help of Eq. (4.12), is qualitatively similar to
the dependence on the respective timescale: Both, time and temperature similarly affect to
which class an AF grain can be associated. Therefore, increasing either time or temperature
can result in an inter-class transfer of grains and consequently to a change of the macro-
scopic magnetic characteristics. Thus, in the following the dependence of the EB shift and
the coercivity on the measurement and the initialization temperature, i.e. T and Tini, will
be theoretically investigated for fixed timescales during observation and initialization. The
findings will be compared with results presented in literature, as no comparable temperature
dependent study is performed within the present thesis.

4.4.1 Measurement temperature

In accordance to Eq. (4.11), AF grain size distributions are calculated (Fig. 4.6(a)) for dif-
ferent tAF between 1 and 75 nm for input parameters µrAF

, σrAF
and VIII/IV given in Tab. 4.1.

The class boundaries VI/II and VII/III are derived with the help of Eq. (4.12) for different
measurement temperatures Tmeas = T between 10 and 630 K for fixed measurement time
tHys = 40 s and τI/II ≈ 1.65 ns, extracted from tAF-dependent fits presented in Sec. 9.1.1.
The residual parameters that are needed to estimate the grain class boundaries are given in
Sec. 4.2. For three exemplary temperatures T = 90, 293 and 550 K, the shifting and broad-
ening of the interval spanned by class II is depicted in Fig. 4.6(a). For the specified ranges
regarding tAF and T , |HEB(tAF, T )| and HC(tAF, T ) (Fig. 4.6(b-c)) have been simulated for
tF = 10 nm, γF = γUDA = 0◦ and MS = 1.527 kA/m using the time-dependent Stoner-
Wohlfarth ansatz defined by Eq. (4.4) with JEB = 0.233 mJ/m2 and KF = 1.21 kJ/m3

taken from Tab. 4.1. The model parameters p, pII, pIII and τRMA are extracted from the cal-
culated AF grain size distributions (Fig. 4.6(a)) respecting the T -dependent class separating
boundaries with the help of Eqs. (4.13), (4.14) and (4.15) and (4.16), respectively.

In Fig. 4.6(b, c) the reduction of |HEB(tAF, T )| upon increasing T can be observed un-
til it vanishes at a specific threshold temperature, i.e. the maximum blocking temperature
Tmax
B , which is shifted to larger values for increasing tAF. At Tmax

B , HC(tAF, T ) is largest
and decreases for T > Tmax

B . This behavior of the macroscopic magnetic characteristics
of polycrystalline AF/F-bilayers upon changing measurement temperature is commonly ob-
served in literature [FC72, HFZ+01, AMH03, AMAJ+03] and the maximum coercive field
at Tmax

B is typically ascribed to enhanced hysteretic losses occuring within the granular AF
[AMH03, AMAJ+03]. In the context of the generalized polycrystalline model, the peak of
the coercivity at Tmax

B accompanied by the suppression of the EB shift is connected to the
grain class boundaries being shifted due to the change in measurement temperature. Upon
increasing T and fixed VIII/IV and tAF, the interval containing rotatable AF grains contribut-
ing to the macroscopic RMA broadens and is shifted to larger grain sizes (Fig. 4.6(a)). If for
a certain measurement temperature the interval of class II grains contains the major part of
the granular ensemble, the EB shift will vanish and the coercive field will be largest. Please
note that VII/III and VIII/IV converge for larger measurement temperatures approaching Tini,
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Fig. 4.6: (a) AF grain size distributions are calculated with the help of Eq. (4.11) for different
tAF between 1 and 75 nm, using input parameters from Tab. 4.1. In accordance to Eq. (4.12), VI/II

and VII/III are derived for measurement temperatures T between 10 and 630 K for fixed tHys = 40 s
and τspp ≈ 1.65 ns, extracted from tAF-dependent fits presented in Sec. 9.1.1. Residual parameters
required for the calculation of the grain class boundaries are given in Sec. 4.2. The volume interval
spanned by grains of class II is highlighted for three exemplary temperatures T = 90, 293 and 550 K.
(b-e) |HEB(tAF, T )| and HC(tAF, T ) are simulated for fixed tF = 10 nm and varying tAF and T using
the time-dependent Stoner-Wohlfarth ansatz defined by Eq. (4.4).

so that in turn class III vanishes eventually. Furthermore, in Figs. 4.6(d,e), |HEB(tAF, T )|
and HC(tAF, T ) are displayed for exemplary temperatures between 90 and 550 K as functions
of tAF, showing that the critical AF layer thickness tcritAF , characterizing the onset of the EB
shift and the maximum coercive field, shifts to larger tAF upon increasing T as it is likewise
observed in Refs. [AMH03, AMAJ+03].

The performed simulations based on the time-dependent Stoner-Wohlfarth ansatz
defined by Eq. (4.4), qualitatively cover the major part of the phenomenology presented
in literature regarding the temperature dependence of the macroscopic magnetic proper-
ties of polycrystalline AF/F-bilayers [HFZ+01, AMH03, AMAJ+03, BRZ+10, JCE21]. Dis-
crepancies can be observed for low temperatures and regarding the T -independent enve-
lope of |HEB(tAF, T )| in Fig. 4.6(e), framing the reduction of the EB shift upon increasing
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AF layer thickness5. Typically a sharp coercivity-peak can be observed and a maximum
EB shift at intermediate thicknesses when low measurement temperatures are approached
[AMH03, AMAJ+03]. The increase of the coercive field is supposed to be connected to
a combination of spin-cluster effects involving intra- and inter -cluster interactions at the
AF/F-interface, where clusters of spins presumably exhibit spin-glass like behavior transmit-
ting the arising anisotropy to the F [OFOVF10]. Furthermore, it could be experimentally
evidenced in Ref. [BRZ+10] by Baltz et al., that the distribution of blocking tempera-
tures of the investigated granular AF is of bimodal character showing a low-temperature
tAF-independent peak and a high-temperature peak linked to the distribution of grain sizes
within the polycrystalline AF layer. Likewise to the sharp coercivity-peak for low mea-
surement temperatures, the low-temperature peak regarding the distribution of blocking
temperatures has been correlated to interfacial spin-glass-like clusters with freezing temper-
atures below 70 K [BRZ+10]. The spin clusters are thought to only interact with the F layer’s
magnetization up to the respective freezing temperatures while the residual magnetically ac-
tive volumes of the corresponding AF grains are blocked and thus attributed to class III,
until the grain-specific blocking temperatures are exceeded. These essential features of the
blocking temperature distribution of bimodal character could be theoretically reproduced via
Monte Carlo simulations by Lhoutellier et al. in Ref. [LLP+15] incorporating less stable
magnetic regions distributed along the AF/F-interface attributed to disordered interfacial
spins [BRZ+10, LLP+15].

The low-temperature behavior of HEB(T ) and HC(T ) regarding polycrystalline AF/F-
bilayers that is commonly observed and discussed in literature, alongside further interfacial
effects triggered at larger temperatures, cannot be collectively reproduced with the help
of the presented model calculations based on the time-dependent Stoner-Wohlfarth
approach defined by Eq. (4.4). This is related to the fact that within the utilized model
approach the grains of the polycrystalline AF layer are classified with respect to their thermal
stability under consideration of the grain-specific volumes and contact interfaces. Further,
columnar grain growth, a constant grain-specific anisotropy and a non-changing interfacial
exchange coupling constant have been assumed. Interface effects possibly resulting in a
temperature dependent modification of JEB are therefore completely disregarded, in addition
to the neglection of the intrinsic temperature-dependent remagnetization behavior of the F
layer. Nevertheless, it is expected that with an adequate quantitative determination of
model parameters, that the temperature dependence of the EB shift and the coercivity for
temperatures close to Tmax

B - larger than freezing temperatures of interfacial spin clusters -
is sufficiently reproduced. Further, the dependence of Tmax

B on tAF might be quantitatively
covered as it should majorly depend on the AF grain size distribution and its division into
grain classes of different thermal stability [OFOVF10, BRZ+10].

5The number of AF grains contained either by class II or III in relation to all grains of the granular
ensemble decreases upon increasing T , because VI/II is shifted to larger grain sizes whereas VIII/IV is fixed.
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4.4.2 Initialization temperature

Likewise to the theoretical investigation regarding the dependence of the EB shift and the
coercive field on the measurement temperature in Sec. 4.4.1, AF grain size distributions are
displayed for different tAF between 5 and 75 nm in Fig. 4.7(a) for input parameters µrAF

,
σrAF

taken from Tab. 4.1. This time, VIII/IV is determined with the help of Eq. (4.12) for
different initialization temperatures Tini between 293 and 625 K for a fixed initialization time
tini = 3600 s, while VI/II and VII/III are derived for fixed T = Tmeas = 293 K, tHys = 40 s
and τI/II ≈ 1.65 ns. Considering the specified ranges regarding tAF and Tini, |HEB(tAF, Tini)|
has been simulated (Fig. 4.7(b, c)) for tF = 10 nm, γF = γUDA = 0◦, MS = 1.527 kA/m,
JEB = 0.233 mJ/m2 and KF = 1.21 kJ/m3 with the help of the time-dependent Stoner-
Wohlfarth ansatz defined by Eq. (4.4). Simulations of HC(tAF, Tini) are not displayed,
since no significant dependence on Tini could be observed, due to the fixed boundaries VI/II

and VII/III enclosing class II.
It is visible in Fig. 4.7(b), that the temperature Tini at which a significant EB shift6

can be initialized increases upon increasing AF layer thickness tAF. Further, for rising
initialization temperature, the associated increase of the EB shift and its eventual saturation
can be observed because the increase of Tini results in the shift of VIII/IV to larger AF grain
sizes. The consequence is an enhanced fraction of the tAF-specific grain size distribution
contributing to class III and thus an increase of the EB shift. This further depends on the
grain class boundary separating rotatable from pinning AF grains within classes II and III,
for which reason VII/III represents the minimum size of fixed grains and naturally controls the
number the granular AF layer’s entities that can be attributed to class III. The initialization
temperature at which |HEB(tAF, Tini)| saturates depends however on the AF layer’s thickness
determining the distribution of grain volumes in relation to the separating class boundaries.

In Fig. 4.7(c) it can be observed, that for low Tini close to the observation temperature,
i.e. room temperature, only a small range of AF layer thicknesses can be addressed for the
setting of the EB. The envelope of |HEB(tAF, Tini)| becoming apparent for large Tini → TN

(Fig. 4.7(c)) is determined by JEB and the class boundary VII/III that is interlinked with
the measurement temperature and timescale: If the grain size distribution is mainly defined
within the bounds of class III (e.g. for tAF = 30 nm and Tini > 550 K in Fig. 4.7(a)), p and
pIII approach 1 while pII vanishes and the EB shift is solely determined by JEB, MS and the
F layer’s thickness tF (cf. Eq. (4.22)).

The presented approach for simulating the dependence of the EB shift and the coerciv-
ity on the initialization temperature Tini for given thicknesses tF and tAF, only considers
the changing contribution of pinning AF grains of class III upon shifting the grain class
boundary VIII/IV separating classes III and IV. Therefore, the following should be carefully
noted: Possible structural modifications triggered at high temperatures close to the critical
temperatures of the chosen AF/F-bilayer’s materials are disregarded. This includes ther-

6Here it is assumed that the polycrystalline AF layer is completely disordered beforehand, i.e. all grain-
averaged uncompensated interfacial magnetic moments are randomly oriented and cancel out in superposi-
tion. Please note that the initialization procedure corresponds to a field cooling process of the polycrystalline
AF/F-bilayer exposed to an external magnetic field saturating the F layer at the initialization temperature
Tini for a time tini, after which the system is cooled down to room temperature.
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Fig. 4.7: (a) AF grain size distributions are calculated with the help of Eq. (4.11) for different
tAF between 5 and 75 nm using input parameters from Tab. 4.1. In accordance to Eq. (4.12), VIII/IV

is determined and displayed for different initialization temperatures Tini between 293 and 625 K for
fixed initialization time tini = 3600 s. Residual parameters necessary for the calculation of the grain
class boundaries are given in Sec. 4.2. (b, c) |HEB(tAF, Tini)| are simulated for tF = 10 nm and
varying tAF and Tini using the time-dependent Stoner-Wohlfarth ansatz defined by Eq. (4.4).
Numerical simulations of HC(tAF, Tini) exhibited no dependence on Tini due to the fixed interval of
grain sizes between VI/II and VII/III and are therefore not presented.

mal annealing of the total granular as well as the grain-specific crystalline structure that
might result in the merging of crystallites if they are subject to a melting point depres-
sion [BB76, LGP+96, AA12, MHR+20] or the healing of defects and thus an enhancement
of the AF grains’ magnetic anisotropy [SBZ+13, ZWX+19, EJE+05, MHR+20]. Both rep-
resent modifications of the polycrystalline microstructure resulting in an increase of the
grain-specific energy barriers ∆EAF ≈ KAF VAF eventuating in an effective inter-class trans-
fer of grains from class II to III. Those transferred grains eventually contribute to the
EB shift without a change of the class boundary separating rotatable and fixed AF grains
[MMG+18, MHR+20]. This can be specified as a grain-size-dependent impact of the initial-
ization temperature on the distribution of energy barriers, which can only be incorporated
within the proposed model approach if superpositions of several distinct distributions of AF
grain sizes are considered in order to cover the described effects [MMG+18]. Additionally,
dilution effects and structural changes that may occur at the AF/F-interface at large Tini are
also neglected, but would certainly have an impact on the distribution of contact interfaces
and the grain-specific microscopic coupling constant JEB [VFD+16, MGK+00].
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4.5 Quantitative determination of model parameters

Within this section it shall be explained more technically how the time-dependent extended
Stoner-Wohlfarth ansatz defined by Eq. (4.4) can be exploited for the quantitative
determination of material parameters when model calculations HSW

EB/C(ϕ) are compared to
angular-resolved measurements Hexp

EB/C(ϕ) [RWTBZ06, RZ07, Müg16, MGM+16, MMG+18,
MHR+20]. Since not all model parameters in Eq. (4.4) are linearly independent, knowledge
about certain properties of the investigated specimen are necessary [Müg16]: The F layer’s
saturation magnetization MS scales the axis of the external probing field H within the poten-
tial energy term (Zeemann-energy) and followingly crucially influences the determination of
the EB shift and the coercive field. The thickness tF scales the F layer’s intrinsic anisotropy
KF in comparison to the prefactors of the angular-dependent energy terms describing the
interaction with the granular AF layer. Thus, tF controls the dominance or inferiority of
the intrinsic magnetic anisotropy of the F layer over the effective anisotropies induced due
to the interaction with the polycrystalline AF. Assuming a nominal thickness tF defined by
the fabrication procedure and that the saturation magnetization MS can be experimentally
determined by an auxiliary method elsewhere, an independent determination of the residual
set of model parameters is theoretically possible [Müg16]. The residual set of the model’s
degrees of freedom is then given by xxx = {KF, γF, Jeff , pIII, τRMA, γUDA} with Jeff = JEBp and
pII = 1− pIII

7. In addition to a given measurement angle ϕ and a set of field steps, the time-
dependent extended Stoner-Wohlfarth ansatz, representing the free energy area density
specified by Eq. (4.4), can be sequentially minimized with respect to the F layer’s magne-
tization’s azimuthal angle βF making use of the perfect delay convention (cf. Sec. 2.5.1).
The resulting dependence βF(H) can be attributed to the normalized component of the F
layer’s magnetization �MF with MS = | �MF|, that is projected onto the direction �H/| �H| of the
external magnetic probing field:

�MF · �H
MS H

= cos(βF(H)− ϕ) (4.26)

When a field sequence {Hmax, Hmax −∆H, . . . ,−|Hmax|, . . . , Hmax} is chosen to cycle be-
tween saturated states with the, w.l.o.g., positive saturating field Hmax and increment ∆H,
Eq. (4.26) represents the F layer’s major hysteresis loop. Upon variation of ϕ and with
the help of Eq. (3.1), angular-dependent HSW

EB (ϕ) and HSW
C (ϕ) can be extracted from sim-

ulated magnetization reversal curves depending on the zero-crossings of the descending and
ascending hysteresis branch.

For the extraction of model parameters, model calculations HSW
EB/C(ϕ,xxx) can be com-

pared to experimentally determined Hexp
EB/C(ϕ) applying the method of least squares [Müg16,

MGM+16, MHR+20]. In order to determine the optimum set of model parameters xxxopt,
associated with the model calculations that best reproduce the experimental data, the sum
fSW(ϕ,xxx) = HSW

EB (ϕ,xxx) +HSW
C (ϕ,xxx) is fitted to f exp(ϕ) = Hexp

EB (ϕ) +Hexp
C (ϕ) making use

7The set of model parameters can further be reduced by setting γF ≈ γUDA ≈ 0◦ if an adequate alignment
during fabrication and measurement procedures is ensured.
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of the curve_fit routine from the Python-based open-source software environment Scipy
[Vir20]. This approach results in the same solution as if Hexp

EB (ϕ) and Hexp
C (ϕ) are indepen-

dently considered because of the triangle inequality [MHR+20]:

F [xxx] =
1

Nϕ

∑
i

∣∣fSW(ϕi,xxx)− f exp(ϕi)
∣∣2

=
1

Nϕ

∑
i

∣∣HSW
EB (ϕi,xxx) +HSW

C (ϕi,xxx)−Hexp
EB (ϕi)−Hexp

C (ϕi)
∣∣2

≤ 1

Nϕ

∑
i

{∣∣HSW
EB (ϕi,xxx)−Hexp

EB (ϕi)
∣∣2 + ∣∣HSW

C (ϕi,xxx)−Hexp
C (ϕi)

∣∣2} (4.27)

The functional F [xxx] is internally minimized with respect to xxx in order to obtain the optimum
set of parameters xxxopt, where Nϕ is number of supporting sites ϕi, i.e. the number of probed
angles with ϕ representing the free variable of the fit (over-determined system). The methods
used by the curve_fit routine for minimization are commonly based on or are related to an
integrated Levenberg-Marquardt algorithm. The implemented trust region reflective
algorithm (’trf ’ ) enables to perform the minimization of Eq. (4.27) under the consideration
of bounds for the fit parameters. The curve_fit routine provides additionally the estimated
covariance matrix as a quality measure of the set of optimum parameters xxxopt [Vir20]. The
diagonals are the variances of the optimal parameter values and the square-root equals the
standard deviation error δxxxopt representing a measure for uncertainty.

In the case of a comparatively complicated structure of Hexp
EB (ϕ) and Hexp

C (ϕ) it might hap-
pen that the curve_fit routine, making use of commonly applied algorithms for performing
the least squares method, does not converge. In this case, the optimization method COBYLA
(Constrained optimization by linear approximation) introduced by Powell [Pow07] within
the minimize routine of the Scipy environment [Vir20], representing a general minimization
algorithm, can be used to minimize the self-defined functional

F [xxx] =
1

Nϕ

∑
i

{∣∣Hsim
EB (ϕi,xxx)−Hexp

EB (ϕi)
∣∣2 + ∣∣Hsim

C (ϕi,xxx)−Hexp
C (ϕi)

∣∣2} . (4.28)

Unfortunately, the minimize routine is focused on the minimization of given functionals
and does not provide the covariance matrix for the estimation of the uncertainties in contrast
to the curve_fit routine. Due to this and also for the additional case that the covariance
matrix can not be determined by the curve_fit routine, a reverse propagation of uncertainties
is performed with the help of the supporting-site-specific deviation:

δf(ϕi,xxxopt) =
∣∣fSW(ϕi,xxxopt)− f exp(ϕi)

∣∣

=
∑
j

∣∣∣∣
∂fSW(ϕi,xxx)

∂xj

∣∣∣
xxx=xxxopt

∣∣∣∣ δxj =
∑
j

Dijδxj (4.29)

δf(ϕi,xxxopt) can be defined ∀ϕi based on the propagation of the - to be determined - param-
eters’ uncertainties δxj [MHR+20]. Dij equals the gradient of the fit function in dependence
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of xxx at xxxopt, weighting the individual uncertainties δxj. The gradient can be estimated with
the help of

xxxε,j = {xj + ε, {xk | xk ∈ xxxopt ∧ k �= j}} (4.30)

and by calculating the difference quotient by choosing ε such that xxxε,j deviates from xxxopt by
25 %8 [MHR+20]. An over-determined linear system of equations is given by

δfδfδf = DδxDδxDδx with δfi = δf(ϕi,xxx) ∀ϕi, (4.31)

which can be solved for δxδxδx via minδxδxδx ‖δfδfδf −DδxDδxDδx‖ [MHR+20].

4.6 Conclusion

Within this chapter, the model approach proposed in Ref. [MGM+16] by Müglich et al.
has been reformulated under the assumption of columnar grain growth via the refinement of
the time-dependent extended Stoner-Wohlfarth ansatz:

The system’s free energy area density was derived starting out from the model approach
initially proposed by Fulcomer and Charap in Ref. [FC72] and picked up via the
coherent rotation approach formulated by Harres and Geshev in Ref. [HG12]. It in-
cludes the F layer’s intrinsic free energy area density under consideration of its anisotropy
and potential energy inside of an external magnetic field as well as the induced AF grain-
specific unidirectional anisotropies. After the key elements of the approach formulated
by Müglich et al. were incorporated within the context of the generalized polycrys-
talline model, the model parameters have been separated in order to disentangle the
contributions of the AF grain size distribution to the macroscopic anisotropies, namely
the fixed unidirectional and the dynamic rotatable magnetic anisotropy being scaled by
specific fractions of the granular ensemble (cf. Eq. (4.4)). The reformulation of the time-
dependent Stoner-Wohlfarth ansatz enables an intuitive physical interpretation of
the model’s parameters under preservation of its advantage to describe the dynamic up-
date of the RMA alongside the time-independent UDA without the necessity to calculate
the individual AF grains’ magnetic states.

Another improvement is the modified time-dependence of the macroscopic RMA. The
mathematical description of its continuous update has been adapted to not only cover
the dependence on the F layer’s but also the dependence on its own magnetic history (cf.
Eq. (4.5)). This allows for the theoretical description of the dynamic RMA for sequences
of an external driving field not necessarily cycling between saturated magnetic states. In
contrast to the time-dependent Stoner-Wohlfarth approach originally proposed by
Müglich et al., the refinement allows for the simulation of minor and also first-order
reversal curves (FORCs) as it will be presented in Ch. 10.

8Calculations for several different ε showed, that the estimated uncertainties do not strongly depend on
ε, except for very large values of ε.
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A quantitative link between the macroscopic magnetic properties of polycrystalline AF/F-
bilayers and the AF layer’s microstructure has been established by the extension of phe-
nomenological relations describing the EB shift and the coercivity such that they cover the
dependence on both of the participating layers’ thicknesses (cf. Eqs. (4.22) and (4.23)).
Incorporating an analytical description of the AF grain size distribution and its division
into classes of different thermal stability which are separated in dependence on measurement
and initialization temperatures and timescales allowed to interlink the macroscopic EB shift
and the coercivity with averaged microscopic parameters of the granular AF. Consequently,
it has been achieved to theoretically describe the macroscopic magnetic characteristics of
polycrystalline AF/F-bilayers for an arbitrary input distribution of AF grain sizes and class
separating boundaries under the assumption of columnar grain growth. It has further been
simulated with the help of the refined time-dependent Stoner-Wohlfarth how measure-
ment and initialization temperature shift the boundaries between adjacent grain classes.
The resulting dependencies of the EB shift and the coercive field on the participating layers’
thicknesses as well as on the measurement and initialization temperature were compared to
findings presented in literature.

Overall, a quantitative link between the macroscopic magnetic characteristics of poly-
crystalline EB systems and a set of averaged microscopic parameters describing the granular
AF, further depending on experimental temperatures and timescales, is offered by the here
presented reformulated theoretical description.



5 | Sample fabrication

In order to establish the necessary understanding on how the structural properties of poly-
crystalline thin films can be tailored in the view of desired magnetic characteristics, within
this chapter the basics of depositing metallic thin films by means of sputter deposition
(Sec. 5.1) will be introduced alongside the relevant fundamentals of thin film growth and
correlated structure-forming phenomena (Sec. 5.2). The film structure of the investigated
bilayer system is described in Sec. 5.3, highlighting the properties shared throughout the
investigations of the present thesis as well as justifying the choice of materials.

5.1 Sputter deposition

Sputter deposition represents one of the most widely used methods for thin film fabrica-
tion from the group of physical vapor deposition techniques [Ses02]. The basic concept of
sputtering is to accelerate ions with the help of a given potential onto the target material
resulting in an ejection of target atoms by a scattering process as it is schematically visual-
ized in Fig. 5.1(a) [Sch88, WH92]. The momentum transfer is eventually responsible for the
evaporation of the target material, which is desired to be deposited on a substrate [WH92].
The ions are produced in a previously created plasma ignited by gas discharge connected to
electron impact ionization of the utilized inert gas [Ses02]. The typical inert gas of choice is
Argon, because of its low cost, chemical inertness, and that its atomic mass is in the same
order of many metals which are commonly used in thin film applications [Ses02]. Follow-
ingly, the actual yield of the sputtering processes is determined by the utilized inert gas in
comparison to the target material as well as the kinetic energy of the impinging ions linked
to the applied accelerating potential [Ses02, Sch88]. Processes involving non-inert gases like
oxygen or nitrogen are called reactive sputtering, typically used to deposit oxides or nitrites
of the sputtered target material due to the chemical bound formed during the deposition
[Ses02, Pae02], which is not in the focus of the present thesis.

The simplest type of an apparatus enabling the sputter deposition of a solid target mate-
rial is given by a direct current (DC) diode arrangement, however covering the most essential
features needed for a sputtering process [Ses02]. As it is schematically depicted in Fig. 5.1(b),
it consists of two electrodes connected to a power supply, one representing the target cathode
and the other the substrate anode, inside of a vacuum chamber to allow for an adequate mean
free path of the participating particles. While the chamber is pumped, the inert gas (Ar) is
introduced and a voltage is applied across the two electrodes. Depending on the utilized gas
and the pressure, the plasma is ignited above a certain threshold breakdown voltage, which
can also be achieved for a constant voltage and a gas thrust by shortly increasing the cham-
ber pressure via an enhancement of the gas flow through the supply. The plasma contains
positively charged ions (Ar+) principally drawn to the target cathode and electrons (e−)
attracted by the substrate anode (Fig. 5.1(b)) [Ses02]. Since the electrons are significantly
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Fig. 5.1: (a) Schematic visualization of the sputtering process displaying the transition between
the bulk plasma to the target cathode. Ions (Ar+) of the inert gas (Ar) are accelerated by the
potential UDC from the transition region through the cathode sheath, which is depleted of electrons
(e−), onto the target cathode. Sputtered atoms (m) are eventually ejected by a scattering process
often compared to billiards as similar mechanics are shared [Sch88]. (b) Illustration of a diode
plasma considering either a direct current (DC) or a radio-frequency (RF) diode arrangement with
the relevant constituents accompanied by a schematic of the potential distribution along the center
line connecting the electrodes of the apparatus [Ses02]. Adapted from [Ses02, Sch88, Uel18, Huc18].

lighter than the ions, they possess also larger velocities allowing for a faster escape from the
bulk plasma resulting in an electron depletion within the plasma’s sheath [Ses02]. The cath-
ode sheath or dark space (Fig. 5.1(a)) is a region between the target cathode and the plasma,
accommodating only positive ions (Ar+) and neutral gas atoms (Ar), within which the po-
tential between the two electrodes drops the most (cathode fall). The electron depletion close
to the target cathode is established after an equilibrium state regarding the plasma’s electron
loss is reached linked to a potential barrier preventing the electrons from diffusing from the
bulk plasma into the sheath (transition region) [Ses02, WH92]. The potential distribution
along the center line of the diode arrangement is schematically depicted in Fig. 5.1(b) also
showing a comparatively small potential drop between the plasma and the substrate anode
connected to a general electron depletion close to conducting surfaces [Ses02]. Eventually,
the cathode fall allows for the acceleration of positively charged ions (Ar+) via UDC onto
the target cathode resulting in the ejection of sputtered neutral target atoms, which can
then travel along the center line of the apparatus towards the substrate anode where they
ideally are deposited. As the incident ions impinge into the target material, not only target
atoms but also secondary electrons and ions can be ejected accompanied by the reflection
of incident ions and neutral atoms and the emittance of photons [Sch88, Pae02]. Newly
ejected secondary electrons can subsequently travel across the cathode sheath towards the
bulk plasma possessing eventually enough energy to contribute to the ionization of neutral
atoms of the inert gas, which is crucial for a stable self-sustaining plasma [Ses02].
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The disadvantages of the DC diode arrangement are the limited ability of achieving
high ionization rates and further the restriction of target materials to electrical conductors
[Sch88, Pae02, Ses02]. Utilizing electrical insulators as target materials results in positively
charging the cathode which reduces continuously the cathode fall and ultimately eventuates
in the termination of the sputter process [Pae02, Ses02]. The essential advancement in order
to achieve higher ionization rates and to enable the sputtering of insulating materials is to
exchange the DC power supply with a alternating current radio-frequency (RF) source and
an associated adequate impedance-matching hardware. This is schematically depicted in
Fig. 5.1(b) by connecting the RF-source and the target cathode with a capacitor [Ses02]. In
contrast to the heavier ions, the lighter electrons are able to follow the alternating potential
more easily and consequently more electrons than ions reach the target cathode and the
substrate anode on average. The introduction of a capacitor allows for an electric isolation
of the target cathode from the power source and the negative charge building up cannot be
drained off from the cathode [Pae02, Ses02, Sch88], whereas negative charges can flow off from
the grounded substrate anode [Pae02]. The quasi neutrality of the plasma is preserved by
the formation of an electron decelerating equilibrium potential UDC [Pae02, KR95], which
spans likewise to the DC diode arrangement the cathode dark space and accelerates ions
onto the target cathode (Fig. 5.1). The DC potential is stabilized with the help of the
alternating voltage across the electrodes and allows for the sputtering of insulating materials
[Ses02, Pae02]. Furthermore, the coupling of the alternating RF power to the electronic
motion in the plasma bulk results in higher ionization rates and higher plasma densities
eventually realizing higher deposition rates [Ses02].

A further increase of deposition rates can be achieved by the use of so-called magnetron
sources exploiting strong magnetic fields from permanent magnets commonly designed to
leave the target material from its center with the field being perpendicular to the target’s
surface eventually closing the magnetic flux by entering through the target at its edge by
preserving its radial-symmetry [Ses02]. This results in drift forces acting on electrons con-
fined to move on cycloidal drift orbits parallel to the target’s plane, which entails longer
residence times of the electrons in the plasma and supports greater ionization rates [Ses02].

In the case of the present thesis, a RF sputter deposition apparatus of the type Leybold
Heraeus Z400 was utilized with a common radio frequency of 13.56 MHz. The targets in
the chamber are equidistantly mounted upside down on a rotatable tower, which can move
the desired target material above a fixed substrate position to which a sample holder can be
transferred by a separate load-lock chamber connected to the main deposition chamber via
an appropriate valve. The base pressure is typically pbase > 10−6 mbar and for a sputtering
process, the plasma using Ar as the inert gas is ignited at large powers and a maximum
gas flow of 200 sccm corresponding to a plasma ignition by gas thrust. Subsequently after
ignition, the RF power is down-regulated by the impedance-matching hardware (Seren
automatic matching network controller) and the gas flow is set to 140 sccm to achieve a
desired equilibrium potential UDC, which allows for a constant discharge or working pressure
of pAr ≈ 10−2 mbar. The plasma is typically ignited between the target cathode and a
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so-called pre-sputter position which is farthest away from the sample holder position and
furthermore shielded in order to prevent substrate contamination during the creation of
the plasma and pre-sputter processes. The latter are performed to remove the uppermost
layers of the target materials, possibly contaminated by preceding sputter processes or small
amounts of residual gases prevailing in the chamber. Typically, the desired target material
is pre-sputtered for 10 min using the same conditions as for the following deposition process.

For constant process parameters UDC and pAr, the deposition rate η(UDC, pAr) = t/d is
derived from the ratio of the deposited layer’s thickness t and the duration of the deposition
process d [WH92]. Both are determined from the height profile, with the help of a profilome-
ter of the type Veeco Dektak 3030, and the deposition time of a calibration layer deposited
onto a masked sample, respectively [MHR+20, Pae02]. Desired nominal thicknesses of the
deposited layers are set by choosing deposition times according to the determined rates.

In order to specify already during deposition the alignment of the magnetic anisotropies
that are in the focus of this thesis, an homogeneous in-plane magnetic field set to ≈ 28 kA/m
was applied by using permanent magnets close to the sample holder position. It is assumed,
that the magnetic field has an influence on the plasma during deposition, probably enhancing
the deposition rate connected to a higher plasma density as for magnetron sputter sources
[Ses02]. However, since in this thesis no samples are deposited without a magnetic field
applied during deposition, this is in the following of no further interest.

5.2 Thin film growth

Growing thin films using sputter deposition generally results in a polycrystalline microstruc-
ture composed of individual crystallites of different sizes, morphologies, crystallographic ori-
entations and defect densities [Kai02, BA98, Smi95]. The formation of sputtered thin films
can be roughly segmented in subsequent stages schematically visualized in Fig. 5.2. Thin film
growth is initiated by the adsorption of vapor atoms from the gas phase and the following
surface diffusion eventually resulting in the nucleation of adatoms (Fig. 5.2(a, b)), followed
by the coalescence of growing condensation nuclei (Fig. 5.2(c)) and the formation of a contin-
uous film structure. The latter transitions into the subsequent thickness growth commonly
described in the context of a generalized structure zone model (Fig. 5.2(d)) [BA98, Kai02].

At the initial stage of thin film growth, vapor atoms are adsorbed from the gas phase and
are bound to the substrate surface by means of physisorption dominated by Van der Waals
forces, if not directly reflected from the substrate (Fig. 5.2(a)) [Kai02, Smi95]. The adatoms’
mobility after adsorption is determined by their kinetic energy before adsorption and the
substrate’s temperature Ts in comparison to the material-specific activation energy for surface
diffusion [Rei86, FK87, Pae02, Kai02]. Surface diffusing and still physisorbed adatoms either
leave the substrate (desorption) or do further diffuse until a condensation nucleus is found and
the adatoms are eventually bound by chemisorption [Smi95, Kai02]. Regarding the formation
of condensation nuclei it is typically distinguished between heterogeneous and homogeneous
formation of nuclei [Smi95]. Whereas the heterogeneous formation of condensation nuclei
occurs at topographic steps, defects and impurities on the substrate, homogeneous formation
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Fig. 5.2: Schematic of the different consecutive stages of thin film formation visualizing the essen-
tial structure-forming phenomena. (a) The process is initiated by the adsorption of vapor atoms from
the gas phase bound to the substrate’s surface by means of physisorption. Depending on the kinetic
energy of the impinging adatoms and the substrate temperature Ts in comparison to the adatoms’
potential for diffusion, the adatoms are reflected or further move being still bound to the substrate
surface via physisorption. Subsequently, the adatoms are either desorbed from the surface or do
further diffuse until a condensation nucleus is found eventually resulting in the binding of adatoms
by chemisorption [Smi95, Kai02]. (b) Determined by the trade-off between substrate-adatom and
adatom-adatom interactions, generally three different growth modes are distinguished: layer-by-
layer (Frank-van der Merwe), island (Volmer-Weber) and layer-plus-island (Stranski-
Krastanov) growth [Smi95, Kai02]. (c) The lateral growth of nuclei is terminated by their co-
alescence resulting in the subsequent thickness growth and the separation of crystallites by grain
boundaries [BA98, Tho00, Kai02]. (d) The further development of the growing thin film’s mi-
crostructure is determined by shadowing effects, surface and bulk diffusion and recrystallization,
which are typically related to the discharge/working pressure pAr and to the reduced/homologous
substrate temperature Ts/Tm with the melting temperature Tm of the material that is desired to be
deposited. The essential microstructural characteristics of different non-amorphous structure zones
I,T, II and III are schematically depicted [Tho74, Tho75, BA98, Kai02, Men05, Kus19].

is possible on arbitrary positions on the surface if enough adatoms come together via surface
diffusion. Nuclei start to grow after formation and in dependence on the adhesive and
cohesive surface energies representing adatom-substrate and adatom-adatom interactions,
respectively, three different growth modes (Fig. 5.2(b)) can occur [Smi95, Pae02, Kai02]:

Layer-by-layer growth (Frank-van der Merwe) can be observed if the interaction be-
tween the substrate atoms and the adatoms is greater than the adatom-adatom interaction
[FvdM49, Kai02].

Island growth (Volmer-Weber) of the deposited material occurs before a substrate cov-
ering film is formed, if the adatom-adatom interaction dominates [VW26, Kai02].
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Layer-plus-island growth (Stranski-Krastanov): In the case of balanced interactions, a
combination of the preceding growth modes emerges, in which case the substrate’s surface is
initially covered layer by layer and after a critical thickness, island growth starts to govern
the further film formation [SK38, Kai02].

In the case of metals, the nucleation phase of thin film formation is dominated by the
Volmer-Weber island growth mode [Kai02]. Eventually, the lateral growth of condensed
nuclei (islands) is terminated by coalescence either until they touch and form separating
grain boundaries (Fig. 5.2(c)) or until they merge resulting in the formation of new non-
separated and further growing islands [Kai02, Tho00]. The transition from isolated islands
to a continuous polycrystalline thin film can be characterized by the so-called percolation
threshold thickness defining the stage of film growth at which the substrate is fully covered
and the subsequent thickness growth is initiated [Kai02].

The further thickness growth and the development of the film’s microstructure is deter-
mined by shadowing effects, surface and bulk diffusion of the adatoms as well as recrystal-
lization representing processes essentially related to the substrate’s temperature Ts during
deposition in relation the material-specific melting temperature Tm [Kai02, Kus19]. Whereas
shadowing effects occur at low Ts, basically describing the geometrical blocking of arriving
vapor atoms connected to the roughness of the growing thin film, bulk diffusion and recrys-
tallization occur at comparatively large Ts [Kai02]. Surface diffusion describes the mobility
of adatoms on the surface at medium Ts, whereas at greater Ts adatoms gain mobility within
the volume of grains. The differentiation between different basic structure-forming processes
and the connection to the resulting thin film’s microstructure in dependence on the ho-
mologous substrate temperature Ts/Tm reflects the basic concept of structure zone models
[BA98, Kai02, Kus19]. Regarding sputter deposited metallic thin films commonly a distinc-
tion between the following structure zones is performed for constant working pressure pAr and
upon increasing Ts/Tm [Tho74, Tho75, BA98, Kai02, Kus19] of which the non-amorphous
zones are depicted in Fig. 5.2(d):

Generalized structure zone model [Tho74, Tho75, BA98, Kai02, Kus19]

0 For substrate temperatures Ts/Tm → 0 and consequently negligible surface mobility of
adatoms an amorphous film structure is developed [Kie93, Pae02].

I For Ts/Tm � 0.2 small fibrous crystallites grow out from condensation nuclei to the top
of the final thin film due to limited surface diffusion, exhibiting porous grain boundaries
and a high defect density [BA98, Tho74, Tho75, Kus19].

T In the range 0.2 � Ts/Tm � 0.4, the microstructure evolves by competitive growth
of differently oriented crystallites connected to a strongly limited grain boundary mi-
gration [BA98]. The grains exhibit an inhomogeneous structure along the whole film
thickness, with fine crystallites near the substrate having sizes determined by the nu-
cleation density [BA98, Tho74, Tho75]. For increasing layer thickness, the crystallites
grow competitively and widen into V-shaped grains eventually showing columnar pro-
files at larger thicknesses with diameters increasing with Ts/Tm [BA98, Kus19].
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II With the increase of surface diffusion for 0.4 � Ts/Tm � 0.8, grain boundary migration
and coalescence of grains during film thickening start to dominate and columnar homo-
geneous grain growth from the substrate to the top of the growing thin film can be ob-
served - distinctive for the restructuration growth texture [BA98, Tho74, Tho75, Kai02,
Kus19]. Crystallographic growth of columnar grains sharing similar crystal orientations
is promoted by the enhanced surface diffusion and the lateral grain size increases with
Ts/Tm under preservation of the homogeneous columnar structure [BA98, Kus19].

III For large Ts/Tm � 0.8, bulk diffusion governs the further thickness growth resulting in
the termination of the crystallographic growth of individual grains and the formation
of three-dimensional globular grains representative for recrystallization [Tho74, Tho75,
BA98, Kus19]. Recrystallization can also be initiated at lower Ts/Tm if impurities are
introduced into the growing film structure during deposition [BA98].

IV For significantly larger Ts/Tm, an amorphous microstructure is developed exhibiting in
contrast to structure zone 0, for Ts/Tm approaching zero, a greater packing density
[Kie93, Pae02].

In addition to the homologous substrate temperature Ts/Tm, being overall the most in-
fluential factor, the discharge or working pressure pAr dominantly affects the microstructure
for low Ts/Tm (Fig. 5.2(d)) [Kus19]. In general, an increase of pAr results in the reduction
of the effective substrate temperature due a shortening of the mean free path of the vapor
atoms to be deposited onto the substrate linked to an increase of collisions in the gas phase
[Kus19, Kie93, Pae02]. Hence, larger Ts/Tm are needed for increasing pAr to develop features
of structure zones that are related to smaller discharge pressures. However, the transition
between structure zone II and III is in most cases nearly independent on pAr and domi-
nated by Ts/Tm, whereas the change between structure zone I and T is for low pAr similarly
governed by substrate temperature and discharge pressure [Kus19].

The described influence of the discharge pressure pAr (Fig. 5.2(d)) reflects only the indirect
impact on the eventual film’s microstructure [Kus19]. The variation of pAr entails a change
in the energy flux per adatom that is deposited on the substrate’s surface [Kus19], which is
similarly controlled via the applied power linked to the accelerating potential UDC in the case
of sputter deposition. However, increasing the working pressure results in more collisions of
vapor atoms in the gas phase, not only decreasing the average velocity of the adatoms but
further eventuating in the broadening of the adatoms’ velocity distribution and ultimately
in a wide distribution of the surface mobilities. Contrarily, it is expected that for constant
discharge pressure, an increase of the accelerating potential will majorly result in the increase
of the average energy flux of the deposited adatoms. Nevertheless, a larger kinetic energy of
the ions accelerated onto the target material also affects the sputter process itself and will
eventuate in the termination of the deposition due to ion implantation and heating of the
target material. Replacing the discharge pressure with the effective particle energy axis is
nowadays still discussed in contemporary proposed structure zone models [Kus19], as the
integration of all relevant structure-forming phenomena within a comprehensive and general
phase diagram represents hitherto a challenge.
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In summary, the discharge or working pressure pAr, the substrate temperature Ts and
the applied power, linked to the ion accelerating DC voltage UDC, are - next to the topo-
graphic conditions of the substrate’s surface - the parameters eventually determining the
microstructure of the deposited thin film. In the present thesis it is desired to fabricate
thin polycrystalline AF/F-bilayers with a defined AF grain size distribution consisting of
columnar and ideally cylindrically shaped grains to make the comparison with experimen-
tally observed magnetic properties with the model proposed in Sec. 4.1 possible. The model
approach is founded on the assumption of columnar grain growth demanding for a set of
deposition parameters inducing the formation of a microstructure related to structure zone
II. Since the utilized sputter deposition apparatus does not allow for changing the distance
between the electrodes and that the substrate temperature cannot be controlled, it is decided
to focus on the variation of the accelerating potential UDC for a fixed discharge pressure of
pAr ≈ 10−2 mbar (cf. Sec. 5.1). Based on the discussion in the preceding paragraph, it is
expected that the effective substrate temperature can be adjusted via UDC allowing for the
tailoring of the polycrystalline microstructure of the deposited thin films.

5.3 Layer stack design

The investigated polycrystalline EB system is generally composed of a Cu buffer layer below
the AF/F-bilayer system capped by a secluding Si capping layer (Fig. 5.3). The samples
were deposited on naturally oxidized pre-cut 1 × 1 cm2 monocrystalline Si (100) substrates,
only cleaned using pressurized N2 in order to remove loose residuals and larger particles.
All samples were fabricated using rf-sputter deposition (cf. Sec. 5.1) at room temperature
with an in-plane magnetic field set to ≈ 28 kA/m and a working pressure of ≈ 10−2 mbar
connected to a Ar gas flow of 140 sccm.

The material of choice for the AF layer is Ir17Mn83 (IrMn) because of its high resistance to
corrosion and magnetocrystalline anisotropy [OFOVF10] as well as high critical temperature
reported to be typically larger than T IrMn

N ≈ 650 K [VFACO10, OFOVF10]. The alloy
Ir17Mn83 typically develops the chemically disordered γ-phase exhibiting a face-centered-
cubic crystal structure [KKF+13] prone to diffusion of the individual alloy components upon
post-deposition annealing close to TN [OFOVF10]. However, due to the polycrystalline
microstructure of sputter deposited thin films, it is found that the EB can be initialized
in IrMn/F-bilayers from temperatures near ≈ 475 K [OFOVF10, MHR+20]. This would
allow for the circumvention of structural changes during field cooling but especially enables
the initialization of the EB already during deposition [MHR+20]. A 5 nm thick Cu buffer
layer is used for the induction of a (111) crystal orientation in the AF IrMn layer, which is
commonly correlated to a large magnetocrystalline anisotropy of AF grains and a maximum
areal density of magnetic moments at the AF/F-interface [AVFK+08, KKF+13].

Regarding the F layer’s material, samples have been fabricated either using Co70Fe30
(CoFe) or Ni81Fe19 (NiFe). CoFe is a popularly used material for EB systems due to its com-
paratively large magnetocrystalline anisotropy, saturation magnetization and critical tem-
perature TCoFe

C ≈ 1200 K (bulk value) [SSS+04, GBK+09, IXPG02], distinctly exceeding the
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Fig. 5.3: Layer stacks investigated in this thesis divided into different sample sets. The main
reason for the differentiation is that in between the fabrication of samples related to different sets,
the main deposition chamber was vented for a target change or maintenance demanding for the
recalibration of deposition rates (Tab. 5.1).

critical temperature of IrMn. Contrarily, in the denoted alloy composition, NiFe represents
a highly non-anisotropic and magnetically soft material [Lid92], which however makes it a
prominent and important material for spin-valves based devices [VFT+05, PR02, SFTI96].
Additionally, the bulk value of the critical temperature is given by TNiFe

C ≈ 800 K [ZLS+19]
making NiFe in the view of thermal stability a coequal candidate in comparison to CoFe,
since no experiments at elevated temperatures are performed.

A 20 nm Si capping layer is used for securing the underlying layer stack from oxidation
because of passivating effects resulting in the sole oxidation of the top-most 2 to 3 nm of
the Si layer [SKC75, Müg16]. Furthermore, the thickness of 20 nm is chosen for the en-
hancement of the signal response in magneto-optical measurements1 (cf. Ch. 8) [Müg16]. It
can be experimentally evidenced, that the magneto-optical activity is modulated via the Si
thickness corresponding to an oscillating effective signal response for increasing thickness,
whereas a thickness between 20 and 30 nm has proven to be optimal [Müg16].

Different parameter studies are performed in the present thesis with the focus on the
deposition rate ηAF of the AF IrMn layer controlled by the DC potential UAF

DC , its thickness tAF

and the F layer’s thickness tF. The different sets of samples with corresponding layer stacks
are shown in Fig. 5.3 and the corresponding deposition parameters are given in Tab. 5.1.
Specific sample sets A1, A2, B1, B2 and C are combining samples sharing the residual
deposition parameters and especially the rates which were needed to be recalibrated if the
main deposition chamber was vented for a target change or maintenance reasons.

Sample sets A1 and A2 are later used for the detailed investigation of the EB shift and
the coercivity as functions of the AF layer’s thickness tAF using CoFe and NiFe as the F
layer’s material with a fixed layer thickness of tF = 10 nm. The nominal AF layer thicknesses

1The increase of the effective magneto-optical activity using a comparatively thick Si layer is accompanied
by the decrease of the reflectivity, for which reason a subtle combination of the Si layer thickness and the
angle of incidence used in magneto-optical measurements is necessary [Müg16].
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Tab. 5.1: Deposition parameters are listed for all sample sets (Fig. 5.3). Linked to the Ar gas
flow (140 sccm), the working pressure was for all samples pAr ≈ 10−2 mbar and the magnetic field
during deposition was set to ≈ 28 kA/m. The samples are deposited on pre-cut 1 × 1 cm2 Si (100)
substrates solely cleaned by blowing off residuals using pressurized N2.

Sample set Material UDC (V) η (nm/min) Power (W) Ar gas flow (sccm)

A1 Cu 600 6.75± 0.09 94 140
Ir17Mn83 300 0.87± 0.02 26 140

350 1.34± 0.05 33 140
400 1.58± 0.09 42 140
450 1.95± 0.07 53 140
500 2.43± 0.10 65 140
550 3.56± 0.23 79 140
600 3.61± 0.09 94 140
650 4.66± 0.06 108 140
700 5.40± 0.42 128 140
750 5.82± 0.13 146 140
800 6.82± 0.34 164 140

Co70Fe30 600 3.37± 0.09 97 140
Si 700 3.34± 0.22 131 140

tCu = 5 nm; tF = 10 nm; tSi = 20 nm;
tAF = 0, 2.5, 5, 7.5, 10, 12.5, 15, 20, 30, 40, 50, 60, 70 and 100 nm

A2 Cu 600 6.65± 0.2 96 140
Ir17Mn83 700 5.80± 0.18 129 140
Ni81Fe19 600 4.26± 0.17 93 140
Si 700 4.06± 0.18 131 140

tCu = 5 nm; tF = 10 nm; tSi = 20 nm
tAF = 0, 1, 2, 3, 4, 5, 7.5, 10, 12.5, 15, 20, 25, 30, 40, 50, 75 and 100 nm

B1 Cu 600 6.69± 0.30 96 140
Ir17Mn83 700 5.65± 0.86 133 140
Co70Fe30 600 3.44± 0.08 96 140
Si 700 4.34± 0.28 135 140

tCu = 5 nm; tAF = 5 and 30 nm; tF = 5, 7.5, 10, 15, 20, 25 and 30 nm; tSi = 20 nm

B2 Cu 600 6.83± 0.29 94 140
Ir17Mn83 700 5.98± 0.29 132 140
Ni81Fe19 600 4.30± 0.15 94 140
Si 700 5.15± 0.42 134 140

tCu = 5 nm; tAF = 5 and 30 nm; tF = 5, 7.5, 10, 15, 20, 25 and 30 nm; tSi = 20 nm

C Cu 600 6.16± 0.15 98 140
Ir17Mn83 700 5.19± 0.20 130 140
Co70Fe30 600 3.35± 0.12 98 140

tCu = 5 nm; tAF = 5, 7.5, 10, 20, 30, 40, 50 and 100 nm; tF = 10 nm
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are ranging from 2.5 to 100 nm in the case of CoFe (A1) and from tAF = 1 to 100 nm in the
case of NiFe (A2). Additionally, in both cases an unbiased reference sample was fabricated,
i.e. a stand-alone F layer with tAF = 0 nm. For exemplary AF layer thicknesses tAF = 5 and
30 nm in the case of sample sets B1 and B2 it is intended to investigate the dependence of the
EB shift and the coercivity on the F layer’s thickness tF between 5 and 30 nm for CoFe and
NiFe as the F layer’s material, respectively. For the analysis of the distribution of AF grain
radii for a fixed accelerating potential UAF

DC = 700, the F and capping layer were omitted
allowing to access to the surface topography of the AF IrMn layer. The idea is to check for
the preservation of the distribution of contact interfaces at the AF/F-interface for increasing
tAF to ensure columnar grain growth for a specific set of deposition parameters. Similarly,
to check for the inheritance of the AF grain radii distribution by the F layer, samples are
fabricated only omitting the capping layer for exemplary AF layer thicknesses tAF = 5 and
30 nm for tF = 10 nm.

In the case of CoFe (A1), the deposition rate ηAF of the AF layer has been additionally
varied by applying different DC potentials UAF

DC in order to investigate the development of
different structure zones (cf. Sec. 5.2) aiming at columnar homogeneous grain growth of AF
crystallizes with an average grain radius tunable via UAF

DC . This has already been experimen-
tally evidenced for the same layer stack and deposition apparatus in Ref. [MHR+20] as well
as in Refs. [VFT+05, VTF+05] for similar materials but a different sputter deposition appa-
ratus. Analyzing the lateral distribution of grain sizes by means of atomic force microscopy
(cf. Sec. 6.1) revealed that the average AF grain radius can be monotonously scaled upon
increasing deposition rate ηAF from a specific threshold rate ηcritAF (Sec. 7.2.2). This could
be successfully correlated to the evolution of different structure zones for different ηAF by
additionally characterizing the crystallographic as well as magnetic properties. Independent
on the deposition rate for ηAF > ηcritAF , the AF layer’s crystal structure was homogeneous and
exhibited a pronounced (111) crystal orientation (Sec. 7.4). Since in the described study
self-cut Si substrates were used, pretreated differently than the ones utilized in the present
thesis, it is supposed that the threshold deposition rate ηcritAF from which the average AF grain
radius can be tuned for a fixed layer thickness tAF will be different, even if similar deposition
parameters are used. This is assumed because of an expected differing surface topography
and associated surface roughness of differently pretreated substrates.
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Here, the techniques shall be introduced that will be used in order to analyze the structural
properties of polycrystalline AF/F-bilayers. The participating layer’s surface topography is
investigated with an atomic force microscope and its basic working principle will be explained
in Sec. 6.1 followed by methods to analyze the surface roughness as well as the distribution of
grain sizes. In Sec. 6.2, X-ray reflectometry will be described as a surface-sensitive method in
order to investigate the polycrystalline microstructure of sputter-deposited thin films along
the growth direction using X-rays at gracing incidence, followed by a brief description of
X-ray diffraction in Sec. 6.3 for the analysis of the crystallographic structure.

6.1 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) represents a technique exploiting attractive and repulsive
forces between a measuring probe and the specimen’s surface [EW10, Was05, Gie03]. The
measuring principle is based on a lateral as well as vertical piezo-controlled positioning of
the measuring probe mounted on a flexible cantilever with a low spring constant in order
to laterally scan the surface of the sample [Was05]. Attractive or repulsive interaction
results in a bending of the cantilever in accordance to Hooke’s law, which can be mapped
onto a segmented photodiode by the reflection of a laser beam from the cantilever as it is
schematically illustrated in Fig. 6.1(a) [EW10, Was05]. A feedback loop taking the signal
of the segmented photodiode controls the vertical position of the cantilevers mounting point
by piezoelectric actuators as the measuring probe is moved along the scanning direction
[QDD12, EW10]. The lateral resolution of the technique is restricted by the dimensions and
the geometry as well as by the positioning accuracy of the measurement probe [EW10] and
the measured surface topography of an investigated specimen consequently results from the
convolution of the probe’s geometry and the real physical surface [HKBE15, EW10].

The interaction between the atoms of the measurement probe’s tip and the specimen’s
surface can be described by the Lennard-Jones potential

VLJ(r) = 4V0

{(r0
r

)12

−
(r0
r

)6
}

= Vr + Va (6.1)

as a function of the interacting atoms’ distance (Fig. 6.1(b)), with the minimum poten-
tial value V0 and the position r0 of the zero-crossing [HTDM09, Gie03]. The potential
can be divided into two differing regimes representative for the attractive interaction (Va)
occurring upon the approach of the measurement tip towards the specimen’s surface orig-
inating from Van-der-Walls forces and the repulsive interaction (Vr) connected to re-
pulsive forces dominating for r → 0 linked to Pauli’s principle and dipolar interactions
[Was05, HTDM09, HKBE15]. The fundamental operating modes of an AFM are based on
exploiting the named interaction regimes and the related deflection of the cantilever. In
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Fig. 6.1: (a) The basic measurement principle of atomic force microscopy (AFM) is schemati-
cally depicted in the case of the contact mode [QDD12, EW10, Was05]. The measurement probe
mounted on a cantilever is moved along the lateral scanning direction over the sample’s surface
by piezoelectric actuators. The interaction between the probe and the surface is mapped onto a
segmented photodiode, sensitive to the cantilevers deflection, which generates a signal serving as the
input for a feedback loop. In the case of the contact mode the vertical position of the cantilever’s
mounting point is typically controlled by piezoelectric actuators aiming at a constant deflection
[QDD12, EW10]. The readjustment of the cantilevers height serves as the signal being proportional
to the measured surface’s topography. (b) Lennard-Jones potential VLJ(r) as a function of the
distance r (Eq. (6.1)) of the measurement probe’s tip and the surface atoms in addition to the
separated attractive and repulsive components Va and Vr, respectively. Further, the repulsive and
attractive regions of the potential used in the case of the contact and the non-contact mode are
indicated [QDD12, Huc18, Gie03].

the case of the non-contact mode, the measurement tip is positioned within the attractive
interaction regime of the Lennard-Jones potential and the cantilever is excited to oscillate
near its intrinsic resonance frequency [EW10, Was05]. By scanning the surface, the reso-
nance frequency and the phase shift between the cantilever’s and the stimulating oscillation
changes in correlation to the investigated topography, which can be derived from the signal
of the segmented photodiode [Was05, QDD12, Huc18]. Using the contact mode, the measure-
ment tip is permanently in contact with the sample’s surface and thus the repulsive regime
of the interaction potential is addressed [Huc18, HKBE15, Was05]. The cantilevers deflec-
tion is, likewise to the non-contact mode, mapped onto the segmented photodiode, which
signal serves as an input for a feedback loop. Typically, the vertical position is controlled
by piezoelectric actuators preserving a constant deflection of the cantilever and the result-
ing readjustment of the cantilever’s height represents the signal being proportional to the
measured surface’s topography [QDD12, EW10, Was05]. The wear of measurement probes
is highest in the case of the contact mode, nevertheless offering a great resolution if com-
paratively smooth surfaces are measured. Hence, the contact mode represents the method
of choice when it is desired to investigate the surface topography of polycrystalline sputter
deposited thin films, intending to laterally resolve the granular grain structure.

Within the present thesis, the surface topography of polycrystalline IrMn and CoFe layers
of sample set C (Fig. 5.3 and Tab. 5.1) is investigated with the help of a Nanosurf FlexAFM
operating in contact mode using NanosensorsTMPPP-CONTR tips with a tip height between
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10 and 15 µm and a radius of curvature < 10 nm [Nan21]. From the measurable topographic
information {z(xi, yj)} depending on the positions {(xi, yj)} within a scan area of Nx × Ny

points, the average as well as the root mean square surface roughness, Ravg and Rrms, can
be determined allowing for an estimation of the prevailing interface roughness present in
the complete layer stack by further neglecting dilution and intermixing processes possibly
occurring during the deposition of subsequent layers. The characteristics quantifying the
sample’s surface roughness are commonly defined by

Ravg =
1

Nx Ny

Nx∑
i

Ny∑
j

|z (xi, yj)− 〈z〉| (6.2)

Rrms =
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Nx Ny

Nx∑
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Ny∑
j
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Nx Ny

Nx∑
i

Ny∑
j

z (xi, yj) (6.4)

with the average value 〈z〉 of the sample surface’s height [Pae02]. Additionally, the distance
zmax between the maximum and the minimum value of the topography can be determined,
representing the upper bound for the lowering of a grain boundary in comparison to the top-
most peak of the granular ensemble. Further, zmax corresponds to the sum of the maximum
peak height zpeakmax and the maximum pit depth zpitmax, representing the differences between the
maximum and the minimum value of the surface topography and 〈z〉 [Gwy]. By choosing a
scan grid of 1024 × 1024 points corresponding to an area of (500 × 500) nm2, the nominal
lateral resolution is given by ≈ 0.49 nm/point. However, it needs to be pointed out, that
based on the given tip parameters and the tip’s geometry, this resolution can not be achieved.
It is supposed that only information regarding the surface roughness between different grains
and not with regard to the surface roughness of individual grains can be extracted, which
are expected to possess average grain radii ranging from 5 to 15 nm [VFT+05, MHR+20].

Since the grains’ boundaries should be lower in comparison to their peaks, the analysis of
the surface topography further allows for the extraction of the grain radius distribution. This
will be performed using the Watershed -algorithm [SV90] implemented in Gwyddion (Version
2.55 - released 04.11.2019) [NK12, Gwy] representing an open-source software for the analysis
and evaluation of scanning probe microscopy data. The application of this algorithm and
the necessary preprocessing of the raw data is exemplarily demonstrated in Fig. 6.2 by using
the example of a stand-alone 50 nm thick Cu layer sputter deposited on a naturally oxidized
Si (100) substrate with a deposition rate of ηCu = (6.4±0.2) nm/min linked to UCu

DC = 600 V
at pAr ≈ 10−2 mbar. This shall serve as a paradigmatic approach for the grain size analysis
of polycrystalline IrMn and CoFe layers (Fig. 5.3 and Tab. 5.1) presented in Sec. 7.2.

At first, the raw data (Fig. 6.2(a)) is needed to be preprocessed. In order to circumvent
that the Watershed -algorithm gets caught in high-frequency noise, the raw data is smoothed
using a Gauss-filter available in Gwyddion [NK12, Gwy]. This corresponds to a convolution
of the surface topography with a normal distribution having a full width at half maximum
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Fig. 6.2: (a-f) Demonstration of the utilized Watershed -algorithm and filter methods for the
preprocessing of the raw data (a) using the example of a representative measurement of a stand-alone
Cu50nm layer sputter deposited on naturally oxidized Si (100) using UCu

DC = 600 V at pAr ≈ 10−2 mbar
related to a deposition rate of ηCu = (6.4± 0.2) nm/min. The data is preprocessed using a Gauss-
filter (b) and subsequently treated using a maximum filter (c), suppressing noise and emphasizing
grain boundaries by effectively reducing the grains’ radius of curvature. Using the Watershed -
algorithm, the grains are localized (d) as local minima of the inverted topography and thereupon
filled up (flooding) until differing grains touch and boundaries emerge (e). The two dimensional
scan is segmented (e) into grains, ideally separated by tight grain boundaries highlighted in (f)
by inverting the grain-highlighting mask in (e). An exemplary line profile indicated in (c-f) is
displayed in (g) as the surface height z(d) plotted against the profile’s distance d accompanied by
the inverted surface topography −z(d)+ zmax shifted by the maximum height zmax of the extracted
line profile. The segmentation step is visualized in (h) for different parameters nseg and wseg with
nseg = 1, wseg = 1 % reflecting the starting point of the segmentation after grain localization using
wloc = 5 % and nloc = 5 with Amin = 82 px2 corresponding to ≈ 19.6 nm2. The local minima are
flooded for fixed wseg and increasing nseg. (i) The resulting distribution (req) of equivalent disc
radii (bin size ≈ 1.25 nm) is shown for the segmentation in (e) considering Ngrains ≈ 150 grains
(A) as well as for the combination of several measurements at different positions on the specimen
in which case up to 2200 grains (B) are considered. The corresponding lognormal fit is displayed
alongside the determined expectation value 〈req〉.

∆G (Fig. 6.2(b)). The subsequent application of a maximum filter emphasizes the grain
boundaries (Fig. 6.2(c)) by replacing the values of the topography with a maximum within
a specific neighborhood defined by a disc of diameter ∆M . The filters’ parameters are set
to ∆G = ∆M = 2.5 nm, since a significant lateral change related to noise can be observed
within the raw data on the scale of 5 pixels. This further demands for the exclusion of
identified grains possessing grain diameters smaller than 2.5 nm.
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The Watershed -algorithm can be divided into two different sub-processes, namely the
localization of grains (Fig. 6.2(d)) and the subsequent segmentation (Fig. 6.2(e)). For the
localization, the surface topography is inverted in order to reformulate the grain localization
problem to the task of finding the local minima of the inverted topography [Gwy]. At
each grid point of the inverted surface, a virtual drop of choosable drop size wloc is placed,
eponymous for the utilized algorithm. In accordance to the inverted topography, the placed
droplets follow the steepest decent path eventually reaching a local minimum [Gwy]. This
procedure is repeated nloc times, filling the local sinks enabling the localization and labeling
of distinctly separated grains represented by projected areas Aloc. Further, a lower threshold
parameter Amin can be specified, representing the minimum grain area of localized grains
taken into account for the subsequent segmentation, i.e. localized grains with Aloc < Amin

are excluded. The specified filter parameters ∆G and ∆M already represent a lower bound
for the minimum grain diameter but it needs to be considered, that since ∆G corresponds
to the full width at half maximum of the noise-reducing Gauss-filter, a smoothing of the
surface topography beyond ∆G is expected. Hence, under the assumption of cylindrically
shaped grains, the minimum grain area is specified by setting the minimum grain radius to
rmin = 2.5 nm resulting in Amin = π rmin

2 ≈ 19.6 nm2. With the nominal resolution given by
≈ 0.49 nm/point this corresponds to ≈ 82 px2.

For the segmentation, again virtual droplets of size wseg are placed in nseg consecutive
steps at each position of the inverted surface topography containing the localized grain’ areas
[SV90, Gwy]. In contrast to the localization phase of the Watershed -algorithm, a case analysis
is performed: Depending on whether the newly introduced virtual droplets are placed on
or between already localized grains, they are either merged further filling up the respective
local minima (flooding) or are identified as a grain boundary [SV90, Gwy]. This results in
the complete segmentation of the surface topography as it is flooded (Fig. 6.2(e)) into an
ensemble of differing grain areas separated by ideally tight grain boundaries highlighted in
Fig. 6.2(f). The segmentation step of the Watershed -algorithm is additionally visualized in
Figs. 6.2(g, h) for an exemplary line profile indicated in Fig. 6.2(c-f). In Fig. 6.2(g), the
line profile z(d) in dependence on the profile distance d is shown alongside the inverted
topography −z(d) + zmax shifted by the maximum height zmax of the extracted profile. The
segmentation is illustrated in Fig. 6.2(h) for different parameters nseg and wseg starting
out from the already localized grains principally reflected by nseg = 1 and wseg = 1. The
local minima are subsequently flooded for fixed wseg = 10% and increasing nseg = 1 up to
100 until grain boundaries emerge (Fig. 6.2(h)). This highlights the distinct advantage of
the Watershed -algorithm in comparison to a grain size analysis based on, e.g., a specified
threshold height, because different grains are successfully identified and filled up until their
boundaries meet, even if their individual peak heights differ significantly. If not further
mentioned, wloc = 5 %, nloc = 5, Amin = 82 px2, wseg = 10 % and nseg = 100 are used.

After the segmentation, to each grain a number of occupied pixels is associated, which can
in accordance to the given lateral resolution (≈ 0.49 nm/min) be translated into the grain
area Agrain in nm2. Further, under the assumption of cylindrical grains, the equivalent disc
radius req =

√
Agrain/π can be assigned (Fig. 6.2(i)). Considering the areas of all identified
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grains, a normalized histogram with a defined bin size can be determined representing the
distribution �(req) of equivalent disc radii, typically following in the case of sputter deposited
thin films a lognormal distribution (cf. Sec. 4.2) [OFOVF10, VFT+05]

�(req, µreq , σreq) =
1

reqσreq

√
2π

exp

{
−
(ln {req} − µreq)

2

2σreq
2

}
with req > 0 (6.5)

and 〈req〉 = exp
{
µreq + σreq

2/2
}

and SDreq
2 = 〈req〉2 exp

{
σreq

2 − 1
}

(cf. Eq. (4.8)). The dis-
tribution �(req) of equivalent disc radii regarding the exemplary stand-alone Cu50nm layer is
displayed in Fig. 6.2(i) for the segmentation presented in Fig. 6.2(e). The visible Ngrains ≈ 150

grains (A) as well as the grouping of several measurements at different positions on the sam-
ple’s surface (B) with Ngrains ≈ 2200 are considered. The corresponding lognormal fit using
Eq. (6.5) is additionally presented with respect to (B) alongside the extracted expectation
value 〈req〉 = (8.7± 0.4) nm and standard deviation SDreq = (10.6± 1.3) nm.

To summarize, for sputter deposited thin films that are investigated by means of AFM in
contact mode, the described preprocessing of raw data and the application of the Watershed -
algorithm can be used for the grain size analysis related to the grains’ areas accessible at the
top of the film, i.e. the measured surface topography. Please note, that information of the
grains’ morphology along their growth direction is not extractable via the described method.
The equivalent disc radius req as the grain size describing parameter is consequently only
reasonable in the case of homogeneous columnar growth of cylindrical grains.

6.2 X-ray reflectometry (XRR)

X-ray reflectometry (XRR) is a non-destructive technique to structurally characterize thin
film multilayers regarding thicknesses, interface and surface roughnesses as well as densities
of the individual layers, by analyzing reflection intensity curves resulting from X-ray beams
at gracing incidence1 [Kus11, Yas10, Bir06, Tol98]. In general, when an electromagnetic wave
is incident to a specimen’s surface upon the angle ϑ (Fig. 6.3), representing the interface
between two optically different media with differing refractive indices, it is partly reflected
at the same angle as the incident wave and partly refracted with a transmission angle ϑ′ �= ϑ

[Kus11, Yas10]. The X-rays undergo total reflection if the grazing angle is smaller than
the critical angle ϑc ∝ �1/2, which is directly linked to the material’s density � and further
depends on the wavelength λ of the impinging X-rays [Kus11, Yas10, Bir06]. For ϑ > ϑc the
reflectivity rapidly decreases with increasing ϑ [Yas10, Bir06] and the incident light is partly
refracted. It occurs that the X-rays reflected from the top-most surface interfere with the
refracted X-rays that are further reflected from the lower lying interfaces of the multilayer
system [Yas10]. This results in oscillations exhibited by XRR profiles known as Kiessing
fringes possessing an oscillation period ∆ϑ ∝ 1/t, antiproportional to the respective layer’s

1For visualization purposes, calculated reflectivity curves - using the software GenX (Version 3.0.1)
[BA, BA07] - are displayed in Fig. 6.3 for an exemplary multilayer system with different thicknesses and
interface roughnesses of the individual considered layers of materials with differing densities.
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Fig. 6.3: Calculated exemplary X-ray reflectivity curves using the software GenX (Version 3.0.1)
[BA, BA07] considering a Cu/Si-bilayer on a Si substrate with densities 0, 1 and 2 taken from
Refs. [Huc18, GE88] for different thicknesses t1, t2 and roughnesses σ1 and σ2 with negligible
σ0. Information that is provided by a XRR profile, linked to the density, the thickness and the
interface roughness of the individual layers, is indicated and the change of characteristic features
upon changing layer thickness and roughness is illustrated. Profiles are shifted for clarity.

thickness. This is visualized in Fig. 6.3 for exemplary single and bilayer thin films for different
layer-specific thicknesses: In the case of the multilayer system the XRR profiles gains com-
plexity with each added layer of a different material, as the part of the X-rays transmitted
at each interface can be reflected at the next interfaces within the multilayer system eventu-
ally interfering collectively as they are transmitted back to the top-most surface [Kus11]. A
detailed explanation of a common recursive approach to calculate the reflectivity in the case
of multilayer systems is given in Refs. [Kus11, Yas10, Bir06]. Furthermore, the amplitude of
the oscillation is connected to the difference between the densities of the individual layers as
well as the substrate (Fig. 6.3) [Yas10]. Especially in the case of polycrystalline multilayer
thin film systems (cf. Sec. 5.2), real interfaces between the layers are not sharply defined
and are physically uneven, i.e. rough, and the assumption of an abrupt change with regard
to the layers’ physical properties must be dropped [Kus11]. The continuous change between
consecutive layers can be considered by a layer-specific height distribution with the respec-
tive standard deviation being representative for the roughness of the interface topography
[Kus11, Yas10]. The consequence of an increasing interface roughness is the decrease or
rather damping of the oscillation amplitude (Fig. 6.3) accompanied by a stronger decrease
in reflected intensity upon increasing ϑ [Kus11, Yas10].

In the present thesis, samples of sample set A1 (Fig. 5.3 and Tab. 5.1) with UAF
DC = 750 V

are analyzed with respect to the reflected intensity of X-rays incident at gracing angles
for different AF layer thicknesses tAF by using a X-ray diffractometer of the type Seifert
XRD 3003 in the Bragg-Brentano geometry (ϑ/2ϑ-scan) supplying X-rays (Cu-Kα1)
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with λCuKα1 ≈ 0.1542 nm. The measurements are performed upon the variation of the X-
rays’ incident angle via the rotation of the specimen by ϑ, demanding for a corresponding
rotation of the detector by 2ϑ. The reflected intensity is measured and commonly plotted as
a function of 2ϑ (cf. Fig. 6.3). Measured XRR profiles are analyzed by the software GenX
(Version 3.0.1) [BA, BA07], which allows to fit calculated XRR profiles to experimental data
in order to extract information regarding the thicknesses and the interface roughnesses of the
individual layers if the exact layer stack and the densities of the utilized materials are known.
This enables for a comparatively accurate check of the thicknesses of the deposited thin film
multilayers in comparison to the rate calibration from which the nominal thicknesses are
determined as described in Sec. 5.1.

6.3 X-ray diffraction (XRD)

The investigation of crystalline systems by means of X-ray diffraction (XRD) is a technique
complementary to XRR in the view of the structural characterization of multilayer thin films.
XRD scans enable the extraction of information regarding the crystal structure like lattice
constants, crystal orientation and crystallite sizes by exploiting the diffraction of X-rays at
the periodic structure of the crystal lattice [Kus11, Bir06, ME20]. Even if no XRD profiles
are actually determined in this thesis, the method will nevertheless be introduced briefly in
order to enable the summary and discussion of the results presented in Ref. [MHR+20].

When X-rays are incident to a periodic crystal lattice, they will be diffracted at the
electrons of the periodically arranged atoms [Kus11, Bir06, Cul78]. This results in the
interference of X-rays that are effectively reflected from equidistant lattice planes, which can
be correlated to measurable diffraction patterns [Kus11, Bir06]. The necessary condition for
the occurrence of characteristic diffraction peaks linked to the constructive interference of the
reflected X-rays is given by Bragg’s diffraction condition 2 d sinϑ = nλ (n ∈ N) considering
the wavelength λ of the X-rays incident at an angle ϑ (cf. Fig. 6.3), the distance d between
the parallel lattice planes and the diffraction order n [Bir06, Cul78]. Measuring the reflected
intensity upon variation of the angle of incidence ϑ - on the occurrence of diffraction peaks
- the distance d of the respective responsible set of lattice planes can be deduced due to
the satisfied Bragg-condition [Cul78]. Additionally, likewise to XRR profiles, XRD profiles
are commonly measured in the Bragg-Brentano geometry (ϑ/2ϑ-scan) resulting in the
typical presentation of the reflected intensity as a function of 2ϑ.

The orientation of a set of parallel lattice planes is defined by Miller indices h, k and l

with the lattice planes intercepting the normalized unit vectors of the unit cell of the crystal
lattice at 1/h, 1/k and 1/l or whole numbered multiples thereof [Cul78]. Measured diffraction
peaks at an incident angle ϑ can distinctly be correlated to a set of lattice planes (hkl)

with the spacing dhkl under consideration of Bragg’s diffraction condition [Bir06, Cul78].
Further, in the case of a cubic unit cell, the lattice parameter a, defining the dimensions
of the crystal lattice’s unit cell, is given by a = dhkl

√
h2 + k2 + l2 [Cul78]. In the case of

monocrystalline systems, the measurement of XRD profiles in combination with profiles of
well known samples allows for the determination of the investigated specimen’s stoichiometry
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and crystallographic orientation. Contrarily, considering polycrystalline systems or powdered
samples, the individual crystallites of the granular ensemble are prone to exhibit differing
orientations [Pae02, Bir06]. Nevertheless, in the case of thin polycrystalline films, typically a
preferred crystal orientation is given interlinked with the deposition induced growth direction,
also referred to as the crystal texture corresponding to the direction perpendicular to the
majorly prevailing set of lattice planes (hkl) [Pae02, Bir06].

In the case of an ideal and infinitely expanded crystal, diffraction peaks would exhibit
infinitesimal narrow widths, which is not the case when real finitely sized crystals or thin
film crystalline samples are investigated [Bir06, Cul78]. This can be intuitively reasoned
comparing the situation for a thin layer with the diffraction phenomenon observable for a
single slit of certain gap width antiproportionally related to the diffraction peak’s broadness
[Mes10, Bir06]. In this context, the Scherrer-formula ξ = KSλ/∆2ϑ cosϑ allows to de-
termine the so-called coherence length ξ representative for the lower bound of the thickness
or rather the average height of the contributing crystallites prevailing in the investigated
polycrystalline thin film [Bir06, Cul78]. The Scherrer-factor KS is determined by the
geometry of the crystallites as well as their crystallographic orientation [Bir06, LL82]. With
respect to the 2ϑ-abscissa of a XRD profile, the broadness ∆2ϑ is defined by the full width at
half maximum of the corresponding peak. Aside from the thin film’s thickness, a broadening
of diffraction peaks in XRD profiles can next to instrumental influences originate from inho-
mogeneities within the specimen, like defects and impurities, as well as strain of the crystal
lattice [Bir06, Cul78].

In Ref. [MHR+20], AF/F-bilayers with the same layer stack design fabricated using the
same sputter deposition apparatus as the ones investigated in the present thesis have been
analyzed by means of XRD for different deposition rates of the AF layer utilizing a X-ray
diffractometer of the type Bruker D8 Advance in the Bragg-Brentano geometry with
λCoKα1 ≈ 0.1789 nm as the wavelength of the probing X-rays (Co-Kα1) [MHR+20].





7 | Structural properties of polycrystalline
exchange-biased bilayers

The key aspect of the present thesis is to investigate the magnetic properties of polycrys-
talline AF/F-bilayers upon the variation of fabrication parameters and the participating
layers’ thicknesses, simultaneously guaranteeing the preservation of columnar and homoge-
neous grain growth of the granular AF layer. Since not only the distribution of AF grain
sizes [OFOVF10, VFT+05] but also the crystal orientation [AVFK+08, KKF+13] and the
AF/F-interface roughness [BT99, OFOVF10, Mal87b] can crucially influence the macro-
scopic magnetic properties of polycrystalline EB systems, it is important to understand how
they change upon varying fabrication parameters, if it is desired to correctly correlate the
influence of the latter to the changes of the magnetic properties, especially within the context
of an interlinking model.

The surface topography of the polycrystalline AF and the F layer will be examined in
Sec. 7.1 by means of AFM including the qualitative investigation of the lateral morphology
of imageable grains as well as the analysis of the surface roughness. Subsequently in Sec. 7.2,
the distribution of grain sizes will be extracted from the surface topography of uncapped
layers for different tAF (Sec. 7.2.1) based on the method described in Sec. 6.1 to verify the
columnar growth of grains for a fixed set of residual deposition parameters. By means of
XRR, the polycrystalline microstructure along the growth direction is analyzed focusing on
benchmarking layer-specific thicknesses that can be extracted from measured XRR profiles
against nominal thicknesses set in accordance to the calibration of the utilized deposition
rates (cf. Sec. 5.1).

As it was already mentioned in Sec. 5.3, it is intended to investigate samples deposited
using different deposition rates ηAF set by choosing different DC potentials UAF

DC with respect
to the AF layer in order to tune not the average grain height, but the average grain radius
of the AF grains. This has been investigated in Ref. [MHR+20] for the same layer stack
design further using the same deposition apparatus as in the present thesis at hand. It was
revealed that the distribution of AF grain radii can be tuned for fixed tAF upon increasing ηAF

from a threshold deposition rate ηcritAF , which will be described in more detail in Sec. 7.2.2. In
combination with the characterization of the crystallographic as well as macroscopic magnetic
properties, columnar and homogeneous AF grain growth could be evidenced for ηAF > ηcritAF

accompanied by pronounced (111) crystal orientation of the AF IrMn layer [MHR+20]. The
analysis of the crystal structure will be summarized in Sec. 7.4. To make the deposition
rate dependent characterization performed in the present thesis comparable with the one
published in Ref. [MHR+20], the differences are eventually discussed in Sec. 7.5 followed by
pointing out the gained insights which can be borrowed and are essential for the discussion
of the results obtained in the thesis at hand.
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7.1 Surface topography

In Fig. 7.1 the surface topography of the sputter deposited IrMn layer is exemplarily shown
for tAF = 5 (Fig. 7.1(a)) and 30 nm (Fig. 7.1(b)). Additionally, the surface topography
of the 10 nm thick CoFe layer is shown in Fig. 7.1(c) and (d) for tAF = 5 and 30 nm,
respectively. The raw data of the AFM scans is preprocessed as in Fig. 6.2. The scans of the
surface topography exhibit for all tAF and for both IrMn and CoFe a similar polycrystalline
structure with seemingly circular base areas, which would indicate cylindrically shaped grains
in the case of columnar grain growth. The surface topography of the IrMn layer is displayed
in Fig. 7.1(e, f) for exemplary AF deposition rates ηAF = 4.75 nm/min (UAF

DC = 650 V) and
ηAF = 5.93 nm/min (UAF

DC = 750 V), adapted from Ref. [MHR+20]. It is visible by eye,
that grains’ base areas at the top of the IrMn layer are enhanced on average for larger ηAF,
indicating an increasing average grain radius upon increasing deposition rate [MHR+20].

The extractable roughness characterizing parameters (cf. Sec. 6.1), namely the average
and the root mean square surface roughness Ravg and Rrms (Eqs. (6.2) and (6.3)), are pre-
sented in dependence on the AF layer thickness tAF in Figs. 7.2(a, c) distinguishing between

Fig. 7.1: Exemplary AFM scans (preprocessing as in Fig. 6.2), of uncapped samples of set C
(Fig. 5.3 and Tab. 5.1) with the surface topography of the IrMn layer for (a) tAF = 5 and (b)
30 nm as well as of the CoFe layer with tF = 10 nm deposited on IrMn for (c) tAF = 5 and
(d) 30 nm (ηAF = 5.19 nm/min (UAF

DC = 700 V)). Surface topography of the IrMn layer for (e)
ηAF = 4.75 nm/min (UAF

DC = 650 V) and (f) ηAF = 5.93 nm/min (UAF
DC = 750 V). (e, f) are adapted

and reprinted with permission from [MHR+20] Copyright (2022) by the American Physical Society.
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Fig. 7.2: Roughness characterizing parameters extracted from the measured surface of the (a, b)
IrMn layer and the (c, d) CoFe layer of samples of set C (Fig. 5.3 and Tab. 5.1) for different tAF.
The average and the root mean square roughness, Ravg and Rrms, are compared in (a, c), whereas
the maximum height zmax of the surface topography is compared with the maximum peak height
zpeakmax and the maximum pit depth zpitmax in (b, d). For intervals, in which the presented quantities
do seemingly not change, a linear function is fitted and the resulting slope is presented.

the IrMn and the CoFe layer. The maximum height zmax is shown in Fig.s 7.2(b, d) in
comparison to the maximum peak height zpeakmax and maximum pit depth zpitmax.

In the case of the uncapped IrMn layer (Figs. 7.2(a, b)) the roughness parameters show
no significant trend within 5 nm ≤ tAF ≤ 50 nm and the average values can be deter-
mined to be Rrms = (0.28 ± 0.05) nm, Ravg = (0.23 ± 0.04) nm, zmax = (2.4 ± 0.4) nm,
zpeakmax = (1.3 ± 0.3) nm and zpitmax = (1.1 ± 0.3) nm. In the case of tAF = 100 nm the val-
ues are given by Rrms = (0.47± 0.04) nm, Ravg = (0.38± 0.03) nm, zmax = (3.8± 0.3) nm,
zpeakmax = (1.90± 0.11) nm and zpitmax = (1.9± 0.2) nm. To quantify the independence of the
roughness characteristics on tAF, linear functions are fitted to the parameters as functions of
tAF within 5 nm ≤ tAF ≤ 50 nm. The respective slopes are given in Figs. 7.2(a, b) scaled by
103. For Rrms and Ravg the slope can be determined to be 1.1 ·10−3 at maximum, correspond-
ing to an increase of the respective roughness parameters by ≈ 0.05 nm in the considered
thickness range of ∆tAF = 45 nm comparable to the specified ranges of uncertainty. In the
case of zmax, zpeakmax and zpitmax, the maximum slope is given by 3.1 ·10−3 resulting in a maximum
change of the named parameters by ≈ 0.14 nm within ∆tAF = 45 nm, significantly smaller
than the specified error margins. Consequently, within the range of 5 nm ≤ tAF ≤ 50 nm, the
determined parameters characterizing the surface topography of the investigated uncapped
IrMn layer can be assumed to be independent on tAF.
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Regarding the uncapped CoFe layer (Figs. 7.2(c, d)), the values are determined to be
Rrms = (0.41±0.11) nm, Ravg = (0.32±0.09) nm, zmax = (3.4±1.2) nm, zpeakmax = (1.9±0.8) nm
and zpitmax = (1.5± 0.4) nm, representing the average values considering tAF = 5 and 30 nm.
As these values are in the confidence intervals of the values determined for the IrMn surface
in the case of tAF = 100 nm, it can be concluded that the increase of the IrMn layer’s
roughness parameters from tAF = 50 to 100 nm is comparable to the ones of the CoFe
layer indicating that the surface topography of the IrMn layer in the case of tAF = 100 nm
shares the roughness characteristics of the CoFe layer deposited on an IrMn layer with
tAF < 50 nm. Since the larger roughness of the CoFe layer is most probably arising due to
the growth of nucleating CoFe crystallites on top of the IrMn surface, one could formulate the
hypothesis that the uncapped IrMn layer deposited on the 5 nm Cu buffer layer gains similar
roughness characteristics for tAF > 50 nm, because the grain growth might be interrupted
for larger thicknesses resulting in the nucleation of new crystallites on already grown IrMn
grains. It needs to be mentioned, that the roughness parameters of the uncapped CoFe layer
presented in Figs. 7.2(c, d) exhibit an increasing tendency upon increasing tAF indicating
the propagation of surface roughness with tAF.

The roughness parameters of uncapped IrMn layer in dependence on different AF deposi-
tion rates extracted in Ref. [MHR+20], showed no significant trend on ηAF. Consequently, in
addition to the here presented tAF-dependence, it is concluded that the surface topography
of the IrMn layer is independent on the AF layer’s deposition rate ηAF and thickness tAF

within the range of 5 to 50 nm. Please note, that the determined tAF- and ηAF-dependent
roughness parameters are meant to characterize the physical unevenness of the investigated
surface topographies on length scales of different grains and not of individual ones.

7.2 Grain size analysis

The analysis of grain sizes is performed on the basis of the method described in Sec. 6.1,
demonstrated for an exemplary stand-alone 50 nm thick Cu layer deposited on a naturally
oxidized Si (100). This involves the application of the Watershed-algorithm implemented in
Gwyddion [NK12, Gwy]. In Sec. 7.2.1, the results obtained by analyzing the distribution of
grain sizes of the uncapped polycrystalline IrMn and CoFe layer will be presented in depen-
dence on tAF. Additionally, the analysis of grain sizes in dependence of the AF deposition
rate ηAF published in Ref. [MHR+20] will be summarized in Sec. 7.2.2.

7.2.1 Scaling the grains’ height via the layer’s thickness

Here, it is desired to tailor the macroscopic magnetic properties of polycrystalline AF/F-
bilayers upon increasing AF layer thickness tAF by tuning the contribution of rotatable and
pinning grains within the granular AF ensemble linked to the macroscopic RMA and UDA,
respectively. The reformulation of the polycrystalline model in Ch. 4 is essentially founded on
the assumption of columnar growth of cylindrically shaped grains, implicating the modifica-
tion of the AF grain volume distribution upon varying AF layer thickness under preservation
of the distribution of contact interfaces at the AF/F-interface, i.e. the distribution of AF
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Fig. 7.3: Distributions (a) (rAF) and (b) (rF) (bin size ≈ 1.25 nm) for different AF layer
thicknesses tAF with respect to specimens of sample set C (Fig. 5.3 and Tab. 5.1) alongside the
thickness-specific average grain radius. The average grain radius and the standard deviation are
presented for the (c) AF IrMn and the (d) F CoFe layer as functions of tAF.

grain radii. Hence, it is aimed at verifying the assumption of columnar grain growth by
extracting the distribution of AF grain radii for different tAF. Additionally, also the distri-
bution of grain radii of the polycrystalline F layer sizes is analyzed for exemplary tAF to
investigate influence of the change in AF layer thickness.

In Fig. 7.3(a), histograms (bins size ≈ 1.25 nm) displaying the distribution �(rAF) of
AF grain radii rAF are presented for exemplary thicknesses tAF = 5, 30 and 100 nm with
respect to samples of set C (Fig. 5.3 and Tab. 5.1) with ηAF = 5.19 nm/min (UAF

DC = 700 V),
alongside corresponding lognormal fits using Eq. (6.5). Additionally, the distribution �(rF)

of F grain radii is depicted for exemplary AF layer thicknesses tAF = 5 and 30 nm in
Fig. 7.3(b). Without extracting the average grain radius or the standard deviation it is
already visible, that the distribution of grain radii �(rAF) and �(rF) are similar and seemingly
not significantly susceptible to increasing tAF. The average grain radii 〈rAF〉 and 〈rF〉 as well
as the standard deviations SDrAF

and SDrF are presented in Figs. 7.3(c, d) as functions of tAF.
〈rAF〉 and SDrAF

seem to be independent on tAF with the average values 〈rAF〉 = 7.0±0.3 nm
and SDrAF

= 2.7±0.6 nm. However, a slight increasing tendency is observable, which can be
quantified by linear fits exhibiting slopes 1.7 · 10−3 and 3.9 · 10−3 with respect to 〈rAF〉(tAF)

and SDrAF
(tAF). For the considered thickness range of ∆tAF = 95 nm, this corresponds to

a change of the average AF grain radius and standard deviation by ≈ 0.1 and ≈ 0.4 nm,
being distinctly smaller than the determined uncertainties. Furthermore, the average values
regarding 〈rF〉 and SDrF can be determined to be 〈rF〉 = 7.2±0.5 nm and SDrF = 2.5±0.6 nm
situated in the confidence interval of 〈rAF〉 and SDrAF

.
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It can be concluded that within the margins of uncertainty the distribution �(rAF) of
AF grain radii is preserved upon increasing tAF for the chosen set of deposition parameters.
Hence, columnar grain growth of the polycrystalline AF ensemble is validated enabling the
scaling of the individual - expected to be cylindrical - AF grains’ volumes VAF = πrAF

2tAF

via the AF layer’s thickness tAF. Additionally, the analysis of the F grain radius distribution
revealed that the polycrystalline CoFe layer principally inherits the distribution of grain radii
from the underlying IrMn layer.

7.2.2 Scaling the average grain radius via the deposition rate

In Ref. [MHR+20] it was intended to use the AF layer’s deposition rate ηAF, controlled by the
corresponding DC potential UAF

DC , to scale the distribution �(rAF) of AF grain radii for fixed
tAF in order to tailor the macroscopic magnetic properties of polycrystalline AF/F-bilayers
by tuning the size of contact interfaces between the AF and the F layer [MHR+20].

Histograms �(rAF) (bin size ≈ 1.25 nm) are depicted in Fig. 7.4(a) for exemplary de-
position rates ηAF ≥ 3.72 nm/min and the extracted average grain radius 〈rAF〉 and the
standard deviation SDrAF

are displayed in Fig. 7.4(b) as functions of ηAF. It can be ob-
served, that the average AF grain radius increases monotonously upon increasing ηAF be-
tween 〈rAF〉 = (4.1 ± 0.5) and (13 ± 2) nm from the critical rate ηcritAF = 3.72 nm/min.
Simultaneously, the standard deviation SDrAF

similarly increases and exhibits a maximum
value at ηAF = 5.93 nm/min. Thus, not only the average AF grain size is scaled for ηAF > ηcritAF

but also the broadness of the grain size distribution is enhanced. For smaller deposition rates
ηAF < ηcritAF smaller than the critical rate, 〈rAF〉 and SDrAF

are constant, verified by the fit
using a linear function.

Fig. 7.4: (a) Distributions (rAF) of the AF grain radius rAF (bin size ≈ 1.25 nm) are displayed
upon increasing deposition rate ηAF ≥ 3.72 nm/min accompanied by lognormal fits (Eq. (6.5)). (b)
The average AF grain radius 〈rAF〉 and the standard deviation SDrAF are presented as functions of
ηAF. To check for the independence of the presented quantities for ηAF < 3.72 nm/min, a linear
function is fitted in this interval and the resulting slope is additionally given in (b). Reprinted and
adapted with permission from [MHR+20] Copyright (2022) by the American Physical Society.
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7.3 Film thickness

As it is described in Sec. 6.2, XRR profiles are measured via detecting the reflected intensity
upon changing angle ϑ of incident X-rays for exemplary thicknesses tAF = 5 and 30 nm of
the AF layer, considering samples of set A1 (Fig. 5.3 and Tab. 5.1) with UAF

DC = 750 V.
It is intended to benchmark the nominal thicknesses set in accordance to the determined
deposition rates in dependence of the utilized parameters (Tab. 5.1) against thicknesses that
can be extracted from the measured XRR profiles by fitting calculated profiles using the
software GenX (Version 3.0.1) [BA, BA07]. This allows to estimate the deviation of the
nominal from the actual layer thicknesses. Additionally, the further extractable parameters
characterizing the physical unevenness of the individual interfaces can be - at least qualita-
tively - compared to the roughness characterizing parameters that have been derived from
the surface topography of uncapped layers by means of AFM (cf. Fig. 7.2).

Measured1 XRR profiles are presented in Fig. 7.5(a, b) for tAF = 5 and 30 nm and it
is observable, especially for higher angles 2ϑ > 3◦, that the oscillation period for a specific
set of Kiessing fringes distinctly decreases for tAF = 30 nm as compared to tAF = 5 nm.
Since the oscillation period is antiproportionally related to the respective layer thickness
(cf. Fig. 6.3), this is directly connected to the thickness change with respect to the AF layer.
In order to extract the individual layers’ thicknesses and the roughness parameters of the
investigated layer stack, calculated XRR profiles are fitted to the measured profiles as it is
depicted in Fig. 7.5. The layer-specific densities can be found in Ref. [Huc18], whereas the
individual material-specific densities are taken from Ref. [GE88]. The densities of the binary
alloys (AxB1−x) are approximated via 1/�AxB1−x = x/�A + (1 − x)/�B. Regarding the fit
routine, the layer-specific densities have been kept fixed initially and were only varied in the
final step of the fitting procedure2. The extracted layer-specific roughness parameters σlayer

and thicknesses tlayer are listed in Fig. 7.5 in comparison to the nominal layer thicknesses
tnomlayer accompanied by the percental deviation δtlayer = 1− (tlayer/t

nom
layer). For both tAF in the

case of the AF IrMn layer the percental deviation δtlayer is largest with δtIrMn ≈ 34 % and
≈ 9 % for tAF = 5 and 30 nm, respectively, followed by the deviation of the Cu buffer layer
(δtCu ≈ 27 % and ≈ 5 %), the F CoFe layer (δtCoFe ≈ 17 % and ≈ 2 %) and finally the
Si capping layer (δtSi ≈ 0.5 % and ≈ 0.1 %). The confidence intervals of the layer-specific
nominal and extracted thicknesses overlap in all cases except for the IrMn and the Cu layer
for tAF = 5 nm, with a gap between the respective intervals of 0.01 and 0.08 nm. Nevertheless,
the nominal thicknesses tnomlayer are reasonably reproduced by the extracted layer thicknesses
tlayer with deviations that are smaller than the increments to the next or preceding layer
thicknesses as stated in Tab. 5.1 in the case of the tAF- and the tF-dependent studies.

The determined layer-specific roughnesses σlayer do not show a significant trend for a
specific tAF with respect to the consecutively deposited layers and their corresponding inter-
faces, but are tendentially larger for tAF = 30 nm in comparison to the values determined for

1Measurements have been performed by Łukasz Frąckowiak and Bogdan Szymański at the Institute of
Molecular Physics Polish Academy of Sciences (Poznań).

2Before the final step, optimum parameters for the individual layers’ thicknesses and roughness parameters
have already been determined for fixed input layer-specific densities.
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Fig. 7.5: Measured XRR profiles of samples of sample set A1 (Fig. 5.3 and Tab. 5.1) with
UAF
DC = 750 V are shown for nominal AF layer thicknesses (a) tAF = 5 nm and (b) tAF = 30 nm

with corresponding fits using the software GenX (Version 3.0.1) [BA, BA07]. Obtained layer-specific
thicknesses tlayer and roughness parameters σlayer are presented in comparison to the nominal layer
thicknesses tnomlayer in accordance to the determined deposition rates (Tab. 4.1) accompanied by the
percental deviation δtlayer = 1− (tlayer/t

nom
layer). The given densities have been kept fixed initially and

are taken from Ref. [Huc18], allowed to be varied only in the final step of the fitting routine.

tAF = 5 nm. In general, the values of the roughness parameter are ranging from σlayer = 0.3

to 1.26 nm, which is also smaller than the increment between the nominal layer thicknesses
specified in Tab. 5.1. Comparing the extracted parameters with the roughness characteristics
determined from the surface topographies of uncapped layers (cf. Fig. 7.2), it can be deduced
that the layer-specific values determined for the IrMn layer are in general larger than the
values determined for the average and the root mean square roughness Ravg and Rrms and are
rather situated in the range covered by the maximum peak height zpeakmax and the maximum pit
depth zpitmax. These parameters are intuitively more comparable to the definition of σlayer than
Ravg and Rrms. Furthermore, it needs to be pointed out that AFM scans result from the con-
volution of the probing tip’s geometry and the actual surface topography, for which reason
the depth of the valleys - representing the grain boundaries - might be underestimated. This
is in agreement with zpitmax being generally smaller than zpeakmax (cf. Figs. 7.2(b, c)). However,
to draw from the parameters extracted with the help of measured XRR profiles reasonable
conclusions regarding the AF/F-interface roughness for different tAF, a larger number of
scans and more samples with different tAF are necessary.
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7.4 Crystal structure

For the analysis of the crystal structure of polycrystalline AF/F-bilayers in dependence on
AF layer’s deposition rate ηAF, XRD profiles that are presented in Ref. [MHR+20] were
measured3 in accordance to Sec. 6.3 and are displayed in Fig. 7.6. The Ir17Mn83 (111) and
Co70Fe30 (110) crystal orientation of the AF and the F layer can be identified and correspond-
ing reference peaks of similar alloy compositions are indicated [MHR+20, GRB19]. It is ex-
pected, that for the utilized deposition parameters, Ir17Mn83 (IrMn) and Co70Fe30 (CoFe) ex-
hibit a face-centered (fcc) and body-centered (bcc) crystallographic phase, respectively, with
no specific lattice-site preference of the participating atoms [MHR+20, KKF+13, WJP+97].

The IrMn (111) crystal orientation is commonly correlated to a large intrinsic magne-
tocrystalline anisotropy of the AF grains and an optimum areal density of interfacial magnetic
moments at the AF/F-interface [AVFK+08, OFOVF10, KKF+13] that is parallel to the (111)
lattice plane of the individual AF grains’ crystal lattices. It can be observed in Fig. 7.6(a),
that the IrMn (111) orientation is strongly pronounced for ηAF ≥ 4 nm/min exhibiting a
minimum shift to the indicated Ir20Mn80 (111) reference peak. For lower ηAF < 4 nm/min,
the peak that correlated to the IrMn layer broadens upon decreasing ηAF accompanied by

3Measurements have been performed by Jonas Zehner at the Leibniz Institute for Solid State and Materials
Research (Dresden). Fruitful discussions with him and Karin Leistner regarding evaluation and interpretation
are greatly acknowledged.

Fig. 7.6: (a) XRD scans upon increasing ηAF with indicated reference peak positions of the
Ir20Mn80 (111) and the Co70Fe30 (110) crystal orientation [GRB19], accompanied by schematic de-
pictions of the unit cells of Ir17Mn83 (fcc) and Co70Fe30 (bcc) highlighting the lattice planes perpen-
dicular to the identified growth directions [MHR+20, KKF+13, WJP+97]. The lattice parameters
(b) aAF and (c) aF and the coherence length ξ calculated by Scherrer’s formula are presented
with indicated reference values arefIr20Mn80

= 3.78 Å and arefCo70Fe30
= 2.842 Å [GRB19]. Reprinted

and adapted with permission from [MHR+20] Copyright (2022) by the American Physical Society.
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an increasing peak shift with respect to the reference, eventuating in the specification of the
critical deposition rate ηcritAF = 4 nm/min for the onset of the IrMn (111) crystal orientation
(cf. Sec. 7.2.2). The peak linked to the CoFe (110) crystal orientation is independent on
ηAF [MHR+20]. Displayed in Figs. 7.6(b, c), in addition to reference values, are the lat-
tice parameters aAF =

√
3λCoKα1/2 sinϑ(111) and aF =

√
2λCoKα1/2 sinϑ(110) related to the

IrMn and the CoFe layer, respectively, determined under consideration of the peak positions
2ϑ(111) and 2ϑ(110) [MHR+20, Cul78, Bir06]. aF equals the indicated reference value within
the stated margin of uncertainty and aAF approaches aAF = (3.762± 0.014) Å for ηAF > ηcritAF

being slightly smaller than the indicated reference value arefIr20Mn80
= 3.78 Å [GRB19].

Introduced as the lower bound of the AF crystallites’ heights, the coherence length linked
to the diffraction peaks’ width defined by Scherrer’s formula (cf. Sec. 6.3) is displayed in
Fig. 7.6(d) for the IrMn (111) and CoFe (110) peak in dependence on ηAF. Likewise to the
lattice parameter aF in Fig. 7.6(c), the coherence length ξF with respect to the CoFe layer
exhibits no distinct dependence on the AF deposition rate and equals 〈ξF〉 = (6.6± 1.8) nm
on average, representing ≈ 66 % of the nominal F layer’s thickness tnomF = 10 nm [MHR+20].
Contrarily, ξAF with respect to the IrMn layer increases from ξAF = 2.6 to 8.6 nm upon
increasing ηAF ≤ ηcritAF = 4 nm/min and approaches ξAF = (8.5± 1.2) nm/min as the average
value for ηAF > ηcritAF . This allows for the conclusion, that a constant crystallite height of the
AF grains contributes effectively to the peak linked to the IrMn (111) crystal orientation
for ηAF > ηcritAF [MHR+20]. Furthermore, it is expected that the peak broadening observed
upon decreasing ηAF < ηcritAF is connected to inhomogeneous grain growth (structure Zone T),
evidencing ηcritAF as the critical threshold deposition rate for homogeneous columnar grain
growth for larger ηAF > ηcritAF (structure Zone II) (cf. Sec. 5.2) [MHR+20, BA98].

7.5 Conclusion

Summarizing the preceding sections, the conclusion will now be formulated that can be
drawn from the presented thickness and deposition rate dependent parameter studies re-
garding the investigated AF IrMn layer of the polycrystalline AF/F-bilayer in focus of the
present thesis. The characterization of the surface topography of uncapped IrMn layers by
means of AFM revealed a granular layer structure with grains seemingly exhibiting cylin-
drical bases at the layers’ surface. No significant change in surface roughness was observed
for tAF ≤ 50 nm in the case of ηAF = 5.19 nm/min (UAF

DC = 700 V) and in Ref. [MHR+20]
the surface roughness was determined to be overall independent on ηAF. The distribution
of AF grain radii can be scaled fox fixed layer thickness regarding the average grain radius
and the standard deviation of the distribution upon the variation of ηAF from a specific
critical threshold deposition rate ηcritAF [MHR+20]. Within the present thesis and for the spe-
cific deposition rate ηAF = 5.19 nm/min (UAF

DC = 700 V) it could be observed that the AF
grain radius distribution is preserved upon increasing tAF, corresponding to columnar grain
growth, which was intended to be verified for the chosen set of deposition parameters. The
distribution of grain radii is further inherited by the CoFe layer deposited on top of the IrMn
layer. Additionally, the nominal thicknesses of two exemplary layer stacks are reasonably re-
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produced within the determined uncertainty ranges with the help of measured XRR profiles.
In Ref. [MHR+20] it could be further evidenced by means of XRD that the IrMn (111) crys-
tal orientation is distinctly developed earliest from ηcritAF and that the lattice parameter and
the coherence length - representing the lower bound for the crystallites’ heights effectively
contributing to the diffraction peak - are independent on ηAF from ηcritAF . In contrast, the
crystal structure of the overlying CoFe layer is overall independent on ηAF. Since columnar
grain growth could be evidenced in the thickness dependent analysis of the AF grain radius
distribution for UAF

DC = 700 V (ηAF = 5.19 nm/min), this DC potential represents the rate
determining parameter of choice for the residual thickness dependent studies in the present
thesis (cf. Tab. 5.1).

The naturally oxidized Si (100) substrates used in Ref. [MHR+20], of which the results are
summarized in Sec. 7.1, 7.2.2 and 7.4, were pre-treated differently as the pre-cut 1 × 1 cm2

substrates utilized in the present thesis. While the latter were only cleaned by using pressur-
ized N2 right before the deposition process, the substrates used in Ref. [MHR+20] are self-cut
from a 4” polished Si-wafer into approximately 1 × 1 cm2 sized pieces, for which reason they
were subsequently cleaned by rinsing acetone, isopropyl and distilled water in the given or-
der over the substrate’s surface, followed by applying pressurized N2 to remove remaining
residues. Hence, it is expected that the substrates of different type exhibit a differing surface
topography and that the variation of the magnetic properties upon increasing ηAF cannot
be directly or rather not quantitatively compared. This is connected to a change of the
deposition rates at which specific structure zones (cf. Sec. 5.2) are addressed. Nevertheless,
it needs to be emphasized that it could be evidenced in Ref. [MHR+20], that columnar and
homogeneous growth of the polycrystalline AF layer sets in from a specific critical threshold
deposition rate ηcritAF , from which the crystal structure is independent on ηAF and the magnetic
properties are mainly linked to the tailoring of the AF grain size distribution upon increasing
ηAF > ηcritAF . This manifests itself as a distinct increase of the EB shift and the coercive field
when ηcritAF is exceeded. Consequently, even if the critical deposition rate ηcritAF , from which
homogeneous layer growth can be assumed, might be different, the trend of the structural
and magnetic properties in dependence on ηAF is expected to be qualitatively similar. Be-
cause of that, no detailed study of the grain size distribution and the crystal structure upon
variation of ηAF is performed within the thesis at hand. Combining the insights worked out
up to here in combination with Ref. [MHR+20], it is assumed that homogeneous columnar
grain growth accompanied by a pronounced (111) crystal orientation within the crystallites
of the IrMn layer of the investigated polycrystalline AF/F-bilayer is given for ηAF > ηcritAF ,
with ηcritAF being derivable from the onset of the ηAF-dependent magnetic properties.





8 | Kerr magnetometry -
magnetic characterization

In this chapter, Kerr magnetometry shall be introduced as the method of choice for the
characterization of the magnetic properties of polycrystalline AF/F-bilayers. For this, the
phenomenology of the magneto-optic Kerr effect (MOKE) will be described in Sec. 8.1, prin-
cipally being the modification of the polarization state of light when it is reflected from the
surface of a magnetic material, followed by a quantitative description in Sec. 8.2. In Sec. 8.3,
on the basis of a fundamental optical setup composed of a monochromatic light source, po-
larizers and detectors, it will be explained how the magnetization reversal of a specimen
is interlinked with the detectable intensity of the reflected light, how the remagnetization
process can be reconstructed (Sec. 8.3.1) and to which assumptions and approximations the
latter is bound. The validity of the presented approach will be theoretically discussed in
Sec. 8.3.2 accompanied by highlighting its limits. The experimental measurement setups
utilized in the thesis at hand, namely the longitudinal and the vectorial Kerr magnetome-
ter and the Kerr microscope, are described in Secs. 8.4.1, 8.4.2 and 8.4.4, respectively.
These setups are specifically designed for the characterization of in-plane magnetization re-
versal in magnetic thin films upon the variation of an external magnetic field. Based on
the theoretical preparation in Sec. 8.3, the idea of an hypothetical magneto-optic setup for
the characterization of magnetization reversal processes that are not necessarily restricted
to the sample plane, i.e. a three-dimensional vectorial Kerr magnetometer, is sketched in
Sec. 8.4.3.

8.1 Magneto-optic Kerr effect (MOKE)

The connection of the polarization state of light when transmitted trough a medium en-
veloping a magnetic field or reflected from the surface of a magnetic material goes back to
the discoveries of M. Faraday in 1845 [Far46] and J. Kerr in 1876 [Ker77], respectively
[Ham03]. The magneto-optic Kerr effect (MOKE) is the foundation of a nowadays well
established technique for the investigation of the magnetic properties of magnetic thin films
[HS98, Ham03, Coe09]. Using light to probe a magnetic specimen makes Kerr magnetom-
etry competitive in comparison to other techniques, as it can be very fast, it provides a
comparatively good lateral resolution down to the diffraction-limit and experimental setups
for measuring MOKE can be built using standard optical components [Ham03, HS98]. Fur-
ther, even if MOKE is limited by the penetration depth of light1, thus representing rather a
surface-sensitive technique, Kerr magnetometry still allows to investigate buried magnetic
materials in comparison to techniques using, e.g., electrons, being only sensitive to a few
atomic layers at the surface of a specimen [Ham03].

1In the case of metallic thin films, the penetration depth of light is about 20 nm [Ham03, Müg16].
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Fig. 8.1: Phenomenology of the magneto-optic Kerr-effect (MOKE) when (a) incident (i) linearly
polarized light is reflected from the surface of a magnetic material resulting in an (b) elliptic and
rotated polarization of the reflected (r) light. The situation is w.l.o.g. visualized for incident parallel
polarized light (Ei

p = | �Ei| and Ei
s = 0). The Kerr rotation ϑK and the Kerr ellipticity εK are

the consequence of magnetic circular birefringence and magnetic circular dichroism, respectively,
connected to different refraction indices n+ �= n− and different absorption coefficients κ+ �= κ−
of right (+) and left (−) circular polarized parts. (c) In superposition, right- and left-circularly
polarized light eventuate into linear polarization. Adapted from [KHP+12].

Phenomenologically, when incident linearly polarized light is reflected from a magnetic
material, the polarization of the reflected light is rotated by the Kerr angle ϑK and is
further elliptic, described by the Kerr ellipticity εK, as it is exemplarily visualized in
Figs. 8.1(a, b) for incident parallel (p) polarized light. Constructing the linear polariza-
tion by superposing two circularly polarized light waves with differing helicities (right (+)
and left (-) in Fig. 8.1(c)), the rotation of the incident polarization and the arising ellipticity
can be traced back to different refraction and absorption coefficients n+ �= n− and κ+ �= κ−

[Coe09, KHP+12]. This results in different propagation velocities and a non-equal absorp-
tion of the circular polarized parts: Magnetic circular birefringence (Kerr rotation) and
magnetic circular dichroism (Kerr ellipticity) [HS98, Coe09].

Microscopically, MOKE is linked to a different excitation of electrons in the magnetic
material having different spin orientations by right or left circular polarized light [Coe09,
ZK97], which is connected to the splitting of energy levels due to spin-orbit (Sec. 2.2.1) and
exchange (Sec. 2.2.3) interaction. Both need to be simultaneously present for MOKE to occur
[KHP+12, Ham03, BSC96]. This shall be clarified exemplarily in the case of magnetic circular
dichroism and is schematically visualized in Fig. 8.2 illustrating the magnetic perturbation
of the electronic structure of p and d states in a bulk ferromagnet due to spin-orbit (so)
and exchange (ex) interaction [KHP+12, Ham03]. Electric dipole transitions from d to p
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Fig. 8.2: Schematic depiction of the absorption of right (+,∆m = +1) and left (−,∆m = −1)
circularly polarized light inducing electric dipole transitions from d to p states of a bulk ferromagnet,
which degeneracies are lifted by magnetic perturbation. Schematic absorption spectra versus photon
energy are exemplarily displayed for transitions to p states |10 ↓〉 and |10 ↑〉, in the case of - from right
to left - no magnetic perturbation (Eso, Eex = 0) indicated by the transition energy E0, vanishing
exchange splitting (Eex = 0, Eso �= 0) and vanishing spin-orbit coupling (Eso = 0, Eex �= 0) as well
as in the case of lifting the degeneracy of spin states by exchange splitting and lifting the orbital
degeneracy via spin-orbit interaction (Eex, Eso �= 0). Please note that the exchange splitting in p
levels is neglected and further that for states with s =↑, the energy does increase with m, which is
the opposite for s =↓ [Ham03]. Adapted from [KHP+12, Ham03, BSC96].

states are shown for right (+) and left (-) circularly polarized light for electrons with spin
up (↑) and spin down (↓). E0 corresponds to the transition energy in the unperturbed case
(Eso, Eex = 0). The degeneracy between spin up and spin down states is lifted by exchange
interaction resulting in an energy splitting by Eex, whereas spin-orbit interaction splits the
energy levels connected to the orbital quantum number l = 1, 2 (p, d) by Eso in dependence
on the magnetic quantum number m (−l ≤ m ≤ l) [KHP+12]. Absorption spectra versus
photon energy are schematically displayed in Fig. 8.2 for transitions from d to p states with
m = 0 and spin orientations s = ↓ and ↑ considering the following cases [BSC96, Ham03]:

(i) Magnetic perturbation by spin-orbit and exchange interaction (Eso, Eex �= 0)

(ii) Vanishing spin-orbit coupling (Eso = 0 and Eex �= 0)

(iii) Vanishing exchange splitting (Eso �= 0 and Eex = 0)

(iv) No Magnetic perturbation (Eso, Eex = 0)
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In contrast to the spectra where either only spin-orbit or only exchange interaction are
present, the absorption spectrum for Eso, Eex �= 0 shows the effect of magnetic circular
dichroism as the absorption bands can be distinguished depending on the spin state and
helicity of the circular polarization [KHP+12]. The differently shifted absorption bands are
directly connected to the dispersion relations via the Kramers-Kronig-relations, inter-
linking the Kerr ellipticity εK with the Kerr rotation ϑK [Coe09], making the preceding
argumentation regarding the microscopic origin of the magnetic circular dichroism analo-
gously valid for reasoning the occurrence of magnetic circular birefringence.

The phenomenology of MOKE can be described quantitatively by decomposing the elec-
tric field vector, representing the incident (i) and reflected (r) light wave

�E (i/r)(z, t) = �E(i/r) exp {i(kz − ωt)} with �E(i/r) =

(
E

(i/r)
s

E
(i/r)
p

)
(8.1)

into vector components perpendicular to the wave vector �k parallel to the propagation direc-
tion, which are representative for perpendicular (s) and parallel (p) polarization with respect
to the plane of incidence (Fig. 8.1). The components E

(r)
s/p describing the polarization state

of the reflected light can be related to the components E
(i)
s/p of the incident light via

�E(r) =

(
rssE

(i)
s + rspE

(i)
p

rpsE
(i)
s + rppE

(i)
p

)
(8.2)

using the reflection coefficients rss, rsp, rps, rpp ∈ C. Those coefficients describe the amount of
preserved polarization (rss/pp) and how much of the initial perpendicular/parallel polariza-
tion is transferred into parallel/perpendicular polarization (rsp/ps). Followingly, for incident
purely perpendicular (E(i)

p = 0) or parallel (E(i)
s = 0) polarized light, the ratios of the

components E
(r)
p/s of the reflected light are given by [KHP+12]:

E
(r)
p

E
(r)
s

∣∣∣∣∣
E

(i)
p =0

=
rps
rss

and
E

(r)
s

E
(r)
p

∣∣∣∣∣
E

(i)
s =0

=
rsp
rpp

. (8.3)

The polarization of reflected light with ellipticity ε, rotated clockwise by ϑ starting from
perpendicular (s) polarization (cf. Fig. 8.1), can generally be described by [AB77, KHP+12]

�E(r) = RRR(ϑ)

(
cos ε

i sin ε

)
| �E(i)| with RRR(ϑ) =

(
cosϑ sinϑ

− sinϑ cosϑ

)
, (8.4)

whereas ε = 0 describes purely linearly polarized light with ϑ = 0 and −π/2 being rep-
resentative for perpendicular (s) and parallel (p) polarization, respectively. For incident
perpendicular (E(i)

p = 0) and parallel (E(i)
s = 0) polarized light it follows that reflected light
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with Kerr rotation ϑK and Kerr ellipticity εK can be expressed by

�Er

| �E(i)|

∣∣∣∣∣
E

(i)
p =0

= RRR(ϑK)

(
cos εK

i sin εK

)
=

(
cosϑK cos εK + i sinϑK sin εK

− sinϑK cos εK + i cosϑK sin εK

)
(8.5)

�Er

| �E(i)|

∣∣∣∣∣
E

(i)
s =0

= RRR(ϑK)RRR(−π/2)

(
cos εK

i sin εK

)
=

(
sinϑK cos εK − i cosϑK sin εK

cosϑK cos εK + i sinϑK sin εK

)
(8.6)

For small Kerr rotation and ellipticity ϑK � 1 and εK � 1 it holds that

E
(r)
p

E
(r)
s

∣∣∣∣∣
E

(i)
p =0

=
− sinϑK cos εK + i cosϑK sin εK
cosϑK cos εK + i sinϑK sin εK

= − tanϑK + i tan εK
1 + i tanϑK tan εK

≈ −(ϑK − iεK) (8.7)

E
(r)
s

E
(r)
p

∣∣∣∣∣
E

(i)
s =0

=
sinϑK cos εK − i cosϑK sin εK
cosϑK cos εK + i sinϑK sin εK

=
tanϑK − i tan εK
1 + i tanϑK tan εK

≈ ϑK − iεK. (8.8)

Eqs. (8.7) and (8.8) define the complex Kerr amplitudes ψs and ψp for incident perpendic-
ular (s) and parallel (p) polarized light, respectively, and by comparison with Eq. (8.3), ψs/p

can be linked to the reflection coefficients by [KHP+12]

ψs/p = ϑK − iεK ≈ ∓
rps/sp
rss/pp

. (8.9)

Furthermore, it can be assumed in general that Re
{
rss/pp

}
� Im

{
rss/pp

}
[Müg16, HS98],

allowing to approximate the Kerr rotation by

ϑK = Re
{
ψs/p

}
= Re

{
∓
rps/sp
rss/pp

}
= ∓

Re
{
rps/sp

}
Re

{
rss/pp

}
+ Im

{
rps/sp

}
Im

{
rss/pp

}

Re
{
rss/pp

}2
+ Im

{
rss/pp

}2

≈ ∓
Re

{
rps/sp

}

Re
{
rss/pp

} . (8.10)

8.2 Permittivity tensor and reflection coefficients

From Eq. (8.10) it can be concluded that the Kerr rotation ϑK is principally proportional to
the real part of the reflection coefficients rps and rsp for initial perpendicular (s) and parallel
(p) polarization, respectively, and it is desired to connect these coefficients with the sample’s
magnetization �M . The contributions of the different magnetization components are typically
defined with respect to a reference frame specified by the sample surface, i.e. its normal
vector n̂, sharing the intersection vector r̂ with the plane of incidence2 containing the light’s

2The plane of incidence is ideally perpendicular to the sample’s surface with n̂ · r̂ = 0 and r̂ × n̂ lying
within the sample plane.
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Fig. 8.3: Fundamental geometries of the magneto-optic Kerr effect (MOKE) corresponding to
unique orientations of the sample magnetization �M with respect to the plane of incidence spanned by
the normal vector of the sample n̂ and the unit vector r̂ lying in the sample plane. The magnetization
is either parallel to the plane of the incident light ( �M×r̂ = 0) and lies in the sample plane ( �M ·n̂ = 0)
(longitudinal), lies in the sample plane ( �M · n̂ = 0) but is perpendicular to the plane of incidence
( �M · r̂ = 0) (transversal) or is parallel to the plane of incidence and to the normal vector of
the sample plane ( �M × n̂ = �M · r̂ = 0) (polar). The polarization state of the incident (i) and
reflected (r) light is characterized by the plane, spanned by x̂ and ŷ, with (x̂ × ŷ) × �k = 0 and
(x̂ · n̂ = x̂ · r̂ = ŷ · x̂ = 0) with the wave vector �k enclosing the angle of incidence ϑ0 = acos(�k · n̂/|�k|).
Further the resulting changes of the reflected light’s polarization state, depending on whether the
incident light is polarized parallel (p) or perpendicular to the plane of incidence, are visualized only
considering the Kerr rotation by the angle ϑK (L- and PMOKE) and the intensity change of the
reflected light in the case of the transversal geometry (TMOKE). Adapted from [HS98, KHP+12].

propagation direction defining wave vector �k with the angle of incidence ϑ0 = acos(�k · n̂/|�k|)
(Fig. 8.3). Depending on how the magnetization is oriented with respect to n̂ and r̂, it
is distinguished between the following geometries for which the resulting Kerr rotation
can be reasoned within the simplified picture of electrons in the sample surface that are
excited by the incident light to oscillate and are further deflected by the Lorentz force
�FL = −e�ve × �B considering the elementary charge e of an electron, its velocity �ve and the
magnetic flux density �B linked to the sample’s magnetization �M [KHP+12, HS98]:

Longitudinal (LMOKE) ( �M × r̂ = �M · n̂ = 0)

In the longitudinal geometry, the contributing magnetization component ML is parallel
to the plane of incidence and further lies within the sample’s surface (in-plane), resulting
in the rotation of an incident linear polarization by ϑK and the generation of ellipticity
εK [KHP+12, HS98]. Please note, that the Kerr rotation ϑK exhibits a different sign,
i.e. opposed rotation sense, when incident perpendicular (s) polarization is compared to
incident parallel (p) polarization (Fig. 8.3). For gracing incident angle (ϑ0 → π/2), the
MOKE typically is largest in the longitudinal geometry and vanishes for normal incidence
(ϑ0 → 0) [HS98, KHP+12].
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Transversal (TMOKE) ( �M · r̂ = �M · n̂ = 0)

The transversal geometry corresponds to the in-plane magnetization component MT per-
pendicular to the plane of incidence, in which case no Kerr rotation and ellipticity is
generated [KHP+12, HS98, Müg16]. For incident perpendicular (s) polarization, the elec-
tric field vector and the transversal magnetization component are parallel and the reflected
light is unaffected, whereas for incident parallel (p) polarization, a change in intensity is
typically observed [KHP+12, HS98]. The dependence of the effect on ϑ0 is comparable to
the longitudinal geometry and vanishes for normal incidence [HS98, KHP+12].

Polar (PMOKE) ( �M · r̂ = �M × n̂ = 0)

In the case of an out-of-plane magnetization component MP, lying in the plane of incidence,
but being perpendicular to the sample’s surface a change of the polarization state occurs,
whereas the rotation sense of the generated Kerr rotation ϑK is not changed when incident
perpendicular (s) and parallel (p) polarization are compared [KHP+12, HS98, Müg16]. In
contrast to the longitudinal and the transversal geometry, the effect vanishes for gracing
incident angle and is greatest for normal incidence [HS98, KHP+12].

The dielectric displacement law �D = εεε · �E, interlinking the electric displacement field
�D with the three-dimensional electric field vector �E via the permittivity tensor εεε, allows
to quantitatively describe interactions between light and matter [KHP+12, HS98]. Whereas
for isotropic and linear media the electric permittivity is given by a scalar, for anisotropic
media or in the case of a polarization change of light reflected from the surface of a magnetic
material, the permittivity is given by a tensor [KHP+12, Gri13]. Within the context of a
quantitative description of the MOKE, the permittivity tensor is with respect to the reference
frame defined by the plane of incidence and the sample’s surface (cf. Fig. 8.3) and considering
the normalized magnetization direction �m = �M/| �M | = (mL,mT,mP)

T commonly given by

εεε =




εLL εLT εLP

εTL εTT εTP

εPL εPT εPP


 with εij = Aij +

∑
k

Bijkmk +
∑
kl

Cijklmkml + . . . (8.11)

with coefficients Aij, Bijk and Cijkl and i, j, k, l ∈ {L,T,P} [KHP+12]. The power series expan-
sion of tensor elements εij is, likewise to the power series expansion of the magnetocrystalline
anisotropy energy density given by Eq. (2.22) at direction cosines mi, commonly performed
because typically a connection to the crystal structure of the magnetic material is assumed3

[KHP+12, KBW+11]. For the description of magneto-optic effects, the representation of the
permittivity tensor in Eq. (8.11) is only considered up to second-order terms:

εεε = ε0εr




1 iQmL −iQmT

−iQmP 1 iQmP

iQmT −iQmL 1


+




V mL
2 WmLmT WmLmP

WmLmT V mT
2 WmTmP

WmLmP WmTmP V mP
2


 (8.12)

with the electric constant ε0 and the material-specific relative permittivity εr and Voigt
3If this is not the case, the validity of the ansatz in Eq. (8.11) and the mathematical formalism is unaltered.
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constant Q [HS98]. V and W are scaling the quadratic as well as mix-term contributions of
the magnetization components, respectively, which is commonly referred to as the Voigt
effect [KHP+12, HS98] or also linear magnetic birefringence and linear magnetic dichroism
[Coe09]. Typically V �= W in cubic crystals, but for isotropic and amorphous media it holds
that V = W [HS98] and the dielectric displacement law can followingly be written as

�D = εεε · �E = ε0εr

(
�E − iQ�m× �E

)
+ V �m⊗ �m · �E, (8.13)

with Q, V,W ∈ C being generally frequency dependent with predominant real parts [HS98].
The first term in Eq. (8.13), i.e. ε0εr

(
�E − iQ�m× �E

)
, describes quantitatively the magneto-

optic effects that can be qualitatively reasoned within the simplified picture of oscillating
electrons that are deflected by the Lorentz force.

For the connection of the normalized magnetization components mL, mT and mP with
the reflection coefficients rss, rsp, rps and rpp, eventually determining the Kerr rotation
and ellipticity, the reflection coefficients are needed to be interlinked with the elements
of the permittivity tensor εεε (Eq. (8.12)) [KHP+12]. To realize this in the case of describ-
ing magneto-optic effects considering thin film heterostructures composed of magnetic as
well as non-magnetic layers, it is needed to set up Fresnel equations for each interface
in the multilayered system covering the reflection and transmission of the propagating light
[Müg16, KHP+12, Ham03]. It is further needed to be taken into account that light beams
reflected at certain interfaces can interfere with light beams reflected at overlying interfaces
[Müg16]. An established method for the calculation of the reflection coefficients determined
by the elements of the layer-specific permittivity tensors of multilayered anisotropic media
is given by the transfer matrix calculus proposed by Yeh in Ref. [Yeh80], further developed
over the subsequent decades until generalized analytic formulae were published by You and
Shin in Ref. [SY98] describing MOKE for arbitrary magnetization directions in a magnetic
medium. Analytic expressions of the reflection coefficients in the ultra thin ferromagnetic
layer approximation for a stand-alone ferromagnetic (F) layer of thickness tF sandwiched
between a non-magnetic overlayer and an infinite substrate were developed by Hamrle
et al. in Refs. [HFJ+03, Ham03]. There it is assumed that tF is much thinner than the
wavelength of the probing light within the magnetic material, i.e. tF � 4πλ/|ε(F)0 | with
ε
(F)
0 = ε0ε

(F)
r representing the diagonal elements of the F layer’s permittivity tensor. Further

it is assumed, that the non-magnetic layer with thickness tN and the infinite substrate share
the non-magnetic and isotropic permittivity ε(N) = n2 with the refractive index n and that
the refractive index of the surrounding medium (typically air) is given by n0. Analytic ex-
pressions of the reflection coefficients have been derived making use of the transfer matrix
calculus and arise from a Taylor series expansion up to the first order of the reflection
coefficients as functions of tF: [Ham03]

rij(tF) = rij

∣∣∣
tF=0

+
∂rij
∂tF

tF +O(tF
2) for i, j ∈ {s, p}. (8.14)
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The resulting analytic expressions of the reflection coefficients as functions of the permittivity
tensor’s elements are given by

rss = χ(0)
ss (8.15)

rpp = χ(0)
pp + χ(1)

pp (εLP − εPL) (8.16)

rps = χ(0)
ps

[
εPT εLP nP

ε
(F)
0

− εPT nLn
2

ε
(F)
0

− εLT nP

]
(8.17)

rsp = χ(0)
sp

[
−εTP εPL nP

ε
(F)
0

− εTP nLn
2

ε
(F)
0

+ εTL nP

]
(8.18)

where the rss and rpp are expressed up to the first order of perturbation regarding the
off-diagonal elements of the permittivity tensor (superscripts (0) and (1)). The complex
prefactors are given by [HFJ+03, Ham03, KHP+12]

χ
(0)
sp/ps =

i 2Ω k(0) n0 tF cosϑ0

(n0 cosϑ0 + nP) (n0nP + n2 cosϑ0)
(8.19)

χ(0)
ss =

n0 cosϑ0 − nP

n0 cosϑ0 + nP
+ tN

i 2Ω k(0) n0 (ε
(F)
0 − n2) cosϑ0

(n0 cosϑ0 + nP)
2 (8.20)

χ(0)
pp =

n2 cosϑ0 − nPn0

n2 cosϑ0 + nPn0
+ tN

i 2Ω k(0) n0 (n
4(ε

(F)
0 − nL

2)− (nP ε
(F)
0 )2)

ε
(F)
0 (n0nP + n2 cosϑ0)

2
(8.21)

χ(1)
pp = tN

i 2Ω k(0) n2 nL nP n0 cosϑ0

ε
(F)
0 (n0nP + n2 cosϑ0)2

(8.22)

with the wave vector in vacuum k(0) = 2π/λ(0). The factor

Ω(tN, ε
(N)
0 , n, λ(0)) = exp

{
i 4πtNnP

λ(0)

}
= exp

{
i 4πtN

λ(0)

√
ε
(N)
0 − n2 sin2 ϑ0

}
(8.23)

describes the influence of the non-magnetic capping layer of thickness tN and is directly con-
nected to the depth resolution of MOKE in dependence on photon energy and the angle of
incidence ϑ0 [HFJ+03, Ham03]. The absolute value of the so-called normalized wave vector
inside the non-magnetic material is given by n2 = ε

(N)
0 = nL

2 + nP
2 with the components

nL = n sinϑ0, nP
2 = ε

(N)
0 − nL

2 and nT = 0 [Ham03]. Inserting the permittivity tensor’s ele-
ments (Eq. (8.12)) with V = W = 0 into the analytic expressions of the reflection coefficients
given by Eqs. (8.15), (8.16), (8.17) and (8.18) allows to formulate analytic formulae describ-
ing the reflection coefficients as functions of the normalized magnetization components:

rss = χ(0)
ss (8.24)

rpp = χ(0)
pp + i 2χ(1)

pp Qε
(F)
0 mT (8.25)

rps = χ(0)
ps

[
−Q2 ε

(F)
0 nP mLmT + iQnL n

2 mL − iQε
(F)
0 nP mP

]
(8.26)

rsp = χ(0)
sp

[
+Q2 ε

(F)
0 nP mLmT − iQnL n

2 mL − iQε
(F)
0 nP mP

]
. (8.27)
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The phenomenology of the MOKE regarding the longitudinal, transversal and polar geometry
of the effect (Fig. 8.3) is reproduced. rss is not determined by the sample’s magnetization,
whereas the magnetization dependent part of rpp is proportional to mT, emphasizing that the
transversal magnetization component only affects the light’s intensity for incident parallel (p)
polarization. rps and rsp consist of terms that are proportional to mL and mP, whereas the
sign of the longitudinal contribution changes when incident perpendicular (s) and parallel (p)
polarization are compared. Additionally, mixed terms4 entangling the contributions of mL

and mT arise for the coefficients rps and rsp. Those are only relevant for magnetization
configurations with both components being non-zero, e.g. during magnetization reversal.

8.3 Polarization analysis

It is now intended, to interlink the analytic expressions of the magnetization-dependent re-
flection coefficients with the detectable intensity of the light reflected from the surface of a
magnetic sample, e.g. by the use of a photo diode, in order to connect a measurable quan-
tity with the sample’s magnetization, i.e. Kerr magnetometry [Müg16, Ham03, KHP+12].
For this, a fundamental optical setup for the magneto-optic characterization of magnetic
thin films will be introduced in the following. As it is schematically depicted in Fig. 8.4, a
monochromatic light source provides a light beam with the wavelength λ, which is directed
onto the magnetic sample under the angle of incidence ϑ0 through a polarizer defining the
incident polarization. To detect the L- and PMOKE related Kerr rotation, the reflected
light is directed onto a detector through a second polarizer (analyzer) rotated to be approx-
imately oriented perpendicular to the incident polarization, in order to detect small polar-
ization changes by analyzing the polarization-specific reflected intensity If [HS98, Müg16].
In the case of the TMOKE, where only a change in intensity is expected, it is sufficient to
implement a beam splitter and a second detector in between the reflecting sample and the
second polarizer for the detection of the solely reflected intensity Ir [Müg16].

The impact of the reflecting magnetic sample and the participating optical components
on the polarization state of the light can mathematically be described by the matrix for-
malism proposed by R. C. Jones in Ref. [Jon41] representing a calculus for the treatment
of optical systems. For the polarization analysis, under neglection of a possible change of
linear to elliptic polarization linked to the Kerr ellipticity, the polarization state of the
electromagnetic wave can be described by the vector JJJ = (Es, Ep)

T defining the polarization
of the light in the plane perpendicular to the wave vector �k. The interaction with different
optical components affecting the polarization state can be represented by matrices MMM i con-
secutively acting on the polarization vector, which eventually results in JJJ f =

∏
j MMM j JJJ i with

I0 = JJJ∗
iJJJ i = E0

2, in the case of initially uniformly unpolarized light and the initial vector
4Please note, that these mixed terms arise even if only the first-order contribution (V = W = 0) of the

permittivity tensor (Eq. (8.12)) is considered.



8 Kerr magnetometry - magnetic characterization 111

Fig. 8.4: Schematic of a setup to characterize the MOKE by disentangling the changes in the
reflected intensity Ir linked to TMOKE from changes of the polarization state connected to L- and
PMOKE contained in If . The optical elements representable by matrices MMMα,MMMβ and MMM r (Jones
formalism) are displayed in dependence on the polarizer angles α and β. The Jones vector JJJ i,
representing the polarization state of the incident light, is transformed into the resulting vectors of
the polarization-filtered and the solely reflected light, JJJ f and JJJ r, via the presented matrix operations.

JJJ i = (E0, E0)
T = (E

(i)
s , E

(i)
p )T . A polarizer can be described by the matrix

MMMα =

(
cos2 α sinα cosα

cosα sinα sin2 α

)
(8.28)

with the polarizer angle begin descriptive for the counter-clockwise rotation by α starting
from perpendicular (s) polarization. Consequently, matrices for perpendicular (s) and par-
allel (p) polarization are given by

MMM s =MMMα=0 =

(
1 0

0 0

)
and MMMp =MMMα=π/2 =

(
0 0

0 1

)
. (8.29)

The polarization change due to the reflection from the surface of a magnetic sample is given
be the reflection matrix (cf. Eq. (8.2))

MMM r =

(
rss rsp

rps rpp

)
with rss, rsp, rps, rpp ∈ C. (8.30)

The defined matrices can be rotated counter-clockwise by the angle ϑ viaRRR(ϑ) (cf. Eq. (8.4)).
Referring to the setup sketched in Fig. 8.4, the Jones vector of the detectable solely reflected
light JJJ r and the polarization-specific reflected polarization vector JJJ f are given by

JJJ r = MMM rMMMαJJJ i (8.31)

JJJ f = MMMβMMM rMMMαJJJ i (8.32)

with the respective intensities Ir/f = JJJ∗
r/f JJJ r/f . Performing the matrix multiplications and

distinguishing between different initial polarizations (s/p) results in detectable intensities
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I
(s/p)
r

I0 κ
(s/p)
r

= (|rss/pp|2 + |rps/sp|2) (8.33)

rss/pp�rps/sp
≈ |rss/pp|2

I
(s)
f

I0 κ
(s)
f

= |rss|2 cos2 β + |rps|2 sin2 β

+ (Re {rps}Re {rss}+ Im {rps} Im {rss}) sin 2β (8.34)
rss�rps
≈ |rss|2 cos2 β + (Re {rps}Re {rss}+ Im {rps} Im {rss}) sin 2β

I
(p)
f

I0 κ
(p)
f

= |rpp|2 sin2 β + |rsp|2 cos2 β

+ (Re {rsp}Re {rpp}+ Im {rsp} Im {rpp}) sin 2β (8.35)
rpp�rsp
≈ |rpp|2 sin2 β + (Re {rsp}Re {rpp}+ Im {rsp} Im {rpp}) sin 2β

being normalized to I0, additionally considering detector-specific signal-scaling factors κ(s/p)
r/f .

Eqs. (8.33), (8.34) and (8.35) demonstrate the dependence of the detectable intensities on the
magnetization-dependent reflection coefficients and the angle β of the analyzing polarizer5.
Inserting analytic expressions Eqs. (8.24), (8.25), (8.26) and (8.27) of the reflection coeffi-
cients as functions of the normalized magnetization components, assuming rss/pp � rps/sp

[Müg16, HS98], eventuates in magnetization-dependent formulae for the detectable intensi-
ties simplified by neglecting non-linear and mixed terms with respect to mL,mT and mP:

I
(s)
r

I0 κ
(s)
r

= |χ(0)
ss |2 (8.36)

I
(p)
r

I0 κ
(p)
r

= I(p,0)r + I
(p,1)
r,T mT + I

(p,2)
r,T mT

2 ≈ I(p,0)r + I
(p,1)
r,T mT (8.37)

I
(s)
f

I0 κ
(s)
f

= |χ(0)
ss |2 cos2 β +

(
I
(s,1)
f,L mL + I

(s,1)
f,P mP + I

(s,2)
f,LT mL mT

)
sin 2β

≈ |χ(0)
ss |2 cos2 β +

(
I
(s,1)
f,L mL + I

(s,1)
f,P mP

)
sin 2β (8.38)

I
(p)
f

I0 κ
(p)
f

=
(
I
(p,0)
f + I

(p,1)
f,T mT + I

(p,2)
f,T mT

2
)
sin2 β

+
(
I
(p,1)
f,L mL + I

(p,1)
f,P mP + I

(p,2)
f,LT mL mT + I

(p,2)
f,TP mT mP + I

(p,3)
f,LT mL mT

2
)
sin 2β

≈
(
I
(p,0)
f + I

(p,1)
f,T mT

)
sin2 β +

(
I
(p,1)
f,L mL + I

(p,1)
f,P mP

)
sin 2β. (8.39)

Analytic expressions for the prefactors I(p/s,1)f,L/P , I(p,1)f,T (first-order), I(p,2)f,T , I(p/s,2)f,LT , I(p,2)f,TP (second-
order) and I

(p,3)
f,LT (third-order) are specified by Eqs. (11.1)-(11.14) in the Appendix with

I
(p,0)
r = I

(p,0)
f , I(p,1)r,T = I

(p,1)
f,T and I

(p,2)
r,T = I

(p,2)
f,T .

5A perfectly set initial polarization state, i.e. either perpendicular (s) or parallel (p), is assumed.
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The derived analytic relations for the detectable intensities as functions on the normalized
magnetization components will be further used in Sec. 8.3.1 to set up equations or rather
inverse functions describing mL,mT and mP in dependence on the detectable intensities as
functions of an external magnetic field for the case when magnetization reversal curves are
measured. However, it can already be noticed that the reflected intensity I

(p)
r (Eq. (8.37)) for

incident parallel polarization is solely determined by the transversal magnetization compo-
nent mT, whereas the polarization-specific intensities I

(s)
f (Eq. (8.38)) and I

(p)
f (Eq. (8.39))

exhibit superposed contributions of the longitudinal and polar - and in the case of incident
parallel polarization - also transversal magnetization component. I

(s)
r (Eq. (8.36)) is not

affected by the sample magnetization and will not be considered in the following.
Finally, the performed approximations, namely rss/pp � rps/sp in Eqs. (8.33), (8.34) and

(8.35) and the neglection of prefactors connected to higher-order terms in Eqs. (8.37), (8.38)
and (8.39), will be discussed and validated in Sec. 8.3.2. Please note, that higher order and
mixed terms arise in Eqs. (8.37), (8.38) and (8.39), even if only the first-order contribution
of the permittivity tensor (Eq. (8.12)) is considered.

8.3.1 Separation of magnetization components

In the view of performing Kerr magnetometry, i.e. extracting the course of the individual
magnetization components as functions of an external magnetic field, the analytic expressions
of the detectable intensities I

(p)
r , I(s)f and I

(p)
f , given by Eqs. (8.37), (8.38) and (8.39), need

to be adequately processed. It is supposed w.l.o.g. that the course of the magnetization
components is desired to be determined in dependence on a longitudinal external magnetic
field HL within the plane of incidence and the sample’s surface6. Nevertheless, in order
to correctly normalize all magnetization components as functions of HL, it is necessary to
saturate the magnetic specimen along all field axes to extract the minimum and maximum
intensity values with respect to the respective component. With mi = ±1 (i ∈ {L,T,P}) for
saturating | �H| = | ±Hsat

i î| it holds that

I
(p,L)
r,max/min = I(p)r (±Hsat

L ) = I0 κ
(p)
r I(p,0)r (8.40)

I
(p,T)
r,max/min = I(p)r (±Hsat

T ) = I0 κ
(p)
r

(
I(p,0)r ± I

(p,1)
r,T

)
(8.41)

I
(s,L/P)
f,max/min = I

(s)
f (±Hsat

L/P) = I0 κ
(s)
f

(
|χ(0)

ss |2 cos2 β ± I
(s,1)
f,L/P sin 2β

)
(8.42)

I
(p,L/P)
f,max/min = I

(p)
f (±Hsat

L/P) = I0 κ
(p)
f

(
I
(p,0)
f sin2 β ± I

(p,1)
f,L/P sin 2β

)
, (8.43)

with I
(p,P)
r,max/min and I

(s/p,T)
f,max/min found to be not necessary. For the isolation of detector-specific

scaling factors and magnetization-component-specific prefactors as well as the dependence
on the analyzing polarizer angle, the following relations are defined:

6The derivation can be analogously performed for external magnetic fields HT and HP applied in the
transversal or polar geometry (Fig. 8.4).
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I
(p,T)
r± =

I
(p,T)
r,max ± I

(p,T)
r,min

2

(+)
= I0 κ

(p)
r I(p,0)r (8.44)

(−)
= I0 κ

(p)
r I

(p,1)
r,T (8.45)

I
(s,L/P)
f± =

I
(s,L/P)
f,max ± I

(s,L/P)
f,min

2

(+)
= I0 κ

(s)
f |χ(0)

ss |2 cos2 β (8.46)

(−)
= I0 κ

(s)
f I

(s,1)
f,L/P sin 2β (8.47)

I
(p,L/P)
f± =

I
(p,L/P)
f,max ± I

(p,L/P)
f,min

2

(+)
= I0 κ

(p)
f I

(p,0)
f sin2 β (8.48)

(−)
= I0 κ

(p)
f I

(p,1)
f,L/P sin 2β (8.49)

Normalized relations m(s) and m(p) of the polarization-specific reflected intensities in the
case of incident perpendicular (s) and parallel (p) polarized light are given by

m(s) =
I
(s)
f − I

(s,L)
f+

I
(s,L)
f−

= mL +
I
(s,1)
f,P

I
(s,1)
f,L

mP
(mP=0 ∀HL)

= mL (8.50)

m(p) =
I
(p)
f − I

(p,L)
f+

I
(p)
r

I
(p,L)
r,max

I
(p,L)
f−

= mL +
I
(p,1)
f,P

I
(p,1)
f,L

mP
(mP=0 ∀HL)

= mL, (8.51)

already corresponding to the correctly normalized longitudinal magnetization component mL

in the case of an in-plane magnetization reversal (mP = 0 ∀HL). Please note, that in the case
of incident parallel (p) polarization I

(p,L)
f+ I

(p)
r /I

(p,L)
r,max is subtracted from I

(p)
f in Eq. (8.51), in

order to separate the contribution of the longitudinal and the polar magnetization component
from the transversal one. Addition and subtraction of m(p) and m(s) results in

m(p) +m(s) =2mL +
(
Φ(p) + Φ(s)

)
mP (8.52)

m(p) −m(s) =
(
Φ(p) − Φ(s)

)
mP (8.53)

with the scaling factors Φ(s/p) = I
(s/p,1)
f,P /I

(s/p,1)
f,L =

(
I
(s/p,P)
f,max − I

(s/p,L)
f+

)
/I

(s/p,L)
f− needed in or-

der to separate the longitudinal from the polar magnetization component for both incident
polarizations. Finally, considering the setup Fig. 8.4 and a longitudinal external magnetic
field HL, the magnetization components as functions of the detectable intensities I

(p)
r (HL),

I
(s)
f (HL) and I

(p)
f (HL) are given by

mL =
m(p) +m(s) −

(
Φ(p) + Φ(s)

)
mP

2
(8.54)

mT =
I
(p)
r − I

(p,T)
r+

I
(p,T)
r−

=
I
(p)
r − I

(p,L)
r,max

I
(p,T)
r,max − I

(p,L)
r,max

(8.55)

mP =
m(p) −m(s)

Φ(p) − Φ(s)
. (8.56)
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Those represent the analytic formulae enabling to extract the course of the individual mag-
netization components with the help of a longitudinal and polarization analyzing setup
geometry for performing vectorial Kerr magnetometry, eventually allowing to separate and
also correctly normalize all three individual magnetization components if the performed ap-
proximations are valid, which will be discussed in the following section.

8.3.2 Validity of assumptions and performed approximations

In this section, the validity of the approximations performed in Sec. 8.3 will be discussed
alongside the importance of a very well defined incident perpendicular (s) and parallel (p)
polarization, under which assumption the polarization analysis in Sec. 8.3 with respect to
the schematic setup in Fig. 8.4 and the separation of magnetization components in Sec. 8.3.1
have been performed.

Firstly, in Eqs. (8.33), (8.34) and (8.35) it was assumed that rss/pp � rps/sp [Müg16, HS98],
based on the fact that typical experimentally observed Kerr amplitudes and rotations are
comparatively small (cf. Eqs. (8.9) and (8.10)). However, even if in comparison to rss/pp

the reflection coefficients rps/sp might be small enough to justify the neglection of |rps/sp|2

in Eqs. (8.33), (8.34) and (8.35), rps/sp should not vanish, since in this case no MOKE
would occur. In order to quantify the relation between the off-diagonal rps/sp and the diag-
onal rss/pp reflection coefficients, measured intensities as functions of an external magnetic
field (see Sec. 8.4.2 for experimental setup) of an exemplary sample with the layer stack
Si(100)/Cu5nm/Ir17Mn83

30nm/Co70Fe305nm/Si20nm of set B1 (Fig. 5.3 and Tab. 5.1) are com-
pared to calculated I

(p)
f/r,calc(HL) = JJJ

(p) ∗
f/r,calcJJJ

(p)
f/r,calc using Eqs. (8.31) and (8.32) considering

incident parallel (p) polarization and assuming an in-plane magnetization reversal. The
measured and calculated intensities are depicted in Fig. 8.5(a) for exemplary measurement
angles ϕ = 25◦, 80◦ and 150◦. The calculations are equivalent to Eqs. (8.33) and (8.35) when

Tab. 8.1: Optical and magneto-optic constants used for the calculation of detectable intensities
and prefactors. No reference is given for parameters that are experimentally prescribed or are
determined by comparing theoretical calculations with experimental data. The uncertainties ∆α
and ∆β shall reflect possible misalignments from perfect incident perpendicular (s) and parallel (p)
polarization as well as from ideally aligned analyzing polarizers.

Parameter Value Reference

λ (nm) 635
n (Si) 3.882 + i 0.02 [AS83]
n0 (Air) 1.030 [Cid96]
ε
(F)
0 (Co) −12.56 + i 18.53 [Ham03]
tN (nm) 20
tF (nm) 10

Parameter Value Reference

QCo 0.03855 + i 0.00665 [KA68]
QFe 0.03550 + i 0.01050 [KA68]
QNi 0.00540 + i 0.00165 [KA68]

∆α (deg) 0
∆β (deg) 5

ζ 0.000429
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Fig. 8.5: (a) Comparison of measured I
(p)
f/r,meas(HL) of an exemplary sample (tAF = 30 nm,

tF = 5 nm) of set B1 (Fig. 5.3 and Tab. 5.1) and calculated intensities I(p)f/r,calc(HL) = JJJ
(p) ∗
f/r,calcJJJ

(p)
f/r,calc

using Eqs. (8.31) and (8.32). mL(HL) and mT(HL) are derived from measured intensities with
the help of Eqs. (8.54) and (8.55). Field-dependent intensities are calculated for different factors
ζ = 0.00025, 0.25 and ζopt with rsp/ps �→ ζ rsp/ps. (b) Optimum ζopt as a function of the measurement
angle ϕ for tF = 5, 10 and 30 nm with respective average values 〈ζopt(ϕ)〉 × 104. Optical and
magneto-optic parameters are listed in Tab. 8.1, whereas ϑ0 = 45◦ and Q = QCo.

rss/pp � rps/sp is not considered. The calculated intensities are determined using optical and
magneto-optic constants listed in Tab. 8.1 and ϑ0 = 45◦. The field-dependent magnetiza-
tion components mL(HL) and mT(HL) (mP = 0 ∀HL) are derived from I

(p)
f/r,meas(HL) and

I
(p)
r,meas(HT) using Eqs. (8.54) and (8.55), respectively. For the sake of comparison, since the

measured and calculated intensities exhibit values that are scaled differently by several orders
of magnitude, the presented dependencies are normalized such that they approach ±1 for
positive and negative saturation. Presented I

(p)
r,meas/calc(HL) are scaled so that the maximum

value equals one. This represents a false normalization with respect to I
(p)
r,meas(HT), which

is however not relevant for the demonstration in Fig. 8.5, because mL(HL) and mT(HL) are
extracted from the raw measured intensities.
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The calculated intensities do not reproduce the measured ones, because the off-diagonal
elements rps and rsp of the reflection matrix are overestimated by Eqs. (8.26) and (8.27).
To nevertheless provide reasonable calculations, the off-diagonal reflection coefficients are
multiplied by a scaling factor ζ via rsp/ps �→ ζ rsp/ps reducing rsp/ps in comparison to rpp/ss.
In Fig. 8.5(a), calculated I

(p)
f/r,calc(HL) are presented for factors7 ζ = 0.00025, 0.25 and ζopt

with ζopt being obtained as the hysteresis-specific optimum value in accordance to

∆Iζopt = min
ζ

{∑
i

|I(p)f,meas(HL,i)− I
(p)
f,calc(HL,i, ζ)|

}
, (8.57)

taking into account all field steps HL,i. It can be observed, that for ζ being smaller or larger
than ζopt - especially in the case of I(p)f,calc(HL) - the calculated intensities do strongly deviate
from the measured signal. For ζopt, the calculated intensities reproduce the measured ones
with ∆Iζopt approaching zero since the calculated intensities are based on the field-dependent
magnetization components extracted from measured signals. In Fig. 8.5(b), the optimum
scaling factor ζopt(ϕ) is presented as a function of the measurement angle ϕ for tF = 5, 10 and
30 nm with respective average values 〈ζopt(ϕ)〉 × 104 = 4.57, 4.29 and 3.91. These values val-
idate the approximation performed in Eqs. (8.33), (8.34) and (8.35), i.e. neglecting |rps/sp|2

for rps/sp � rss/pp, but emphasize, that for reasonable calculations of detectable intensities
connected to a field-dependent magnetization reversal a subtle tuning of ζ might be neces-
sary if these calculations shall further be compared to experimental data. The sin-shaped
course of ζopt(ϕ) observable for all tF (Fig. 8.4(b)) is connected to a not strongly pronounced
tumbling motion of the rotatable sample mount used in the measurement setup (Sec. 8.4.2)
nonetheless resulting in an angular-dependent change of the magneto-optic constants and
the angle of incidence. However, despite the dependence of ζopt on ϕ, the average scaling
factor 〈ζopt〉 = 0.000429 determined for tF = 10 nm will be used for following calculations
as it is adequately representative for the comparison of calculations with experimental data
that can be obtained for the type of magnetic thin films investigated in the present thesis.
Please note as a final comment, that the approximation looses its validity for small rss/pp
and small angles of the analyzing polarizer [Müg16].

The second major approximation is the neglection of higher-order terms in Eqs. (8.37),
(8.38) and (8.39) describing the detectable intensities in accordance to Fig. 8.4 as functions
of the normalized magnetization components8. This corresponds to the domination of the
prefactors I(p/s,1)f,L/P , I(p,1)f,T (first-order) over I(p,2)f,T , I(p/s,2)f,LT , I(p,2)f,TP (second-order) and I

(p,3)
f,LT (third-

order). Analytic expressions of the prefactors depending on the optical and magneto-optic
constants as well as on the angle of incidence are specified by Eqs. (11.1)-(11.14) in the
Appendix with I

(p,0)
r = I

(p,0)
f , I(p,1)r,T = I

(p,1)
f,T and I

(p,2)
r,T = I

(p,2)
f,T . The prefactors are displayed

7The parameters have been chosen such that 0.00025 < ζopt < 0.25.
8This approximation is relevant for the separation of the individual magnetization components (Sec. 8.3.1)

enabling the extraction of reversal curves from measured field-dependent intensities.
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Fig. 8.6: Prefactors I
(p/s,1)
f,L/P , I

(p,1)
f,T (first-order), I

(p,2)
f,T , I

(p/s,2)
f,LT , I

(p,2)
f,TP (second-order) and I

(p,3)
f,LT

(third-order) (Eqs. (11.1)-(11.14)) occuring in Eqs. (8.36)-(8.39) as functions of (a,b) the angle
of incidence ϑ0 with Q = QCo and as functions of Re {Q} with ϑ0 = 45◦ in the case of (c,d)
Im {Q} × 102 = 0.165 for Ni, (e,f) 0.665 for Fe and (g,h) 1.05 for Co. ϑ0 = 35◦ and 45◦ of the
LMOKE (Sec. 8.4.1) and VMOKE (Sec. 8.4.2) setup and material-specific Re {Q} of Ni, Fe and
Co are indicated. QNi, QFe and QCo are taken from Refs. [KA68, Müg16] for λ ≈ 635 nm. Used
optical and magneto-optic parameters are listed in Tab. 8.1.

in Figs. 8.6(a, b) for incident perpendicular (s) and parallel (p) polarization as functions
of the angle of incidence ϑ0 for Q = QCo with the residual used optical and magneto-optic
constants listed in Tab. 8.1. The first-order prefactors - linearly scaling the contributions of
the individual magnetization components - are for a wide range of incident angles, including
ϑ0 = 35◦ and 45◦ of the LMOKE (Sec. 8.4.1) and the VMOKE (Sec. 8.4.2) setup, are signif-
icantly larger than the second- and third-order prefactors (Figs. 8.6(a, b)). However, in the
case of normal incidence (ϑ0 → 0◦), the first-order prefactors I

(p/s,1)
f,L and I

(p,1)
f,T , correspond-

ing to the longitudinal and transversal magnetization component, rapidly decrease alongside
I
(p,2)
f,T , I

(p,2)
f,TP and I

(p,3)
f,LT , whereas I

(p/s,1)
f,P and I

(p/s,2)
f,LT stay constant. This indicates, that the

detectable intensities are governed by the linear contribution of the polar magnetization
component and the mixed second-order contribution of the longitudinal and the transversal
magnetization component in the case of normal incidence of the probing light. Contrarily, in
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the case of gracing incidence (ϑ0 → 90◦) and incident perpendicular (s) polarization all pref-
actors increase (Fig. 8.4(a)). For incident parallel (p) polarization, the first-order prefactors
I
(p,1)
f,L/T increase upon increasing ϑ0, whereas I(p,1)f,P rapidly decreases at ϑ0 ≈ 80◦ (Fig. 8.4(b)).

The higher-order contributions stay unchanged except for the mixed-term prefactor I
(p/s,2)
f,LT ,

which increases likewise to the case of incident perpendicular (s) polarization. Aside of the
strengthened contribution of higher-order terms for normal and gracing incidence it can be
concluded that the phenomenology of the MOKE geometries (Fig. 8.3) is well reproduced
by the first-order prefactors I

(p/s,1)
f,L/P and I

(p,1)
f,T as functions of the angle of incidence ϑ0.

In Figs. 8.6(c-h), the prefactors are presented for ϑ0 = 45◦ as functions of Re {Q} for
Im {Q} × 102 = 0.165, 0.665 and 1.05 with respect to the ferromagnetic materials Ni, Co
and Fe [KA68]. Material-specific Re {Q} are indicated and can be found alongside the
residual used optical and magneto-optic constants in Tab. 8.1. The first-order prefactors
dominate over the higher-order prefactors for both incident polarizations and all QCo, QFe

and QNi, validating the approximation performed in Eqs. (8.37), (8.38) and (8.39) for the
discussed materials and most probably also for alloys composed of them. However, it can
be observed that the dominance of the first-order prefactors generally attenuates for large
Re {Q}, whereas only I

(s,1)
f,P is from a certain value of Re {Q} exceeded by the mixed-term

contribution I
(p/s,2)
f,LT upon decreasing Re {Q} and fixed Im {Q}.

In summary, it can be concluded regarding the prefactors scaling the individual contri-
butions of the magnetization components to the detectable intensities in Eqs. (8.37), (8.38)
and (8.39), that in accordance to their dependence on the angle of incidence ϑ0 and the
magneto-optic constant Q, the neglection of higher-order contributions is valid considering
experimentally reasonable intervals of the named parameters. This further justifies the sep-
aration and normalization of the individual magnetization components in Sec. 8.3.1.

Finally, the fundamental presumption on which the polarization analysis (Sec. 8.3) and
the eventual separation and normalization of individual magnetization components (Sec. 8.3.1)
is founded is the assumption of perfect incident perpendicular (s) or parallel (p) polarization.
However, it is experimentally unfeasible to adjust polarizers defining the incident and analyz-
ing polarizations via αs = 0 +∆αs and αp = π/2 + ∆αp as well as βs/p = αs/p + π/2 + ∆βs/p

with vanishing uncertainties ∆αs/p and ∆βs/p. For this reason, detectable field-dependent
intensities I(s/p)r/f (HL) = JJJ

(s/p) ∗
r/f JJJ

(s/p)
r/f , interlinked with the reversal of the individual magneti-

zation components, are calculated for different ∆αs/p and fixed ∆βs/p = 5◦. Using Eqs. (8.31)
and (8.32), arbitrary incident polarizations can be set and no approximation is needed to be
considered9 except for rsp/ps �→ ζ rsp/ps (cf. Fig. 8.5). The magnetization-dependent reflection
coefficients are calculated with the help of Eqs. (8.24)-(8.27) assuming two purely theoretical
model scenarios describing the reversal of the input magnetization components as functions
of a longitudinal external magnetic field HL:

9Please note, that in contrast to Eqs. (8.31) and (8.32), Eqs. (8.33)-(8.35) and Eqs. (8.36)-(8.39) are
specifically defined for perfect incident perpendicular (s) and parallel (p) polarization.
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(MI) All magnetization components are chosen to reverse upon the variation of HL.
mL(HL) is modeled by two symmetrically shifted normalized arctan-like functions
with mP(HL) = 1− |mL(HL)|. mT is modeled similar to the polar component with
the descending branch mirrored at the abscissa for an asymmetric contribution to
the detectable signal. All magnetization components are eventually normalized via
mi(HL) �→ mi(HL)/MS(HL) and MS =

√∑
i mi

2 with i ∈ {L,T,P}.

(MII) An in-plane magnetization reversal is assumed (mP = 0 ∀HL) and likewise to
(MI), mL(HL) modeled using two symmetrically shifted arctan-like functions with
mT(HL) = 1− |mL(HL)| and the descending branch being subsequently mirrored at
the abscissa. The longitudinal and transversal magnetization components are even-
tually normalized: mi(HL) �→ mi(HL)/MS(HL) and MS =

√∑
i mi

2 with i ∈ {L,T}.

Calculated detectable intensities I(s/p)r/f (HL) are presented in Figs. 8.7 for fixed ∆βs/p = 5◦

for different ∆αs/p = −10◦,−5◦,−0.02◦, 0◦, 0.02◦ and 5◦ in the case of model scenario (MI)
and are presented in Figs. 8.8 for different ∆αs/p = −5◦,−0.02◦, 0◦ and 5◦ in the case of model
scenario (MII). Approximating analytic relations I(s/p)r/f,approx(HL) are displayed for ∆αs/p = 0◦

describing the detectable intensities with the help of Eqs. (8.36)-(8.39) considering preced-
ingly discussed assumptions. Emphasizing the validity of the performed approximations, the
analytic expressions show in all cases an average percentual deviation of

1

NHL

∑
i

|I(s/p)r/f (HL,i)− I
(s/p)
r/f,approx(HL,i)|

I
(s/p)
r/f (HL,i)

< 7 · 10−4 % (8.58)

and a maximum field-step-specific percentual deviation < 5 · 10−3 %, considering all NHL

field steps HL,i. Normalizing and separating the individual magnetization components with
the help of Eqs. (8.54), (8.55) and (8.56) using the calculated I

(s/p)
r/f (HL) results in the correct

reproduction of the input magnetization components in accordance to scenarios (MI) and
(MII) as functions of HL for perfect incident perpendicular (s) and parallel (p) polarization
∆αs/p = 0◦ (Figs. 8.7 and 8.8).

Regarding the first model scenario (MI), the dependence of the calculated detectable
intensities I

(s/p)
r/f (HL) on ∆αs/p will be discussed in the following on the basis of Fig. 8.7.

For the purely reflected intensity I
(s)
r (HL) in the case of incident perpendicular (s) polariza-

tion, no dependence on the external field can be observed for ∆αs = 0◦, whereas I
(s)
r (HL)

resembles the input longitudinal magnetization component for ∆αs �= 0◦, being slightly
asymmetric and flipped for ∆αs > 0◦. For ∆αs = 0◦, the longitudinal magnetization rever-
sal is reproduced by the polarization-specific reflected intensity I

(s)
f (HL). However, even if

the point symmetric hysteretic shape, predefined by the symmetrically shifted input arctan-
like functions, is generally preserved for ∆αs �= 0◦, distinct overshooting features (i) with
intensity values I

(s)
f > I

(s)
f,max and I

(s)
f < I

(s)
f,min arise for field steps at which mT and mP are

largest indicating the participation of the transversal and polar component in the magneti-



8 Kerr magnetometry - magnetic characterization 121

Fig. 8.7: Calculated I
(s/p)
r/f (HL) for different angles α of the polarizer specifying the polarization

state of the incident light (Fig. 8.4), based on input reversal curves of the individual magnetization
components mL, mT and mP as functions of HL in accordance to model scenario (MI). Characteristic
features arising or changing due to a variation of α are indicated by (i), (ii) and (iii). For α = 0◦,
I
(s/p)
r/f,approx (Eqs. (8.36)-(8.39)) are displayed neglecting higher-order and mixed term contributions.

m∗
L/T/P(HL) are extracted from I

(s/p)
r/f (HL) with the help of Eqs. (8.54), (8.55) and (8.56). Used

optical and magneto-optic parameters are listed in Tab. 8.1, whereas ϑ0 = 35◦ and Q = QCo.

zation reversal process. The overshoots are not equally pronounced as the transversal and
the polar magnetization component exhibit different signs on the ascending and descending
hysteresis branch. Considering now incident parallel (p) polarization, the calculated purely



122 8 Kerr magnetometry - magnetic characterization

Fig. 8.8: Calculated intensities I
(s/p)
r/f (HL) for different angles α of the polarizer specifying the

initial polarization state of the incident light (Fig. 8.4), based on assumed input reversal curves
of the individual magnetization components mL and mT with mP = 0 ∀HL as functions of HL in
accordance to model scenario (MII). Characteristic features arising or changing due to a variation
of α are indicated by (i), (ii) and (iii). For α = 0◦, I

(s/p)
r/f,approx (Eqs. (8.36)-(8.39)) are displayed

neglecting higher-order and mixed term contributions. m∗
L/T/P(HL) are extracted from I

(s/p)
r/f (HL)

with the help of Eqs. (8.54), (8.55) and (8.56). Used optical and magneto-optic parameters are
listed in Tab. 8.1, whereas ϑ0 = 35◦ and Q = QCo.

reflected intensity I
(p)
r (HL) reproduces the input transversal magnetization component for

∆αp = 0◦, with the intensity approaching the same value for positive and negative lon-
gitudinal saturation. For ∆αp �= 0◦, an offset (ii) between the intensities at saturation is
introduced, eventually resulting for large |∆αp| into field-dependent courses of the detectable
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intensity resembling the reversal of the longitudinal magnetization component10. Finally, the
polarization-specific reflected intensity I

(p)
f (HL) exhibits already for perfect incident paral-

lel (p) polarization (∆αp = 0◦) a clearly visible overshoot (iii) connected to the transversal
and the polar magnetization component but resembles apart from that the flipped course of
the longitudinal magnetization reversal. Referring to Eq. 8.39, describing the approximated
detectable intensity I

(p)
f,approx(HL), the magnetization components are naturally superposed

in the case of the polarization-specific reflected intensity for incident perfectly defined par-
allel (p) polarized light. The overshoot (iii) is consequently present for all ∆αp and does
not change significantly in contrast to features (i) and (ii), as they actually are parasitic
contributions arising from a mixed incident polarization state.

The described observations are principally identical in the case of the second model sce-
nario (MII), only considering in-plane magnetization reversal (mP = 0 ∀HL). Calculated
detectable intensities I(s/p)r/f (HL) in dependence of a possible misalignment ∆αs/p of the inci-
dent polarization are presented in Fig. 8.8. The difference in comparison to the calculations
based on model scenario (MI) is that the features (i) and (iii) are symmetric and are conse-
quently solely correlated to the transversal magnetization component, whereas in Fig. 8.7 the
features arise from an entangled contribution of the transversal and the polar component.

For both model scenarios (MI) and (MII), the individual magnetization components are
normalized and separated for different ∆αs/p (Figs. 8.7 and 8.8) using Eqs. (8.54), (8.55)
and (8.56). It can be observed, that the separation of magnetization components looses
its validity already for small misalignments |∆αs/p| = 0.02◦, as the arising features (i), (ii)
and (iii) discussed above are mapped onto the extracted m∗

L, m∗
T and m∗

P as functions of
HL. This further results in a significantly false scaling of the magnetization components in
comparison to each other. Nevertheless, in the view of experimentally performing vectorial
Kerr magnetometry and the correct extraction of the individual magnetization components,
hence, the reconstruction of the complete reversal process, conclusions will be drawn in
the following considering the dependence of MOKE signals on the polarizer misalignment
∆αs/p. The variation of ∆αs/p and the comparison of the different model scenarios (MI) and
(MII) in Figs. 8.7 and 8.8 indicated that arising features (i) and (ii) are of parasitic nature
resulting from a mixed polarization state of the incident light, and that feature (iii) is in
contrast only connected to the magnetization reversal of the components unequal to the one
aligned with the sensitivity direction of the setup. Since the course of the purely reflected
intensity I

(p)
r (HL) in the case of incident parallel (p) polarization should only depend on

the transversal magnetization component and possibly higher-order contributions of it, the
polarizer misalignment ∆αp can be optimized by minimizing the offset (ii) eventuating in
equal intensity values for positive and negative longitudinal saturation. In the case of I(s)r (HL)

for perpendicular (s) incident polarization, the misalignment ∆αs can be optimized similarly

10I
(s)
r (HL) for ∆αs > 0◦ and I

(p)
r (HL) for ∆αp < 0◦ join together, as in the given frame of reference

(cf. Fig. 8.4) incident perpendicular polarization (s) can be transferred into parallel (p) polarization by a
counter-clockwise rotation respecting positive rotation sense.
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or via minimizing
∑

i |〈I
(s)
r (HL)〉 − I

(s)
r (HL,i)| with respect to ∆αs as the purely reflected

intensity should in principal be independent on the magnetization reversal. Optimizing the
polarizers defining the incident polarizations of the probing light in an experimental setup
thought for vectorial Kerr magnetometry via the described minimization of the offsets
arising in between the saturation values of the purely reflected intensities I

(s/p)
r allows to

maximize the degree of validity of Eqs. (8.54), (8.55) and (8.56) for the normalization and
separation of the individual magnetization components as functions of HL, that can be
extracted from detectable intensities I

(s/p)
r/f (HL).

8.4 Measurement setups

Founding on the theoretical results obtained in Sec. 8.3, describing how the change of the
polarization state of the probing light reflected from the surface of a magnetic sample in a
fundamental setup for Kerr magnetometry (Fig. 8.4) can be analyzed in the view of recon-
structing the magnetization reversal upon variation of an external magnetic field, the exper-
imental setups utilized in the thesis at hand are introduced in the following sections. The
setup for the characterization of the LMOKE, i.e. a longitudinal Kerr-magnetometer, will
be explained in Sec. 8.4.1 and the setup used for performing in-plane vectorial Kerr mag-
netometry, i.e. a vectorial Kerr-magnetometer (VMOKE), will be introduced in Sec. 8.4.2.
Based on these experimental setups and the theoretical results presented in Sec. 8.3, the out-
line of a hypothetical setup for three-dimensional vectorial Kerr magnetometry will be given
in Sec. 8.4.3. Finally, as for certain experiments during the present thesis it was desired to
laterally image in-plane remagnetization processes, Kerr microscopy and the corresponding
setup will be briefly introduced in Sec. 8.4.4.

8.4.1 Longitudinal Kerr-magnetometer (LMOKE)

The longitudinal Kerr-magnetometer (LMOKE) can be used to characterize the remag-
netization behavior of the longitudinal magnetization component upon the variation of a
longitudinal applied external magnetic field HL, while it is assumed that the magnetization
reversal is restricted to the longitudinal and transversal in-plane components (mP = 0 ∀HL).
The setup is schematically depicted in Fig. 8.9(a). The probing light is provided by a
monochromatic light source - here a laser with a central wavelength of λ ≈ 635 nm - focused
onto the sample under an angle of incidence of ϑ0 ≈ 35◦ using a collecting lens after pass-
ing through a polarizer defining the incident perpendicular (s) polarization αs = 0 + ∆αs,
with the uncertainty ∆αs being minimized as it is described in the concluding paragraph of
Sec. 8.3.2. Depending on the position of the collecting lens along the optical axis, a lateral
extend of the laser spot on the sample’s surface in the order of 200 µm can be achieved11.

11The laser beam’s profile has been exemplarily characterized by means of the Knife-Edge method moving
the edge of a reflective sample with the help of a controllable xy-stage through the stationary beam. The
beam profile results from the derivative of the reflected intensity in dependence on the moved distance.
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The wavelength of the probing light was chosen, because the magnetic materials that are
intended to be investigated (Co70Fe30 and Ni81Fe19) promise for λ ≈ 635 nm a comparatively
strong magneto-optic signal response [Müg16]. Furthermore, standard optical components
for signal detection operating in the visible wavelength range can be used. Even if lower λ

might result in a better magneto-optic signal response, the compromise between an adequate
feedback and low-cost standard optical components makes the chosen light source superior
[Müg16]. The sample is mounted on a sample holder, moveable by a xy-stage allowing
raster measurements of the sample surface, inside of a bipolar electromagnet enabling the
generation of longitudinal external magnetic fields |HL| � 185 kA/m. The magnetic field is
generated using a calibration function of the voltage applied to the electromagnet’s coils as
a function of the desired field, whereas the applied magnetic field - during measurement - is
simultaneously tracked by the use of an adequately positioned Hall probe. The reflected
light is parallelized by a collecting lens and is subsequently focused onto an intensity de-
tecting photo diode measuring the polarization-specific reflected intensity I

(s)
f (HL) after the

light passes through an analyzing polarizer with βs = αs + π/2 + ∆βs and ∆βs ≈ 5◦.
Under the assumption of in-plane magnetization reversal regarding the investigated mag-

netic thin film samples (mP = 0 ∀HL), Eq. (8.50) can be used for the normalization and ex-
traction of the longitudinal magnetization reversal process. The contribution of the transver-
sal component is expected to be negligible because of incident perpendicular (s) polarization
and ∆αs ≈ 0◦. With I

(s,L)
f± defined in Sec. 8.3.1, the reconstruction of the longitudinal

magnetization reversal can be performed in accordance to Fig. 8.9(c) with the help of

m∗
L(HL) =

I
(s)
f (HL)− I

(s,L)
f+

I
(s,L)
f−

. (8.59)

8.4.2 Vectorial Kerr-magnetometer (VMOKE)

For performing angular-resolved vectorial Kerr magnetometry, the in-plane vectorial Kerr-
magnetometer (VMOKE) can be used for the investigation of in-plane magnetization reversal
processes, incorporating both the longitudinal and the transversal magnetization component,
in dependence on a varied longitudinal external magnetic field HL for different measurement
angles ϕ. Likewise to the LMOKE (Sec. 8.4.1) it is assumed that the polar magnetization
component is negligible (mP = 0 ∀HL). The setup is schematically depicted in Fig. 8.9(b) and
is majorly composed of the same optical components as the LMOKE and strongly resembles,
as an advancement of the latter, the fundamental setup sketched in Fig. 8.4. In contrast to
the LMOKE setup and to additionally include the contribution of the transversal magnetiza-
tion component, incident parallel (p) polarized light is used, specified by ∆αp = π/2 + ∆αp,
with ∆αp being minimized as it is described in the concluding paragraph of Sec. 8.3.2. The
laser beam is focused onto the sample, which is mounted on a rotatable sample holder in-
side of a quadrupolar electromagnet. The latter is designed to generate arbitrary in-plane
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Fig. 8.9: Schematic setup of the (a) longitudinal (LMOKE) and (b) vectorial (VMOKE) magneto-
optic Kerr magnetometer with respective angles of incidence ϑ0 = 35◦ and 45◦. In both cases,
monochromatic light (λ = 635 nm) is directed through a polarizer with angles (a) αs = 0 +∆αs and
(b) αp = π

2 +∆αp (cf. Fig. 8.4), representative for perpendicular (s) and parallel (p) polarization
considering the uncertainties ∆αs and ∆αp. The probing light beam is focused onto the sample
by a collecting lens. In the case of the (a) LMOKE, the sample is mounted on a sample holder
(movable by a xy-stage) in between a bipolar electromagnet to generate external magnetic fields
HL, whereas in the case of the (b) VMOKE, the mounted specimen can be rotated by ϕ using
a rotatable sample holder. A quadrupolar electromagnet enables to generate arbitrary in-plane
magnetic fields components HL and HT. (a, b) The reflected light is parallelized and subsequently
focused on the detector measuring the intensity I

(s/p)
f after passing through a second polarizer

(analyzer) with the angle βs/p = αs/p +
π
2 +∆βs/p with ∆βs/p ≈ 5◦. (b) In the case of the VMOKE

setup, the reflected light is before the analyzer divided into two beams with the help of a beam
splitter and the solely reflected light is focused onto a second detector measuring I

(p)
r . For both

setups the calculation rules specified by Eqs. (8.54), (8.55) and (8.56) are given assuming in-plane
reversal (mP = 0 ∀HL/T) for exemplary theoretical magnetization reversal curves: mL/T(HL/T)
are modeled by two symmetrically shifted arctan-like functions and the transversal magnetization
reversal is determined by mT(HL) = 1 − |mL(HL)|. (c-e) The extraction and normalization of the
magnetization components as functions of the longitudinal in-plane field component HL is visualized
starting from calculated - in the experiment measured - intensities (c) I

(s)
f (HL), (d) I

(p)
f (HL) and

I
(p)
r (HL/T). Used optical and magneto-optic parameters are listed in Tab. 8.1.
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external magnetic fields |HL/T| = ±100 kA/m with longitudinal and transversal compo-
nents HL and HT with the help of priorly determined calibration functions. The reflected
light is, likewise to the LMOKE setup, focused onto a detector measuring the polarization-
specific reflected intensity I

(p)
f (HL) after it passes through an analyzing polarizer with the

angle βp = αp + π/2 + ∆βp and ∆βp ≈ 5◦. The reflected light is further divided before the
analyzer using a beam splitter and is focused on a second detector measuring the purely
reflected intensity I

(p)
r (HL/T). It is expected, that for an adequately defined incident par-

allel (p) polarization (∆αp ≈ 0◦), the purely reflected intensity is only determined by the
transversal magnetization component or higher-order contributions (cf. Sec. 8.3). For the
eventual reconstruction of the magnetization reversal, it is needed to measure I

(p)
f (HL) and

I
(p)
r (HL), as well as I

(p)
r (HT) with the external field HT applied in the transversal direction

perpendicular to the plane of incidence. The latter is essential for the normalization of the
transversal magnetization component.

For the extraction and normalization of the individual magnetization components, the
measured field-dependent signals are needed to be combined with the help of Eq. (8.51)
assuming mP = 0 ∀HL, HT. The reconstruction of the in-plane magnetization is performed
as it is visualized in Figs. 8.9(d, e) displaying the detectable intensities I

(p)
f and I

(p)
r as

functions of HL and HT. With I
(p,L)
f± , I(p,T)

r± and I
(p,L)
r,max defined in Sec. 8.3.1, the individual

normalized magnetization components can be determined via

m∗
L(HL) =

I
(p)
f (HL)− I

(p,L)
f+

I
(p)
r (HL)

I
(p,L)
r,max

I
(p,L)
f−

(8.60)

m∗
T(HL) =

I
(p)
r (HL)− I

(p,T)
r+

I
(p,T)
r−

. (8.61)

From the extracted normalized in-plane magnetization components, the extracted nor-
malized magnetization vector �m = �M/MS can be reconstructed. The absolute value of the
magnetization and its azimuthal angle are given by |�m| =

√
m∗

L
2 +m∗

T
2 and atan(mL/mT),

respectively, whereas for the latter the choice of the right quadrant in the mL mT-plane
needs to be considered. |�m| is only one in the case of a coherently rotating magnetization
vector, whereas contrarily, |�m| < 1 indicates the nucleation of domains and the propagation
of domain walls as well as incoherent rotation of the sample’s magnetization (cf. Sec. 2.5).

8.4.3 Three-dimensional VMOKE - hypothetical

With the help of the schematic in Fig. 8.4, the idea for a three-dimensional vectorial Kerr-
magnetometer shall be sketched in the following representing a combination of the LMOKE
(Sec. 8.4.1) and the VMOKE setup (Sec. 8.4.2). The hypothetical setup is schematically
depicted in Fig. 8.10(a) with two independent optical branches lying in the plane of incidence
with angles of incidence ϑ

(s)
0 and ϑ

(p)
0 . The optical branches are identical to the LMOKE
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and the VMOKE setup (Figs. 8.9(a, b)) corresponding to incident perpendicular (s) and
parallel (p) polarization, respectively. The sample is thought to be mounted on a sample
holder inside of a multipolar electromagnet able to apply a longitudinal external magnetic
field HL, further enabling to saturate the sample along the transversal and the polar geometry
by applying adequately strong magnetic fields HT and HP.

With m(s/p) and the parameters Φ(s/p), I
(p,T)
r± , I

(p,L/T)
r,max being defined in Sec. 8.3.1, the

separation and normalization of the individual magnetization components can be performed
as it is illustrated in Fig. 8.10(b) with the help of

m∗
L(HL) =

m(p)(HL) +m(s)(HL)−
(
Φ(p) + Φ(s)

)
mP(HL)

2
(8.62)

m∗
T(HL) =

I
(p)
r (HL)− I

(p,T)
r+

I
(p,T)
r−

=
I
(p)
r (HL)− I

(p,L)
r,max

I
(p,T)
r,max − I

(p,L)
r,max

(8.63)

m∗
P(HL) =

m(p)(HL)−m(s)(HL)

Φ(p) − Φ(s)
. (8.64)

In the case of a reproducible remagnetization process, one optical branch is sufficient
when the polarizer for the definition of the incident polarization state of the probing light
is adjustable and can be set with an adequate accuracy between subsequent measurements.
When it is however desired to reconstruct the magnetization reversal from a single measure-
ment, i.e. if it is unknown whether the reversal is reproducible or not, two optical branches
with different angles of incidence ϑ

(s)
0 and ϑ

(p)
0 are needed. The combination of angles is

admittedly crucial since the formulae derived for the separation and normalization of the
individual magnetization components (Eqs. (8.54), (8.55) and (8.56)) are founded on the
neglection of higher-order and mixed-term contributions in Eqs. (8.36)-(8.39). The depen-
dence of the prefactors - scaling those neglected contributions - on the angle of incidence
is discussed in Sec. 8.3.2 and visualized in Figs. 8.6(a, b). Certainly it can occur, that for
one of the two optical branches the neglection of higher-order contributions is valid and for
the other one not. Due to that, detectable intensities I(s/p)f (HL) and I

(p)
r (HL) are calculated

with the help of I(s/p)r/f (HL) = JJJ
(s/p) ∗
r/f JJJ

(s/p)
r/f using Eqs. (8.31) and (8.32) for different ϑ

(s)
0 and

ϑ
(p)
0 within 0◦ and 85◦. For each pair of angles of incidence, the magnetization components

m∗
L, m∗

T and m∗
P are extracted as functions of HL via Eqs. (8.54), (8.55) and (8.56). Further,

in dependence on different sets (ϑ
(s)
0 , ϑ

(p)
0 ) of angles of incidence, the summed difference

∆(ϑ
(s)
0 , ϑ

(p)
0 ) =

∑
i

∑
j

|mi(HL,j)−m∗
i (HL,j, ϑ

(s)
0 , ϑ

(p)
0 )| (8.65)

is calculated for field steps HL,j with i ∈ {L,T,P}, representing a quality measure on how
strong the extracted components m∗

i (HL) do collectively deviate from the respective input
magnetization reversal mi(HL) (Fig. 8.10(c)). The optimal combination could be determined
to be (ϑ(s)

0 , ϑ
(p)
0 ) ≈ (75◦, 70◦) corresponding to the minimum difference between the input and

the extracted reversal of all magnetization components. Nevertheless, even if an optimal set
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Fig. 8.10: (a) Hypothetical setup of a three-dimensional VMOKE with two independent optical
branches comparable to the setups in Figs. 8.9(a, b) representative for incident perpendicular (s)
and parallel (p) polarization and respective angles of incidence ϑ(s)

0 and ϑ
(p)
0 . The sample is mounted

inside of a multipolar electromagnet to generate magnetic fields with components HL, HT and HP.
(b) The disentanglement and normalization of all magnetization components from calculated inten-
sities I(p)r and I

(s/p)
f is visualized for theoretical input magnetization curves that are modeled likewise

to scenario (MI) (Sec. 8.3.2) with mT/P(HT/P) described by two symmetrically shifted arctan-like
functions. (c) The summed difference ∆ is presented for different ϑ(s)

0 and ϑ
(p)
0 representing a mea-

sure for the discrepancy between input and extracted magnetization reversal curves derived with
the help of Eqs. (8.54), (8.55) and (8.56). The optimal combination of angles of incidence is given
by ϑ

(s)
0 ≈ 75◦ and ϑ

(p)
0 ≈ 70◦ and regions for which ∆ < 0.02 and 0.03 are additionally indicated.

Used optical and magneto-optic parameters are listed in Tab. 8.1.

of incident angles theoretically exists, a thorough error analysis is inevitable and adjustable
ϑ
(s)
0 and ϑ

(p)
0 are highly recommended for the experimental optimization of the setup.
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8.4.4 Kerr-microscopy

Kerr microscopy represents a technique to laterally resolve magnetic domains, their nucle-
ation as well the propagation of domain walls. In general, the detection of the Kerr rotation,
measurable via the combination of correctly adjusted polarizers, an adequate light source
and a detection system, is integrated within a microscopy unit. For MOKE microscopy
measurements in the present thesis an evico magnetics high-resolution Kerr microscope is
utilized and its working principle is described in Refs. [SS17a, SS17b]. Visible white light
- allowing for a lateral resolution restricted by the diffraction limit - from four pairs of
crosswise-arranged light emitting diodes (LEDs) is fed into the microscope via fiber optics,
defining two perpendicular planes of incidence. With a polarizer set to a polarization axis
parallel to one of the incident planes, the polarization of the incident light can be set to be
either perpendicular (s) or parallel (p) by choosing a different set of LEDs. The reflected
light is detected with the help of a charge-coupled device (CCD) detector, or can be observed
directly by eye via the use of an ocular lens, after it passes through a compensator and an
analyzing polarizer. The optical compensator is a waveplate enabling after experimental
optimization the minimization of the reflected light’s ellipticity. This helps aside of the
adequate adjustment of the analyzing polarizer to enhance the contrast between different
magnetic domains. For performing Kerr magnetometry, the described Kerr microscope is
further equipped with an electromagnet for the application of in-plane magnetic fields.

In the present thesis, it is intended to investigate magnetic domains and their evolution
with respect to the longitudinal component of their in-plane magnetization upon the variation
of a longitudinal external magnetic field. Consequently, only one pair of the LEDs coupled
into the microscopy unit is used, resulting - with the right adjustment of the polarizer - in
perpendicular (s) polarized incident light. Assuming that the samples to be investigated
strictly exhibit in-plane magnetization reversal, the incident perpendicular (s) polarization
allows to exclude the contribution of transversal and polar magnetization components to
the measured signal (cf. Sec. 8.2 and 8.4.1). Domains with opposing and longitudinal net
magnetization can be distinguished and reversal via magnetization rotation incorporating a
transversal component is indicated by a continuous change of the detected light’s intensity.



9 | Magnetic properties of polycrystalline
exchange-biased bilayers

Results of the investigation of the structural properties of polycrystalline AF/F-bilayers have
been presented and discussed in Ch. 7 in dependence on the deposition rate as well as the
thickness of the granular AF layer. A set of deposition parameters could be determined for
which homogeneous layer growth is highly probable and a scaling of the average AF grain
volume upon increasing AF layer thickness is expected under the preservation of the AF
grain radius distribution, i.e. columnar grain growth. This justifies the main assumption
formulated in Ch. 4, on which basis phenomenological relations describing the dependence
of the EB shift and the coercive field on the F layer’s thickness have been extended to cover
also the dependence on the thickness of the polycrystalline AF layer. The phenomenological
relations (Eqs. (4.22) and (4.23)) have been derived in Sec. 4.3 within the context of a
generalized polycrystalline model where they further describe how the EB shift and the
coercive field are determined by the course of the magnetically effective AF grain volume
distribution and the dividing grain class boundaries. Accompanied by the time-dependent
Stoner-Wohlfarth ansatz (Eq. (4.4)) introduced in Sec. 4.1, these relations shall serve
as a tool in Sec. 9.1 for the determination of averaged microscopic parameters from averaged
macroscopic magnetic quantities. Therefore, a systematic investigation of HEB and HC upon
the variation of the participating layers’ thicknesses is performed in Sec. 9.1.1 for deposition
parameters that allow for the assumption of columnar grain growth in the case of the AF
layer (cf. Sec. 7.2.1). The dependence on the AF deposition rate is examined in Sec. 9.1.2
and the macroscopic magnetic properties are subsequently qualitatively correlated to the
AF layer’s granular microstructure in Sec. 9.2. By summarizing the findings obtained from
the structural characterization (Ch. 7) in combination with experimentally determined HEB

and HC in dependence on the AF layer’s deposition rate and thickness, a hypothesis will be
formulated on how the latter induce and control structural changes in the AF during layer
growth and how this is eventually reflected by the observable magnetic characteristics.

Founding on the investigations presented in Sec. 4.4, in which the shifting of the AF grain
class boundaries is theoretically examined in dependence on measurement and initialization
temperature, the dependence of the magnetization reversal of polycrystalline AF/F-bilayers
on the measurement time, i.e. the hysteresis duration, is experimentally and theoretically
explored in Sec. 9.3. For different thicknesses of the participating layers, these results are
put into context of the generalized polycrystalline model.

Finally, with the help of angular-resolved vectorial Kerr magnetometry (Sec. 8.4.2), the
angular-dependent in-plane remagnetization behavior of polycrystalline AF/F-bilayers and
the reversal asymmetry is investigated in Sec. 9.4.

131
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9.1 Determination of averaged microscopic parameters

In this section it is aimed at the extraction of averaged microscopic parameters of polycrys-
talline AF/F-bilayers from averaged measured macroscopic magnetic quantities alongside the
disentanglement of the time-dependent RMA, connected to rotatable and thermally unstable
AF grains of class II, and the fixed UDA, that can be traced back to pinning and thermally
stable grains of class III, by tuning the AF grain volume distribution and the average AF
grain’s aspect ration upon variation of the AF layer thickness. Assuming columnar grain
growth, the distribution of AF grain radii - related to the distribution of AF grain volumes
actively contributing to the EB phenomenon - can be extracted by the application of the
phenomenological relations (Eqs. (4.22) and (4.23)) derived in Sec. 4.3 as fit functions com-
parable to experimentally determined dependencies of the EB shift and the coercive field
on tAF. The experimentally determined tAF-independent AF grain radius distribution (cf.
Sec. 7.2.1) can be transformed into a tAF-dependent distribution of AF grain volumes, which
can be compared to the extracted distribution of magnetically effective AF grain volumes.
Whether the structural and the magnetically effective AF grain volume distributions are
identical, is - to the knowledge of the author - an hitherto unanswered question. Deviating
from ensured columnar grain growth, the dependence on tAF for different AF deposition rates
ηAF will additionally be examined in Sec. 9.1.2 in the view of extracting averaged microscopic
parameters as functions of ηAF.

For the systematic investigations upon the variation of the participating layers’ thick-
nesses, sample sets A1 and A2 regarding CoFe and NiFe as the F layer’s material of choice
are used for the tAF-dependent study (Fig. 5.3 and Tab. 5.1), whereas in the case of the
tF-dependence sample sets B1 and B2 are used. Based on calculations that are presented
in Fig. 4.6 and discussed in Sec. 4.4, describing the tAF-dependence of the EB shift and the
coercive field for different measurement temperatures, it is decided to focus on AF layer
thicknesses tAF < 100 nm, as the EB shift as a function of tAF starts to significantly decrease
at room temperature upon increasing tAF from 50 nm1. However, structure-forming phe-
nomena like interrupted grain growth and subsequent renucleation [AFHW+17, AFHW+19]
and overgrowth [BA98, PBHG03] gain importance at larger thicknesses, for which reason
it is decided to consider in the following sections Secs. 9.1.1 and 9.1.2 only AF layer thick-
nesses up to 50 nm, from which the named structure-forming phenomena are expected to
have the largest impact. Further, in Sec. 7.1 it could be evidenced that the AF layer’s sur-
face topography quantified by a set of roughness parameters is independent on the AF layer
thickness for tAF ≤ 50 nm (Fig. 7.2(b)), whereas for a larger thickness, at tAF = 100 nm, a
significant increase of the surface roughness could be observed. Nevertheless, observations
for tAF > 50 nm will be discussed in Sec. 9.2.

1The number of AF grains populating classes II and III continuously decreases upon increasing AF layer
thickness, as the major part of the AF grain volume distribution is shifted beyond the boundary between
classes III and IV.
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The samples of which the AF and F layer thickness-dependent macroscopic magnetic
quantities will be presented in Sec. 9.1.1 have been magnetically characterized by vecto-
rial magneto-optic Kerr magnetometry using the VMOKE setup described in Sec. 8.4.2.
Magnetization reversal curves were obtained for azimuthal angles between ϕ = 0◦ and 360◦

with an increment of 1◦, representing the angle between the probing magnetic field applied
during the measurements and the magnetic field applied during layer growth (Sec. 5.3),
which is experimentally guaranteed by a mechanical stop on the the sample mounts. As
this is still prone to an uncertainty with respect to the alignment, ϕ has been corrected by
considering Hexp

C (ϕ) to be largest at ϕ = 0◦ and 180◦ [MGM+16, MMG+18, RWTBZ06].
The obtained hysteresis curves shared for both F a sweep rate of ≈ 7.27 kA/m/s and a
resolution of ≈ 0.53 kA/m resulting in a measurement time of tHys ≈ 44 s. From the mea-
sured field-dependent magnetization reversal curves, Hexp

EB/C(ϕ, tF, tAF) are extracted from
the zero-crossings of the descending and the ascending hysteresis branch with the help of
Eqs. (3.1). The intersections with the abscissa are obtained by linear interpolation of the
magnetization reversal curves close to the zero-crossings, for which reason the uncertainties
of the experimental EB shift and coercive field are determined by the probing fields resolu-
tion. For the results presented in Sec. 9.1.2, no angular-resolved measurements have been
performed and the samples being additionally dependent on the AF layer’s deposition rate
were characterized by using the LMOKE setup introduced in Sec. 8.4.1.

9.1.1 Variation of the participating layers’ thicknesses

The presentation of the dependence of the EB shift and coercive field on the participat-
ing layer’s thicknesses starts out from the dependence on the F layer’s thickness for fixed
AF layer thickness, comparing simultaneously the two different F layer’s materials CoFe
and NiFe (sample sets B1 and B2; Fig. 5.3 and Tab. 5.1). The AF layer’s thicknesses are
chosen to be tAF = 5 and 30 nm, for which a large contribution of the RMA and UDA is
expected2, respectively. Experimentally determined |Hexp

EB (tF)| and Hexp
C (tF) are displayed in

Fig. 9.1(a,b) with CoFe and in Fig. 9.1(n,o) with NiFe as the F layer’s material for tAF = 5

and 30 nm. It can be observed for both F, that the EB shift and the coercive field exhibit
an inverse proportionality with respect to tF and that HC is shifted by a vertical offset,
with the coercivity not changing significantly from tF = 20 nm. While for tAF = 5 nm,
Hexp

C (tF) decreases until tF = 30 nm down to (5.5±0.9) kA/m in the case of CoFe and down
to (2.1 ± 0.8) kA/m for NiFe, for tAF = 30 nm a reduction down to (3.1 ± 0.7) kA/m for
CoFe and down to (0.6± 0.7) kA/m for NiFe is observable. This indicates already a gener-
ally larger coercivity for CoFe in comparison to NiFe, and a larger H

(0)
C = Hexp

C (tF � 0 nm)

(cf. Eq. (4.23)) for small tAF, in which case the contribution of the time-dependent RMA is
expected to dominate over the contribution of the UDA. With Eq. (4.23), this suggests an
effective increase of the intrinsic KF or a reduction of MS for small tAF.

2This can be justified on the basis of the theoretical calculations in Sec. 4.4 and studies presented in
literature [HG12, OFOVF10, AMH03, AMAJ+03].
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Fig. 9.1: Experimentally determined |Hexp
EB | and Hexp

C as functions of (a, b, n, o) tF for tAF = 5
and 30 nm, and (h, u) tAF for tF = 10 nm with CoFe and NiFe as the F layer’s materials with
UAF
DC = 700 V for the AF IrMn layer (sets B1, A1 and B2, A2; Fig. 5.3 and Tab. 5.1). Fits (A)

and (B) in (a, b, n, o) and fits (C) in (h, u) based on Eqs. (4.22) and (4.23) are proportional to
1/tF with fit parameters JRMA/UDA = Jeff pII/III in the case of (A) and proportional to 1/tF

2 in the
case of (B) with JRMA/UDA(tF) = jRMA/UDA/tF. Parameters (c, i, p, v) pIII = 1 − pII, (d, j, q, w)
Jeff , (e, k, r, x) Jadd, (f, l, s, y) τRMA and (g, m, t, z) KF are presented as functions of tF and tAF,
obtained by fitting HSW

EB/C(ϕ) to Hexp
EB/C(ϕ) (SW).
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Fitting simulated HSW
EB/C(ϕ) to experimentally determined angular-resolved Hexp

EB/C(ϕ)

(cf. Sec. 4.5) for different tF at tAF = 5 and 30 nm, enables the determination of model
parameters (SW) specified in the time-dependent extended Stoner-Wohlfarth ansatz
(Eq. (4.4)) introduced in Sec. 4.1. For all tF and both F layer’s materials, CoFe and NiFe,
the angles γF and γUDA were not fixed but showed no significant trend with their absolute
values being smaller than 2◦. The values for the saturation magnetization of the CoFe and
the NiFe layer in contact with the AF layer have been determined in the case of tF = 10 nm
for tAF = 5 and 30 nm to be MCoFe

S = (1527±25) kA/m and MNiFe
S = (683±16) kA/m using

a vector network analyzer ferromagnetic resonance spectrometer3 (VNA-FMR). The model
parameters are obtained in accordance to Sec. 4.5 and are displayed in Fig. 9.1(c-g) for CoFe
and in Fig. 9.1(p-t) for NiFe as functions of tF and will be discussed in the following:

Model parameters (SW) as functions of the F layer thickness tF

pIII The percentual proportion of class III grains (Fig. 9.1(a)) shows for CoFe no significant
dependence on tF for tAF = 30 nm, staying constant at 〈pCoFe

III 〉 = (0.81± 0.08). In the
case of NiFe (Fig. 9.1(p)), pNiFe

III (tF = 5nm) = (0.72± 0.03) and 〈pNiFe
III 〉 = (0.79± 0.12)

for tF > 5 nm. For tAF = 5 nm and tF > 15 nm in the case of CoFe and tF > 10 nm in
the case of NiFe, the fit procedure resulted in a suppression of pIII accompanied by a
large uncertainty due to the difficulty of extracting model parameters related to the EB
shift for large thicknesses of the F layer. Since, however, a larger tF should not result
in a change regarding the classification of AF grains, the parameter has been set con-
stant to pCoFe

III (tF > 15 nm) = 0.25 in the case of CoFe and to pNiFe
III (tF > 10 nm) = 0.28

in the case of NiFe as the average values for lower tF have been determined to be
pCoFe
III (tF ≤ 15 nm) = (0.25± 0.16) and pNiFe

III (tF ≤ 10 nm) = (0.28± 0.2). The scaling
of pIII = 1− pII with the AF layer’s thickness confirms the expectation of a promoted
contribution of the UDA at tAF = 30 nm and the dominating contribution of the
RMA for smaller AF layer thicknesses at tAF = 5 nm. Further, the determined aver-
age values for pIII at both tAF are within their ranges of uncertainty equal for both
investigated F layer’s materials CoFe and NiFe.

Jeff The effective coupling constant Jeff decreases upon increasing tF for both tAF = 5

and 30 nm and for both CoFe (Fig. 9.1(d)) and NiFe (Fig. 9.1(q)). Similar to the
antiproportional dependence of the EB shift on the F’s layer thickness, the satisfying
fits ∝ 1/tF to Jeff(tF) suggest that JEB(tF) ∝ 1/tF under consideration of Eq. (4.21),
further assuming that the proportion p of all grains of classes II and III contributing
to the effect is solely determined by tAF (cf. Sec. 4.1). The decrease is more apparent
for tAF = 5 nm with a reduction down to (28± 20) % in the case of CoFe and down
to (15± 10) % in the case of NiFe. For tAF = 30 nm, the effective coupling constant

3Measurements and the subsequent evaluation and interpretation have been performed by Adam
Krysztofik and Hubert Głowiński at the Institute of Molecular Physics Polish Academy of Sciences (Poznań).
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is reduced down to (82± 18) % in the case of CoFe and down to (54 ± 11) % in
the case of NiFe. Thus, the AF layer’s thickness influences the tF-dependence of
Jeff for both CoFe and NiFe. The reduction can be qualitatively reasoned, since a
larger contribution of rotatable AF grains of class II is on average linked to a larger
grain interface to grain volume ratio and a probable reduction of KAF at smaller
grain sizes [VFACO10]. When the approximation of the AF grains’ energy barriers
by ∆EAF ≈ KAF VAF loses its validity for smaller grain sizes, the interaction with the
F layer - mediated by the microscopic coupling constant JEB - might be crucially
affected [VFACO10, HG12, FC72].

Jadd The additional effective coupling constant Jadd, correlated to an experimental offset of
Hexp

EB (ϕ) is tendentially larger for increasing tAF for both CoFe (Fig. 9.1(e)) and NiFe
(Fig. 9.1(r)). No significant dependence on tF can be observed in the case of CoFe,
whereas for NiFe, JNiFe

add increases significantly upon increasing tF.

τRMA The average relaxation time τRMA of rotatable grains of class II in units of tHys ex-
hibits for both CoFe (Fig. 9.1(f)) and NiFe Fig. 9.1(s)) an overall reduction upon
increasing tF for both tAF = 5 and 30 nm, whereas no significant change is observable
for tF ≥ 7.5 nm in the case of CoFe with tAF = 5 nm. For NiFe and tAF = 30 nm the
reduction is not significant considering the displayed uncertainties. Consequently, the
alteration of τRMA with tF for fixed tAF, if it is significant, can only be explained by a
tF-dependent variation of the interaction between the F and the granular AF caused
by a differing magnetization reversal for different materials of the F layer and different
thicknesses tF [MHR+21, GTK86].

KF The uniaxial anisotropy constant KF exhibits in the case of CoFe and tAF = 30 nm
(Fig. 9.1(g)) no significant trend upon changing tF and the average value can be deter-
mined to be 〈KCoFe

F (tAF = 30 nm)〉 = (4± 2) kJ/m3. Contrarily, for tAF = 5 nm and
in the case of NiFe (Fig. 9.1(t)) for both tAF = 5 and 30 nm, an antiproportional de-
pendence on the F layer’s thickness can be observed likewise to the effective coupling
constant and the coercive field as functions of tF in Figs. 9.1(d, q) and Figs. 9.1(b, o),
respectively. Furthermore, in the case of CoFe and tAF = 5 nm, KCoFe

F approaches
〈KCoFe

F (tAF = 30 nm)〉 for large tF, which cannot be observed for NiFe although this
might occur for even larger tF > 30 nm not considered in this study. It is supposed
that by fitting simulated HSW

EB/C(ϕ) to experimentally determined Hexp
EB/C(ϕ) using the

time-dependent extended Stoner-Wohlfarth (Eq. 4.4) ansatz, that the extracted
intrinsic uniaxial anisotropy is overestimated in general [MHR+21] and that the in-
crease of KF upon decreasing tF is connected to generally larger coercive fields for
small thicknesses of the F layer. This entanglement is further emphasized by fits
∝ 1/tF (Figs. 9.1(g, t)) that are in satisfying agreement with KF(tF) for both tAF and
both CoFe and NiFe.
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Parameters scaling the macroscopic magnetic quantities have been extracted by fitting
tF-dependent extended phenomenological relations for the EB shift and the coercive field
(Eqs. (4.22) and (4.23)) to experimentally determined |Hexp

EB (tF)| and Hexp
C (tF) as it is dis-

played in Figs. 9.1(a, b) in the case of CoFe and in Figs. 9.1(n, o) for NiFe. Regarding the
fit scenario indicated by (A), JRMA = Jeff pII (Eq. (4.24)) and JUDA = Jeff pIII (Eq. (4.25))
are the parameters scaling the contribution of the dynamic RMA and the fixed UDA, re-
spectively. It is further intended to already take into account the knowledge gained with
regard to the priorly determined model parameters (SW) as functions of tF presented in
Figs. 9.1(c-g,p-t): The tF-independent proportion of class III grains pIII = 1− pII is for both
F layer’s materials CoFe and NiFe equally scaled with the AF layer thickness from ≈ 0.3 to
0.8 for tAF = 5 to 30 nm, justifying the earlier supposed sole tAF-dependence of pII and pIII

in Eqs. (4.24) and (4.25). Further, also for both CoFe and NiFe, an additional antipropor-
tional dependence of the effective coupling constant Jeff on the F layer’s thickness has been
observed. Considering this, phenomenological relations based on Eqs. (4.22) and (4.23) are
additionally fitted to experimentally determined |Hexp

EB (tF)| and Hexp
C (tF) using parameters

JRMA/UDA(tF) = jRMA/UDA/tF with jRMA/UDA as the proportionality factor of the respective
effective coupling constant in the case of fit scenario (B). The obtained parameters are for
both fit scenarios listed in Tab. 9.1 for the two investigated tAF = 5 and 30 nm in com-
parison to parameters obtained by fitting model calculations based on the time-dependent
Stoner-Wohlfarth ansatz (Eq. (4.4)) for tF = 10 nm, presented in Figs. 9.1(c,d,g) and
(p, q, t) regarding CoFe and NiFe, respectively.

The comparison of the effective coupling constant JRMA obtained by fitting model cal-
culations HSW

EB/C(ϕ) to Hexp
EB/C(ϕ) (SW) with the parameters extracted from fits (A) or (B)

(Tab. 9.1) shows that JRMA is for both tAF = 5 and 30 nm and for both CoFe and NiFe overes-
timated within fit scenario (A) but reproduced by (B). Contrarily, in the case of CoFe, JUDA

is especially for tAF = 30 nm underestimated by fit (B) and reproduced by fit (A). Regarding
NiFe, JUDA is reproduced by (B), which holds also true for (A), except for tAF = 30 nm.
However, all in all, parameters JRMA and JUDA obtained within fit scenario (B) are in all
cases in agreement with the parameters determined by the fit using model calculations (SW)
within their ranges of uncertainty. Furthermore, the average absolute deviation between
data points to fits with respect to scenario (B) is in all cases smaller than the deviation to
fits regarding (A), except for the fit to |Hexp

EB (tF)| and tAF = 30 nm. It can be concluded that
fit scenario (A) is adequate to be applied to the tF-dependence of the EB shift in the case of
tAF = 30 nm, and that fit scenario (B) can be applied to the tF-dependence of the EB shift
for tAF = 5 nm and of the coercive field for both tAF = 5 and 30 nm. This can addition-
ally be correlated to the antiproportional tF-dependence of the effective coupling constant
(Figs. 9.1(d, q)), which is for both CoFe and NiFe more pronounced for tAF = 5 nm. Finally,
the uniaxial anisotropy constant KF is expected to be overestimated if model calculations
based on the time-dependent Stoner-Wohlfarth ansatz (Eq. (4.4)) are fitted to experi-
mentally determined Hexp

EB/C(ϕ). Because of that, values of KF that are extracted by applying
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Tab. 9.1: Parameters determined for samples with layer stacks Cu5nm/IrMntAF/FtF/Si20nm

of types B1 and B2 (cf. Fig. 5.3 and Tab. 5.1) with F ∈ {CoFe,NiFe} are obtained by fitting
phenomenological relations (Eqs. (4.22) and (4.23)) to experimentally determined |Hexp

EB (tF)| and
Hexp

C (tF) (Fig. 9.1(a, b, n, o)). Parameters obtained by fitting HSW
EB/C(ϕ) to Hexp

EB/C(ϕ) (SW) ex-
tracted from Fig. 9.1 for tAF = 5 and 30 nm with tF = 10 nm are presented for comparison.

tAF = 5 and 30 nm tF = 10 nm
Data to be fitted → |Hexp

EB (tF)| & Hexp
C (tF) Hexp

EB/C(ϕ)

F Parameter tAF (nm) (A) (B) (SW)

CoFe

JRMA

(10−5 J/m2)
5 18.75± 2.50 8.13± 0.25 7.35± 3.67
30 7.05± 0.90 3.05± 0.08 3.80± 6.65

JUDA

(10−5 J/m2)
5 2.17± 0.35 1.40± 0.06 2.78± 2.24
30 17.62± 1.20 10.64± 0.97 18.18± 8.92

KF

(kJ/m3)
5 0.40± 1.41 4.37± 0.23 10.68± 5.74
30 1.14± 0.50 2.64± 0.07 3.80± 4.37

NiFe

JRMA

(10−5 J/m2)
5 6.07± 0.17 2.86± 0.24 2.23± 1.31
30 2.13± 0.18 1.09± 0.04 0.34± 0.55

JUDA

(10−5 J/m2)
5 1.41± 0.17 0.9± 0.02 1.17± 0.87
30 5.71± 0.28 3.47± 0.28 4.01± 1.39

KF

(kJ/m3)
5 0.00± 0.10 0.92± 0.19 1.78± 1.23
30 0.00± 0.08 0.23± 0.03 0.65± 0.66

fit scenarios (A) and (B) are in all cases smaller than values determined within fit scenario
(SW). Here, it needs to be mentioned that when Eq. (4.23) is fitted to the experimentally
determined dependence of the coercive field on the F layer’s thickness, for both fit scenarios
(A) and (B), values for Hexp

C at large tF are necessary in order to accurately determine the
offset, which specifies the anisotropy constant KF.

To summarize, except for the representation of the F layer’s intrinsic uniaxial anisotropy,
parameters determined by fits of phenomenological relations describing the EB shift and the
coercive field as functions of the F layer’s thickness (Eqs. (4.22) and (4.23)) are in good agree-
ment with model parameters extracted by the application of the time-dependent extended
Stoner-Wohlfarth approach (Eq. (4.4)) introduced in Sec. 4.1, if an antiproportional
dependence of the effective coupling constant on tF (Fig. 9.1(d, q)) is considered. The obser-
vations further suggest, that the proportionality factor, interlinking Jeff with 1/tF, depends
on the AF layer’s thickness and investigations presented in literature further indicate that
it generally holds that HC + const. ∝ 1/tF

n and HEB ∝ 1/tF
m with 1 ≤ n,m ≤ 2 [LFH+02].

Although the 1/tF-dependence of the EB shift and the coercive field has been tested and
validated for a variety of systems [NS99, BT99, MKSH87, HJM03], deviations from this with
n,m > 1 [LFH+02, DZ98, LLY+02, SM01] should definitely be considered in dependence on
measurement conditions as well as the microstructure of the system [LFH+02].
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In the following, the dependence of the EB shift and the coercive field on the AF layer
thickness tAF for fixed tF will be in focus. Experimentally determined |Hexp

EB (tAF)| and
Hexp

C (tAF) are displayed for CoFe in Fig. 9.1(h) and for NiFe in Fig. 9.1(u) with tF = 10 nm.
The commonly observed dependence of the macroscopic magnetic characteristics on the AF
layer thickness [NS99, BT99, AMH03, AMAJ+03, MKSH87] (cf. Sec. 3.1) is reproduced
for both CoFe and NiFe and in both cases, a significant EB shift starts to be observable
for tAF ≥ 5 nm. |Hexp

EB (tAF)| increases upon increasing tAF < 12 nm, whereas for larger
thicknesses the EB shift stays constant at (9.3 ± 1.2) kA/m in the case of CoFe and at
(6.2± 1.0) kA/m for NiFe, representing the average values for tAF ≥ 12.5 nm. The coercive
field exhibits for both F a significant increase up to tAF = 5 nm, starting out from 2.5 nm
in the case of CoFe and from 3 nm in the case of NiFe. Below these thicknesses, the average
values of the coercive field are given by (1.7± 1.2) kA/m and (0.3± 1.1) kA/m for the CoFe
and the NiFe layer, respectively, representing the coercivity of the stand-alone F layers. The
coercive field is maximum at tAF = 7.5 and 5 nm with Hexp,CoFe

C,max = (12.4 ± 1.1) kA/m and
Hexp,NiFe

C,max = (6.4 ± 1.6) kA/m, respectively. At the thickness of the largest coercive field,
the EB shift exhibits the largest slope for both CoFe and NiFe. Upon further increasing
tAF, Hexp

C (tAF) decreases again, as the EB shift reaches a plateau, until it stays constant at
(5.3± 1.4) kA/m in the case of CoFe and (2.1± 0.8) kA/m in the case of NiFe, representing
the average values for tAF ≥ 20 nm.

Likewise to the tF-dependent investigations, simulated HSW
EB/C(ϕ) have been fitted4 to

experimentally determined angular-resolved Hexp
EB/C(ϕ) (cf. Sec. 4.5) for different tAF with

tF = 10 nm, MCoFe
S = (1527± 25) kA/m and MNiFe

S = (683± 16) kA/m. Azimuthal angles
γF �= γUDA �= 0◦ exhibited no significant dependence on tAF. The obtained parameters as
functions of tAF are presented in Fig. 9.1(i-m) for CoFe and in Fig. 9.1(v-z) for NiFe and will
discussed in the following:

Model parameters (SW) as functions of the AF layer thickness tAF

pIII The extracted class percentage pIII(tAF) = 1 − pII(tAF) of class III grains is pre-
sented in Fig. 9.1(i) for CoFe and in Fig. 9.1(v) for NiFe. The percentual contribu-
tions of pinning grains increases for both CoFe and NiFe upon increasing tAF, similar
to the EB shift (Figs. 9.1(h, u)), reaching constant values 〈pCoFe

III 〉 = (0.8± 0.2) and
〈pNiFe

III 〉 = (0.9± 0.2) representing the averages for tAF ≥ 12.5 nm. This implies a grad-
ual shift of the AF grain volume distribution to larger grain sizes, independent on the
choice of the F layer’s material. Since larger grains are more probable in thicker
granular layers, the proportion of grains accounted to class III increases while the
proportion of rotatable grains of class II decreases upon increasing tAF. pII and pIII

have been defined in Sec. 4.2 as the percentages of grains ascribed to the respective
grain class (cf. Eq. (4.14) and (4.15)), hence, pII should approach 1 for tAF → 0 nm.
However, this cannot be shown here because the fits of model calculations to Hexp

EB/C(ϕ)

4Exemplary fits of HSW
EB/C(ϕ) to Hexp

EB/C(ϕ) are displayed in Figs. 9.9(a, b, g, h) for tAF = 4 to 30 nm.
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were not feasible for small tAF. Nevertheless, at tAF = 4 nm in the case of NiFe and at
tAF = 5 nm for CoFe, pNiFe

II = (0.9± 0.2) and pCoFe
II = (0.8± 0.2) could be extracted,

indicating for both F layer’s materials that pII eventually approaches 1 for small tAF.
In Figs. 9.1(i, v), fits (P) are displayed using Eq. (4.20) being further extended by the
multiplicative factor pmax

III . This factor allows to consider that pIII does not approach
exactly 1 for large tAF and could be determined to be pmax,CoFe

III = (0.85± 0.03) and
pmax,NiFe
III = (0.92± 0.02). The resulting non-zero percentage of rotatable AF grains of

class II at large tAF is probably caused by a non-ideal and interrupted grain growth
[AFHW+17, AFHW+19], i.e. that a certain amount of grains will not grow over
the complete nominal thickness of the granular AF layer. This results in effectively
smaller AF grains in contact with the F layer, which will be discussed more in detail
in Sec. 9.2. However, the consequence is that there will always be a finite non-zero
amount of AF grains that can be associated to class II for increasing tAF, ergo pIII � 1

for large tAF.

Jeff For both CoFe and NiFe, the effective coupling constant is presented in Figs. 9.1(j, w).
Jeff(tAF) increases upon increasing tAF and stays constant within the margins of uncer-
tainty at 〈JCoFe

eff 〉 = (23± 6) 10−5 J/m2 and 〈JNiFe
eff 〉 = (5± 3) 10−5 J/m2, representing

the average values for tAF ≥ 7.5 nm. Under the assumption of a constant microscopic
coupling constant JEB upon variation of the AF layer’s thickness (cf. Eq. (4.21)), this
suggests that at tAF = 7.5 nm the major part of the granular AF populates either
class II or class III. However, for further increasing tAF the number grains accounted
to class IV will grow accompanied by a decrease of p(tAF), representing the number
of AF grains populating classes II and III in relation to the total number of grains
of the polycrystalline ensemble. Due to that, the tendency of Jeff(tAF) to decrease
upon increasing tAF > 7.5 nm can be observed. With the effective coupling con-
stant being defined by Eq. (4.21), p(tAF) multiplied with the microscopic coupling
constant JEB (Eq. (4.19)) can be fitted (J) to Jeff(tAF) in Figs. 9.1(j, w), enabling the
extraction of the microscopic coupling constants JCoFe

EB = (21.7± 0.6) 10−5 J/m2 and
JNiFe
EB = (4.7± 0.2) 10−5 J/m2.

Jadd The additional effective coupling constant Jadd(tAF) is displayed in Figs. 9.1(k, x)
and shows in the case of CoFe significantly larger values within tAF = 15 and 30 nm
as compared to smaller and larger tAF. In the case of NiFe, this occurs between
tAF = 7.5 and 30 nm, although a percentual increase as compared to the CoFe case
can only be observed for thicknesses between tAF = 10 and 25 nm. For both F layer’s
materials, the increase of the additional effective coupling constant occurs in the
thickness interval within which the decrease of Hexp

C upon increasing tAF slows down
to a constant value. It can be concluded, that Jadd is linked to AF grains close to the
boundary between classes II and III, having relaxation times larger than the hysteresis
duration (cf. Sec. 4.1). This emphasizes the continuous shifting of the AF grain volume
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distribution upon the variation of tAF with respect to fixed grain class boundaries
determining the contribution of the relevant grain classes. Those class separating
boundaries are, however, obviously not sharply defined. The comparatively large
thickness interval for which the significant enhancement of Jadd can be observed for
both CoFe and NiFe suggests, that the range of AF grain volumes being representative
for the intermediate grains between classes II and III is relatively large, because Jadd

should only be sensitive to this type of grains if the AF grain volume distribution
relates to a large probability for the specific range of intermediate grain sizes.

τRMA Up to now, the discussed observations suggested that the alteration of the AF grain
volume distribution upon variation of the AF layer’s thickness has at least qualita-
tively the same effect on the macroscopic magnetic quantities and the extracted model
parameters independent on the choice of the F layer’s material. For the average relax-
ation time τRMA of rotatable AF grains of class II as a function of tAF (Figs. 9.1(l, y))
the situation is however different. Additionally, it was already observed earlier dur-
ing the presentation of the tF-dependent extracted model parameters, that τRMA(tF)

exhibited no distinct trend upon variation of the F layer’s thickness and that changes
are most probably related to a differing magnetization reversal for the different inves-
tigated F layer’s materials CoFe and NiFe.

In the case of CoFe (Fig. 9.1(l)) it can be observed, that τRMA in units of the measure-
ment time tHys increases upon increasing tAF approaching 〈τCoFe

RMA〉 = (9± 4) 10−3 tHys,
representing the average value for tAF ≥ 15 nm. Taking into account the actual exper-
imental hysteresis duration of tHys ≈ 44 s, the average relaxation time of the rotatable
AF grains of class II can consequently be estimated to be (390± 170) ms for AF layer
thicknesses larger than 15 nm. The increase of τRMA with tAF and its saturation for
larger thicknesses is in well agreement with the generalized model for the description
of polycrystalline AF/F-bilayers (cf. Sec. 3.2.6) as well as the definition of the aver-
age relaxation time of rotatable AF grains of class II given by Eq. (4.16). Since the
averaging of the AF grains’ relaxation times is performed within the boundaries of
class II, τRMA should increase upon increasing tAF until the expectation value of the
AF grain volume distribution passes the boundary VII/III between classes II and III.
From there (tAF ≥ 15 nm), τRMA will not increase further, which is in agreement with
the enhancement of Jadd between tAF = 15 and 30 nm (Fig. 9.1(l)), indicating that
the major portion of the AF grain volume distribution is either close to or already
shifted beyond VII/III. Please note, that the formulated argumentation is only valid
in the case of non-interacting AF grains and when the lateral extend of a uniform
magnetization within the F layer is distinctly larger than the contact interface shared
with an average grain of the granular AF layer, i.e. that the F layer’s magnetization
- or a magnetic domain with respect to its base area - is in total in contact with a
majority of the different grain types of the polycrystalline AF ensemble.
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The average relaxation time τRMA as a function of tAF is displayed in Fig. 9.1(y) for
NiFe and in contrast to the case with CoFe as the F layer’s material (Fig. 9.1(l)) a
decrease of τRMA upon increasing tAF can be observed. However, similar to the CoFe-
case, the average relaxation time stays constant for tAF ≥ 20 nm with an average
value of 〈τNiFe

RMA〉 = (0.4± 3.2) 10−3 tHys corresponding to (20± 140) ms.

Independent of the fact, that within class II the relaxation of rotatable AF grains is
distributed over several orders of magnitude [MGM+16] and that the extraction of
τRMA is consequently prone to a large uncertainty, the significant decreasing trend of
τRMA(tAF) in Fig. 9.1(y) in the case of NiFe in contrast to the increasing trend in
Fig. 9.1(l) for CoFe is not to question. One possible explanation for the decrease of
τRMA with tAF could be that it is correlated to an effective reduction of the separating
boundary between classes II and III due to large AF grains in the local proximity
of actually rotatable grains of class II magnetically overshadowing the latter as tAF

increases. This would locally result in the prevention of magnetization reversal in the
F layer and consequently the prevention of the dynamic realignment of the macro-
scopic RMA, from which the parameter τRMA is eventually extracted. Regarding the
opposite trends when the courses of τRMA(tAF) are compared between CoFe and NiFe,
a possible explanation - not necessarily excluding the latter argumentation - is based
on a locally differing remagnetization of the two F layer’s materials: Whereas NiFe
represents a rather low-anisotropic material (cf. Tab. 9.1), CoFe typically exhibits a
large magnetic anisotropy resulting in relatively thin walls separating oppositely mag-
netized domains5 [HS98, Hol15]. Locally, this might result in rotatable AF grains still
aligned along the direction of the initially saturated F layer’s magnetization, that are
either located below an unchanged or an antiparallel magnetized and consequently
reversed domain. Grains below a reversed domain are forced to relax into the new
direction by performing a full 180◦ rotation or flip of their uncompensated interfacial
magnetic moment, if possible in accordance to the hysteresis duration. Macroscop-
ically, the time-dependent RMA therefore reflects in the CoFe-case the idea of the
relaxation of AF grains from the local into the global minimum considering the grain-
specific free energy landscape visualized in Fig. 3.3. In the case of NiFe, locally, the
domain wall of two oppositely magnetized domains rotates in the plane of the F layer
(Néel-domain wall) [HS98] and might spatially extend over a comparatively large en-
semble of AF grains in contrast to the CoFe-case. Consequently, rotatable AF grains
are - at least below domain walls - exposed to not fully reversed magnetic moments
within the NiFe layer. Therefore, it might be the case that due to the locally different
remagnetization behavior regarding NiFe as compared to CoFe, that rotatable grains
realign - or rather catch up - with respect to the reversing F layer’s magnetization on
a shorter time scale as if a larger part of the AF grain ensemble would be exposed

5The domain wall width can be estimated to be proportional to
√

Aex/KF, with the exchange stiffness
constant Aex and the uniaxial anisotropy constant KF [HS98]
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to a completely reversed magnetic domain. This eventuates in the macroscopic RMA
being sensitive to an effectively smaller relaxation time in the NiFe-case as compared
to CoFe. Hence, the RMA represents a time-dependent anisotropy mapping the en-
tangled remagnetization behavior of the F layer and of the uncompensated interfacial
magnetic moments of rotatable AF grains. It is expected, that the extracted param-
eters related to the dynamic RMA reflect the relaxation of thermally unstable AF
grains more accurately in the case of CoFe, which should - as it takes place - actually
be detached from the F layer’s magnetization reversal.

Please note, that the formulated argumentation in the view of explaining the contrary
behavior of the average relaxation time τRMA upon increasing AF layer thickness when
CoFe or NiFe as the used F layer’s material are compared, has to be taken as a hy-
pothesis, because it cannot be further evidenced within the scope of the thesis at
hand. Nevertheless, the main conclusion is, that the macroscopic time-dependent
RMA generally needs to be interpreted under consideration of the whole polycrys-
talline AF/F-bilayer, not only focusing on the thermally unstable grains within the
granular AF layer. The RMA can reflect far more complex and entangled processes
initiated by the F layer’s remagnetization in comparison to the sole realignment of
uncompensated interface moments of rotatable AF grains.

KF The F layer’s uniaxial anisotropy constant decreases for both CoFe and NiFe upon
increasing tAF (Figs. 9.1(m, z)) and stays constant within the ranges of uncertainty
at 〈KCoFe

F 〉 = (4± 4) kJ/m3 for tAF ≥ 20 nm and at 〈KNiFe
F 〉 = (0.7± 0.6) kJ/m3 for

tAF ≥ 15 nm. For both F layer’s materials, the course of KF(tAF) is well comparable
to the one of Hexp

C (tAF) (Figs. 9.1(h, u)). Likewise to the dependence of KF and the
coercive field on the F layer’s thickness (Figs. 9.1(m, z) and (b, o)), the increase of
KF upon decreasing tAF is expected to be interlinked with an entanglement of the F
layer’s uniaxial anisotropy with the dynamic RMA as it is introduced in the utilized
model approach (cf. Sec. 4.1) [MHR+21].

Fits with respect to pIII(tAF) = 1 − pII(tAF) (P) and Jeff(tAF) (J) have been performed
for both F layer’s materials CoFe and NiFe (Figs. 9.1(i, v) and (j, w)) using Eqs. (4.20)
and (4.21), respectively, with both being founded on Eq. (4.19). The satisfying agreement
validates Eqs. (4.19) and (4.20) describing p and pIII as functions of the AF layer’s thickness,
further depending on the grain class separating boundaries VI/II, VII/III and VIII/IV as well
as on the parameters µrAF

and σrAF
determining the distribution of AF grain radii. Conse-

quently, by incorporating Eqs. (4.19) and (4.20), together with Eq. (4.21), into Eqs. (4.22)
and (4.23), tAF-dependent relations of the EB shift and the coercive field can be fitted to
experimentally determined |Hexp

EB (tAF)| and Hexp
C (tAF) as it is displayed in Fig. 9.1(h) in the

case of CoFe and in Fig. 9.1(u) for NiFe. This allows to connect relations describing aver-
aged macroscopic magnetic quantities of polycrystalline AF/F-bilayers with the distribution
of magnetically effective AF grain volumes and the measurement conditions. The parameters
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extracted with the help of Eqs. (4.22) and (4.23) (C) as well as Eqs. (4.21) (J) and (4.20) (P)
are listed in Tab. 9.2. The parameters determined by fitting Eq. (4.22) to |Hexp

EB (tAF)| and
Eq. (4.23) to Hexp

C (tAF) (C) are additionally averaged (AVG) and given in Tab. 9.2 alongside
the average AF grain radius 〈rAF〉 and the standard deviation SDrAF

6.
Although the fits (C) of the phenomenological relations (Eqs. (4.22) and (4.23)) to

|Hexp
EB (tAF)| and Hexp

C (tAF) (Figs. 9.1(h, u)) give rise - referring to Tab. 9.2 - to micro-
scopic coupling constants JCoFe

EB,HEB
= (19± 13) 10−5 J/m2 and JNiFe

EB,HEB
= (6± 5) 10−5 J/m2

as well as JCoFe
EB,HC

= (28± 9) 10−5 J/m2 and JNiFe
EB,HC

= (6± 5) 10−5 J/m2, exhibiting relatively
large uncertainties, the corresponding average values (AVG) 〈JCoFe

EB 〉 = (23± 11) 10−5 J/m2

and 〈JNiFe
EB 〉 = (6± 5) 10−5 J/m2 are in agreement with JCoFe

EB,Jeff
= (21.7± 0.6) 10−5 J/m2 and

JNiFe
EB,Jeff

= (4.7± 0.2) 10−5 J/m2 extracted from Jeff(tAF) (J) (Figs. 9.1(j, w)).
KCoFe

F = (1.2± 0.5) kJ/m3 and KNiFe
F = (130± 6) J/m3 have been determined by fitting

Eq. (4.23) to Hexp
C (tAF) (Figs. 9.1(h, u)). The values are for both CoFe and NiFe significantly

smaller than the values listed in Tab. 9.1 determined by fitting model calculations to angular-
resolved Hexp

EB/C(ϕ) (SW) and the values obtained with the help of tF-dependent fits (B)
presented in Figs. 9.1(a, b, n, o), but are larger than the values extracted via the application
of fit scenario (A). It is expected, that KF is overestimated when model calculations HSW

EB/C(ϕ)

are fitted to Hexp
EB/C(ϕ) (SW) and that the parameter is underestimated when Eq. (4.23) as a

function of tF is fitted to Hexp
C (tF) (A)7. Contrarily, when Eq. (4.23) is fitted to Hexp

C (tAF) as
a function of tAF (C), the intrinsic F layer’s anisotropy KF is determined at small tAF prior
to the EB related enhancement of the coercivity. This is more explicit since the relevant
thickness range can be assigned more easily.

The microscopic coupling constant JEB and the F layer’s uniaxial anisotropy KF de-
termined by fitting phenomenological relations (Eqs. (4.22) and (4.23)) to experimentally
determined |Hexp

EB | and Hexp
C as functions of tAF are parameters that crucially depend on the

choice of the F layer’s material. Hence, in the case of CoFe, larger values are determined
as compared to NiFe (cf. Tab. 9.2). In contrast, the extracted average values (AVG) for
µrAF

and SDrAF
, characterizing the distribution of AF grain radii, as well as the determined

grain class boundaries VI/II, VII/III and VIII/IV match within their margins of uncertainty
when the values listed in Tab. 9.2, distinguishing between CoFe and NiFe, are compared.
Those parameters should solely be linked to the granular AF ensemble and its classification
into classes of different thermal stability (cf. 4.3). Furthermore, comparable measurement
conditions have been applied for both investigated F layer’s materials. This holds also true
for the average AF grain radius and the standard deviation as well as the multiplicative
factor pmax

III introduced in Eq. (4.20). The named parameters are additionally comparable
to the corresponding values obtained by fitting Eqs. (4.20) and (4.21) to pIII(tAF) (P) and
Jeff(tAF) (J) in Figs. 9.1(i, v) and in Figs. 9.1(j, w) (cf. Tab. 9.2).

6With the help of Eq. (4.8), 〈rAF〉 and SDrAF are derived from averaged values (AVG) of µrAF and σrAF ,
extracted from |Hexp

EB (tAF)| and Hexp
C (tAF) via fits (C) displayed in Figs. 9.1(h, u).

7Values for the coercive field at large tF are needed to accurately determine the offset in Eq. (4.23).
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Tab. 9.2: Parameters determined for samples with layer stacks Cu5nm/IrMntAF/FtF/Si20nm

of types A1 and A2 (cf. Fig. 5.3 and Tab. 5.1) with F ∈ {CoFe,NiFe} are obtained by fitting
phenomenological relations (Eqs. (4.22) and (4.23)) to experimentally determined |Hexp

EB (tAF)| and
Hexp

C (tAF) (C) (Fig. 9.1(h, u)). The average values (AVG) of the parameters are given alongside the
subsequently derivable average AF grain radius 〈rAF〉 and the standard deviation SDrAF as well as
the grain class boundary defining timescales τI/II and τII/III (cf. Eq. (4.12)). Parameters are further
extracted by applying a combined fit of Eq. (4.21) (J) and Eqs. (4.19) and (4.20) (P) to Jeff , p and
pIII as functions of tAF, extracted from fits of HSW

EB/C(ϕ) to Hexp
EB/C(ϕ) (SW) (Fig. 9.1).

Data to be fitted → |Hexp
EB (tAF)| Hexp

C (tAF)
Jeff(tAF) & pIII(tAF)

from (SW)
F Parameter (C) (C) (AVG) (J) and (P)

C
oF

e

JEB (10−5 J/m2) 18.91± 12.58 27.66± 8.89 23.29± 10.74 21.74± 0.61

KF (kJ/m3) 1.21± 0.51 1.21± 0.51

µrAF
(nm) 1.12± 0.08 1.08± 7.90 1.10± 3.99 1.08± 1.05

σrAF
(nm) 0.15± 0.01 0.17± 0.07 0.16± 0.04 0.09± 0.56

〈rAF〉 (nm) 3.09± 0.25 2.97± 2.34 3.03± 0.62 2.94± 3.23
SDrAF

(nm) 0.47± 0.24 0.50± 6.24 0.48± 0.39 0.25± 0.98

VI/II (nm3) 8± 20 112± 177 60± 99 130± 305
VII/III (nm3) 217± 35 255± 50 236± 43
VIII/IV (nm3) 2589± 350 1717± 271 2153± 311 2589± 18

τI/II (ns) 1.64± 0.96
τII/III (s) 41± 30

pmax
III 0.96± 0.38 0.70± 0.19 0.83± 0.29 0.85± 0.03

N
iF

e

JEB (10−5 J/m2) 5.55± 4.82 6.30± 5.07 5.92± 4.95 4.69± 0.22

KF (J/m3) 130± 6 130± 6

µrAF
(nm) 1.25± 1.23 1.14± 0.09 1.20± 0.66 1.09± 0.36

σrAF
(nm) 0.12± 0.08 0.13± 0.08 0.13± 0.08 0.17± 0.25

〈rAF〉 (nm) 3.52± 4.38 3.15± 0.33 3.33± 0.67 3.01± 1.21
SDrAF

(nm) 0.43± 0.84 0.42± 0.50 0.42± 0.36 0.51± 1.00

VI/II (nm3) 105± 148 126± 23 116± 86 120± 108
VII/III (nm3) 222± 45 251± 125 237± 85
VIII/IV (nm3) 2482± 592 1876± 16 2179± 304 2292± 6

τI/II (µs) 3.21± 2.03
τII/III (s) 44± 33

pmax
III 0.99± 0.31 0.72± 0.23 0.86± 0.27 0.92± 0.02

Regarding the average AF grain radius and the standard deviation, the extracted values
〈rCoFe

AF 〉 = (3.0 ± 0.6) nm and 〈rNiFe
AF 〉 = (3.3 ± 0.7) nm as well as SDCoFe

rAF
= (0.5 ± 0.4) nm

and SDNiFe
rAF

= (0.4± 0.4) nm (Tab. 9.2) are for both F layer’s materials considerably smaller
than the experimentally determined 〈rAF〉 = (7.0 ± 0.3) nm and SDrAF

= (2.7 ± 0.6) nm
(cf. Sec. 7.2.1). The latter represent means of the tAF-specific average grain radii and stan-
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Fig. 9.2: (a) Comparison of the structural (tAF = 5 nm, cf. Fig. 7.3) and the magnetically effective
distribution ̃(rAF) of AF grain radii based on the experimentally performed tAF-dependent grain
size analysis (Sec. 7.2.1) and the extracted parameters µrAF and σrAF (AVG) given in Tab. 9.2 for
the different F layer’s materials CoFe and NiFe. (b-c) Structural and magnetically effective AF grain
volume distributions are derived from ̃(rAF) with the help of Eq. (4.10) for tAF = 5 and 30 nm.
The respective expectation values 〈rAF〉 and 〈VAF〉 are indicated by vertical lines and lognormal fits
are given for the structural AF grain radius and volume distributions. The percentual reduction of
the experimentally determined down to the magnetically effective expectation values is illustrated.

dard deviations determined with the help of atomic force microscopy (AFM) taking into
account thicknesses of the AF layer between 5 and 100 nm. The average grain radii ex-
tracted from measured averaged macroscopic magnetic quantities represent (43 ± 10) % of
the experimentally determined value in the case of CoFe, and (47±12) % in the case of NiFe.
Under the assumption of columnar grain growth, which has been evidenced in Sec. 7.2.1 for a
comparable set of deposition parameters, this indicates with the volume VAF = π rAF

2 tAF of
an individual cylindrical AF grain that only (18±8) %, in the case of CoFe, and (22±11) %,
in the case of NiFe, of the average structural AF grain volume effectively contributes to the
interface exchange coupling between an individual AF grain and the F layer’s magnetization.
The determined structural (tAF = 5 nm; cf. Fig. 7.3(a, c)) and the extracted magnetically
effective distribution of AF grain radii are compared in Fig. 9.2(a) for both utilized F layer’s
materials CoFe and NiFe. With the help of Eq. (4.10), the corresponding volume distribu-
tions are derived and are additionally presented in Figs. 9.2(b, c) for tAF = 5 and 30 nm.
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Finally, based on the determined grain class boundaries VI/II, VII/III and VIII/IV (Tab. 9.2)
also the corresponding timescales determining the classification of AF grains for fixed tem-
peratures can be estimated with the help of Eq. (4.12). Referring to the parameters spec-
ified in Sec. 4.2 for the utilized AF layer’s material IrMn, the timescales defining VI/II and
VII/III have been determined8 to be τCoFe

I/II = (2 ± 1) ns and τNiFe
I/II = (3 ± 2) µs as well as

τCoFe
II/III = τNiFe

II/III = (40±30) s with the measurement temperature T = TRT ≈ 293 K and taking
into account the average values (AVG) of the extracted boundaries listed in Tab. 9.2 obtained
by fitting Eqs. (4.22) and (4.23) to |Hexp

EB (tAF)| and Hexp
C (tAF) (Figs. 9.1(h, u)). Apart from

the relatively large uncertainty, the measurement time of tHys ≈ 44 s is similarly reproduced
by τCoFe

II/III and τNiFe
II/III determining the grain class boundary VII/III dividing the granular AF

ensemble into thermally unstable and stable grains. Regarding the timescale related to the
boundary separating classes I and II, even if the orders of magnitude of τCoFe

I/II and τNiFe
I/II are

reasonable, essentially being smaller than the extracted average relaxation time τRMA as a
function of tF and tAF (Figs. 9.1(f, l, s, y)), they are not comparable. This indicates how
sensitive the extracted timescales are on the exact values of the corresponding grain class
boundaries, since small changes of the latter, in accordance to Eq. (4.12), might result in
changes regarding the determined timescales over several orders of magnitude. Additionally,
as it was already suggested earlier, the significant difference between τCoFe

I/II and τNiFe
I/II empha-

sizes, that the relaxation of rotatable AF grains on the timescale of the hysteresis is highly
probable to be affected by the choice of the F layer’s material and its specific remagneti-
zation behavior and that further, the lower grain class boundary VI/II being determined by
τI/II is stronger influenced by this as compared to VII/III. Please note, that τI/II represents
the timescale below which AF grains are thought to be superparamagnetic, not contributing
to the EB phenomenon (cf. Sec. 3.2.6).

9.1.2 Variation of the antiferromagnetic layer’s deposition rate

It could be demonstrated in Sec. 9.1.1, that Eqs. (4.22) and (4.23), describing the EB shift
and the coercive field as functions of tAF, represent a powerful tool when they are fitted to
|Hexp

EB (tAF)| and Hexp
C (tAF) in the view of extracting averaged parameters characterizing the

microstructure of the granular AF in a polycrystalline EB bilayer. Focusing on samples of
type A1 (Fig. 5.3 and Tab. 5.1) with CoFe as the F layer’s material and fixed tF = 10 nm,
|Hexp

EB (tAF)| and Hexp
C (tAF) have been experimentally determined for different deposition rates

ηAF of the AF layer upon variation of UAF
DC (cf. Sec. 5.1) to modify the distribution of AF

grain radii (cf. Refs. [MHR+20, VFT+05]). The structural characterization of the latter in
dependence on ηAF has been performed in Ref. [MHR+20] and the results are summarized in
Sec. 7.2.2, showing that the scaling of the average AF grain radius is possible upon variation

8Since the temperature during deposition of the investigated samples is not known and no field cooling
procedure has been performed and that further all samples were characterized in the as-deposited state after
relaxation in the F layer’s remanent field [PR02, Pae02], the timescale of the grain class boundary VIII/IV,
separating classes III and IV, cannot be determined.
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Fig. 9.3: (a) |Hexp
EB (tAF)| and (b) Hexp

EB (tAF) for different AF deposition rates ηAF with fits based
on Eqs. (4.22) and (4.23). ηAF-dependent parameters (c) 〈rAF〉, (d) JEB and (e) KF are presented,
representing the average ηAF-specific values of the determined parameters. Averaged values in the
indicated ηAF-intervals are displayed. The grey shaded region in (a,b) marks the transition of the
granular ensemble’s majority of AF grains from class II to III upon increasing tAF.

of ηAF exceeding a critical threshold deposition rate ηcritAF . In Ref. [MHR+20] it was further
evidenced for fixed tAF, that the tunability of 〈rAF〉 can directly be linked to the change
of the macroscopic magnetic characteristics, i.e. the EB shift and the coercivity, starting
to be significantly non-zero for from ηcritAF being indicative for homogeneous and columnar
grain growth9. However, as it has been already pointed out in Ch. 7, the utilized substrates
have been pretreated differently as compared to Ref. [MHR+20], for which reason a different
course of the EB shift and the coercivity as functions of ηAF is expected, even if comparable
deposition parameters are used. This is probably accompanied by a shift of ηcritAF to smaller
values. As it also has been discussed in Ch. 7, the qualitative trend should be the same and
the EB shift and the coercive field should nevertheless increase upon increasing ηAF from a
certain critical ηcritAF linked to the scaling of the average AF grain radius 〈rAF〉.

Experimentally determined ηAF-specific |Hexp
EB (tAF, ηAF)| and Hexp

C (tAF, ηAF) are displayed
in Figs. 9.3(a, b) as functions of tAF. For large ηAF, the courses of |Hexp

EB (tAF, ηAF)| and
Hexp

C (tAF, ηAF) are equivalent to the dependencies of the EB shift and the coercive field
on the AF layer’s thickness presented in Fig. 9.1(h), whereas for decreasing ηAF a gradual
suppression of the macroscopic magnetic quantities can be observed. This is, as expected,
in qualitative agreement with the observations presented in Ref. [MHR+20].

Parameters 〈rAF〉, JEB and KF have been determined as functions of ηAF by fitting
Eqs. (4.22) and (4.23) to ηAF-specific |Hexp

EB (tAF)| and Hexp
C (tAF) (C) (Figs. 9.3(a, b)), and are

presented in Figs. 9.3(c-e). Within the deposition rate interval in which an overall increase
of |Hexp

EB (tAF, ηAF)| and Hexp
C (tAF, ηAF) can be observed, the average AF grain radius 〈rAF〉

and the microscopic exchange coupling constant JEB as functions of ηAF increase gradually
9This could be further substantiated by investigations of the AF layer’s crystal structure (cf. Sec. 7.4).
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until saturation with 〈rAF〉 = (3.0± 0.3) nm and 〈JEB〉 = (22± 5) 10−5 J/m2 representing
the average values for ηAF ≥ 2.43 nm/min. The uniaxial anisotropy KF stays constant with
〈KF〉 = (1.4± 0.7) kJ/m3 ∀ ηAF, indicating a constant intrinsic anisotropy of the F layer
independent on ηAF

10. The increase of the average AF grain radius upon the increase of
the AF deposition rate ηAF < 2.43 nm/min can be correlated to the tuning the AF grain
radius distribution via ηAF as it was shown Refs. [MHR+20, VFT+05], whereas the reduc-
tion of JEB upon decreasing ηAF might be connected to a ηAF-dependent modification of the
AF/F-interface structure and/or of the AF layer’s crystal texture and homogeneity, crucially
determining the coupling strength at the interface [NS99, OFOVF10, AVFK+08, MHR+20].
The standard deviation of the AF grain radius distribution as a function of ηAF exhibits a
similar course as the extracted average AF grain radius starting from (0.27± 0.08) nm and
reaching a constant average value 〈SDrAF

〉 = (0.4± 0.3) nm.
The constancy of JEB and 〈rAF〉 for ηAF ≥ 2.43 nm/min suggests the preservation of the

AF layer’s microstructure for a large range of deposition rates. However, this further also
hints at the interruption of the scaling of the average AF grain radius via ηAF as recrys-
tallization processes [BA98, PBHG03] start to dominate, effectively resulting in a constant
average AF grain radius. Since JEB stays similarly unchanged for ηAF ≥ 2.43 nm/min, the
AF/F-interface seems to be unaffected upon the further increase of ηAF. The formulated
interpretation of the observations shall be discussed in more detail in the following section
(Sec. 9.2), also for larger thicknesses of the AF layer tAF > 50 nm.

9.2 Evolution of the polycrystalline microstructure

For the extraction of averaged microscopic parameters as well as the quantitative determi-
nation of model parameters (Sec. 9.1) in dependence on the participating layers’ thicknesses
and the deposition rate of the AF layer, the considered AF layer thicknesses were restricted
to be smaller or equal to 50 nm. This limit was chosen on the basis of theoretical calcu-
lations presented in Sec. 4.4 and the experimental characterization of the polycrystalline
AF/F-bilayers’ structural properties in Ch. 7. Above this thickness, however, significant
importance needs to be attributed to structure-forming phenomena that might interfere
with the assumptions that have been formulated in Ch. 4 - on which basis the extraction
of averaged microscopic parameters is performed in Sec. 9.1. Hence, samples of type A1
(Fig. 5.3 and Tab. 5.1) with CoFe as the F layer’s material with tAF up to 100 nm will be
investigated in this section. For different deposition rates ηAF, a qualitative link between
the tAF-dependent macroscopic magnetic properties, i.e. the EB shift and the coercive field,
and the AF layer’s polycrystalline microstructure shall be established.

10Contrarily, in Ref. [MHR+20], a significant increase of KF upon increasing ηAF was observed, obtained by
fitting model calculations HSW

EB/C(ϕ) based on the time-dependent Stoner-Wohlfarth approach proposed
in Ref. [MGM+16] to experimentally determined Hexp

EB/C(ϕ) (SW). This can be correlated to the entanglement
of the F layer’s uniaxial anisotropy with the time-dependent RMA.
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In Figs. 9.4(a, c), experimentally determined |Hexp
EB (tAF, ηAF)| and Hexp

C (tAF, ηAF) are
displayed in dependence on the complete set of deposition parameters listed in Tab. 5.1
regarding sample type A1, while exemplary thickness-dependent courses are presented in
Figs. 9.4(b, d) for selected deposition rates ηAF. AF layer thicknesses up to 20 nm stand out
for deposition rates ≥ 1.58 nm/min, representing the interval in which AF grains of class II
are transformed to class III grains due to the increase of the average AF grain volume
(cf. Figs. 9.3(a, b)). The inter-class transition is distinctly characterized by a monotonous
increase of the EB shift upon increasing tAF up to 20 nm, from which thickness until
tAF = 50 nm the EB shift stays constant at a ηAF-specific value. This is accompanied
by an initial increase of the coercive field within this thickness interval and a maximum
coercivity located either at tAF = 5 or 7.5 nm, subsequently followed by a reduction of Hexp

C

upon further increasing tAF. For tAF > 20 nm, the coercivity reaches likewise to the EB shift
a plateau with a constant value determined by ηAF.

Upon increasing ηAF it can be seen in Figs. 9.4(a-d) that |Hexp
EB | and |Hexp

C | monotonously
increase ∀ tAF ≤ 50 nm, which is for low ηAF (indicated in Fig. 9.4(b)) correlated to a tran-
sition from structure zone T to II (cf. Sec. 5.2). This is in agreement with the findings
presented in Ref. [MHR+20] that are summarized in Sec. 7.2.2 where the transition from an
inhomogeneous microstructure (Zone T), incorporating competitive grain growth and high
defect densities, to a homogeneous layer structure (Zone II) is concluded [MHR+20, BA98].
The latter is expected to exhibit columnar cylindrical shaped grains with low defect den-
sities additionally sharing a specific crystal orientation [MHR+20]. For further increasing
ηAF - exceeding the critical deposition rate ηcritAF situated between 1.34 and 1.58 nm/min
characterizing the transition between structure zones T and II - the macroscopic magnetic
properties increase due to the scaling of the average grain radius [MHR+20, BA98, VFT+05].
Furthermore, as it has been evidenced in Sec. 7.2.1, columnar grain growth under the preser-
vation of the AF grain radius distribution can be assumed for ηAF = (5.4± 0.4) nm/min,
which is supposed to be valid for different ηAF > ηcritAF .

The transition from structure zone T to II upon increasing ηAF and the scaling of the
average grain radius via ηAF > ηcritAF as well as the tuning of the average AF grain volume
via tAF under preservation of the distribution of AF grain radii for ηAF > ηcritAF represent
structure-forming phenomena that are schematically visualized in Fig. 9.4(e). Please note,
that those are experimentally evidenced in Ch. 7 in conjunction with Ref. [MHR+20].

In the following, the behavior of the exchange bias shift and the coercive field as functions
of the AF layer’s thickness and deposition rate will be discussed for large ηAF � ηcritAF in the
case of tAF ≤ 50 nm as well as for large tAF > 50 nm and ∀ηAF (Figs. 9.4(a-d)).

It can be observed that the scaling of the EB shift and the coercive field connected to
the scaling of the average AF grain radius via ηAF saturates for large deposition rates, which
is in accordance to the saturation of the extracted 〈rAF〉 displayed in Fig. 9.3(c) in depen-
dence on ηAF. It is expected, that this observation is connected to a lateral recrystallization
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Fig. 9.4: Experimentally determined (a) |Hexp
EB | and (c) Hexp

C as functions of tAF and ηAF alongside
exemplary thickness-dependent courses for selected deposition rates in (b,d). (e) Schematic of the
supposed influence of tAF and ηAF on the granular AF layer’s microstructure in accordance to
fundamental structure-forming phenomena (cf. Sec. 5.2). The transition from structure zone T to
II upon increasing ηAF; the scalable average grain radius via ηAF from a specific critical deposition
rate ηcritAF ; and the scaling of the average grain volume under preservation of the the grain radius
distribution upon increasing tAF for ηAF > ηcritAF have been experimentally evidenced in Ch. 7 in
conjunction with Ref. [MHR+20]. Beyond that, interrupted grain growth is expected for large
tAF followed by subsequent renucleation [AFHW+17, AFHW+19] or the overgrowth of kinetically
disadvantaged grains in the case of additionally small ηAF < ηcritAF [BA98, PBHG03]. A lateral
recrystallization of large grains is suspected for large ηAF due to a saturating scalability of the
average grain radius upon increasing ηAF [BA98, PBHG03].
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[BA98, PBHG03] of the AF grains for tAF ≤ 50 nm in the case of large ηAF (Zone III;
cf. Sec. 5.2), i.e. that the scaling of the average grain radius is effectively interrupted and
limited by a maximum average AF grain radius that can be achieved under the given de-
position conditions. A reason for this might be a ηAF-independent nucleation site density,
directly linked to the surface structure of the Cu buffer layer and/or the Si substrate, which
is for large ηAF exceeded by the in principle possible larger average grain radii. A grain might
therefore theoretically exhibit a larger diameter as compared to the maximum distance be-
tween two nucleation sites, which eventually results in the preferred nucleation of two grains
rather than a single but larger grain (Fig. 9.4(e) (recrystallization)).

Considering now large AF layer thicknesses, it can be observed in Figs. 9.4(a-d) that in
the case of ηAF > ηcritAF , |Hexp

EB | does not decrease upon increasing tAF > 50 nm, in contrast
to theoretical calculations presented in Sec. 4.4. Alongside the coercive field, |Hexp

EB | rather
increases for large tAF > 70 nm, for which thicknesses even in the case of small ηAF < ηcritAF

a significant and distinct increase of |Hexp
EB | and Hexp

C can be observed. In the context of the
generalized model for the description of polycrystalline AF/F-bilayers (cf. Sec. 3.2.6 and 4.2),
under the assumption of columnar grain growth for ηAF > ηcritAF , the EB shift should actually
decrease with the coercive field staying constant upon increasing AF layer thickness11. The
contradictory observations can only be explained by an interrupted grain growth for large
tAF and the subsequent renucleation of crystallites for ηAF > ηcritAF [AFHW+17, AFHW+19]
or overgrowth of kinetically disadvantaged grains that are suppressed due to competitive
grain growth in the case of ηAF < ηcritAF , resulting in the eventual evolution of a preferred
crystal texture and defined grain boundaries at large tAF [BA98, PBHG03]. Both scenarios
are schematically illustrated in Fig. 9.4(e). The consequence is, that the AF grain size distri-
bution is not only shifted to larger grain volumes upon increasing tAF, but that especially for
large AF layer thicknesses the distribution is modified in a way that it cannot be described
with the help of a single, but rather by a superposition of several lognormal distributions
(Sec. 4.2). Further, renucleation results in the increase of the number of AF grains that
contribute to the EB phenomenon and can be accounted either to class II or III, due to the
effective enhancement of the total distribution’s standard deviation.

Please note, that the foregoing argumentation offers an interpretation of the experimental
results and has to be taken as a hypothesis, which can not be verified in the scope of the
thesis at hand. To resolve this in more detail, an extensive analysis of samples with different
thicknesses and deposition rates of the participating layers by characterizing cross sections
perpendicular to the samples’ plane with the help of transmission or scanning electron mi-
croscopy is inevitable (see Refs. [SFTI96, BA98, PBHG03, AFHW+17] and [Kus19]).

The qualitative results regarding the investigated impact of the deposition parameters
highlight, how the F layer can be exploited to probe the evolution of the polycrystalline AF
layer’s microstructure by solely characterizing the system’s macroscopic magnetic properties.

11At large tAF, the major part of the AF grain volume distribution is expected to be shifted beyond VIII/IV.
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9.3 Impact of the hysteresis duration

The generalized model for the description of polycrystalline AF/F-bilayers is founded on
classifying AF grains with respect to their thermal stability. The resulting grain classes
are separated by boundaries determined by measurement and initialization conditions, i.e.
timescales and temperatures. These boundaries can be estimated with the help of Eq. (4.12),
which reasons that the effects of, e.g., varying measurement time and temperature are qual-
itatively similar but of different extent. The theoretical calculations presented in Sec. 4.4
reveal the dependence of the EB shift and the coercive field as functions of tAF on the mea-
surement (Fig. 4.6) as well as on the initialization (Fig. 4.7) temperature within the context
of the generalized polycrystalline model. The calculations are based on shifting the grain
class boundaries and qualitatively reproduce the phenomenology described in literature.

For the performed calculations it has been assumed that the boundary between grain
classes II and III is determined by the measurement temperature and hysteresis duration.
Similarly, the boundary between classes III and IV is determined by the initialization temper-
ature and time, whereas VI/II - separating classes I and II - is determined by the measurement
temperature and τI/II. The latter defines the timescale below which the behavior of uncom-
pensated interfacial moments of superparamagnetic grains of class I is considered to not
affect the remagnetization of the F layer. Since this timescale cannot be precisely defined
as it is the case for the other grain class boundaries, the experimentally determined value of
τI/II ≈ 1.64 ns (Tab. 9.2; CoFe) was utilized in Sec. 4.4 in order to realize calculations for at
least different measurement temperatures. Additionally, the timescales that are extracted in
Sec. 9.1.1 suggest that VI/II, in contrast to VII/III and VIII/IV, might crucially depend on the
choice of the F layer’s material and its specific remagnetization behavior. This emphasizes
the general difficulty to model the dependence of τI/II on the duration of observation.

Even if temperature dependent calculations are presented in Sec. 4.4, no comparable ex-
perimental investigations were performed in the present thesis. However, to probe the effect
of shifted grain class boundaries on the macroscopic magnetic characteristics of polycrys-
talline AF/F-bilayers, the impact of the hysteresis duration shall be examined. The increase
of the measurement time12 should cause that grains which were initially assigned to classes II
and III are newly assigned to classes I and II, respectively, when assuming a constant grain
class boundary VIII/IV [MGM+16]. The specific change of the grain classes’ population with
tHys is however directly connected to the shape of the AF grain size distribution, or rather
the distribution of relaxation times, and the dependence of VI/II and VII/III on tHys.

Experimentally, for samples of layer stacks B1 and B2 with respect to CoFe and NiFe
as the F layer’s material (Fig. 5.3 and Tab. 5.1), the EB shift and the coercivity have been
extracted from hysteresis loops measured with different tHys between ≈ 70 to 2087 s. In
Figs. 9.5(a-d,i-l), |Hexp

EB | and Hexp
C are presented as functions of tF for tAF = 5 and 30 nm

12Or the measurement temperature (cf. Sec. 4.4.1).
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and for tHys ≈ 70 and 2087 s alongside the maximum tHys-dependent change of the EB shift
and the coercivity for a specific tF:

∆Hmax
EB/C(tF) = max

tHys

{
|Hexp

EB/C(tHys)|
}
−min

tHys

{
|Hexp

EB/C(tHys)|
}
. (9.1)

Further, in Figs. 9.5(e-h,m-p), |Hexp
EB (tHys)| and Hexp

C (tHys) are presented as functions of the
hysteresis duration for tAF = 5 and 30 nm and exemplary tF = 5, 10 and 30 nm, in which as
well the maximum tF-specific deviations ∆Hmax

EB/C are displayed. The magnetization reversal
curves were measured using the LMOKE setup (cf. Sec. 8.4.1) under variation of the hystere-
sis duration. More precisely, the signal, which is connected to the sample’s magnetization,
was recorded after a waiting time ∆twait for each step of the external magnetic field sequence.
As the field was applied by controlling the current through the electromagnet’s coils, the wait
time was started once the desired field value had been reached. Subsequently, all acquirable
values of the external magnetic field - measured with the help of a Hall probe - and the
measurement signal are averaged over the time ∆tavg, resulting in the magnetization depen-
dent signal and the respective field value at the corresponding step of the hysteresis. The
total measurement time tHys is adjusted by varying ∆twait, in order to probe the probably
time-dependent magnetization reversal for a constant integration time ∆tavg. Ideally, for a
hysteresis with a total number of NHys field steps tHys = NHys (∆twait +∆tavg).

In general, it can be observed in Figs. 9.5(a-d,i-l) for both CoFe and NiFe, that the EB
shift and the coercive field decrease similarly upon increasing tF for different tHys and different
tAF, following an antiproportional dependence on the F layer’s thickness (cf. Fig. 9.1). In
all cases, the maximum decrease ∆Hmax

EB/C(tF) is tendentially larger for smaller tF, whereas
the relative difference mintHys

|Hexp
EB/C(tHys)|/maxtHys

|Hexp
EB/C(tHys)| (not shown) is in all cases

independent on tF within the margins of uncertainty. In accordance to Secs. 4.2 and 4.3, the
latter is a clear indication, that shifting the grain class boundaries VI/II and VII/III via tHys

and the eventual effect on the macroscopic magnetic characteristics due to a change in the
contribution of the RMA and the UDA and the correlated population of AF grain classes II
and III is independent on the F layer’s thickness tF.

Thereby motivated, Eqs. (4.22) and (4.23), describing the tF-dependence of the EB shift
and the coercive field, are fitted to the experimentally determined course of |Hexp

EB (tF)| and
Hexp

C (tF) for different tHys (Figs. 9.5(a-d,i-l)). Likewise to the tF-dependent investigations
presented in Sec. 9.1.1, functions are used that are proportional to 1/tF with fit parameters
JRMA/UDA = Jeff pII/III (A) and to 1/tF

2 with JRMA/UDA(tF) = jRMA/UDA/tF (B). Fit scenario
(A) is applied to |Hexp

EB (tF, tAF = 30 nm)| and scenario (B) is used for the residual depen-
dencies, due to the respective minimum average absolute deviation with respect to the data
points (cf. Fig. 9.1). The extracted parameters JRMA, JUDA and KF are displayed as func-
tions of tHys in Figs. 9.6(a, d, g, j), (b, e, h, k) and (c, f, i, l), respectively. For both F layer’s
materials and tAF = 5 nm it can be observed in Figs. 9.6(a-c,g-i), that JRMA, JUDA and KF
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Fig. 9.5: Experimentally determined |Hexp
EB | and Hexp

C as functions of (a-d,i-l) tF for exemplary
hysteresis durations thys ≈ 70 and 2087 s and as functions of (e-h,m-p) tHys for tF = 5, 10 and
30 nm. The studied layer stacks B1 (left) and B2 (right) contain CoFe and NiFe as different F
layer’s materials (cf. Fig. 5.3 and Tab. 5.1), respectively, and are additionally compared for tAF = 5
and 30 nm. Fits in (a-d,i-l) are based on Eqs. (4.22) and (4.23) and are proportional to 1/tF with
fit parameters JRMA/UDA = Jeff pII/III (A) and to 1/tF

2 with JRMA/UDA(tF) = jRMA/UDA/tF (B).
Fits in (e, f, m, n) and in (g, o) are based on Eqs. (9.5) (FIII) and (9.4) (FII), respectively. Note
the different scaling of the tF-specific maximum deviations ∆Hmax

EB/C displayed in each panel.
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Fig. 9.6: JRMA, JUDA and KF (extracted via fits in Fig. 9.5(a-d,i-l)) are presented for (a-c,g-i)
tAF = 5 nm and (d-f,j-l) 30 nm as functions of tHys for layer stacks B1 and B2 (cf. Fig. 5.3 and
Tab. 5.1). In accordance to Eqs. (4.24) and (4.25), describing the relation between JRMA/UDA and
pII/III p, the here presented tHys-dependent fits (FII) and (FIII) are based on Eqs. (9.4) and (9.5).

decrease upon increasing tHys, which holds also true for JUDA in the case of tAF = 30 nm
(Figs. 9.6(e, k)). Contrarily, JRMA and KF show no distinct trend upon variation of tHys

in the case of tAF = 30 nm (Figs. 9.6(d, j) and (f, l)). Assuming a tHys-independent mi-
croscopic coupling constant, JRMA and JUDA are in accordance to Eqs. (4.24) and (4.25)
directly proportional to the unweighted integrals of the AF grain volume distribution pII p

and pIII p respecting the corresponding tHys-dependent boundaries of grain classes II and
III (cf. Sec. 4.2). Consequently, JRMA and JUDA, scaling the contribution of the dynamic
RMA and the fixed UDA within the time-dependent extended Stoner-Wohlfarth ansatz
(Eq. (4.4)), represent parameters to probe the shifting of the grain class boundaries and the
resulting different population of the contributing grain classes in dependence on the hysteresis
duration. Please note, that KF for both CoFe and NiFe and also for both tAF = 5 and 30 nm
follows the dependence of JRMA on tHys. This indicates the already discussed (Sec. 9.1.1)
entanglement of the F layer’s intrinsic uniaxial anisotropy and the dynamic RMA which are
both linked to the macroscopic observable coercivity.

Tightly interlinked to the extracted parameters JRMA, JUDA and KF as functions of tHys

(Fig. 9.6) are the experimentally determined courses of |Hexp
EB (tHys)| and Hexp

C (tHys), which are
displayed in Figs. 9.5(e-h,m-p). Likewise to JUDA(tHys) in Figs. 9.6(b, e, h, k), |Hexp

EB (tHys)|
distinctly decreases in all cases upon increasing tHys, although one exception is visible for
tF = 30 nm and tAF = 5 nm in the case of NiFe (Fig. 9.5(m)). Hexp

C (tHys) is similarly



9 Magnetic properties of polycrystalline exchange-biased bilayers 157

comparable to JRMA(tHys) presented in Figs. 9.6(a, d, g, j), exhibiting a decreasing trend
for both CoFe and NiFe upon increasing tHys in the case of tAF = 5 nm (Figs. 9.5(g, o)).
Contrarily, for tAF = 30 nm no clear trend can be observed in the case of NiFe for all tF
(Fig. 9.5(p)). In the case of CoFe and tAF = 30 nm (Fig. 9.5(h)), a weak decreasing trend
is visible for small tF, which however corresponds to relatively small maximum deviations
∆Hmax

C in comparison to the given uncertainties.
To summarize the observations regarding the experimentally determined macroscopic

magnetic quantities and extracted model parameters as functions of tHys, it can be concluded
that in the case of small AF layer thicknesses (tAF = 5 nm), a longer measurement time
results in a significant decrease of the number of grains populating either class II or III for all
tF. In the case of large AF layer thicknesses (tAF = 30 nm), a distinct decrease appears only
for the number of pinning AF grains of class III when the measurement time is increased,
while no significant dependence of the population of class II on tHys is apparent. However,
as the results are qualitatively identical for both F layer’s materials, the observations are
most likely connected to the exact tAF-specific course of the AF grain volume distribution
in relation to the shifted grain class boundaries upon varied tHys [MGM+16].

As an experimental remark it needs to be pointed out that the magnetization reversal
curves were measured consecutively13 with increasing tHys after the samples have been stored
untreated at room temperature for at least 24 h (positive remanent saturation). Hence, the
observed decrease of the EB shift and the coercivity could be related to thermal training
effects (cf. Sec. 3.1) [QYZ+08, FCK12, BHP05, Bin04]. Because of this, for exemplary
samples, measurements have been performed for decreasing tHys as well as for increasing
tHys subsequently followed by decreasing tHys and vice versa. While the dependence of the
coercive field on tHys turns out to be independent on the order of investigated tHys within
the margins of uncertainty, the EB shift depends on the number of hysteresis cycles and the
order of investigated tHys. However, independent of tAF and tF, the general trend of the EB
shift to exhibit larger values for smaller tHys remains unaffected.

In order to substantiate the drawn conclusions regarding the experimentally determined
dependencies of the EB shift and the coercive on tHys for different thicknesses of the granular
AF layer, the impact of the hysteresis duration shall additionally be discussed theoretically
within the context of the generalized model for the description of polycrystalline AF/F-
bilayers (cf. Sec. 3.2.6 and Ch. 4). Referring to Sec. 4.2 and 4.3, the extended phenomeno-
logical relations Eqs. (4.22) and (4.23) interlink the macroscopic coercive field and the EB
shift with the number of AF grains populating classes II and III, respectively, via the un-
weighted integrals of the AF grain volume distribution pRMA := pII p and pUDA := pIII p (cf.
Eqs. (4.14) and (4.15)) within the respective bounds. In the view of stating time-dependent
analytic relations that are directly connected to the macroscopic magnetic properties via
JRMA and JUDA (cf. Eqs.(4.24) and (4.25)), that might be compared to measured quantities

13The first hysteresis loop was always discarded.
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Fig. 9.7: (a) Calculated AF grain volume distributions are displayed for tAF = 2.5, 5 and 10 nm
using parameters listed in Tab. 4.1. The boundaries VI/II and VII/III are determined as functions of
tHys at Tmeas = 293 K (Eq. (4.12)) in accordance to parameters specified in Sec. 4.2, while VIII/IV

(not visible) is taken from Tab. 4.1. Further, the approximation of the distribution’s decreasing tail
by f(VAF) is illustrated, whereas the increasing tail can be approximated by g(VAF) (cf. Eqs. (9.2)
and (9.3)). (b) Integrals pII p, with respect to VI/II(tHys) and VII/III(tHys), and pIII p, with respect to
VII/III(tHys) and VIII/IV, of the AF grain volume distributions (a) are presented as functions of tHys

for different tAF. Fits (FII), (GII) and (FIII) are based on Eqs. (9.4), (9.7) and (9.5), respectively.

(Fig. 9.5) or subsequently extracted model parameters (Fig. 9.6), it is necessary to specify
expressions describing pRMA and pUDA as functions of tHys. In contrast to the extraction of
averaged microscopic parameters (Sec. 9.1) on the basis of the relations formulated in Sec. 4.2
for constant measurement temperature and duration, with which the grain class boundaries
VI/II, VII/III and VIII/IV have been determined, here, it is not desired to quantitatively ad-
dress the exact shape of the AF grain size distribution and its division into independent
grain classes. It is rather aimed at reasoning qualitatively the experimental observations,
formulating relations that might serve as a starting point for future investigations.

In accordance to Sec. 4.2, AF grain volume distributions have been calculated for exem-
plary tAF = 2.5, 5 and 10 nm (Fig. 9.7(a)) based on parameters that were experimentally
extracted in the case of using CoFe as the F layer’s material (Tab. 4.1 and 9.2). Likewise
to Fig. 4.5, the shifting of the AF grain size distribution to larger volumes VAF upon in-
creasing tAF can be observed (Sec. 4.3). Further, with the help of Eq. (4.12) and using
parameters specified in Sec. 4.2 for the investigated materials (IrMn and CoFe), the grain
class boundaries VI/II and VII/III are both estimated as functions of tHys between 0.1 s and
2 ks for Tmeas = 293 K, whereas VIII/IV is taken from Tab. 4.1 and is assumed to be inde-
pendent on tHys. The timescale determining VII/III corresponds by definition to the duration
of observation tHys (cf. Sec. 4.2). The timescale τI/II related to VI/II can however not be
similarly specified because the exact dependence on tHys is unknown (cf. Sec. 9.1). Neverthe-
less, regardless of the quantitative connection, qualitatively, τI/II is expected to increase upon
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increasing tHys [MGM+16] being further connected to the temporal resolution of observa-
tion. As a tentative approach, the timescale determining the separating boundary between
classes I and II is modeled to be proportional to the measurement time with the proportion-
ality factor κI/II = τI/II/tHys = 1.64ns/44s ≈ 37.27·10−11 based on the experimental timescale
referring to the results presented in Sec. 9.1 and the thereby extracted τI/II (Tab. 9.2; CoFe).
Followingly, the grain class boundaries VI/II and VII/III can be estimated as functions of tHys

enabling the subsequent evaluation of the tAF-specific integrals14 pRMA = pII p = JRMA/JEB

and pUDA = pIII p = JUDA/JEB of the AF grain volume distribution (Fig. 9.7(b)).
Likewise to the experimentally determined dependence of the EB shift (Fig. 9.5(e, f, m, n))

as well as the extracted JUDA (Fig. 9.6(b, e, h, k)), the calculated pUDA decreases monotonously
upon increasing tHys for all tAF. Similarly, pRMA decreases upon increasing tHys in the case
of tAF = 2.5 nm, likewise to the experimentally determined Hexp

C (Fig. 9.5(g, o)) and ex-
tracted JRMA (Fig. 9.6(a, g)) for a small AF layer thicknesses (tAF = 5 nm). Contrarily,
pRMA increases monotonously with increasing tHys in the case of tAF = 10 nm. Further, at
tAF = 5 nm, the behavior of the unweighted integral within the bounds of class II transi-
tions between the extreme cases of decreasing and increasing pRMA, since a sharp increase
followed by a subsequent decreases upon increasing tHys can be observed. Even if in the
case of large AF layer thicknesses (tAF = 30 nm) the experimentally determined coercive
field (Fig. 9.5(h, p)) and the extracted JRMA (Fig. 9.6(d, j)) do not specifically increase
upon increasing tHys, the non-distinct dependence of the measured quantities on tHys and
the courses of the calculated integrals pRMA(tHys) for tAF ≥ 5 nm (Fig. 9.7) confirm each
other: A distinct decrease upon increasing tHys should not be observed for the coercive field
and pRMA in the case of large tAF, since the interval of AF grain volumes specifying class II
is shifted along the increasing tail of the grain volume distribution. Furthermore, the cal-
culated tHys-dependent integrals pRMA and pUDA (Fig. 9.7(b)) and the behavior for different
tAF is in qualitative agreement with the theoretical calculations presented in Fig. 4.6, where
the shifting of the grain class boundaries was investigated upon variation of Tmeas. For a
fixed range of measurement temperatures but varying AF layer thickness, the decrease, the
increase and subsequent decrease as well as the increase of the simulated coercive field could
be predicted alongside a - in all cases - decreasing EB shift (Sec. 4.4.1).

For an analytic evaluation of pRMA and pUDA as functions of tHys, the distribution of
AF grain sizes is approximated for different scenarios of AF layer thicknesses (Fig. 9.7(a)),
following approaches presented in literature [FHYN98, Pae02, ESWE11]. The decreasing
tail of the distribution at large grain volumes VAF can be described by a function

f(VAF) =
a

VAF

(9.2)

14The integrals pRMA and pUDA represent the probabilities to find AF grains within classes II and III
contributing to the macroscopic RMA and UDA, respectively.
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whereas the increasing tail of the distribution at low VAF can be approximated by

g(VAF) =
b

V
(0)
AF − VAF

with V
(0)
AF

(!)
> VII/III > VI/II (9.3)

with a constant lateral shift V
(0)
AF . For majorly small grains in the case of low AF layer

thicknesses the AF grain size distribution can be described by f(VAF) within both grain
classes II and III. In contrast, for majorly large grains in the case of a comparatively thick
AF layer, the distribution can be approximated by g(VAF). However, for intermediate AF
layer thicknesses the situation is more complicated, as with regard to class II the function
g(VAF) represents the best approximation, whereby f(VAF) is better suited to describe the
distribution within the bounds of class III. The portion of the distribution accommodating
the major part of the granular ensemble close to the maximum of �(VAF) is however poorly
described by either of the two approximating functions depending on whether the average
AF grain size is located within the bounds of class II or III. To nevertheless cover all de-
scribed scenarios, the unweighted integrals pRMA and pUDA (cf. Eqs. (4.14) and (4.15)) will
be evaluated analytically or both functions f(VAF) and g(VAF) with the help of Eq. (4.12).

Assuming in the case of majorly small grain sizes that the AF grain volume distribution
can for both relevant grain classes be approximated by f(VAV), for finite measurement and
initialization temperature, i.e. Tmeas = T and Tini, it can be deduced for the tHys-dependent
proportion of class II and III grains that

p
(f)
RMA(tHys) =

VII/III∫

VI/II

f(VAF) dVAF = a

VII/III∫

VI/II

dVAF

VAF

= a
[
lnVII/III − lnVI/II

]

= a

[
ln

kB T

KAF(T )
+ ln ln

tHys

τ0
− ln

kB T

KAF(T )
− ln ln

τI/II
τ0

]

= a

[
ln ln

tHys

τ0
− ln ln

τI/II
τ0

]
(9.4)

p
(f)
UDA(tHys) =

VIII/IV∫

VII/III

f(VAF) dVAF = a

VIII/IV∫

VII/III

dVAF

VAF

= a
[
lnVIII/IV − lnVII/III

]

= a

[
ln

{
kB Tini

KAF(Tini)
ln

τini
τ0

}
− ln

kB T

KAF(T )
− ln ln

tHys

τ0

]

=A(T, Tini, τini)− a ln ln
tHys

τ0
(9.5)

with the tHys-independent and positive offset

A(T, Tini, τini) = a

[
ln

{
kB Tini

KAF(Tini)
ln

τini
τ0

}
− ln

kB T

KAF(T )

]
> 0, (9.6)
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depending on T , Tini and the initialization time τini. In the case of majorly large grain sizes,
the AF grain volume distribution can be approximated by g(VAF) and it follows likewise to
the case of small AF layer thicknesses that

p
(g)
RMA(tHys) =

VII/III∫

VI/II

g(VAF) dVAF = b

VII/III∫

VI/II

dVAF

V
(0)
AF − VAF

= b
[
ln
{
V

(0)
AF − VI/II

}
− ln

{
V

(0)
AF − VII/III

}]

= b

[
ln

{
V

(0)
AF − kB T

KAF(T )
ln

τI/II
τ0

}
− ln

{
V

(0)
AF − kB T

KAF(T )
ln

tHys

τ0

}]
(9.7)

p
(g)
UDA(tHys) = b

[
ln

{
V

(0)
AF − kB T

KAF(T )
ln

tHys

τ0

}
− ln

{
V

(0)
AF − kB Tini

KAF(Tini)
ln

τini
τ0

}]
. (9.8)

The derived relations can now be applied as fit equations15 to the calculated inte-
grals pRMA and pUDA as functions of the measurement time (Fig. 9.7(b)). With regard to
pUDA(tHys), the decreasing tail of the AF grain volume distribution can be approximated by
f(VAF) for all tAF and the fits using p

(f)
UDA(tHys) defined by Eq. (9.5) (FIII) are in good agree-

ment with the calculations. Further, a, representing the scaling factor defined in Eq. (9.2),
increases with increasing tAF due to the effective lifting of the distribution’s tails. In the
case of tAF = 2.5 nm, pRMA(tHys) is similarly well reproduced by p

(f)
RMA(tHys) (Eq. (9.4)) con-

sidering τI/II = κI/II tHys (FII). For tAF = 10 nm, pRMA(tHys) is well described by p
(g)
RMA(tHys)

defined by Eq. (9.7) (GII) since the increasing tail of the AF grain volume distribution
within the bounds of class II can be approximated by g(VAF). However, the transition case
at tAF = 5 nm cannot be reproduced either by Eqs. (9.4) or (9.7) because these relations
are based on strictly monotonous increasing or decreasing functions, poorly representing the
exact course of the AF grain volume distribution within the respective bounds.

The applicability of the derived analytic relations Eqs. (9.4) and (9.5), when the de-
creasing tail of the AF grain volume distribution can be approximated by f(VAF), is further
tested by fitting these to the extracted parameters JRMA, JUDA and KF (cf. Fig. 9.6) and
the experimentally determined EB shift and coercivity (Fig. 9.5(e-h,m-p)) as functions of
tHys. The dependence of JRMA and Hexp

C on tHys is disregarded for tAF = 30 nm. p(f)RMA(tHys)

(Eq. (9.4)) is fitted to JRMA(tHys) and Hexp
C (tHys) in the case of tAF = 5 nm (FII), whereas

p
(f)
UDA(tHys) (Eq. (9.5)) is fitted to JUDA(tHys) and |Hexp

EB (tHys)| for both tAF = 5 and 30 nm
(FIII). All fits do adequately describe the measured and extracted dependencies on the hys-
teresis duration and further validate, in the case of tAF = 5 nm, the approximation of the AF
grain volume distribution by f(VAF) within the relevant interval of grain sizes. Additionally,
p
(f)
RMA(tHys) (Eq. (9.4)) is fitted to KF(tHys) (Figs. 9.6(c,i)) in the case of tAF = 5 nm, again

highlighting the already pointed out entanglement of the RMA with the F layer’s intrinsic
uniaxial anisotropy mediated via the experimentally measurable coercivity.

15By assuming τI/II = κI/II tHys, the factor κI/II is treated as a free fit parameter.
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9.4 Remagnetization and asymmetry

Up to now, the magnetic characterization of polycrystalline AF/F-bilayer systems in depen-
dence on the thicknesses of the participating layers was majorly focused on the EB shift and
the coercive field extracted from measured longitudinal magnetization reversal curves in the
case of a parallel alignment16 of the probing external magnetic field and the field applied
during deposition (ϕ ≈ 0◦), representative for the induced direction of the UDA and the
F layer’s uniaxial anisotropy. Here, the angular-dependence of the in-plane magnetization
reversal of polycrystalline AF/F-bilayers shall be investigated for different AF layer thick-
nesses. The reversal of the F layer’s magnetization can be reconstructed with the help of
the VMOKE setup (cf. Sec. 8.4.2), further enabling to extract key characteristics describing
the EB-related reversal asymmetry [MSMB03, CSH+05, PLG20].

Starting out from individual exemplary measured hysteresis loops of samples of type A2
with NiFe as the F layer’s material (Fig. 5.3 and Tab. 5.1), the reconstructed magnetization
reversal is presented for different AF layer thicknesses tAF = 4, 5 and 7.5 nm in Figs. 9.8(a-e),
(f-j) and (k-o), respectively, considering different measurement angles17 ϕ ranging from 0◦

to 90◦. The longitudinal and the transversal magnetization component mL and mT as func-
tions of the varied external magnetic field HL are determined and normalized with the help
of Eqs. (8.60) and (8.61). The field-dependent magnetization vector can be reconstructed via
�m = �MF/MS, which is visualized in Fig. 9.8 (polar plots) by displaying mT versus mL in the
unit circle. The magnitude of the magnetization can be determined via |�m| =

√
mL

2 +mT
2,

assuming that the magnetization reversal is restricted to the sample plane. Please notice,
that the longitudinal and transversal magnetization component, the reconstructed magne-
tization vector as well as the magnitude are presented in Fig. 9.8 further distinguishing
between the descending (�) and the ascending (ª) branch of the hysteresis. Additionally
depicted for clarity is the direction of the UDA with respect to the vector �HL of the external
magnetic field, visualizing the extend of the measurement angle ϕ.

In general it can be observed, that for all tAF and for ϕ = 0◦ (Figs. 9.8(a, f, k)), in
contrast to reversal curves measured for |ϕ| > 0◦, the transversal magnetization component
is either vanishing or minimal during the change of mL over a relatively narrow field range
close to the zero crossings Hdesc and Hasc of the descending and ascending hysteresis branch.
This observation is linked to a magnetization reversal dominated by the nucleation of mag-
netic domains and subsequent domain wall movement (cf. Sec. 2.5), which is emphasized by
|�m| approaching zero at the zero-crossings and the reconstructed magnetization vector not
deflecting from the longitudinal axis. Being typical for EB systems, especially in the case of

16In Sec. 9.1.1, quantitatively determined model parameters are presented and discussed that are extracted
by fitting model calculations HSW

EB/C(ϕ) to measured but not yet presented Hexp
EB/C(ϕ).

17During processing of the experimental data, the angle range is adjusted by introducing a constant shift
accounting for maximum HC at ϕ = 0◦ and 180◦, with ϕ = 0◦ corresponding to the direction of the UDA,
i.e. the EB direction.
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hysteresis loops measured along the hard axis [RZ07], for larger measurement angles ϕ the
field range over which the magnetization reverses increases and partial (Figs. 9.8(b, g, l)) as
well as a complete and nearly coherent (Fig. 9.8(c)) or at least incoherent (Fig. 9.8(j, o))
rotation of the reconstructed magnetization vector can be observed. Incoherent rotation is
linked to a large non-zero magnitude |�m|, however, not approaching 1 during the magneti-
zation reversal because of a timewise-shifted locally coherent rotation of different entities in
the remagnetizing F layer. Remagnetization via coherent rotation corresponds to the simul-
taneous rotation of all magnetic moments within the F layering sharing the same rotation
sense, speed and phase.

By comparing the reconstructed magnetization reversal for different tAF, significant dif-
ferences in the reversal can be observed for increasing measurement angle ϕ �= 0◦. In the
case of tAF = 7.5 nm (Fig. 9.8(k-o)), the typically observed magnetization reversal can
be recognized [RZ07, Müg16, PLG20], not changing distinctively for samples with larger
tAF > 7.5 nm. Relatively sharp peaks with different heights of the transversal magnetization
component arise for ϕ = 15◦ (Fig. 9.8(l)), being maximal at Hdesc and Hasc. The sign of
the transversal magnetization is not changing between the descending and the ascending
hysteresis branch due to the - at least partial - rotation of �m in the half plane containing the
direction of the UDA. For further increasing angle up to ϕ = 90◦ (Fig. 9.8(m-o)) the peaks
of the transversal component converge with respect to their heights and smooth out over a
larger field range connected to a continuous change of mL and mT upon varying external
field. In the case of ϕ = 90◦ (Fig. 9.8(o)), mT,desc(HL) and mT,asc(HL) are effectively con-
gruent and at vanishing external field, coming from either positive or negative saturation,
the magnetization vector is parallel to the easy axis of the system as �m rotates over the
direction of the UDA. Comparing the situation for increasing angle starting from ϕ = 15◦,
for both tAF = 4 and 5 nm (Figs. 9.8(b, g)), firstly a partial rotation of �m in the half plane
of the UDA away from the initial saturation direction can be observed, followed by a fast
transition to negative saturation. In contrast to the reversal for tAF = 7.5 nm and ϕ = 15◦,
the magnetization vector subsequently partially rotates in the case of tAF = 4 and 5 nm in
the half plane which is opposed to the direction of the UDA, as the external field is increased
starting from negative saturation. The peaks of the transversal magnetization component
exhibit different signs similar to the corresponding field values Hdesc and Hasc indicating the
termination of the rotation of the F layer’s magnetization. For further increasing angle,
ϕ = 86◦ for tAF = 4 nm (Fig. 9.8(c)) and ϕ = 45◦ for tAF = 5 nm (Fig. 9.8(h)), the peaks of
the transversal magnetization component are smoother and the rotation of �m spans the total
unit circle in both half planes accompanied by |�m| ≈ 1 ∀HL. Interestingly, for both tAF = 4

and 5 nm at ϕ = 87◦ and 65◦ (Figs. 9.8(d, i)), respectively, the magnetization reversal of
the ascending hysteresis branch is not restricted anymore to the lower half plane of the unit
circle and partial rotation of �masc can be observed either spanning the total angle range from
negative to positive saturation (βF = 180◦ to 0◦) for tAF = 4 nm and ϕ = 87◦ (Fig. 9.8(d))
or with mT,asc ≈ 0 for the major part of the magnetization reversal in the case of tAF = 5 nm
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Fig. 9.8: Reconstructed normalized longitudinal and transversal magnetization components mL

and mT (cf. Sec. 8.4.2; Eqs. (8.60) and (8.61)) are presented with regard to different samples of
type A2 (Fig. 5.3 and Tab. 5.1) with AF layer thicknesses (a-e) tAF = 4, (f-j) 5 and (k-o) 7.5 nm for
different measurement angles ϕ ranging from 0◦ to 90◦. The in-plane magnetization reversal upon
variation of an external magnetic field HL is presented distinguishing between the descending (�)
and the ascending (�) hysteresis branch. mT versus mL within the unit circle (polar plot) and the
field-dependent magnitude of the reconstructed magnetization vector are additionally displayed.
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and ϕ = 65◦ (Fig. 9.8(i)), where shortly before positive saturation a small peak in the half
plane of the UDA can be observed. Please note, that in both cases |�masc| exhibits a distinct
drop. Qualitatively, at ϕ = 90◦ and for tAF = 5 nm (Fig. 9.8(j)), a similar magnetization
reversal as compared to tAF = 7.5 nm (Fig. 9.8(o)) can be observed, however, with a larger
|�m| around HL ≈ 0 kA/m and with the transversal component’s peaks being shifted away
from each other due to a larger hard axis coercivity. In the case of tAF = 4 nm and ϕ = 90◦

(Fig. 9.8(e)) the sign of the transversal component of both branches is switched as compared
to ϕ = 86◦ (Fig. 9.8(c)) with both peaks indicating rotational processes being suppressed
and accompanied by a drop of |�m| as it is the case for ϕ = 87◦ (Fig. 9.8(d)).

The suppressed transversal magnetization component in the cases of a nevertheless con-
tinuous magnetization reversal for tAF = 4 nm and ϕ = 87◦ and 90◦ (Figs. 9.8(d, e)) as well
as for tAF = 5 nm and ϕ = 65◦ (Fig. 9.8(i)) can only be explained by a division of the remag-
netizing F layer into domains and subsequent incoherent rotation [Müg16, PLG20]. Those
domains change their in-plane magnetization upon varying HL via rotation but with opposing
rotation sense. Equal numbers of simultaneously remagnetizing domains with different direc-
tions of rotation result in a continuous change of the longitudinal magnetization component
accompanied by mT ≈ 0 over a large range of field values (cf. Fig. 9.8(i)) [PLG20, HS98].

For large tAF ≥ 7.5 nm and ϕ exceeding a certain angle determined by the competition
between the EB related and the F layer’s intrinsic anisotropy [CSH+05, PLG20], the re-
magnetization is majorly governed by rotational processes linked to a rotation of |�m| over
the EB direction (UDA) in the corresponding upper half plane18. For ϕ > 180◦, �m rotates
in the lower half plane. For both investigated F layer’s materials a normalized percentage
pIII > 50% of class III grains contributing to the UDA could be determined for tAF ≥ 7.5 nm
(Fig. 9.1(i, v)) accompanied by a significant EB shift (Fig. 9.1(h, u)). With a comparatively
large number of AF grains contributing to the pinning UDA, it is not surprising that the
F layer’s macroscopic magnetization vector tends to rotate towards the EB direction even
after negative saturation [CSH+05]. Contrarily, for smaller tAF ≤ 5 nm, both half planes
are equivalent and the transversal components of both hysteresis branches mT,desc(HL) and
mT,desc(HL) exhibit opposing signs up to a tAF-specific critical angle ϕ = 87◦ and 65◦ in the
case of tAF = 4 and 5 nm (Figs. 9.8(d, i)), respectively. This can be reasoned, as for AF
layer thicknesses tAF ≤ 5 nm percentual contributions of class III grains below 50% have
been observed (Fig. 9.1(i, v)), indicating that the dynamic RMA dominates over the pinning
UDA, i.e. that the number of rotatable AF grains is larger than the number of pinning
grains contributing to the EB shift. Consequently, in the case of comparatively thin AF lay-
ers, starting out from negative saturation a larger part of the grain-specific uncompensated
moments at the AF/F-interface is either aligned with the negatively saturated F layer or
is at least not parallel to the initially positively saturated F, effectively overcompensating
the fixed UDA. Hence, as the RMA adapts in accordance to the F layer’s remagnetization,
the rotation over the total angular range of the unit circle is not hindered. However, for

18In the case of a counter-clockwise rotation of the sample with respect to the axis of the probing field.
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measurement angles < 90◦ larger than the tAF-specific critical angle, �m starts to preferably
remagnetize via rotation in the upper half plane as it is the case for tAF ≥ 7.5 nm with
the UDA exhibiting a dominating component perpendicular to the external magnetic field.
Since the dynamic change of the macroscopic RMA depends on the average relaxation time
τRMA of rotatable AF grains, based on individual relaxation times possibly spanning sev-
eral orders of magnitude [MGM+16], the exact behavior the RMA and the interaction with
the remagnetizing F layer cannot be reconstructed. Nevertheless, the distinct changes of the
magnetization reversal upon decreasing tAF can distinctively be correlated to the dominating
contribution of rotatable AF grains (cf. Sec. 9.1.1) and their influence can be qualitatively
reasoned.

Aside from the observations with regard to the tAF- and ϕ-specific magnetization re-
versal, key quantities can be extracted from the field-dependent reversal curves (Fig. 9.8)
that can be branch-specifically investigated in dependence on the measurement angle. The
obvious quantities are the EB shift and the coercivity (Fig. 9.8(k)) determined by the zero
crossings Hdesc and Hasc of the descending and ascending hysteresis branch (cf. Eq. (3.1)),
respectively. Further, the minimum value minHL

|�m| (Fig. 9.8(k)) of the reconstructed mag-
netization vector’s magnitude can be derived, representing a quantity describing whether
the remagnetization is governed either by coherent (minHL

|�m| → 1) or incoherent rotation,
or nucleation and subsequent domain wall propagation (minHL

|�m| → 0). This quantity can
also be defined with respect to the individual hysteresis branches via minHL

|�mdesc| and
minHL

|�masc|. Similarly, the area occupied by the reconstructed magnetization vector within
the unit circle can be calculated with the help of Gauss’s area formula [Bra86] (also known
as shoelace formula) representing a mathematical algorithm to determine the area of a plane
polygon. Here, the vertices are given by the cartesian coordinates (mL,mT) of �m as functions
of the field HL. With the areas of the branch-specific polygons of the reconstructed magne-
tization vector, Πdesc and Πasc, the area characterizing the total remagnetization is given by
Π = |Πdesc|+ |Πasc| (Fig. 9.8(l)). Likewise to minHL

|�m|, Π in units of π approaches 1 in the
case of coherent rotation, whereas vanishing Π corresponds to a magnetization reversal gov-
erned by domain nucleation and the propagation of domain walls. The reversal asymmetry
of hysteresis loops can be quantified by the difference [CSH+05, JCS+09]

ξ =

∣∣∣∣max
HL

mT,desc

∣∣∣∣−
∣∣∣∣max

HL

mT,asc

∣∣∣∣ (9.9)

of the branch-specific maximum values of the normalized transversal magnetization compo-
nent generally located at Hdesc and Hasc (Fig. 9.8(l)). ξ is at maximum equal to 1, when one
of the branches is dominated by coherent rotation and the other one by domain nucleation
and domain wall propagation or incoherent rotation linked to rotating magnetic moments
exhibiting different directions of rotation (Fig. 9.8(d, i)). Hence, ξ approaches zero if both
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branches remagnetize similarly. An integrative quantity corresponds here to the difference

Ξ =

∣∣∣∣∣∣∣

Hmax
L∫

Hmin
L

mT,desc(HL) dHL

∣∣∣∣∣∣∣
−

∣∣∣∣∣∣∣

Hmax
L∫

Hmin
L

mT,asc(HL) dHL

∣∣∣∣∣∣∣
(9.10)

of the absolute values of the branch-specific integrals of the transversal magnetization com-
ponent as a function of the varied external field HL between the minimum and maximum
applied fields Hmin

L and Hmax
L (Fig. 9.8(l)). Both quantities Π and Ξ have the advantage over

minHL
|�m| and ξ that they are less affected by noise and that they reflect the total magne-

tization reversal as they are not related to individual data points. The specified quantities
are presented in Fig. 9.9 as functions of the measurement angle ϕ for different AF layer
thicknesses tAF = 4 to 30 nm with respect to samples of types A1 and A2, distinguishing
between CoFe and NiFe as the F layer’s material (Fig. 5.3 and Tab. 5.1).

For both CoFe and NiFe, the experimentally determined EB shift as a function of ϕ

is displayed in Figs. 9.9(a, g) alongside fits of model calculations19 HSW
EB (ϕ) based on the

time-dependent extended Stoner-Wohlfarth ansatz (Eq. (4.4)). For tAF ≥ 7.5 nm, the
typically observed course of HEB(ϕ) following in principle a mirrored cos-like function is
reproduced [MGM+16, RWTBZ06, Rad05] with zero-crossings at ϕ ≈ 90◦ and 270◦. By
comparing HEB(ϕ, tAF ≥ 7.5nm) for CoFe and NiFe, two major observations can be stated:
One is, that the maximum values of HEB are symmetrically shifted away from the easy axis
(ϕ = 0◦ and 180◦) and are distinctly more pronounced in the case of CoFe, representing in
comparison to NiFe the material with the larger intrinsic uniaxial anisotropy (cf. Sec. 9.1.1).
The second is, that for both CoFe and NiFe, the symmetric elevation of the EB around
the easy axis is suppressed for increasing tAF, revealing that the off-centered maximums
eventually move towards the easy axis for large tAF. Both observations can be reasoned with
the help of investigations and theoretical calculations presented in literature [MGM+16,
CSH+05, JCS+09], concluding that the occurrence of the maximums shifted away from the
easy axis, i.e. the EB direction, is due to the competition between the UDA and the F layer’s
intrinsic uniaxial anisotropy, whereas the angle-related shift away from the magnetic easy
axis increases for larger KF [MGM+16]. Consequently, either by choosing a low anisotropic
material like NiFe or by enlarging the UDA via increasing the AF layer’s thickness, the
maximum absolute value of the EB shift at the easy axis and the mirrored cos-like shape of
HEB(ϕ) is pronounced. For tAF < 7.5 nm the EB shift is suppressed (cf. Sec. 9.1.1), although
for both CoFe and NiFe at tAF = 5 nm the far shifted maximums are still visible.

Additionally, with regard to the angular-dependent EB shift, close to the easy axis a
noticeable fine-structure can be recognized which can been correlated to a misalignment
of the directions corresponding to the competing UDA and the F layer’s intrinsic uniax-
ial anisotropy [Müg16, MGM+16], which is in the order of a few degrees. This relates to

19The extracted model parameters have been discussed in Sec. 9.1.1.
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Fig. 9.9: For both layer stacks A1 and A2 (Fig. 5.3 and Tab. 5.1; UAF
DC = 700 V) and AF layer

thicknesses tAF = 4 to 30 nm the experimentally determined (a, g) HEB(ϕ) and (b, h) HC(ϕ) are
presented alongside fits using simulated HSW

EB/C(ϕ) (Eq. (4.4)). The extracted model parameters are
presented in Fig. 9.1. Further displayed are the angular-dependent (c, i) minimum magnetization
vector’s magnitude min |�m|, the (d, j) total area Π(ϕ) of the reconstructed magnetization reversal
and the asymmetry describing quantities (e, k) ξ(ϕ) and (f, l) Ξ(ϕ). The latter represent the differ-
ence between the maximum absolute values of the branch-specific dependencies of the transversal
magnetization component on the external magnetic field as well as their integrals (Fig. 9.8(l)).
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the respective azimuthal angles γUDA and γF that have been determined in Sec. 9.1.1 to
be smaller than 2◦ by fitting model calculations HSW

EB/C(ϕ) to experimentally determined
dependencies of the EB shift and the coercive field with the help of the time-dependent
Stoner-Wohlfarth approach (Eq. (4.4)). It needs to be pointed out, that the misalign-
ment of the two anisotropy axes cannot arise due to a misalignment of the external magnetic
field applied during deposition (cf. Sec. 5.3) and a field applied during a post-deposition
annealing procedure for the initialization or the enlargement of the effect, as no such pro-
cedure was performed. Both anisotropy axes should therefore only be determined by the
magnetic field applied during deposition. Since the observable fine-structure clearly sug-
gests a misalignment of the participating anisotropies, this indicates for both investigated F
layer’s materials a magnetic frustration of the exchange-coupled moments at the atomically
rough AF/F-interface [JCS+09]. This frustration results either in an additional non-collinear
anisotropy in the case of vanishing intrinsic anisotropy of the F layer (NiFe) or, in the case of
a large intrinsic anisotropy (CoFe), the canting of grain-specific uncompensated interfacial
AF moments eventuating in a tilt of the macroscopic UDA [JCS+09].

For both investigated F layer’s materials, the angular dependence of the coercive field is
presented in Figs. 9.9(b, h) and fits of model model calculations HSW

C (ϕ) are additionally
displayed (cf. Sec. 9.1.1). For all tAF and both CoFe and NiFe, two distinct maximums are
located at the easy axis (ϕ = 0◦ and 180◦). For large tAF, the peaks exhibit a clear triangular
shape with a broadened base, whereas upon decreasing tAF the easy axis coercivity increases
while the peaks’ flanks similarly bend up to larger values until a box-shaped sub-base is
developed exhibiting large slopes at the edges followed by an eventual decrease of the easy
axis coercivity for the lowest tAF. The rise of the triangular peaks’ flanks upon decreasing tAF

is for both CoFe and NiFe accompanied by a significant increase of the hard axis coercivity
approaching a maximum value at the AF layer’s thickness for which the largest percentual
contributions of rotatable AF grains alongside a significant effective coupling constant have
been determined (cf. Fig. 9.1(i, j) and (v, w)). This is in agreement with investigations
presented in literature concluding that an enhanced contribution of the RMA20 is responsible
for the observed non-zero hard axis coercivity [HG12, MGM+16].

The hysteresis-specific minimum magnitude minHL
|�m| of the reconstructed magnetization

vector (Figs. 9.9(c, i)) reveals a clear dependence on the measurement angle ϕ (cf. Fig. 9.8).
Whereas for both CoFe and NiFe and all tAF it can be observed that minHL

|�m| � 0.5 in
proximity of the hard axis (ϕ = 90◦ and 270◦), indicating that the magnetization reversal
of the total hysteresis is governed by rotational processes, around the easy axis (ϕ = 0◦

and 180◦) a distinct reduction of the minimum magnetization vector’s magnitude can be
observed. minHL

|�m| drops for all tAF and ϕ → 0◦ or 180◦ below 0.2, which is connected
to remagnetization processes governed by domain nucleation and domain wall propagation
[Müg16]. Further, the angular range within which the reduction occurs widens upon increas-
ing tAF alongside changes with regard to the coercive field (Fig. 9.9(b, h)). Please note, that

20It has been evidenced in Sec. 9.1.1 that the contribution of the RMA is scaled upon the variation of tAF.
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for low tAF < 7.5 nm, a reduction of minHL
|�m| close to the hard axis is linked to incoher-

ent rotation of the reconstructed magnetization vector (cf. Fig. 9.8(d, e, i)). Furthermore,
the dependence of minHL

|�m| on ϕ for different tAF is reproduced by Π(ϕ) (Figs. 9.9(d, j))
exhibiting however less noise and additionally a stronger reduction around the easy axis.

Regarding the angular dependence of the reversal asymmetry it can be clearly observed
for tAF ≥ 7.5 nm and both F layer’s materials (Figs. 9.9(e, k)) that the asymmetry ξ(ϕ)

(cf. Eq. (9.9)) generally approaches zero when the measurement angle gets close to the
easy axis (cf. Figs. 9.8(a, f, k)). However, ξ is significantly non-zero within an angle
range around the easy axis (ϕ �= 0◦, 180◦) being delimited by tAF-specific critical angles
from which rotational processes start to dominate the magnetization reversal (ξ ≈ 0). In
Refs. [CSH+05, JCS+09], for similar polycrystalline AF/F-bilayers compared to those inves-
tigated in the present thesis, the angle range related to a distinct asymmetric magnetization
reversal have been correlated to the onset of the coercive field and the appearance of ir-
reversibility, determined by the competition between the prevailing anisotropies that are
either intrinsic to the F layer or induced by the granular AF. This is reproduced here, as the
asymmetry denoting angle range broadens upon decreasing tAF from 30 nm down to 7.5 nm,
likewise to the broadening of the coercivity peaks’ bases (Figs. 9.9(b, h)) and the widening of
the angle ranges in which minHL

|�m| and Π exhibit a distinct reduction around the easy axis
(Figs. 9.9(c, i) and (d, j)). Further, although the noise is not negligible, in case of NiFe as the
F layer’s material (Fig. 9.9(k)), ξ appears to be sign-true within the asymmetry denoting
angle range around the easy axis. In the CoFe-case, ξ changes sign (Fig. 9.9(e)) passing the
zero-crossings at ϕ ≈ 0◦ and 180◦, which can be best observed for tAF = 30 nm. Referring
to numerical simulations presented in Ref. [JCS+09], this can be related to the development
of a non-collinear anisotropy in the low-anisotropic NiFe layer, due to magnetic frustration
at the atomically rough AF/F-interface. The latter results in the case of CoFe with a larger
intrinsic magnetic anisotropy in a canting of interfacial AF moments responsible for the
differing angular-dependence when the two investigated F layer’s materials are compared.

Likewise to ξ(ϕ) (Figs. 9.9(e, k)) for both CoFe and NiFe as well as tAF ≥ 7.5 nm, the
angular-dependent difference Ξ(ϕ) (cf. Eq. (9.10)) of the branch-specific integrated transver-
sal magnetization components (Figs. 9.9(f, l)) can be correlated to the increasing coercive
field upon decreasing tAF. However, the angle range within which Ξ denotes a reversal asym-
metry is not as clearly observable as compared to ξ(ϕ), because field-specific information
is lost. Nevertheless, Ξ(ϕ) exhibits significantly lower noise and aside from the asymmetry
denoting angular range, the maximum absolute values of Ξ(ϕ) are further unambiguously
scaled upon varying tAF. Thus, Ξ(ϕ) allows in principal for the extraction of a tAF-specific
asymmetry characterizing parameter represented by the integral of |Ξ(ϕ)| over the total ex-
amined angle range. This integral is maximal for tAF = 7.5 nm in the case of CoFe and for
tAF = 5 nm in the case of NiFe and decreases for both investigated F layer’s materials upon
further increasing tAF up to 30 nm. Please note, that with the help of ξ(ϕ) and Ξ(ϕ) it cannot
be distinguished between reversal asymmetry due to incoherent rotation (cf. Figs. 9.8(d, i))
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or due to the domination of nucleation and domain wall propagation over rotational pro-
cesses in one of the hysteresis branches (cf. Fig. 9.8(l)).

To summarize the findings with regard to both investigated F layer’s materials CoFe and
NiFe, major conclusions can be formulated:

(i) By comparing the observations regarding the low-anisotropic NiFe and CoFe as the
high-anisotropic counterpart, the differences of the investigated angular-dependent char-
acteristics, that are apparently induced by the choice of the F layer’s material and not
by the variation of the AF layer thickness (fixed tAF), can be distinctly correlated to
the competition between the F layer’s intrinsic uniaxial anisotropy and the UDA. This
is further emphasized as for both CoFe and NiFe the strength of the macroscopic UDA
in relation to the F layer’s anisotropy can be tailored via tAF (cf. Sec. 9.1.1).

(ii) The reconstructed magnetization vector’s minimum magnitude minHL
|�m| (Figs. 9.9(c, i))

as well as its enclosed area Π (Figs. 9.9(d, j)) as functions of the measurement angle
ϕ are close to the easy axis directly interlinked with the coercive field being maximal
at ϕ ≈ 0◦ and 180◦, indicating the domination of magnetic domain nucleation and
subsequent domain wall propagation over magnetization rotation. Further, the angular
range around the easy axis, within which rotational remagnetization processes are sup-
pressed, widens upon decreasing tAF, which is best observable in Fig. 9.9(j) in the case
of NiFe. This implies that the domination of the dynamic RMA over the fixed UDA for
smaller AF layer thicknesses (cf. Sec. 9.1.1) is connected to an enhanced irreversibility
of the magnetization reversal around the easy axis [MME04] and a larger probability
for domain nucleation and domain wall movement [Müg16].

(iii) The asymmetry of the magnetization reversal characterized by ξ(ϕ) (Figs. 9.9(e, k))
and Ξ(ϕ) (Figs. 9.9(f, l)) correlates with regard to the asymmetry denoting angle range
with the onset of coercivity. The dependence of ξ(ϕ) and Ξ(ϕ) on tAF highlights the
link between the reversal asymmetry in polycrystalline AF/F-bilayers and irreversible
changes in the magnetic structure of the granular AF during the F layer’s remagnetiza-
tion [MSMB03], evidenced to be more probable for lower tAF in the case of a dominating
contribution of the dynamic RMA.

Finally, to eventually present a quantitative measure describing the asymmetric magne-
tization reversal observable for the investigated polycrystalline AF/F-bilayers, the minimum
magnitude of the reconstructed magnetization vector is exemplarily presented in Fig. 9.10(a)
for tAF = 7.5 nm and NiFe as the F layer’s material, distinguishing between the descending
and ascending hysteresis branch21. It can directly be recognized, that the width of the angu-
lar range around ϕ = 0◦, denoting the domination of nucleation and domain wall propagation

21The angular-dependence of minHL
|�mdesc| and minHL

|�masc| is for all tAF in principal equivalent to the
branch-specific enclosed areas |Πdesc(ϕ)| and |Πasc(ϕ)| in units of π/2.
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Fig. 9.10: (a) min |�mdesc| (�) and min |�masc| (�), with respect to the descending and
the ascending hysteresis branch, are presented as functions of ϕ for the exemplary layer stack
Cu5nm/IrMn7.5nm/NiFe10nm/Si20nm. Insets (b, c) emphasize the different sizes of the branch-specific
angle ranges around ϕ = 0◦ and 180◦ within which min |�mdesc/asc| ≤ 0.5. (d) The average ratio ∆Φ
is depicted as a function of the AF layer’s thickness tAF for both layer stacks A1 and A2 representa-
tive for CoFe and NiFe as the F layer’s material (Fig. 5.3 and Tab. 5.1). (e) By the example of two
exemplary hysteresis loops showing the reconstructed longitudinal and transversal magnetization
reversal for ϕ = 15◦ and 195◦, at which the asymmetry parameter ξ is largest (cf. Fig. 9.9(k)),
it is schematically visualized how the arising reversal asymmetry and asymmetry of the minimum
magnitude can be reasoned in the context of the generalized polycrystalline model (Sec. 3.2.6).

over rotational processes, is larger in the case of the ascending branch as for the descending
branch, starting out from initial positive saturation. Interestingly, it is vice versa for the
angle range around ϕ = 180◦ (cf. Ref. [Müg16]). This is emphasized in Figs. 9.10(b, c),
representing insets magnifying the angle ranges around ϕ = 0◦ and 180◦. To quantify the
observed asymmetry, the branch-specific angle ranges ∆ϕ

(0)/(180)
desc and ∆ϕ

(0)/(180)
asc relating to

minHL
|�mdesc/asc| ≤ 0.5 are extracted considering the approximately parallel (0) and antipar-

allel (180) alignment of the external magnetic probing field and the field during deposition
[Müg16]. For the exemplary case presented in Fig. 9.9(a) the angle ranges can determined
to be ∆ϕ

(0)
desc ≈ 10.8◦ and ∆ϕ

(0)
asc ≈ 14.4◦ as well as ∆ϕ

(180)
desc ≈ 18◦ and ∆ϕ

(180)
asc ≈ 9.4◦. Fol-
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lowingly, average ratios ∆Φ(0) = ∆ϕ
(0)
asc/∆ϕ

(0)
desc and ∆Φ(180) = ∆ϕ

(180)
desc /∆ϕ

(180)
asc can be deter-

mined and an overall tAF-specific average ratio ∆Φ = (∆Φ(0) +∆Φ(180))/2 can be defined.
The latter is displayed in Fig. 9.10(d) as a function of tAF for both investigated F layer’s
materials CoFe and NiFe with respect to layer stacks A1 and A2 (Fig. 5.3 and Tab. 5.1),
respectively. Within the margin of uncertainty, ∆Φ approaches 1 for low tAF and for larger
tAF ≥ 10 nm in the case of NiFe and at least for tAF = 30 nm in the case of CoFe22. For
NiFe, the average ratio ∆Φ is significantly larger than 1 for tAF = 7.5 nm corresponding to
the maximum integral of |Ξ(ϕ)| at the same AF layer thickness (cf. Fig. 9.9(f)). In the case
of CoFe, ∆Φ > 1 can be observed for tAF = 7.5 and 10 nm. For both investigated F layer’s
materials, the maximum values of ∆Φ are in agreement with the tAF-specific maximum angle
ranges for which ξ(ϕ) denotes asymmetric magnetization reversal (cf. Figs. 9.10(e, k)).

It needs to be emphasized, that for the AF layer thicknesses for which ∆Φ is maximal or
least larger than one, it can be observed that the angle range, within which domain nucleation
and domain wall propagation are the dominating magnetization reversal processes, is larger
around ϕ = 0◦ in the case of the ascending branch as compared to the descending branch
and vice versa around ϕ = 180◦. Consequently, in the case of an approximately parallel
alignment of the probing field to the field applied during deposition (ϕ ≈ 0◦), defining the
direction of the prevailing magnetic anisotropies, the probability for domain nucleation is
larger for the ascending branch, whereas for antiparallel alignment (ϕ ≈ 180◦) the nucleation
of magnetic domains is more probable for the descending branch23. The observed asymmetry
(Fig. 9.10(a)) can therefore be correlated to the more likely division of the remagnetizing
F layer into magnetic domains (multidomain state) during magnetization reversal following
the ascending hysteresis branch coming from negative saturation (ϕ ≈ 0◦) and vice versa
following the descending branch starting from positive saturation (cf. Ref. [Müg16]). This
conclusion sheds light onto the source of the observable asymmetric magnetization reversal:

Since the asymmetry is apparently connected to the tAF-dependent contribution of the
macroscopic RMA and UDA linked to the number of rotatable AF grains of class II and
pinning grains of class III, the expected orientations of the grain-class-specific uncompen-
sated interfacial moments alongside the F layer’s magnetization are visualized in Fig. 9.10(e)
within the context of the generalized polycrystalline model (Sec. 3.2.6) with the help of
two exemplary hysteresis loops for ϕ = 15◦ and 195◦, showing measured longitudinal and
the transversal magnetization component as functions of the external magnetic field HL.
For both angles, the asymmetry ξ(ϕ) (cf. Eq. (9.9)), describing the difference between the
maximum values of transversal magnetization component, is clearly visible with ξ(15◦) > 0

and ξ(195◦) < 0. Further, for ϕ = 15◦ a steeper magnetization reversal with regard to the
ascending branch in comparison to a more continuous reversal on the descending branch
can be recognized, which is the other way round for ϕ = 195◦. Considering the gener-

22In the case of CoFe and 10 nm < tAF < 30 nm, no angular-resolved measurements have been performed
that allow for the reconstruction of the F layer’s magnetization vector.

23The hysteresis loops are always measured starting from positive saturation.
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alized polycrystalline model it can be stated in a simplified picture that for measurement
angles close to ϕ = 0◦ (ϕ = 15◦; Fig. 9.10(e)) all uncompensated grain-specific interfacial
magnetic moments of AF grains of class II and III are at the beginning of the descend-
ing hysteresis branch, starting from positive saturation, expected to be aligned with the
saturated F layer’s magnetization. Microscopically, this corresponds to a parallel align-
ment of the RMA and the UDA [Müg16]. Contrarily, at the beginning of the descending
branch, starting from negative saturation, the directions of the RMA and the UDA oppose
each other (Fig. 9.10(e)) with the RMA pointing into the direction of the negatively satu-
rated F layer’s magnetization. Hence, the locally strongly varying effective anisotropy can
be correlated to the larger probability of the F layer to decompose into domains at the
beginning of the ascending branch, which is similarly the case for the descending branch
for angles close to ϕ = 180◦ (ϕ = 195◦; Fig. 9.10(e)). This argumentation can be further
substantiated by assuming that during remagnetization via nucleation, the F layer typi-
cally forms new magnetic domains with diameters in the order of its exchange length24

[AHP+13, Müg16], which can be estimated for the investigated alloys Co70Fe30 and Ni81Fe19
to be lCoFe

ex ≈ 18.4 nm [VGG+05, Müg16] and lNiFe
ex ≈ 5.5 nm [Kim11, HHK03, WZL+17].

In accordance to the experimentally determined tAF-independent average AF grain diameter
of approximately 14 nm (cf. Fig. 7.3) or values between 5 and 15 nm typically stated in
literature [Müg16, MHR+20, OFOVF10, VFFOO08, AVFK+08], it is apparent that newly
nucleated domains within the F layer are in direct contact with a small number of AF grains
poorly representing the total granular ensemble of the polycrystalline AF layer [Müg16].
Consequently, local variations of the effective grain-specific UDA - independent on whether
is eventually contributes to the macroscopic RMA or UDA - should have a strong effect on
the nucleation of magnetic domains during the F layer’s remagnetization.

Based on the model parameters extracted in Sec. 9.1.1, for both investigated F layer’s
materials CoFe and NiFe, the AF layer thicknesses at which ∆Φ is largest correspond to
approximately balanced contributions of rotatable AF grains of class II and pinning grains
of class III (cf. Fig. 9.1(i, v)). This indicates that the domination of one or the other grain
class results in the eventual suppression of the observable reversal asymmetry. As a result,
this actually emphasizes asymmetric magnetization reversal in AF/F-bilayers - aside from
being a general intrinsic characteristic - as a property arising only if the AF layer consists
of stable and unstable entities contributing to the pinning of the F layer’s magnetization,
i.e. to the EB shift, and to the coercive field, respectively. This is a natural consequence in
the case of polycrystalline EB systems.

24The exchange length can be estimated to be lex =
√

2Aex/µ0 MS with the exchange stiffness Aex

[HHK03, Kim11, AHP+13, HS98].
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9.5 Conclusion

This chapter intended to systematically investigate the macroscopic magnetic characteristics
of polycrystalline AF/F-bilayers upon variation of the participating layer’s thicknesses, the
deposition rate of the AF layer (IrMn), the measurement time and angle as well as the F
layer’s material in the context of a generalized model. CoFe and NiFe have been the materials
of choice as high- and a low-anisotropic representatives in order to study the impact of the
F layer’s anisotropy on the investigated properties.

Systematic investigations of the dependence of the exchange bias shift and the coercive
field on the F and AF layer thickness reproduced the commonly observed characteristics
that are presented in literature. For both investigated F layer’s materials, the macroscopic
magnetic quantities were found to be equally dependent on the AF layer’s thickness. Fitting
model calculations based on the time-dependent extended Stoner-Wohlfarth approach
(Eq. (4.4)) to angular-resolved courses of the EB shift and the coercive field allowed to
quantitatively extract model parameters for both investigated materials. All together, the
analysis indicated, that the observed changes of the macroscopic magnetic characteristics
upon variation of the AF layer’s thickness are majorly determined by the altered AF grain
volume distribution based on the assumption of columnar grain growth, which has been
evidenced in Sec. 7.2.2 for the utilized set of deposition parameters. Especially the extracted
normalized percentual proportions pII and pIII of rotatable AF grains of class II and pinning
grains of class III as well as the effective and the additional effective coupling constant Jeff

and Jadd as functions of tAF highlight how the AF grain size distribution is shifted to larger
grain volumes upon increasing AF layer thickness with respect to fixed grain class boundaries.
This further emphasizes how the contributions of the macroscopic RMA and UDA are scaled
by the number of AF grains populating the respective grain class. The anisotropy constant
KF generally suggested an entanglement of the F layer’s intrinsic uniaxial anisotropy and
the RMA, both manifesting themselves in the macroscopically observable coercivity from
which the contributions of these intertwined anisotropies are extracted. This is pronounced
for smaller tAF. Furthermore, extracted values of the effective coupling constant Jeff as a
function of the F layer’s thickness exhibited an additional antiproportional dependence on tF

for both investigated F layer’s materials. This is validated by fits based on phenomenological
relations revealing that deviations from the commonly accepted 1/tF

n-dependence of the EB
shift and the coercivity with n = 1 might have to be reconsidered. In general, n > 1

would allow to approximate the macroscopic magnetic properties’ dependence on the F
layer’s thickness more accurately, where n takes into account measurement conditions and
the microstructure of the investigated system.

Recalling Sec. 4.3, phenomenological relations describing the dependence of the EB shift
and the coercive field on the F layer’s thickness have been extended to also cover the de-
pendence on tAF. In the present chapter, these have been utilized to interlink averaged
microscopic parameters of the investigated polycrystalline AF/F-bilayers with the measur-
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able averaged macroscopic magnetic quantities. Fitting these relations to experimentally
determined |Hexp

EB (tAF)| and Hexp
C (tAF), it was not only possible to extract the microscopic

coupling constant and the grain class separating boundaries, but also to determine parame-
ters characterizing the magnetically effective AF grain volume distribution. Comparing the
extracted average magnetically active AF grain volume to the determined average structural
grain volume, it has been concluded that the former, for both investigated F layer’s materials,
encloses approximately 20% of the latter. This states that the structural and the magnet-
ically effective AF grain volume distribution are not identical. Furthermore, the scaling of
the magnetically effective average AF grain radius upon increasing AF layer’s deposition
rate is reproduced in accordance to Ref. [MHR+20] accompanied by the scaling of the mi-
croscopic coupling constant. Additionally, based on the systematic characterization of the
EB shift and the coercive field as functions of the AF layer’s thickness and deposition rate,
structure forming phenomena have been identified with the help of the measured macro-
scopic magnetic properties. This highlighted that the F layer can actually be utilized to
non-destructively probe the polycrystalline AF layer’s microstructure by only investigating
magnetic characteristics.

Most of the measured macroscopic magnetic quantities and the extracted model param-
eters as functions of the participating layer’s thicknesses could be correlated in agreement
with the generalized polycrystalline model to changes regarding the AF grain volume dis-
tribution and quantitative differences between the investigated F layer’s materials could be
explained under consideration of a different interfacial exchange coupling. This is not the
case for the determined average relaxation time of rotatable grains of class II and the ex-
tracted timescale characterizing the lowest grain class boundary separating classes I and II.
While the timescale between classes II and III, i.e. the measurement time tHys, was actually
reproduced for both CoFe and NiFe, τRMA and τI/II are distinctly dependent on the choice of
the F layers’ material. It is concluded that the intrinsic F layer’s properties and its specific
remagnetization behavior significantly affect the magnetic behavior of thermally unstable
AF grains that adapt in accordance to the remagnetizing F layer on timescales smaller than
the hysteresis duration.

Focusing on the timescale of magnetization reversal measurements, the impact of the
hysteresis duration tHys on the EB shift and the coercive field for both investigated F layer’s
materials and different AF layer thicknesses has been examined. The shifting of the grain
class boundaries upon increasing tHys was evidenced with the help of a tentative model ap-
proach. The latter revealed the redistribution of AF grains with respect to their contribution
to different grain classes, which is in agreement with calculations presented in Sec. 4.4 where
the shifting of the class separating boundaries was theoretically explored upon variation of
measurement and initialization temperature.

Finally, the dependence of the magnetization reversal on the measurement angle was
investigated for different thicknesses of the AF layer with the help of angular-resolved vec-
torial magneto-optic Kerr magnetometry. The method enables the reconstruction of the
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F layer’s magnetization vector upon variation of the external magnetic field, and thereby
allows for the examination of the reversal asymmetry commonly observed in AF/F-bilayers.
The tAF-induced changes of the angular-dependent EB shift and coercive field are in princi-
pal equivalent for both investigated F layer’s materials CoFe and NiFe. Differences could be
reasoned considering the competition between the prevailing anisotropies, i.e. the F layer’s
intrinsic anisotropy and the induced UDA. Parameters quantifying the magnetization re-
versal were extracted in dependence on measurement angle and AF layer thickness. Their
analysis allowed to differentiate whether the magnetization reversal is governed by the nu-
cleation of magnetic domains and subsequent domain wall movement or the rotation of the
F layer’s magnetization. The results were further correlated to the onset of irreversible re-
magnetization behavior and asymmetric magnetization reversal that is observable when the
remagnetization is at least partly driven by domain nucleation. It has been evidenced that
the reversal asymmetry is connected to a higher probability for domain nucleation at the
beginning of one of the hysteresis branches for quantifiable angle ranges around the easy
axis. Lastly, in accordance to extracted model parameters, the investigated characteristics
describing the asymmetric magnetization reversal have been determined to be largest for AF
layer thicknesses that are related to a balanced contribution of rotatable AF grains of class II
and pinning grains of class III. Consequently, it has been concluded that the observed asym-
metric magnetization reversal is a natural characteristic of polycrystalline AF/F-bilayers
simultaneously consisting of stable and unstable entities. Hence, the reversal asymmetry is
weakened for both small and large AF layer thicknesses when either rotatable or pinning
grains dominate in the granular ensemble.





10 | Viscous magnetization decrease

This chapter mainly reprints the publication Viscous magnetization decrease in first-order reversal curves in-

duced by rotatable magnetic anisotropy in polycrystalline exchange-biased bilayers [PRB 104, 214406 (2021)]

with permission from [MHR+21] Copyright (2022) by the American Physical Society. Figures and full-text

are adapted in order to meet the scope of the thesis at hand.

A standard way to investigate the macroscopic properties of magnetic materials is to mea-
sure the hysteresis by recording the magnetization as a function of the external magnetic field
between the two saturated states with respect to the probing axis, i.e. the major magnetiza-
tion loop1 (cf. Sec. 2.5). Major loops typically exhibit a monotonous decrease (increase) of the
magnetization upon decreasing (increasing) probing field and are characterized by the switch-
ing fields Hdesc and Hasc, representing the zero-crossings of the respective descending and
ascending hysteresis branch. Whereas major hysteresis loops depend on the global features of
a magnetic sample [HF08, QPN+18], minor loops not necessarily saturating the investigated
specimen enable to address different microscopic magnetic configurations [QPN+18, PRV99].
Such types of measurement protocols are crucial to understand the magnetic response of ma-
terials in view of the growing operation speed of magnetic devices and the possibly associated
faster and non-saturating cycling [QPN+18]. Measuring first-order reversal curves (FORCs)
represents a systematic approach towards this goal accompanied by a mathematically elabo-
rated formalism (cf. Secs. 2.5.2 and 2.5.3) [HF08, QPN+18, PRV99, APC10]. One individual
FORC is a magnetization reversal curve measured starting from a (w.l.o.g.) positive sat-
urating external magnetic field Hmax > 0, after which the field is decreased down to the
reversal field Hα > −Hmax by following the descending branch of the major hysteresis loop.
Subsequently, the field gradient changes its sign and the probing field is again increased
back to positive saturation. From Hα an individual FORC M(Hα, Hβ) is determined by the
external increasing driving field Hβ with Hα ≤ Hβ ≤ Hmax [HF08, PRV99].

In contrast to the typically observed monotonous increase of the magnetization linked
to the increasing probing field [BM73, OG94, PRV99, HF08, KTS+10, TDD+20, ASK+20],
there have been observations of an anomalous viscous magnetization decrease (VMD) upon
increasing driving field starting from non-saturating Hα < 0. This peculiar behavior has
been observed in, e.g., [CoFeB/Pd]n- and [Co/Pt]n-multilayers with intrinsic perpendicular
magnetic anisotropy [CNS+06, RXH+08, QPN+18] and CoFeB/Ta/CoFeB-trilayers repre-
senting synthetic antiferromagnets [TLF+18a]. Regarding these systems it has been sug-
gested that the physical origin of the VMD is a thermally activated propagation of domain
walls overcoming their pinning barriers [CNS+06, QPN+18, TLF+18a]. In systems composed

1The typically measured field-dependent magnetization �M( �H) · �H/| �H| represents the component of the
magnetization vector �M projected onto the direction of the probing external magnetic field �H.

179



180 10 Viscous magnetization decrease (VMD)

of ferromagnetic nanograins embedded in a paramagnetic matrix, thermally activated relax-
ation resulting in a VMD or a decay of the magnetization at constant field was observed
and generally explained assuming a distribution of energy barriers in the framework of the
classical Preisach model [DBA+00]. Apart from systems with a magnetic anisotropy per-
pendicular to the sample plane, VMD has also been observed in in-plane EB systems, where
either for a negative static non-saturating field considering NiFe/IrMn-bilayers [MME04] or
upon increasing field starting from a non-saturating Hα < 0 in the case of Co/Cu/IrMn-
trilayers [PLG20], a viscous decrease of the magnetization has been observed being promoted
for decreasing |HEB| with HEB < 0. Whereas in Ref. [MME04] it is concluded that the vis-
cous decrease stems from the dynamically changing RMA being present in polycrystalline
EB systems [GPS02, HG12, MGM+16, MHR+20], in Ref. [PLG20] the VMD is correlated
to a strong coupling between ferromagnetic entities, not necessarily excluding the former.

With this chapter it is intended to contribute to the understanding of the described phe-
nomenon of a viscous magnetization decrease upon increasing driving field in polycrystalline
in-plane magnetized AF/F-bilayers by evidencing the direct relation between the VMD and
the RMA. For this, exemplary samples of layer stack B2 (Fig. 5.3 and Tab. 5.1) with NiFe
as the F layer’s material are investigated for F layer thicknesses tF = 5, 7.5 and 10 nm.
In accordance to the results presented in Sec. 9.1.1, AF layer thicknesses tAF = 5 and
30 nm promise a large contribution of the dynamic RMA and the fixed UDA, respectively
[MKSH87, OFOVF10, HG12, MHR+20], assuming columnar grain growth (cf. Sec. 7.2.1).
FORCs have been investigated by means of longitudinal and vectorial magneto-optic Kerr
magnetometry as well as Kerr microscopy and are presented in Sec. 10.1, whereas simula-
tions of FORCs are discussed in Sec. 10.2. Finally in Sec. 10.3, a quantitative measure for
the VMD is proposed.

10.1 Experimental investigation of FORCs

Exemplary major loops and FORCs have been measured for tAF = 5 nm and tF = 10 nm
with the help of vectorial magneto-optic Kerr magnetometry using the VMOKE setup
(Sec. 8.4.2) and Kerr microscopy (Sec. 8.4.4). Selected FORCs are presented in Sec. 10.1.1,
in order to exemplarily resolve the changing domain configuration upon varying external
magnetic field for different Hα. Subsequently, in Sec. 10.1.2, complete sets of FORCs are
systematically investigated with the help of the LMOKE setup (Sec. 8.4.1) for different tAF

and tF, additionally applying the FORC formalism (cf. Sec. 2.5.3) serving as a mapping
method for the distribution of switching or also microscopic coercive and interaction fields
[QPN+18, APC10]. All measurements are performed with the external probing field aligned
in parallel to the field during deposition, representative for the easy axis of the systems, i.e.
the EB direction (ϕ ≈ γUDA). This has been ensured upon variation of the measurement
angle and selecting the orientation resulting in the maximum coercive field that can be
determined for a measured major loop.
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10.1.1 Exemplary FORCs - Kerr-microscopy

For tAF = 5 nm, tF = 10 nm and NiFe as the F layer’s material, a major loop and two
representative FORCs starting from Hα = −5.24 and -5 kA/m are exemplarily displayed in
Fig. 10.1(a) and (b), respectively. The normalized longitudinal magnetization components
mmajor

L (HL) and mFORC
L (Hα, Hβ = HL) of the major loop and the FORCs have been obtained

by Kerr microscopy (Sec. 8.4.4) with the sensitivity direction and the external field aligned
with the easy axis of the system and a sweep rate of ≈ 1.33 kA/m/s as well as a resolution
of ≈ 0.08 kA/m. The transversal components mmajor

T (HL) and mFORC
T (Hα, HL) have been

determined with the help of the VMOKE setup (Sec. 8.4.2) under comparable experimental
conditions. Kerr microscopy images displaying changing domain configurations upon vari-
ation of the external magnetic field are depicted for specific field steps in Figs. 10.1(a1-a6)
and (b1-b6) with respect to the exemplary FORCs displayed in Fig. 10.1(a,b).

Regarding the major loop it can be observed (Figs. 10.1(a, b)), that as the longitudinal
magnetization component - following the descending branch - starts to decrease close to Hdesc,
the transversal component increases exhibiting a peak slightly below the zero-crossing of the
hysteresis. The peak vanishes as the longitudinal component fully reverses (cf. Figs. 9.8(f, g)).
This indicates in accordance to Sec. 9.4 the partial rotation of the net magnetization of
nucleated domains deflecting from the initial orientation as it is schematically indicated in
the Kerr-microscopy images in Figs. 10.1(a1, b1). The partial rotation is followed by an
abrupt change of the longitudinal components’ direction (Figs. 10.1(a2, b2)) and further by
a continuous decrease of the transversal component as the domains’ net magnetizations align
with respect to the negative external magnetic field.

Following the paths of the FORCs for both negative non-saturating reversal fields Hα,
a viscous decrease of the longitudinal component can be observed upon increasing exter-
nal magnetic driving field. For increasing HL starting from Hα, the longitudinal magne-
tization component decreases by dMVMD(Hα) until mFORC

L stabilizes within a certain field
range exhibiting a non-zero magnetization between negative saturation and the value at Hα

(Fig. 10.1(a, b)). For both reversal fields, the FORCs’ transversal component firstly fol-
lows the transversal major loop down to Hα upon decreasing HL (not shown) and decreases
upon increasing HL from Hα, likewise to the longitudinal magnetization component. How-
ever, the transversal component approaches zero after distinctly fewer field steps in contrast
to the stabilization of the longitudinal component. Comparing Kerr microscopy images
at Hα = −5.24 and −5 kA/m (Figs. 10.1(a2, b2)) with images at HL = Hβ = −4.91 and
−4.47 kA/m (Figs. 10.1(a3, b3)), located on intermediate steps during the course of the
VMD at which mFORC

T (Hα, HL) ≈ 0, it can be concluded that the magnetization decrease
upon increasing field is dominated by domain wall movement linked to the growth of al-
ready nucleated magnetic domains. The domains increase in size until a stable multidomain
state has developed for −4 kA/m� HL � 0 kA/m as it is shown in Figs. 10.1(a4, b4) at
HL ≈ 0 kA/m for both reversal fields.
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Fig. 10.1: (a,b) Exemplary longitudinal and transversal FORCs mFORC
L (Hα, HL) and

mFORC
T (Hα, HL) of a sample of type B2 (Fig. 5.3 and Tab. 5.1) with tAF = 5 nm, tF = 10 nm

and NiFe as the F layer’s material. The longitudinal FORCs have been measured by Kerr mi-
croscopy (Sec. 8.4.4) and the transversal ones by using the VMOKE setup (Sec. 8.4.2) starting from
the reversal fields (a) Hα = −5.24 and (b) -5 kA/m for ϕ ≈ 0◦ (easy axis). The reconstructed and
normalized FORCs are presented in comparison to the respective normalized major loop’s mag-
netization components mmajor

L (HL) and mmajor
T (HL) upon varied external magnetic field HL. The

longitudinal magnetization at Hα is indicated for both reversal fields with the help of a dashed
line in parallel to the figure’s abscissa crossing its ordinate. Below the vectorial FORCs in (a, b),
the respective domain configurations resolved by Kerr microscopy are displayed in (a1-a6) and
(b1-b6). Panels (a2) and (b2) correspond to Hα = −5.24 and -5 kA/m, respectively. White (→)
and black (←) arrows represent positive and negative longitudinal magnetization. Adapted and
reprinted with permission from [MHR+21] Copyright (2022) by the American Physical Society.

In the case of Hα = −5 kA/m (Fig. 10.1(b)), for which reversal field the macroscopic
longitudinal magnetization component does not decrease below zero, the domains which
grew during the VMD gradually shrink upon increasing HL starting from HL ≈ 0 kA/m
(Figs. 10.1(b4-b6)) without a detectable transversal component (Fig. 10.1(b)). Contrarily,
for Hα = −5.24 kA/m the longitudinal component actually decreases during the VMD from a
positive down to a negative value close to negative saturation and subsequent magnetization
reversal incorporating a significant transversal component can be observed for increasing
external field HL > 0 kA/m (Fig. 10.1(a)). This observation is connected to the nucleation
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of positive domains (Fig. 10.1(a5)) dominating the reversal of the longitudinal component
until positive saturation in the case of Hα = −5.24 kA/m starting from an established stable
multidomain state, whereas for Hα = −5 kA/m the reversal is governed by domain wall
propagation or rather the shrinking of already nucleated negative domains (Fig. 10.1(b5)).

Referring to the experimental investigations of out-of-plane CoFeB/Ta/CoFeB-trilayers
performed by Talantsev et al. in Ref. [TLF+18a] and the here described Kerr-microscope
and VMOKE investigations of the exemplary in-plane IrMn/NiFe-bilayer, different types of
domains taking part in the magnetization reversal process can be identified:

Domains formed on the descending branch upon decreasing external magnetic field down
to Hα are called retained domains, exhibiting negative longitudinal net magnetization
in comparison to the initial positive saturation. Those domains remain in the sample
even if HL = Hβ > Hα is increased and either grow via domain wall propagation upon
increasing HL < 0 kA/m and even merge for large |Hα| or eventually shrink via domain
wall movement for HL > 0 kA/m.

Reversal domains nucleate upon increasing HL = Hβ > Hα exhibiting either negative or
positive longitudinal net magnetization depending on whether they are created during the
VMD or during the increase of the macroscopic longitudinal magnetization component
up to positive saturation starting out from the stable multidomain state.

The point in time or rather the field step at which an individual domain is nucleated
followingly determines whether it is classified as a retained or as a reversal domain. Retained
domains are formed before and reversal domains nucleate after Hα. Thus, considering a single
FORC measured in between Hα and Hmax, retained domains are already present whereas
reversal domains nucleate during the course of the FORC.

10.1.2 FORC analysis

Complete sets of FORCs have been measured with the help of the LMOKE setup (Sec. 8.4.1)
for varying tAF and tF with a sweep rate of ≈ 2 kA/m, a resolution of ≈ 0.05 kA/m and
the external driving field being approximately aligned with the easy axis of the investi-
gated specimens. Applying the FORC formalism introduced in Sec. 2.5.3, the distribution
µ(Hα, HL = Hβ) of switching fields Hα and Hβ can be extracted. The FORC distribution
of microscopic switching fields is mathematically defined by Eq. (2.34) as the mixed second
derivative of a complete set of FORCs and the coordinates (Hα, Hβ) are commonly trans-
formed to (Hi, Hc) with the help of Eq. (2.30). Followingly, µ(Hi, Hc) represents in principal
the distribution of microscopic interaction and coercive fields, whereas Hi and Hc should not
be misunderstood with the macroscopic exchange bias shift HEB and coercivity HC, even
if the mathematical definitions are identical. It needs to be emphasized, that the FORC
distribution is in general needed to be treated strictly as a well-defined mathematical trans-
formation (cf. Sec. 2.5.3), for which reason extracted FORC distributions are often referred to
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as magnetic fingerprints [DS13, GIS+19, GKV+17]. For a reasonable physical interpretation
of FORC distributions, the systematic correlation of identifiable features to physical prop-
erties is needed to be combined with other methods and theoretical models in congruence
with the experimental observations [PRV99, TLF+18a, GIS+19, New05, RHH+17].

In Sec. 2.5.3 it is explained in detail how the FORC distribution can actually be ex-
tracted from a measured or simulated set of FORCs. Typically, a second-order polynomial
(Eq. (2.35)) as a function of Hα and Hβ is fitted to the set of FORCs treated as a multi-
dimensional function mFORC

L (Hα, Hβ). The polynomial is defined to incorporate a parameter
that naturally equates to the mixed second derivative, i.e. the definition of the FORC dis-
tribution (Eq. (2.34)) [PRV99, HF08]. The number of fit points Nfit taken into account is
determined by the smoothing factor SF such that Nfit = (2 SF + 1)2 sampling points are
representing the nearest neighbors of the point (Hα, Hβ = HL) at which the value of the
FORC distribution is intended to be evaluated (cf. Fig. 2.7) [HF08].

In Figs. 10.2(a, b), (g, h) and (m, n), sets of normalized FORCs in comparison to the
respective major loop mmajor

L (HL) are presented for samples with tF = 5, 7.5 and 10 nm,
respectively, and it is further distinguished between tAF = 5 and 30 nm. Corresponding
FORC distributions µ(Hα, Hβ) are displayed in Figs. 10.2(c, d), (i, j) and (o, p), which have
been in all cases determined using SF = 10 representing a compromise between signal removal
and noise reduction [HF08]. For direct comparison of the extracted distributions’ features
with the respective sets of FORCs and the related major loops, the zero-crossings Hdesc

and Hasc of the descending an ascending branch of the major hysteresis are indicated. For
the transformation (Hα, Hβ) �→ (Hi, Hc) and the eventual representation of the distribution
µ(Hi, Hc) of microscopic interaction and coercive fields (Figs. 10.2(e, f), (k, l) and (q, r)) the
irregular grid was interpolated with an increment of 0.05 kA/m for both coordinates. The
macroscopic coercive field HC and the EB shift HEB, characterizing the major hysteresis,
are additionally indicated. For the presentation of both types of distributions, a Gaussian
filter was applied with 2.5 kA/m as the standard deviation of the filter’s kernel.

For tAF = 5 nm and all tF (Figs. 10.2(a, g, m)), a VMD2 upon increasing HL = Hβ

is observable being suppressed for tF approaching 5 nm (Fig. 10.2(a)) and tAF = 30 nm
(Figs. 10.2(b, h, n)). In the extracted FORC diagrams, characteristic features that can be
identified for all tF are labeled with I and II in the case of tAF = 5 nm and with III in the
case of tAF = 30 nm. Features I and III are located at interaction and coercive fields close to
the macroscopic EB shift and the coercive field of the corresponding major loop. Feature II
(tAF = 5 nm) is located at negative Hi in Figs. 10.2(e, k, q) close to the zero-crossing of the
descending hysteresis branch of the major loop and close to zero Hc, further consisting of
a positive peak followed by a negative one for increasing Hi. Referring to the distributions
of switching fields µ(Hα, Hβ) displayed in Figs. 10.2(c, i, o), feature II arises for Hβ � Hdesc

and the positive peak is replaced by a negative one upon increasing Hα < 0 kA/m (decreas-
2In Figs. 10.2(a, g, m) exemplary FORCs exhibiting VMD are highlighted with red arrows emphasizing

the corresponding remagnetization path.
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Fig. 10.2: FORCs measured along the systems’ easy axis are obtained with the help of the
LMOKE setup (Sec. 8.4.1) for samples of type B2 (Fig. 5.3 and Tab. 5.1) thicknesses (a, b) tF = 5,
(g, h) 7.5 and (m, n) 10 nm, further distinguishing between tAF = 5 and 30 nm. Distributions
µ(Hα, Hβ) of reversal Hα and driving fields Hβ = HL are depicted in (c, d), (i, j), (o, p), while
panels (e, f), (k, l), (q, r) present the corresponding distributions µ(Hi, Hc) of interaction Hi and
coercive fields Hc. The color scale is normalized to the maximum µmax of the peaks denoted by I
and III. The major loops’ coercive fields and EB shifts (HC, HEB) are indicated (�). Adapted and
reprinted with permission from [MHR+21] Copyright (2022) by the American Physical Society.
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ing |Hα|). Interestingly, the zero passage of feature II between the positive and the negative
peak upon changing Hα can be located at reversal fields from which the observable VMD
starts out from positive values of the macroscopic longitudinal magnetization component and
does not eventuate in a decrease below zero, i.e. mFORC

L (Hα, Hβ) > 0 ∀Hβ ≥ Hα. Comparing
the field ranges within which the identified features I, II and III arise in Figs. 10.2(c-f), (i-l)
and (o-r) with the course of the corresponding FORCs (Figs. 10.2(a, b), (g, h) and (m, n)),
I and III can be associated to remagnetization processes linked to an increase of the macro-
scopic longitudinal magnetization component either due to the nucleation of positive reversal
or the shrinking of negative retained domains. Feature II is apparently connected to the VMD
observable for tAF = 5 nm upon increasing driving field for Hα < 0 kA/m. Please note, re-
garding the distribution of switching fields for tAF = 5 nm and all tF (Figs. 10.2(c, i, o)) that
for fixed Hα for which a VMD is observable, the field range of the external driving field Hβ

within which µ(Hα, Hβ) ≈ 0 (white space) correlates to an established stable multidomain
state. The mixed second derivative consequently vanishes.

For tF = 10 nm (Figs. 10.2(o-r)), all identified features I, II and III are well observable
and of comparable width for both tAF = 5 and 30 nm, whereas an overall broadening of
the peaks I and III occurs upon decreasing tF < 10 nm (Figs. 10.2(c-f) and (i-l)). How-
ever, it is decisive that feature II does not change significantly upon changing tF, except
for the exact position and the peaks’ heights. This indicates that II, and consequently the
VMD, is mainly determined by the thin polycrystalline AF layer (tAF = 5 nm). The broad-
ening of features I and III along Hβ upon decreasing tF arises from a broadening of the
distribution of switching fields connected to the nucleation of positive reversal domains and
the domination of nucleation over domain wall propagation [TLF+18a]. Kerr microscopy
images revealed for tF = 10 nm and tAF = 5 nm (Fig. 10.1), that whether the nucleation
of reversal domains dominates over domain wall motion of retained domains for increas-
ing Hβ > 0 kA/m crucially depends on the initial state mFORC

L (Hα, Hα) of the individual
FORC, the amount of magnetization decrease dMVMD(Hα) (cf. Fig. 10.1(a)) and whether
the magnetization changes its sign during the VMD. The approximately circular shape of
spot I in the case of tF = 10 nm (Fig. 10.2(o, r)) suggests that the dominance of nucleation
and dominance of domain wall propagation is equally separated by a specific Hα, which is
not the case for lower tF. Further, the proximity of feature II to Hβ ≈ Hα and likewise to
vanishing Hc in the case of tAF = 5 nm and all tF (Figs. 10.2(c, i, p)) indicates, that negative
retained domains growing during the VMD are mainly created before Hα - ergo before the
FORC is measured - and that the VMD is dominated by domain wall propagation [TLF+18a].

µ(Hα, Hβ) and µ(Hi, Hc) are often interpreted as well-defined distributions and are naively
expected to exhibit positive sign, which is only valid if the minor loops are congruent and
close after a field cycle (cf. Mayergoyz-criteria in Sec. 2.5.3) [GIS+19, May86]. Those cri-
teria are, however, for almost all real physical systems not fulfilled, particularly for systems
featuring interaction effects [GIS+19]. This is naturally the case for the investigated polycrys-
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talline AF/F-bilayers for which the interaction between the participating layers can only be
examined indirectly by probing the F layer’s remagnetization. Moreover, thermally activated
changes in the granular AF are expected to be highly sensitive to the experimental conditions
during measurement and the applied field paths [MME04]. Aside from solely using the FORC
analysis as a method to fingerprint the microscopic magnetic properties [APC10, GIS+19],
the distribution µ(Hα, Hβ) of microscopic switching fields can also be interpreted as a mea-
sure for the change of the magnetic susceptibility χ = ∂mFORC

L (Hα, Hβ)/∂Hβ representing
the FORCs’ Hα-specific slope as a function of the driving field (cf. Eq. (2.40)):

In accordance to Eq. (2.34), a positive sign of the FORC distribution corresponds to a
decrease of χ at a certain driving field Hβ with increase of the reversal field Hα, while a
negative sign of the distribution is linked to an increase of χ.

For strictly monotonously increasing FORCs, the increase of the reversal field Hα should
eventuate in the reduction of the magnetic susceptibility due to a smaller difference between
positive saturation and the magnetization reached at Hα, relating to an exclusively positive
sign of the FORC distribution (cf. Fig. 2.7) [TLF+18a]. However, for all investigated par-
ticipating layer’s thicknesses (Fig. 10.2), the identified features I, II and III in the presented
FORC distributions are accompanied by negative satellite spots.

Regarding feature II in the case of tAF = 5 nm where the VMD is clearly present
(Figs. 10.2(a, g, m)), the increase of the reversal field firstly results in a decrease of the
slope at external driving fields Hβ close to Hα. This is linked to the emergence of a magneti-
zation decrease upon increasing field (VMD) and opposes the observation of a monotonous
magnetization increase starting from negative saturation. For further increasing Hα, χ in-
creases - exhibiting however a negative sign - resulting in the characteristic structure of
feature II (Figs. 10.2(c, i, o)) with a positive peak followed by a negative one towards larger
reversal fields. Consequently, fewer or smaller retained domains are present at the FORCs’
starting point, when the reversal field is increased3 (cf. Fig. 10.1).

Examining features I and III, the opposite can be observed: Upon increasing reversal
field and Hβ > 0 kA/m, at first an increase of the positive χ can be noticed followed by
an eventual decrease for further increasing Hα. The initial increase of the FORCs’ slope for
increasing reversal field directly correlates to the reduction of the necessary positive external
driving field which is required to initiate the remagnetization of negative retained domains
via the nucleation of positive reversal domains (see supplemental material [TLF+18b] of
Ref. [TLF+18a]). This is due to the fact that fewer or smaller retained domains are present
for larger Hα, which consequently leads to an effective reduction of the retained domains’
unpinning barriers [TLF+18a]. The subsequent decrease of the FORCs’ slope for further
increasing reversal field Hα can be explained by the eventual domination of the negative
retained domains’ shrinkage via domain wall propagation over the nucleation of new positive
reversal domains.

3Therefore, the absolute value of χ decreases for Hβ close to Hα with increasing reversal field and
eventually vanishes as mFORC

L (Hα, Hα) approaches positive saturation.
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Viscous magnetization decrease induced by the rotatable magnetic anisotropy

In combination with the results presented in Sec. 9.1.1, the described experimental observa-
tions regarding FORCs measured for different thicknesses of the participating layers of the
investigated polycrystalline AF/F-bilayers suggest that the VMD is a process induced by
the time-dependent RMA when it dominates over the fixed UDA for small AF layer thick-
nesses4. The VMD is consequently linked to thermally activated processes in the granular
AF eventuating in an ongoing domain wall propagation of negative retained domains in the
F layer upon increasing external driving field when the system had been driven from pos-
itive saturation to a negative reversal field [MME04]. Due to the possible dynamic change
of the thermally unstable AF grains’ uncompensated interfacial moments on the timescale
of the hysteresis, the RMA adapts in accordance to the changing F layer’s magnetization
when negative retained domains are formed before the external driving field is increased
back to positive saturation. Hence, as an individual FORC exhibiting VMD is measured
starting from Hα, the RMA stabilizes retained domains. Followingly, as the alignment of
the rotatable AF grains’ uncompensated interfacial magnetic moments in contact to retained
domains within the F layer saturates, a stable multidomain state is established remaining
unchanged in the case of vanishing external magnetic field. The F layer changes back to
positive saturation for sufficiently large positive Hβ, either by the shrinkage of negative re-
tained domains via domain wall motion or by the creation of new positive reversal domains.
Which of the two mechanisms dominates depends on how many uncompensated interfacial
moments of rotatable AF grains are eventually aligned with the net magnetization of the
retained domains. This in turn depends on the specifically addressed Hα and explains the
change of the magnetic susceptibility in the FORC diagrams for increasing reversal field.

10.2 Simulation of FORCs

FORCs have been simulated with the help of the time-dependent Stoner-Wohlfarth
approach (Eq. (4.4)). The model’s ansatz has been advanced in Sec. 4.1 in comparison to
the approaches presented in Refs. [MGM+16, MHR+20] by the implementation of a time-
dependent RMA continuously adapting to the F layer’s magnetization reversal additionally
depending on its own history. The latter is mathematically specified by Eq. (4.5). In
Sec. 9.1.1, model parameters have been extracted in dependence on the participating layers’
thicknesses, where the most significant changes could be observed regarding the F layer’s
uniaxial anisotropy constant KF and the normalized percentual contribution of class III
grains pIII = 1−pII (cf. Fig. 9.1). For a general comparison to the experimentally investigated
samples, those parameters were set to KF = 0, 0.5 and 2 kJ/m3 and in each case pIII was

4The stronger pronounced VMD - considering polycrystalline in-plane EB bilayers -in comparison to the
one observed in Ref. [PLG20] is possibly caused by using here NiFe as the F layer’s material in direct contact
with the granular AF. In Ref. [PLG20], Co as the F layer’s material has been separated by a Cu spacer from
the AF layer. This reduces significantly the coupling between the F and the AF being crucial for the RMA.
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set to 0.25 and 0.8, representative for comparatively small and large AF layer thicknesses
promoting the macroscopic RMA and UDA, respectively. The other model parameters were
selected to be Jeff = 4 · 10−5 J/m2, τRMA = 5 · 10−3 tHys, tF = 7.5 nm and MS = 686 kA/m.
The azimuthal angles of the UDA and the F layer’s uniaxial magnetic anisotropy were set to
γUDA = γF = 0◦ and the angle of the external driving field was chosen to be ϕ = 1◦ imitating
a possible experimental misalignment. The resolution of the reversal and the external driving
field has been set to 0.05 kA/m and the same parameters as for the experimentally extracted
FORC distributions (Fig. 10.2) have been used for the distribution’s determination based on
the simulated sets of FORCs. The latter and the corresponding distributions of switching
fields as well as of interaction and coercive fields are displayed in Fig. 10.3.

For pIII = 0.25 - representative for a large contribution of the time-dependent RMA -
and all investigated KF (Figs. 10.3(a, g, m)), a distinct VMD is observable. Contrarily, in
the case of pIII = 0.8, the VMD is either not significant (Figs. 10.3(b, h)) or suppressed
(Figs. 10.3(n)). The features I, II and III identified in the experimentally determined FORC
distributions are qualitatively reproduced by the simulations and are labeled likewise. For
KF = 2 kJ/m3 and both pIII = 0.25 and 0.8, the simulated FORC distributions (Figs. 10.3(o-
r)) reproduce best the experimental distributions for tF = 10 nm and both tAF = 5 and 30 nm
(Figs. 10.2(o-r)). In the case of pIII = 0.25, this is due to the well observable switching of
the simulated longitudinal magnetization to negative saturation for a specific set of reversal
fields upon increasing Hβ (Fig. 10.3(m)) and since the magnetization either rapidly reverses
back to positive magnetization after the VMD or stays negative before the final remagneti-
zation, no strong broadening of the labeled features can be observed (Figs. 10.3(o-r)). This
is opposite to FORC distributions simulated for lower KF (Figs. 10.3(c-f) and (i-l)). For
decreasing KF, a broadening of the identified features can be observed (Figs. 10.3(c-f) and
(i-l)) likewise to the experimentally determined distributions for decreasing tF (Figs. 10.2(c-
f) and (i-l)). In the simulations this is relates to an increasing field range within which the F
layer’s macroscopic magnetization vector coherently rotates for decreasing intrinsic uniaxial
anisotropy KF (Figs. 10.3(a, b)), continuously dragging the dynamically adapting RMA.
For large KF, a step-like magnetization reversal can be observed (Fig. 10.3(m, n)). Please
note, that with regard to the experimental FORC distributions determined for tAF = 5 nm
(Figs. 10.3(c, i, o)), the FORC distribution vanishes between features II and I along the
axis of the driving field because of a stable multidomain state established after the VMD.
Multidomain states are, however, per definition excluded in coherent rotation approaches of
Stoner-Wohlfarth-type.

The comparison of the experimentally determined (Fig. 10.2) and simulated (Fig. 10.3)
sets of FORCs and corresponding distributions demonstrates, that a pronounced contribution
of the time-dependent RMA, furthermore considering its own magnetic history, enables to
- at least qualitatively - reproduce the most relevant features of the experimentally observed
VMD and the extracted FORC distributions for the investigated thicknesses of the partic-
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Fig. 10.3: FORCs have been simulated (ϕ = 1◦, tF = 7.5 nm) with the time-dependent Stoner-
Wohlfarth approach (Eq. (4.4)) and are displayed for (a, b) KF = 0, (g, h) 500 and (m, n)
2000 J/m3 with pIII = 0.25 and 0.8. Distributions µ(Hα, Hβ) of reversal Hα and driving fields
Hβ = HL are depicted in (c, d), (i, j), (o, p), while panels (e, f), (k, l), (q, r) present the distributions
µ(Hi, Hc) of interaction Hi and coercive fields Hc. The color scale is normalized to the maximum
value µmax. The major loops’ coercive fields and EB shifts (HC, HEB) are indicated (�). Adapted
and reprinted with permission from [MHR+21] Copyright (2022) by the American Physical Society.
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ipating layers of the examined polycrystalline in-plane EB bilayers (IrMn/NiFe). However,
two essential limitations of the utilized model approach hamper a quantitative comparison:

One is the model’s restriction to coherent rotation of the uniform F layer’s magnetization
vector, for which reason the interaction between different entities within the actually
polycrystalline F layer, possibly exhibiting different local anisotropies, is disregarded5 and
- most essentially - the formation of magnetic domains is prohibited.

The second is the entanglement between the F layer’s intrinsic uniaxial magnetic anisotropy
and the RMA within the utilized model as it has been already pointed out in Sec. 9.1.1.
It has been observed, that when model parameters are extracted from experimentally de-
termined macroscopic magnetic quantities, KF tendentially increases upon the decrease
of the participating layers’ thicknesses (cf. Fig. 9.1).

Nevertheless, a decrease of tF for fixed tAF yielded experimental FORC distributions with
widened peaks, whereas in the case of the simulated distributions the peaks’ broadening is
correlated to a promoted continuous coherent rotation of the uniform F layer’s magnetization
vector within a larger field range due to decreasing KF. For a stand-alone F layer, smaller tF
possibly result in a reduction of the intrinsic KF [GTK86], which might explain the change
of the experimental FORC distributions for decreasing tF (Fig. 10.2) in comparison to the
dependence of the simulated distributions on KF (Fig. 10.3).

10.3 Measures for VMD

Referring to the approach proposed in Ref. [QPN+18], in order to formulate a figure of merit
for the experimentally observed and theoretically reproduced VMD,

dMVMD(Hα) = mFORC
L (Hα, Hα)−min

Hβ

{
mFORC

L (Hα, Hβ)
}

(10.1)

is tentatively defined as a quantitative measure for the FORC-specific VMD representing
the difference between the initial and the minimum value of the decreased longitudinal
magnetization component (cf. Fig. 10.1(a)). Physically, dMVMD(Hα)/2 relates to the area
proportion of reversed domains that accumulates during the VMD in comparison to the
magnetic state at Hα. This corresponds to the area gained by domains via nucleation and
domain wall movement in relation to the investigated areal section of the sample’s surface.
dMVMD(Hα)/2 is displayed in Fig. 10.4 as a function of Hα for tAF = 5 nm and tF = 5, 7.5

and 10 nm. Additionally, the integrated distributions µ(Hi) of interaction fields Hi are
given (cf. Figs. 10.2(e, k, l)), integrated with respect to the Hc-axis, considering the field
ranges within which the VMD-related feature II can be recognized. tF-specific dMVMD(Hα)/2

exhibit distinct peaks at reversal fields corresponding to the peaks’ centers of µ(Hi).
5This challenge might be solved by a granular-like approach as proposed in Refs. [PLG20, DACR+20].



192 10 Viscous magnetization decrease (VMD)

Fig. 10.4: dMVMD/2 in dependence on Hα is presented for samples of type B2 (Fig. 5.3 and
Tab. 5.1) with NiFe as the F layer’s material, tAF = 5 nm as well as tF = 5, 7.5 and 10 nm.
Corresponding Lorentzian fits are presented. Integrated distributions µ(Hi) of the interaction
field Hi are given with respect to spots II denoted in Fig. 10.2. Adapted and reprinted with
permission from [MHR+21] Copyright (2022) by the American Physical Society.

Directly derived can be the maximum sample-specific strength of the VMD

dMmax
VMD = max

Hα

{dMVMD(Hα)} , (10.2)

whereas for the determination of the full width at half maximum ∆Hα and the peak area
A, a Lorentzian function of the type

L
(
Hα, H

(0)
α ,∆Hα,A

)
=

2A
π

∆Hα

4
(
Hα −H

(0)
α

)2

+∆Hα
2

(10.3)

with the shift H
(0)
α and the extractable peak height Lmax = 2A/π∆Hα can be fitted to

dMVMD (Hα) /2 as a function of the reversal field Hα (Fig. 10.4). The extracted parame-
ters representing different quantitative and sample-specific measures for the VMD are listed
in Tab. 10.1 for experimentally measured and simulated FORCs considering the different
investigated thicknesses tF and tAF as well as model parameters KF and pIII.

dMmax
VMD/2 is distinctly larger for tAF = 5 nm and pIII = 0.25 as compared to tAF = 30 nm

and pIII = 0.8, in which cases Mmax
VMD/2 ≤ 0.04 and ergo no significant VMD has been ob-

served. dMmax
VMD/2 increases upon increasing KF but exhibits a maximum at tF = 7.5 nm,

likewise to the determined peak height Lmax. The peak area A exhibits the same trend upon
increasing tF but decreases upon increasing KF. The peaks’ full width at half maximum
∆Hα increases upon decreasing tF and KF, which is related to the increase of the field range
within which magnetization reversal can be observed resulting in a larger set of reversal fields
from which the VMD can be initialized. To briefly summarize the differences between the
VMD-characterizing measures, it can be stated that the peak height Lmax and dMmax

VMD/2

are only sensitive to the maximum magnetization decrease, whereas contrarily, the area A
represents a compromise between Lmax or dMmax

VMD/2 and ∆Hα, thus featuring a more general
measure for the quantification of the VMD.
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Tab. 10.1: Determined values for dMmax
VMD/2 as well as fit parameters A and ∆Hα obtained

from Lorentzian fits related to the peak height Lmax are listed for all investigated thicknesses
tF = 5, 7.5 and 10 nm and tAF = 5 and 30 nm as well as examined model parameters KF = 0, 0.5
and 2 kJ/m3 and pIII = 0.25 and 0.8. Fit parameters are not given for dMmax

VMD/2 < 0.05 or if the
Lorentzian fit was not possible.

tF (nm) tAF (nm) dMmax
VMD/2 Lmax A (kA/m) ∆Hα (kA/m)

5 5 0.18 0.18±0.01 0.29±0.01 1.05±0.05
5 30 0.02 - - -

7.5 5 0.78 0.96±0.19 0.44±0.02 0.29±0.05
7.5 30 0.03 - - -
10 5 0.70 0.90±0.21 0.32±0.04 0.23±0.05
10 30 0.04 - - -

KF (kJ/m
3) pIII dMmax

VMD/2 Lmax A (kA/m) ∆Hα (kA/m)

0 0.25 0.44 0.45±0.02 0.71±0.02 1.00±0.03
0 0.80 0.03 - - -

0.5 0.25 0.81 0.85±0.06 0.68±0.02 0.51±0.02
0.5 0.80 0.04 - - -
2.0 0.25 0.97 0.98±0.11 0.34±0.01 0.19±0.01
2.0 0.80 < 0.01 - - -

Although the given measures exhibit trends upon the variation of the participating layers’
thicknesses tF and tAF as well as of the model parameters KF and pIII already recognizable
in the FORCs and corresponding FORC distributions in Figs. 10.2 and 10.3, they represent
useful tools in order to detect subtle differences between sets of FORCs exhibiting VMD
without the necessity to calculate the corresponding FORC distributions. For instance, the
difference in strength of the VMD between tF = 7.5 and 10 nm for tAF = 5 nm cannot
be securely quantified by solely comparing the FORC distributions or the sets of FORCs
displayed in Fig. 10.2, which is however possible by comparing Lmax, A and ∆Hα, exhibiting
larger values in the case of tF = 7.5 nm.

10.4 Conclusion

In this chapter, major and minor loops or rather first-order reversal curves (FORCs) of
IrMn/NiFe-bilayers as representative prototypical polycrystalline in-plane EB systems have
been systematically investigated for different thicknesses tAF and tF of the participating lay-
ers. In contrast to the typically observed monotonous magnetization increase upon increasing
external magnetic field, the FORCs of the investigated polycrystalline AF/F-bilayers exhib-
ited a viscous decrease of the ferromagnetic magnetization upon increasing external magnetic
field starting out from negative non-saturating reversal fields [CNS+06, RXH+08, QPN+18,
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TLF+18a, PLG20]. The observed phenomenon is pronounced in samples composed of thin
AF layers, which is correlated in accordance to extracted tF- and tAF-dependent model pa-
rameters (cf. Sec. 9.1.1) to a dominating RMA (tAF = 5 nm), whereas the phenomenon is
suppressed in the case of a pronounced UDA for thick AF layers (tAF = 30 nm). By means
of Kerr microscopy it has been evidenced, that the viscous magnetization decrease (VMD)
is mainly mediated by the growth of domains created before the respective reversal field is
reached via a creeping domain wall motion linked to thermally activated processes in the
granular AF. This is in agreement with a generalized model for the description of polycrys-
talline AF/F-bilayers. Magnetization reversal via coherent rotation during the course of the
VMD could be excluded with the help of vectorial Kerr magnetometry further revealing
a stable multidomain state being established after the VMD if the sample is not negatively
saturated. Depending on whether the VMD eventuates in a multidomain state governed
either by positive or negative domains, the domination of shrinking domains (domain wall
movement) over the nucleation of new domains or vice versa on the ascending branch for
increasing driving field could be manifested by the combination of vectorial Kerr magne-
tometry and microscopy.

Furthermore, FORCs and corresponding distributions have been simulated using the re-
fined time-dependent Stoner-Wohlfarth ansatz introduced in Sec. 4.1, representing a
coherent rotation approach in the context of the generalized model for description of poly-
crystalline AF/F-bilayers. The simulations qualitatively reproduce the strongly pronounced
VMD in the case of a dominating RMA and likewise the suppression in the case of a prevail-
ing UDA as well as the identified characteristic features recognizable in the experimentally
determined FORC distributions. The discussion of the results with respect to the application
of the coherent rotation approach highlighted its limits with regard to the uniformity of the
F layer’s magnetization and the persistent entanglement of its intrinsic uniaxial anisotropy
and the RMA that has been already pointed out in Sec. 9.1.1. The former limitation might
be partly lifted by considering a granular F layer with interacting entities as it has been
proposed in Refs. [PLG20, DACR+20].

The importance of understanding minor loop behavior is strongly emphasized, especially
for systems prone to dynamic changes on the time scale of the major hysteresis loop regarding
their intrinsic magnetic anisotropies and microscopic properties further depending on the
path of the external magnetic driving field. The experimental findings in combination with
numerical simulations, making use of a coherent rotation approach, evidence the direct
connection between the time-dependent RMA and the observed VMD in polycrystalline in-
plane AF/F-bilayers, merging similar observations presented in literature [MME04, PLG20].
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The central objective of the present thesis was to verify a generalized model for the de-
scription of polycrystalline exchange-biased bilayers upon the investigation of prototypical
in-plane magnetized systems either composed of an intrinsically weak or strong anisotropic
ferromagnet, namely Ni81Fe19 (permalloy) and Co70Fe30, and the antiferromagnetic alloy
Ir17Mn83. For this purpose, samples with tailored antiferromagnetic grain size distributions
have been fabricated and were structurally and magnetically characterized in continuous
comparison with the generalized polycrystalline model.

The fundamentals necessary in the context of this thesis with regard to magnetism in
general and its occurrence in solids and especially thin magnetic films have been explained in
Ch. 2, subsequently followed by the description of the exchange bias effect’s phenomenology
and an overview of important model approaches in Ch. 3. The latter includes the general-
ized polycrystalline model and specific mathematically formulated theoretical descriptions
derived from it. The generalized model connects the macroscopic magnetic properties of
polycrystalline exchange-biased bilayers, i.e. the ferromagnetic hysteresis loop’s shift and
coercive field, with the distribution of antiferromagnetic grain sizes by categorizing grains
in dependence on their volume and magnetic anisotropy into classes of different thermal
stability. These are separated by boundaries determined by temperature and duration of
observation, initialization and storage. This effectively results in the discretization of the
continuous distribution of antiferromagnetic grain sizes and the general division of the gran-
ular ensemble into thermally unstable and stable entities contributing either to the coercivity
or the exchange bias shift. Building on this, the time-dependent Stoner-Wohlfarth ap-
proach proposed by Müglich et al. [MGM+16] incorporates a time-dependent rotatable
magnetic anisotropy (RMA) linked to thermally unstable antiferromagnetic grains alongside
the typically considered fixed unidirectional magnetic anisotropy (UDA). This approach has
been reformulated and further developed in Ch. 4 under the assumption of columnar and
homogeneous grain growth. This reformulation allowed for the extension of phenomeno-
logical relations covering the dependence of the magnetic characteristics of exchange-biased
bilayers on the participating layer’s thicknesses. It quantitatively interlinks the macroscopic
magnetic properties with averaged microscopic parameters that characterize both the anti-
ferromagnetic grain size distribution and its division into classes of different thermal stability.
The time-dependence of the RMA has additionally been adapted to adequately describe the
ferromagnetic layer’s magnetization reversal and the associated dynamic change of rotat-
able grain-averaged uncompensated interfacial magnetic moments in the case of external
magnetic field sequences not necessarily cycling between saturated states.

195
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The required basics regarding sputter deposition as the here selected technique for sample
fabrication have been explained in Ch. 5 alongside the relevant fundamentals of thin film
growth and a detailed description of the examined layer stacks. The methods utilized for
the structural characterization of the investigated polycrystalline exchange-biased bilayers
have been introduced in Ch. 6 followed by the presentation of the correspondingly obtained
results in Ch. 7. By characterizing the surface topography of uncapped polycrystalline
antiferromagnetic IrMn layers with the help of atomic force microscopy in combination with
the investigations presented in Ref. [MHR+20], it was shown that the lateral grain size
distribution of the antiferromagnetic layer with a fixed thickness can be tailored by the choice
of the deposition rate above a critical threshold value. The latter was found to depend on
the surface conditions of the utilized substrate onto which the layer system is deposited.
By means of X-ray diffraction, a homogeneous layer structure above a critical deposition
rate was evidenced, with a rate-independent surface roughness and a pronounced (111)
crystal orientation within the IrMn layer’s crystallites1 [MHR+20]. For a fixed deposition
rate providing homogeneous layer growth, the antiferromagnetic grain radius distribution
was found to be preserved upon variation of the layer thickness validating the assumption
of columnar and homogeneous grain growth for the deposition parameters utilized within
the present thesis. The nominal thicknesses of the deposited layers have exemplarily been
cross-checked by means of X-ray reflectometry.

The method of choice for the magnetic characterization of the investigated thin films is
based on the magneto-optic Kerr effect. Therefore, Kerr magnetometry has been intro-
duced in Ch. 8 including a detailed theoretical description and the specification of the utilized
measurement setups. Followingly, in Ch. 9, the obtained results with regard to the magnetic
properties of polycrystalline exchange-biased bilayers have been presented starting from the
systematic investigation of the macroscopic magnetic properties’ dependence on the partici-
pating layer’s thicknesses. This has been directly compared with the refined time-dependent
Stoner-Wohlfarth approach and the proposed extended phenomenological relations un-
der the confirmed assumption of columnar grain growth. Aside from the reproduction of the
phenomenology reported in literature for both investigated ferromagnetic materials, model
calculations based on the time-dependent coherent rotation approach fitted to the experi-
mentally determined exchange bias shift and coercive field as functions of the measurement
angle allowed for the extraction of model parameters in dependence on the participating
layer’s thicknesses. Thereby, the energetic contributions of the dynamic RMA and the fixed
UDA have been disentangled which further revealed that the anisotropies’ coupling constants
are scaled by the number of antiferromagnetic entities populating the respective grain class.
This is reasoned by the shifting of the grain size distribution to larger volumes upon increas-
ing layer thickness simultaneously preserving the distribution of contact areas and essentially

1The IrMn (111) crystal orientation is typically connected to an optimum areal density of uncompen-
sated interfacial magnetic moments at the interface alongside a large intrinsic magnetocrystalline magnetic
anisotropy of the individual antiferromagnetic grains [AVFK+08, OFOVF10, KKF+13].
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indicates the validity of the generalized polycrystalline model. Successfully fitting extended
phenomenological relations covering the dependence of the exchange bias shift and the coer-
cive field on the participating layer’s thicknesses to experimentally determined dependencies
further validates the generalized theoretical description from which they are derived. The
result of these fits is the extraction of averaged microscopic magnetic parameters such as the
microscopic coupling constant and the grain class separating boundaries. Besides this, a key
finding is that the structural and the magnetically effective grain size distributions are not
identical. In concrete terms, in the case of both investigated ferromagnetic materials only
approximately 20% of the average volume of an antiferromagnetic grain is occupied by the
magnetically effective volume actively contributing to the grain-specific interaction with the
ferromagnetic layer’s magnetization.

The determined macroscopic magnetic properties and the extracted model parameters
as functions of the participating layer’s thicknesses turned out to be in good agreement
when comparing the selected ferromagnetic materials. Quantitative differences have been
ascribed to a different strength of the interfacial exchange coupling. In accordance to the
generalized polycrystalline model, the observations could therefore be correlated with the
modification of the antiferromagnetic grain size distribution with respect to fixed grain class
boundaries upon variation of the antiferromagnetic layer thickness and the intuitive suppres-
sion of the phenomenon being an interface effect for increasing thickness of the ferromagnetic
layer. However, this has not been the case for the extracted average relaxation time of ther-
mally unstable antiferromagnetic grains that are expected to contribute to the macroscopic
coercivity as well as the derived timescale determining the separation between those and
superparamagnetic grains not contributing to the exchange bias effect at all. It has been
found that both are dependent on the choice of the ferromagnetic material and that its
intrinsic magnetic properties and specific remagnetization behavior crucially determine the
magnetic behavior of those grains on timescales that are shorter than the duration of obser-
vation. Apparently, the dynamic RMA - when it is extracted by fitting model calculations
to experimentally determined angular-resolved macroscopic magnetic quantities - actually
reflects that the ferromagnetic layer’s remagnetization is intertwined with the realignment of
rotatable uncompensated interfacial magnetic moments of thermally unstable antiferromag-
netic grains. This is in agreement with the throughout this thesis hypothesized entanglement
between the intrinsic ferromagnetic layer’s uniaxial anisotropy and the RMA simultaneously
contributing to the eventually measured macroscopic coercive field.

Upon variation of the timescale of the performed magnetization reversal measurements,
analogous to the variation of the measurement temperature, the impact on the macroscopic
magnetic properties of the investigated polycrystalline exchange-biased bilayers has been
examined and could be correlated to the expected inter-class transfer of antiferromagnetic
grains due to the shifting of the class separating boundaries for a fixed distribution of grain
sizes or rather relaxation times.
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With the help of angular-resolved vectorial Kerr magnetometry, allowing for the re-
construction of the magnetization vector upon variation of an external magnetic field, the
magnetization reversal of polycrystalline exchange-biased bilayers has been explored for dif-
ferent measurement angles and antiferromagnetic layer thicknesses. The extracted angular-
resolved quantities are equivalent when comparing the investigated ferromagnetic materials,
while differences could be correlated with the competition between the prevailing magnetic
anisotropies. Whether the magnetization reversal is governed by domain nucleation and sub-
sequent domain wall propagation or magnetization rotation has been successfully identified
in dependence on measurement angle and antiferromagnetic layer thickness. This is further
connected to the onset of irreversibility and asymmetric magnetization reversal typically ob-
served when exchange bias systems are characterized at measurement angles in the proximity
of the easy axis, i.e. the exchange bias direction. Most importantly, it has been evidenced
that the occurrence of an asymmetric magnetization reversal is linked to a larger probability
for the nucleation of magnetic domains on one of the hysteresis loop’s branches and that
the reversal asymmetry is most strongly pronounced when the contribution of the dynamic
RMA and fixed UDA - ergo, the number of thermally unstable rotatable and stable pinning
grains - is balanced. In agreement with the generalized polycrystalline model, this ultimately
allows for the conclusion that the asymmetric magnetization reversal represents an intrinsic
characteristic of polycrystalline exchange-biased systems with the granular antiferromagnet
being naturally composed of stable and unstable entities.

Focusing on polycrystalline in-plane IrMn/NiFe-bilayers, the magnetization reversal in
the case of external magnetic field sequences cycling between non-saturated states was in-
vestigated in Ch. 10. In the case of thin antiferromagnetic layers an intriguing phenomenon
has been observed: the ferromagnetic magnetization viscously decreases when the increasing
magnetic driving field starts from negative non-saturating reversal fields. This represents an
unintuitive observation contrary to the expected monotonous magnetization increase upon
increasing field. By the combination of vectorial Kerr magnetometry and microscopy it
has been evidenced that this viscous magnetization decrease (VMD) is linked to the growth
of previously formed magnetic domains via a creeping domain wall motion connected to
thermally activated changes within the granular antiferromagnet. This directly correlates
to the dynamic realignment of rotatable uncompensated interfacial moments eventually sta-
bilizing the reversed ferromagnetic layer’s magnetization in dependence on the addressed
reversal field. The conclusion has been confirmed in the context of the generalized polycrys-
talline model by performing simulations with the help of the refined time-dependent extended
Stoner-Wohlfarth approach that qualitatively reproduced the pronounced VMD in the
case of a dominating RMA and similarly its suppression upon increasing contribution of the
UDA. At the same time, the application of the coherent rotation approach also highlighted
its limits, especially regarding the assumed uniformity of the ferromagnetic layer’s magne-
tization. Nevertheless, the successful qualitative explanation of the observations within the
context of the generalized polycrystalline model still underlines its validity.
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As a final conclusion the generalized model for the description of the phenomenology of
polycrystalline exchange-biased bilayers, essentially discretizing the continuous distribution
of antiferromagnetic grain sizes, has been verified throughout the course of this thesis. This
has been accomplished by systematically investigating the dependence of the macroscopic
magnetic quantities on the participating layer’s thicknesses, on the measurement time and
angle, and the choice of the ferromagnetic layer’s material in continuous comparison with
the refined time-dependent Stoner-Wohlfarth approach and the proposed extended phe-
nomenological relations.

Building upon the performed investigations, several follow-up studies come to mind which
possibly also demand for the advancement of the utilized model approaches. The exploration
of the impact on the macroscopic magnetic properties via shifting the grain class boundaries
upon variation of the measurement time and temperature can be reasonably continued by
heading towards distinctly lower times and temperatures. Thereby the equivalence of both
experimental parameters would be emphasized and the model could be pushed to its limits
since effects related to, e.g., interfacial spin clusters are expected to gain significant relevance
especially at low temperatures. The inter-class transfer overcoming the separating boundary
related to the initialization procedure can be investigated, e.g., via post-deposition annealing
[OFOVF10] and storage [PR02, SWEE11] at elevated temperatures as well as ion bombard-
ment [SWEE11, ESWE11] inside of an external magnetic field. However, especially in the
latter case not only an alteration of the grain class boundary during the process but also the
modification of the antiferromagnetic grain size distribution next to other structural changes
is expected [MMG+18], which holds true also for annealing at high temperatures [MHR+20].
For an unambiguous characterization of structure-forming phenomena and possible struc-
tural modifications due to a post-deposition treatment, the examination of the individual
layers’ surfaces and cross sections perpendicular to the sample’s plane by means of trans-
mission [SFTI96, BA98, PBHG03, AFHW+17, OFOVF10, VFT+05] or scanning electron
microscopy [Kus19] is inevitable. Additionally, the more extensive exploitation of techniques
such as X-ray diffraction and reflectometry as well as elastic neutron scattering would reveal
further information with regard to the samples’ crystallinity, the interface and the mag-
netic structure [PSP+12, BSD+14, SC15, Huc18, PZGPM20, SHTE20]. Finally, although
the contact area between the antiferromagnetic and the ferromagnetic layer in exchange-
biased systems fundamentally mediates the effect, it was not examined during the course
of the present thesis due to the difficulty of experimentally addressing the buried interface.
Element-selective investigations of interfacial uncompensated magnetic moments by means
of X-ray magnetic circular dichroism might allow for a disentanglement of interface and
bulk effects as well as for the direct investigation of uncompensated interfacial magnetic
moments [OSN+03, SSH+04, KKN+18] either contributing to the macroscopic fixed UDA or
the dynamic RMA.
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At the very end, it needs to be pointed out that IrMn has been in the focus of the thesis
at hand representing to this date the antiferromagnetic material of choice for most industrial
applications exploiting the exchange bias effect. However, it might be worthwhile to explore
the possibility for alternatives as Iridium turns out to be one of the rarest elements on
earth [VFM21, Coe11]. A promising candidate next to Heusler alloys is given by MnN
in which case scarcity is not an issue and encouraging studies have already been presented
in literature advertising significant exchange bias shifts at room temperature for in-plane as
well as out-of-plane systems [VFM21, SHVF+19, RDS+19, MBGD15]. In the long term, it is
highly desirable to maintain the attractivity of exchange-biased-based devices for industrial
and emerging novel spintronic applications, not only focusing on functionality but especially
heading towards sustainability.

Certainly, the growth conditions of polycrystalline exchange bias systems based on MnN
need to be likewise optimized in the view of thermal stability, antiferromagnetic grain size
and crystallinity [VFM21, SHVF+19]. Therefore, the topics covered by the present thesis are
of current relevance, as the specific tailoring of the grain size distribution under preservation
of the distribution of interfacial contact areas and crystallinity has been demonstrated, even
though this work solely focused on IrMn as the antiferromagnetic material. The experi-
mental strategies and model approaches are expected to be analogously applicable to other
antiferromagnetic materials as long as they are present as polycrystalline thin layers.
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List of relevant acronyms and symbols

AF Antiferromagnet

AFM Atomic force
microscopy/microscope

bcc Body centered cubic

CoFe Co70Fe30

DC Direct current

EB Exchange bias

fcc Face centered cubic

F Ferromagnet

FORC First-order reversal curve

GMR Giant magnetoresistance

IrMn Ir17Mn83

LMOKE Longitudinal magneto-optic Kerr

effect/magnetometer

MOKE Magneto-optic Kerr effect

NiFe Ni81Fe19

PMOKE Polar magneto-optic Kerr effect

RF Radio frequency

RMA Rotatable magnetic anisotropy

TMOKE Transversal magneto-optic Kerr

effect

TMR Tunnel magnetoresistance

UDA Unidirectional magnetic
anisotropy

VMD Viscous magnetization decrease

VMOKE Vectorial magneto-optic Kerr

magnetometer

XRR X-Ray reflectometry/reflectivity

XRD X-Ray diffraction

A Interface area of an
antiferromagnet/ferromagnet-
bilayer

AAF Contact area of antiferromagnetic
grains shared with the
ferromagnetic layer

AII/III Class-specific summed contact
area of antiferromagnetic grains

�B Magnetic flux density

βAF Azimuthal angle of an
uncompensated antiferromagnetic
interface moment

βF Azimuthal angle of the
ferromagnetic magnetization

χ Magnetic susceptibility

∆EAF Energy barrier of
antiferromagnetic grains in
contact with a ferromagnetic layer

e Elementary charge

ε Energy density

εεε Permittivity tensor

εK Kerr ellipticity

E Energy
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228 List of relevant acronyms and symbols

�E Electric field

η Deposition rate

γAF/F Azimuthal angle of the
antiferromagnetic/ferromagnetic
uniaxial anisotropy

γRMA Time-dependent azimuthal angle
of the rotatable magnetic
anisotropy

γUDA Azimuthal angle of the
unidirectional magnetic anisotropy

�H Magnetic field

Hasc/desc Switching field of the
ascending/descending hysteresis
branch

Hα/β Reversal/driving field

Hc/i Switching/interaction field

HC Coercive field

H
(0)
C Coercive field of the stand-alone

ferromagnetic layer

H
(rot)
C Effective contribution of the

rotatable magnetic anisotropy to
the coercive field

HEB Exchange bias shift

HL/T/P Longitudinal/transversal/polar
component of the magnetic field

I Intensity

I
(s/p)
r Purely reflected intensity for

incident perpendicular/parallel
polarized light

I
(s/p)
f Polarization-specific reflected

intensity for incident
perpendicular/parallel polarized
light

�j Current density

Jij Exchange coupling constant
regarding two neighboring spins

JEB Energy area density with regard
to the exchange coupling at the
antiferromagnet/ferromagnet-
bilayer’s interface,
microscopic exchange coupling
constant

Jeff Effective exchange coupling
constant

JRMA/UDA Effective exchange coupling
constant of the
rotatable/unidirectional magnetic
anisotropy

Jadd Additional effective exchange
coupling constant

kB Boltzmann’s constant

KAF/F Energy volume density of the
antiferromagnetic/ferromagnetic
uniaxial anisotropy

λ Wavelength

�m Normalized magnetization

�mL/T/P Normalized
longitudinal/transversal/polar
magnetization component

me Mass of an electron

�M Magnetization

�MAF Macroscopic uncompensated
interface moment

�MF Ferromagnetic magnetization

MR Remanent magnetization

MS Saturation magnetization

�µ Magnetic moment

µ0 Magnetic permeability in vacuum
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µr Relative magnetic permeability

p Fraction of antiferromagnetic
grains being either associated to
class II or III

pRMA/UDA Fraction of class II/III grains

pII/III Normalized fraction of class II/III
grains in relation to the total
granular ensemble

pAr Discharge/working pressure
during sputter deposition

pbase Base pressure of the sputter
deposition apparatus

(p) Parallel polarization

Π Area enclosed by the
reconstructed magnetization
vector

ϕ Azimuthal/measurement angle

ψs/p Kerr amplitude

Q Magneto-optic Voigt constant

rAF/F Antiferromagnetic/ferromagnetic
grain radius

〈rAF/F〉 Expectation value of the
lognormal distribution of
antiferromagnetic/ferromagnetic
grain radii (average grain radius)

rss/sp/ps/pp Reflection coefficients

Ravg Average surface roughness

Rrms Root mean squared surface
roughness

̃(rAF/F) Distribution of
antiferromagnetic/ferromagnetic
grain radii

(VAF) Distribution of antiferromagnetic
grain volumes

(s) Perpendicular polarization

SF Smoothing factor

SDrAF/F
Standard deviation of the
lognormal distribution of
antiferromagnetic/ferromagnetic
grain radii

tAF/F Antiferromagnetic/ferromagnetic
layer thickness

tcritAF Critical antiferromagnetic layer
thickness

TB Blocking temperature

Tmax
B Maximum blocking temperature

T ∗ Critical temperature

TC Curie-Temperature

TN Néel-Temperature

THys, Tmeas Measurement temperature

Tini Initialization temperature

TRT ≈ 293K Room temperature

Tact Activation temperature

Tnact Temperature at which no thermal
activation is triggered

Tset Setting temperature

Tm Melting temperature

Ts Substrate temperature

Ts
Tm

Homologous substrate
temperature

ϑ Polar angle

ϑ0 Angle of incidence

ϑK Kerr rotation

τ0 =
1
ν0

Attempt time for spin reversal
(reciprocal to the attempt
frequency)



230 List of relevant acronyms and symbols

τN Average time between the flip of a
mono-domain particle’s
magnetization due to thermal
fluctuations

τI/II Timescale below which
antiferromagnetic grains are
superparamagnetic

tHys, tmeas Measurement time

τini Initialization time

τAF Relaxation time of
antiferromagnetic grains

τRMA Average relaxation time of
rotatable antiferromagnetic grains

UDC DC potential during sputter
position

VAF Antiferromagnetic grain volume

VF Volume of the ferromagnetic layer

VI/II Grain class boundary between
classes I and II

VII/III Grain class boundary between
classes II and III

VIII/IV Grain class boundary between
classes III and IV

ξ Coherence length,
asymmetry parameter

Ξ Integrative asymmetry parameter



Polarization analysis - prefactors

In the following, analytic expressions for the first-, second and third-order prefactors in Eqs. (8.36),
(8.37), (8.38) and (8.39) scaling the linear, higher-order and mixed term contributions of the in-
dividual magnetization components mL, mT and mP shall be given as functions of optical and
magneto-optical constants defined in Sec. 8.2:

I(p,0)r = Re
{
χ(0)
pp

}2

+ Im
{
χ(0)
pp

}2

(11.1)

I
(p,1)
r,T

4
= − Im {Q} Re

{
χ(0)
pp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
+Re {Q} Im

{
χ(0)
pp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}

− Re {Q} Re
{
χ(0)
pp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
− Im {Q} Im

{
χ(0)
pp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}

− Re {Q} Re
{
χ(0)
pp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
− Im {Q} Im

{
χ(0)
pp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}

+ Im {Q} Re
{
χ(0)
pp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
− Re {Q} Im

{
χ(0)
pp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}

(11.2)

I
(p,2)
r,T

4
=

(
Im

{
ε
(F)
0

}2

+ Im
{
ε
(F)
0

}2
)
× (11.3)

(
Re {Q}2 Re

{
χ(1)
pp

}2

+ Im {Q}2 Re
{
χ(1)
pp

}2

+Re {Q}2 Im
{
χ(1)
pp

}2

+ Im {Q}2 Im
{
χ(1)
pp

}2
)

I
(s,1)
f,L

sinϑ0
= − Im {Q} Re

{
χ(0)
ps

}
Re {n}2 Re

{
χ(0)
ss

}
− Re {Q} Im

{
χ(0)
ps

}
Re {n}2 Re

{
χ(0)
ss

}

+ Im {Q} Re
{
χ(0)
ps

}
Im {n}2 Re

{
χ(0)
ss

}
+Re {Q} Im

{
χ(0)
ps

}
Im {n}2 Re

{
χ(0)
ss

}

+Re {Q} Re
{
χ(0)
ps

}
Re {n}2 Im

{
χ(0)
ss

}
− Im {Q} Im

{
χ(0)
ps

}
Re {n}2 Im

{
χ(0)
ss

}

− Re {Q} Re
{
χ(0)
ps

}
Im {n}2 Im

{
χ(0)
ss

}
+ Im {Q} Im

{
χ(0)
ps

}
Im {n}2 Im

{
χ(0)
ss

}
+

(
− Re {Q} Re

{
χ(0)
ps

}
Re

{
χ(0)
ss

}
+ Im {Q} Im

{
χ(0)
ps

}
Re

{
χ(0)
ss

}

− Im {Q} Re
{
χ(0)
ps

}
Im

{
χ(0)
ss

}
− Re {Q} Im

{
χ(0)
ps

}
Im

{
χ(0)
ss

})
2Re {n} Im {n}

(11.4)

I
(s,1)
f,P

− cosϑ0
=
(
Im {Q} Re

{
χ(0)
ps

}
Re

{
ε
(F)
0

}
+Re {Q} Im

{
χ(0)
ps

}
Re

{
ε
(F)
0

}
+

Re {Q} Re
{
χ(0)
ps

}
Im

{
ε
(F)
0

}
− Im {Q} Im

{
χ(0)
ps

}
Im

{
ε
(F)
0

})
Re

{
χ(0)
ss

}
+

(
Im {Q} Im

{
χ(0)
ps

}
Re

{
ε
(F)
0

}
− Re {Q} Re

{
χ(0)
ps

}
Re

{
ε
(F)
0

}
+

Im {Q} Re
{
χ(0)
ps

}
Im

{
ε
(F)
0

}
+Re {Q} Im

{
χ(0)
ps

}
Im

{
ε
(F)
0

})
Im

{
χ(0)
ss

}

(11.5)

231



232 Polarization analysis - prefactors

I
(s,2)
f,LT

− cosϑ0
=
(
− Re {Q}2 Re

{
χ(0)
ps

}
Re

{
ε
(F)
0

}
+ Im {Q}2 Re

{
χ(0)
ps

}
Re

{
ε
(F)
0

}

+Re {Q}2 Im
{
χ(0)
ps

}
Im

{
ε
(F)
0

}
− Im {Q}2 Im

{
χ(0)
ps

}
Im

{
ε
(F)
0

})
Re

{
χ(0)
ss

}
+

(
− Re {Q}2 Im

{
χ(0)
ps

}
Re

{
ε
(F)
0

}
+ Im {Q}2 Im

{
χ(0)
ps

}
Re

{
ε
(F)
0

}

− Re {Q}2 Re
{
χ(0)
ps

}
Im

{
ε
(F)
0

}
+ Im {Q}2 Re

{
χ(0)
ps

}
Im

{
ε
(F)
0

})
Im

{
χ(0)
ss

}
+

(
Im

{
χ(0)
ps

}
Re

{
ε
(F)
0

}
Re

{
χ(0)
ss

}
+Re

{
χ(0)
ps

}
Im

{
ε
(F)
0

}
Re

{
χ(0)
ss

}
−

Re
{
χ(0)
ps

}
Re

{
ε
(F)
0

}
Im

{
χ(0)
ss

}
+ Im

{
χ(0)
ps

}
Im

{
ε
(F)
0

}
Im

{
χ(0)
ss

})
2Re {Q} Im {Q}

(11.6)

I
(p,0)
f = Re

{
χ(0)
pp

}2

+ Im
{
χ(0)
pp

}2

(11.7)

I
(p,1)
f,T

4
= − Im {Q} Re

{
χ(0)
pp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
+Re {Q} Im

{
χ(0)
pp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}

− Re {Q} Re
{
χ(0)
pp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
− Im {Q} Im

{
χ(0)
pp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}

− Re {Q} Re
{
χ(0)
pp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
− Im {Q} Im

{
χ(0)
pp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}

+ Im {Q} Re
{
χ(0)
pp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
− Re {Q} Im

{
χ(0)
pp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}

(11.8)

I
(p,2)
f,T

4
=

(
Re

{
ε
(F)
0

}2

+ Im
{
ε
(F)
0

}2
)
× (11.9)

(
Re {Q}2 Re

{
χ(1)
pp

}2

+ Im {Q}2 Re
{
χ(1)
pp

}2

+Re {Q}2 Im
{
χ(1)
pp

}2

+ Im {Q}2 Im
{
χ(1)
pp

}2
)

I
(p,1)
f,L

sinϑ0
= + Im {Q} Re

{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Re {n}2 +Re {Q} Im

{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Re {n}2

− Re {Q} Re
{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Re {n}2 + Im {Q} Im

{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Re {n}2

− Im {Q} Re
{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Im {n}2 − Re {Q} Im

{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Im {n}2 (11.10)

+Re {Q} Re
{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Im {n}2 − Im {Q} Im

{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Im {n}2

+ 2Re {Q} Re
{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Im {n} Re {n} − 2 Im {Q} Im

{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Im {n} Re {n}

+ 2 Im {Q} Re
{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Im {n} Re {n}+ 2Re {Q} Im

{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Im {n} Re {n}

I
(p,1)
f,P

− cosϑ0
= + Im {Q} Re

{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Re

{
ε
(F)
0

}
+Re {Q} Im

{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Re

{
ε
(F)
0

}

− Re {Q} Re
{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Re

{
ε
(F)
0

}
+ Im {Q} Im

{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Re

{
ε
(F)
0

}

+Re {Q} Re
{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Im

{
ε
(F)
0

}
− Im {Q} Im

{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Im

{
ε
(F)
0

}

+ Im {Q} Re
{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Im

{
ε
(F)
0

}
+Re {Q} Im

{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Im

{
ε
(F)
0

}

(11.11)



Polarization analysis - prefactors 233

I
(p,2)
f,LT =

(
− Re {Q}2 Re

{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Re {n}2

− Im {Q}2 Re
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Re {n}2

− Re {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Re {n}2

− Im {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Re {n}2

− Re {Q}2 Im
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Re {n}2

− Im {Q}2 Im
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Re {n}2

+Re {Q}2 Re
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Re {n}2

+ Im {Q}2 Re
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Re {n}2

+Re {Q}2 Re
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Im {n}2

+ Im {Q}2 Re
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Im {n}2

+Re {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Im {n}2

+ Im {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Im {n}2

+Re {Q}2 Im
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Im {n}2

+ Im {Q}2 Im
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Im {n}2

− Re {Q}2 Re
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Im {n}2

− Im {Q}2 Re
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Im {n}2

+ 2Re {Q}2 Im
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Im {n} Re {n}

+ 2 Im {Q}2 Im
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Im {n} Re {n}

− 2Re {Q}2 Re
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Im {n} Re {n}

− 2 Im {Q}2 Re
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}
Im {n} Re {n}

− 2Re {Q}2 Re
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Im {n} Re {n}

− 2 Im {Q}2 Re
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Im {n} Re {n}

− 2Re {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Im {n} Re {n}

− 2 Im {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}
Im {n} Re {n}

)
2 sinϑ0 −

(
+Re {Q}2 Re

{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Re

{
ε
(F)
0

}
− Im {Q}2 Re

{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Re

{
ε
(F)
0

}

+Re {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Re

{
ε
(F)
0

}
− Im {Q}2 Im

{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Re

{
ε
(F)
0

}

− Re {Q}2 Im
{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Im

{
ε
(F)
0

}
+ Im {Q}2 Im

{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Im

{
ε
(F)
0

}

+Re {Q}2 Re
{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Im

{
ε
(F)
0

}
− Im {Q}2 Re

{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Im

{
ε
(F)
0

}

− 2 Im {Q} Re {Q} Im
{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Im

{
ε
(F)
0

}

− 2 Im {Q} Re {Q} Im
{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Re

{
ε
(F)
0

}

+ 2 Im {Q} Re {Q} Re
{
χ(0)
sp

}
Im

{
χ(0)
pp

}
Re

{
ε
(F)
0

}

− 2 Im {Q} Re {Q} Re
{
χ(0)
sp

}
Re

{
χ(0)
pp

}
Im

{
ε
(F)
0

})
cosϑ0

(11.12)



234 Polarization analysis - prefactors

I
(p,2)
f,TP

2 cosϑ0
=Re {Q}2 Re

{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

+

Im {Q}2 Re
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

+

Re {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

+

Im {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

+

Re {Q}2 Re
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

+

Im {Q}2 Re
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

+

Re {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

+

Im {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

(11.13)

I
(p,3)
f,LT

−2 cosϑ0
= + Im {Q} Re {Q}2 Re

{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

+ Im {Q}2 Re {Q} Im
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

− Im {Q}2 Re {Q} Re
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

+ Im {Q} Re {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

+ Im {Q} Re {Q}2 Re
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

+ Im {Q}2 Re {Q} Im
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

− Im {Q}2 Re {Q} Re
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

+ Im {Q} Re {Q}2 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

+ Im {Q}3 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

+ Im {Q}3 Re
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

+Re {Q}3 Im
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

− Re {Q}3 Re
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

+ Im {Q}3 Im
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Re

{
ε
(F)
0

}2

+ Im {Q}3 Re
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

+Re {Q}3 Im
{
χ(0)
sp

}
Re

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

− Re {Q}3 Re
{
χ(0)
sp

}
Im

{
χ(1)
pp

}
Im

{
ε
(F)
0

}2

(11.14)



Acknowledgments

At the very end of this thesis, I want to thank all the people who have contributed in one
way or another to the successful completion of it. First of all, I want to acknowledge my
doctoral advisor Prof. Dr. Arno Ehresmann for giving me the possibility to prepare
this doctoral thesis in his working group. Despite his busy schedule and the responsibility
to manage two seemingly thematically disjoint subgroups, he always took time and leisure
for an open and always fruitful discussion. I am very grateful to him for giving me complete
freedom in my research work and for supporting me fully. Additionally, I apologize here for
all the too long and nested sentences he had to read. Further, I would like to thank Dr.
Timo Kuschel very much for taking over the secondary advisory part of this thesis. Many
thanks also to Prof. Dr. Thomas Giesen and Prof. Dr. Gustavo Miguel Pastor
for their participation in the examination board.

I thank Prof. Dr. Piotr Kuświk, Prof. Dr. Feliks Stobiecki, Dr. Bogdan
Szymański, Dr. Hubert Głowiński, Łukasz Frąckowiak and Adam Krysztofik
for the nice and fruitful discussions as well as the enjoyable visit in Poznań. I want to
acknowledge Dr. Bogdan Szymański and Łukasz Frąckowiak for performing XRR
measurements as well as Dr. Hubert Głowiński and Adam Krysztofik for the VNA-
FMR measurements. Special thanks to Adam for the extensive evaluation of the data,
without which I would not have had access to the right material parameters. I also want
to thank Prof. Dr. Karin Leistner and Dr. Jonas Zehner for fruitful and nice
discussions as well as for performing XRD measurements.

Special thanks goes to Dr. Dennis Holzinger, Dr. André Knie, Dr. Andreas
Hans, Dr. Alexander Gaul, Dr. Henning Huckfeldt, Dr. Timo Ueltzhöffer,
Dr. Iris Koch and Dr. Philipp Schmidt. Even if most of them left the group quite
a while ago, I am very grateful for the high class scientific education I have enjoyed and
that they have demonstrated good scientific practice on a daily basis. Although we had no
temporal overlap, I further would like to thank Dr. Nicolas Müglich without whose
scientific contribution and his ingenious model approach the present thesis would not have
been possible. It was always delightful to recognize his work and ideas in different places
and corners of the working group.

The assistance I appreciated very much when troubles and difficulties arose with one or
the other sputter machine I can attribute to Andreas Nehls, who always had a solution
or at least a very warm advice ready, not only for technical problems. For the - at least -
nice time we spent at the other sputter machine I am grateful to Arne Schröder. I
would like to thank Andrea Wecker most sincerely for the fact that a large part of the
administrative inconveniences simply passed me by - probably without me even noticing it.

235



236 Acknowledgments

A very special thanks goes out to Meike Reginka, Rico Huhnstock, Lutz Marder
and Catmarna Küstner-Wetekam. No more words needed.

Finally, I wish to express my thanks to Donald E. Knuth (LATEX), Guido van
Rossum (Python), Raph Levien (Sodipodi→Inkscape) and David Nečas and Petr
Klapetek (Gwyddion) as well as the corresponding communities. Without the effort of
these people developing high quality and especially freely available software, scientific work
at today’s standard would be unthinkable.



Declaration of Authorship

I herewith give assurance that I completed this dissertation with the title

Validation of a generalized model for the description of
polycrystalline exchange-biased magnetic thin films

independently without prohibited assistance of third parties or aids other than those identi-
fied in this dissertation. All passages that are drawn from published or unpublished writings,
either word-for-word or in paraphrase, have been clearly identified as such. Third parties
were not involved in the drafting of the content of this dissertation; most specifically I did
not employ the assistance of a dissertation advisor. No part of this thesis has been used in
another doctoral or tenure process.

Hiermit versichere ich, dass ich die vorliegende Dissertation selbständig, ohne unerlaubte
Hilfe Dritter angefertigt und andere als die in der Dissertation angegebenen Hilfsmittel nicht
benutzt habe. Alle Stellen, die wörtlich oder sinngemäß aus veröffentlichten oder unveröf-
fentlichten Schriften entnommen sind, habe ich als solche kenntlich gemacht. Dritte waren
an der inhaltlichen Erstellung der Dissertation nicht beteiligt; insbesondere habe ich nicht
die Hilfe eines kommerziellen Promotionsberaters in Anspruch genommen. Kein Teil dieser
Arbeit ist in einem anderen Promotions- oder Habilitationsverfahren durch mich verwendet
worden.

Ort, Datum, Unterschrift

237


	Introduction
	Magnetism - fundamentals
	Magnetic moment
	Magnetic interactions
	Spin-orbit interaction
	Dipole-dipole interaction
	Exchange interaction

	Magnetism in solids
	Non-interacting magnetic moments
	Collective magnetism

	Magnetic anisotropies
	Shape anisotropy
	Magnetocrystalline anisotropy
	Further anisotropies

	Remagnetization
	Stoner-Wohlfarth model
	Preisach model
	First-order reversal curves (FORCs)


	Exchange bias (EB) - overview
	Phenomenology
	Model approaches
	Meiklejohn-Bean model
	Model approaches based on the formation of domain walls
	Random field model
	Domain state model
	Spin glass model
	Generalized polycrystalline model(s)
	Polycrystalline models of Stoner-Wohlfarth-type


	Reformulation of the polycrystalline model and its application
	Time-dependent Stoner-Wohlfarth approach
	Grain size distribution and class boundaries
	Extension of phenomenological relations
	Shifting the grain class boundaries
	Measurement temperature
	Initialization temperature

	Quantitative determination of model parameters
	Conclusion

	Sample fabrication
	Sputter deposition
	Thin film growth
	Layer stack design

	Structural characterization
	Atomic force microscopy (AFM)
	X-ray reflectometry (XRR)
	X-ray diffraction (XRD)

	Structural properties of polycrystalline exchange-biased bilayers
	Surface topography
	Grain size analysis
	Scaling the grains' height via the layer's thickness
	Scaling the average grain radius via the deposition rate

	Film thickness
	Crystal structure
	Conclusion

	Kerr magnetometry - magnetic characterization
	Magneto-optic Kerr effect (MOKE)
	Permittivity tensor and reflection coefficients
	Polarization analysis
	Separation of magnetization components
	Validity of assumptions and performed approximations

	Measurement setups
	Longitudinal Kerr-magnetometer (LMOKE)
	Vectorial Kerr-magnetometer (VMOKE)
	Three-dimensional VMOKE - hypothetical
	Kerr-microscopy


	Magnetic properties of polycrystalline exchange-biased bilayers
	Determination of averaged microscopic parameters
	Variation of the participating layers' thicknesses
	Variation of the antiferromagnetic layer's deposition rate

	Evolution of the polycrystalline microstructure
	Impact of the hysteresis duration
	Remagnetization and asymmetry
	Conclusion

	Viscous magnetization decrease (VMD)
	Experimental investigation of FORCs
	Exemplary FORCs - Kerr-microscopy
	FORC analysis

	Simulation of FORCs
	Measures for VMD
	Conclusion

	Summary, conclusion and outlook
	Publications
	Bibliography
	List of relevant acronyms and symbols
	Polarization analysis - prefactors
	Acknowledgments
	Declaration of Authorship



